
���������������	�
�	��

�����
�����������
�������	�
���������
�����������
�������������

���	�
�����������	���������
���	�������������
��������������
�������
�������
��

���������������	���
�����
���


���������������
����
�������	�����������
�	� �����!�������
�����
��

�������	��������������������������
�"�#�"�#

���������������������	��������
�������������$�$�������%���	�&�$�������������$�$�������%���	�&�$�'�#�%�(�)�"�)�$�
�����*�������#�#�#�+�"�,�#�"�+

�����������
�������	���������
����
�-�����.�������	���&�������������������.�������
�	�����
�����/���
���0�
�	���������
��

�������������
�&�
���1�
�����&�
���
�	�
���
�����
���������
�������
�����������������������1�������
�����2�	�����������
�����������3���	�����������
���
�
�	�������.�������
�����������%
�����	�������	�
�������2���	���
���������!�������
�
���
�����������������������
�����
�	���������2�������
�%

https://orcid.org/0000-0002-5090-4900
https://doi.org/https://doi.org/10.3929/ethz-b-000425024
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


DISS. ETH NO. 26703 

 

 
THE ACUTE STRESS RESPONSE IN THE BRAIN:  

FROM NEUROMODULATION TO MOLECULES  

 

 
A thesis submitted to attain the degree of  

DOCTOR OF SCIENCES of ETH ZURICH 

(Dr. sc. ETH Zurich) 

 
 

presented by 

 
AMALIA FLORIOU SERVOU 

 
B.Sc., ARISTOTLE UNIVERSITY OF THESSALONIKI 

M.Sc., ETH Zurich 

 

born on 09.10.1989 

citizen of Greece 

 

accepted on the recommendation of 

 
Prof. Dr. Johannes Bohacek 

Prof. Dr. Fritjof Helmchen 

Prof. Dr. Hanns Ulrich Zeilhofer 

Prof. Dr. Theofanis Karayannis 

 

 

2020



 

  



1 

ABSTRACT 
All organisms have evolved elaborate systems to mount a stress response, which increases the 

chances of survival in dangerous situations. The response to acute stress encompasses a myriad of 
neurochemicals, the stress-mediators, that act in concert throughout the brain and body. One of the 
most crucial aspects of the stress response is the mobilization and reallocation of energy resources. 
The brain is the organ that first perceives potential threats and coordinates the stress response, yet 
the stress response also impacts the brain itself, changing its function and metabolic activity. 

One brain area with a key role in the stress response is the locus coeruleus (LC), the largest 
noradrenergic cell population in the central nervous system, located in the pons of the brainstem. The 
LC sends diffuse projections to the entire brain, thus providing the main supply of norepinephrine (NE) 
in the brain, and controlling basic functions such as arousal, cognition and vigilance. Theories have 
proposed that LC activation mediates a rapid shift in the functional connectivity of the brain, to 
strengthen connections that promote a higher state of alertness, and enhance threat detection. 
However, causal evidence that the LC is able to directly exert this effect on large-scale brain function 
was missing. Here, we chemogenetically activated the mouse LC while performing resting-state 
functional magnetic resonance imaging (fMRI), an approach we termed chemo-connectomics. Our 
results showed an increase in brain-wide connectivity, and a rapid reconfiguration of the functional 
connectome that enhanced brain networks tasked with salience processing and threat detection. Even 
though this experiment was performed in anesthetized mice, these findings mirror the effects 
observed in fMRI scans of awake human subjects presented with emotionally aversive stimuli. 
Moreover, we provided clues that alpha1 and beta1 adrenergic receptors might be involved in these 
effects, by correlating the changes in functional connectivity to the distribution of adrenergic receptors 
at the mRNA level. These results highlight the role of LC in the stress response, as well as the potential 
of neuromodulators in regulating whole-brain states.  

The release of stress-mediators in response to acute stress also affects the brain on a molecular 
level, in part through the recruitment of intracellular signaling cascades and the regulation of gene 
expression. Although a large body of literature has focused on such molecular changes in the context 
of stress-triggered neuropsychiatric disorders, the molecular events that affect cellular function to 
mediate the healthy, default response to acute stress have not been characterized in detail. Here, we 
used a multi-omic approach to investigate the molecular response to acute stress in the mouse brain. 
We focused on the hippocampus (HC), since this area �t owing to its connectivity and molecular 
composition �t  is at the heart of the stress response. First, we showed that the dorsal (dHC) and ventral 
HC (vHC), are inherently different at the transcriptome and proteome level. Hence, we performed our 
analysis in those two regions separately, after an acute swim stress paradigm. We first used 
phosphoproteomics to identify the signaling events that initiate the cellular response to stress. In 
addition, we characterized the transcriptional changes that take place over time, as well as the changes 
on the translatome of excitatory and inhibitory neurons. We found that stress-induced changes in 
protein phosphorylation and in gene expression are widespread and rapid, but tightly regulated, as 
they terminate within a few hours after the initiation of stress. Altogether, these results provide the 
most detailed characterization of the molecular stress response to date, and will hopefully provide a 
starting point for understanding where the healthy stress-response might be derailed in cases of stress-
induced psychopathology. 
  



2 

ZUSAMMENFASSUNG 
Alle Organismen haben umfangreiche Systeme für Stressreaktionen entwickelt, welche die 

Überlebenschancen in gefährlichen Situationen erhöhen. Die Reaktion auf akuten Stress beinhaltet 
mehrere Neurotransmitter, welche im Zusammenspiel in Gehirn und Körper wirken. Eine der 
wichtigsten Funktionen der Stressreaktion ist die Mobilisierung und Umverteilung von 
Energiereserven. Das Gehirn ist das erste Organ welches mögliche Gefahren erkennt und die 
Stressreaktion koordiniert, und gleichzeitig beeinflusst die Stressreaktion das Gehirn selber indem es 
seine Funktion und metabolische Aktivität verändert. 

Eine Schlüsselrolle in der Stressreaktion übernimmt die Hirnregion locus coeruleus (LC), die 
grösste noradrenergische Zellpopulation im zentralen Nervensystem, welche in dem Pons vom 
Hirnstamm liegt. Der LC sendet diffuse Projektionen durch das ganze Gehirn, wodurch es die 
Hauptversorgung von norepinephrine (NE) im Gehirn übernimmt und grundlegende Funktionen wie 
Erregung, Kognition und Wachsamkeit kontrolliert. Theorien schlagen vor, dass die Aktivierung des LC 
eine schnelle Verschiebung von funktionelle Verbindung des Gehirns ermöglicht, indem jene 
Verbindungen verstärkt welche eine erhöhte Wachsamkeit ermöglichen und dadurch das Erkennen 
von Gefahren erleichtert. Es bestanden jedoch noch keine kausalen Zusammenhänge welche zeigten, 
dass der LC in der Lage ist diesen Effekt direkt auf grossübergreifende Hirnfunktionen auszuüben. Hier, 
haben wir den Maus LC mit chemogenetischen Methoden aktiviert während wir mit funktioneller 
Magnetresonanztomographie (fMRI) den Ruhezustand des Hirns aufgezeichnet haben, ein Verfahren 
welches wir chemo-connectomics nennen. Unsrer Resultate zeigen eine erhöhte gehirnweite 
Konnektivität und eine schnelle Konfigurierung des funktionellen Connectomes, wodurch 
Gehirnnetzwerke verantwortlich für Salienz und Gefahrenerkennung verstärkt wurden. Obwohl dieses 
Experiment in anästhesierten Mäusen durchgeführt wurde, spiegeln unsere Befunde jene von fMRI 
Messungen in wachen Menschen während emotional aversiven Stimuli. Zudem fanden wir eine 
Korrelation zwischen den funktionellen Verbindungen im Gehirn und den mRNA Levels adrenergischer 
Rezeptoren, wodurch wir Hinweise liefern, dass alpha1 und beta1 adrenergische Rezeptoren in diesen 
Prozessen involviert sein könnten. Diese Resultate illustrieren die Rolle des LC in der Stressreaktion, so 
wie auch die Möglichkeit, dass Neuromodulatoren Zustände im ganzen Gehirn regulieren könnten.  

Die Ausschüttung von Stressmediatoren auf Grund von akutem Stress hat auch molekulare 
Auswirkungen auf das Gehirn, Teils durch die Rekrutierung von intrazellulären Signalkaskaden wie 
auch durch die Regulation von Genexpression. Obschon viele Studien solche molekularen Effekte in 
stressinduzierten neuropsychiatrischen Erkrankungen untersucht haben ist nur wenig über die 
normale, gesunde molekulare Stressreaktion bekannt. Hier benutzen wir einen multi-omischen Ansatz 
um die molekulare akute Stressreaktion im Mausgehirn zu untersuchen. Wir fokussieren uns dabei auf 
den Hippocampus (HC), da diese Region auf Grund seiner Konnektivität und molekularer 
Zusammensetzung im Zentrum der Stressreaktion steht. Wir zeigen, dass der dorsale (dHC) und ventral 
HC (vHC) inhärent unterschiedlich sind, wenn man des Transkriptom und das Proteom betrachtet. Auf 
Grund dieser Tatsache haben wir beide Regionen nach akutem Swimstress getrennt analysiert. Zuerst 
verwendeten wir einen phosphoproteomischen Ansatz um die Veränderungen von Signalkaskaden, 
welche die zelluläre Stressreaktion initiieren, zu identifizieren. Zusätzlich charakterisierten wir 
Veränderungen in der Genetranskription welche sich über die Zeit entfalten, so wie auch 
Veränderungen in der Gentranslation in exzitatorischen und inhibitorischen Neuronen. Wir zeigen, 
dass stressinduzierte Veränderungen in Proteinphosphorylierung und Genexpression weiträumig und 
schnell ablaufen und stark reguliert sind, da sie bereits wenige Stunden nach der Initiierung von Stress 
wieder verschwinden. Zusammengefasst charakterisieren unsere Resultate die molekulare 
Stressreaktion mit anhin unbekannter Komplexität, und bieten damit hoffentlich neue Ansatzpunkte 
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in der Suche nach dem Verständnis wo die gesunde Stressreaktion in stressinduzierten 
Psychopathologien fehlschlägt. 
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CORT  corticosterone 

CRF   corticotropin releasing factor  

CTX  cortex 

DA  dopamine 

DBH  dopamine beta-hydroxylase 

DDC  dopa decarboxylase 

DG  dentate gyrus 

dHC  dorsal hippocampus 

DNA  deoxyribonucleic acid 
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1. GENERAL INTRODUCTION 

1.1. One hundred years of stress �t standing on the shoulders of Cannon, Selye and McEwen 

 
�^�/�v�� �š�Z���� ���]�}�o�}�P�]�����o�� �•���v�•���� �•�š�Œ���•�•�� �]�•�� �š�Z���� �]�v�š���Œ�����š�]�}�v�� �����š�Á�����v��

damage and defence, just as in physics tension or pressure represents the 
�]�v�š���Œ�‰�o���Ç�������š�Á�����v�������(�}�Œ���������v�����š�Z�����Œ���•�]�•�š���v�������}�(�(���Œ�������š�}���]�š�X�_ 

Hans Selye, 1950 
 

�/�v���u�����Z���v�]���•�U���š�Z�����š���Œ�u���^�•�š�Œ���•�•�_���Œ���‰�Œ���•���v�š�•���š�Z�����(�}�Œ�������}�Œ���o�}�������š�Z���š���‰�Œ�}���µ�����•�������•�š�Œ���]�v�U�����v�����‰�}�š���v�š�]���o�o�Ç��
a deformation. It was at the beginning of the 20th century, when Walter Bradford Cannon started using 
the word stress or distress, when describing the effects of intense emotions on the organism and 
particularly on the endocrine system (Cannon 1915). Cannon not only characterized many of the 
effects of stress on the body, he also showed that some of those effects, such as the increased heart 
rate, were mediated by the sympathoadrenal system. He pointed out that these effects represent a 
survival mechanism, upon which energy resources must be mobilized so that the animal can either 
���}�v�(�Œ�}�v�š���š�Z�����•�]�š�µ���š�]�}�v���}�Œ���Œ�µ�v�U�����v�����Z�����š���Œ�u�������š�Z�]�•���^�š�Z�����(�]�P�Z�š���}�Œ���(�o�]�P�Z�š���Œ���•�‰�}�v�•���_�X 

In the mid 1930s, Hans Selye, considered by many as the father of stress research (Tan and Yip 
2018; Jackson 2014), described a range of symptoms in animals that were damaged by diverse, acute 
and non-specific nocuous agents (Selye 1936). Selye termed this response the general adaptation 
syndrome, an integrated, non-specific response to stress itself (Selye 1950). Building on Claude 
�����Œ�v���Œ���[�•�� ���}�v�����‰�š�� �}�(�� �u���]�v�š���]�v�]�v�P�� �š�Z����milieu intérieur, both Cannon and Selye saw stress as the 
�}�Œ�P���v�]�•�u�[�•�����(�(�}�Œ�š���š�}���u���]�v�š���]�v���Z�}�u���}�•�š���•�]�•�����(�š���Œ�����v�Ç�����v�À�]�Œ�}�v�u���v�š���o�����Z���v�P�����}�Œ���‰���Œ�š�µ�Œ�����š�]�}�v���~�d���v�����v����
Yip 2018). However, Selye introduced the element of duration and recurrence of the stressor, which 
had not been addressed yet at the time, therefore making the important distinction between acute 
and chronic stress. In contrast to Cannon, he mainly focused on the role of hormones released by the 
�����Œ���v���o�����}�Œ�š���Æ�����v�����š�Z���]�Œ���Œ���P�µ�o���š�]�}�v�����Ç���‰�]�š�µ�]�š���Œ�Ç���Z�}�Œ�u�}�v���•���~�:�����l�•�}�v���î�ì�í�ð�•�X���E���À���Œ�š�Z���o���•�•�U���^���o�Ç���[�•�����]�P�P���Œ��
contributions to the stress field were probably his insight in unifying variable symptoms under the 
same cause, thereby highlighting the link of stress and disease, and addressing one of the major 
�‹�µ���•�š�]�}�v�•���•�š�]�o�o���š�Œ�}�µ���o�]�v�P���š�Z�����•�š�Œ���•�•�����}�u�u�µ�v�]�š�Ç���š�}�����Ç�W���^�t�Z�Ç�����}���•���•�š�Œ���•�•�����Æ�‰�}�•�µ�Œ�����}�v�o�Ç�������µ�•�������]�•�����•�����]�v��
�����Œ�š���]�v���]�v���]�À�]���µ���o�•�M�_�X���/�v���Œ���•�‰�}�v�•�����š�}���š�Z�]�•���‹�µ���•�š�]�}�v�U���Z�����µ�v�����Œ�o�]�v�������Z�]�•���À�]���Á that the general adaptation 
�•�Ç�v���Œ�}�u���� �]�•�������^�µ�•���(�µ�o�U���v�}�Œ�u���o���‰�Z�Ç�•�]�}�o�}�P�]�����o���Œ�������š�]�}�v���š�}���•�š�Œ���•�•�_�����v���� �^�}�v�o�Ç���]�š�•�������Œ���]�o�u���v�š�•���Z���À���� �������v��
�]�v�š���Œ�‰�Œ���š���������•�����]�•�����•���•���}�(���������‰�š���š�]�}�v�_���~�^���o�Ç�����í�õ�ñ�ì�•�X 

In that sense, the stress response is part of the effort to achieve stability through physiological 
and behavioral change, a concept termed allostasis (Sterling and Eyer 1988). An imbalance of these 
allostatic systems was more recently called allostatic load, the price of adaptation (McEwen 1993). 
Allostatic load occurs due to frequent or intense stress exposures, a failure to terminate the stress 
response, or inadequate stress response, a wear and tear of the organism that can eventually lead to 
disease (McEwen 2006). However, in spite of many decades of intensive research, we are still trying to 
understand the "derailments" of the normal stress response - that Selye had offered as the reason for 
vulnerability to stress - on a molecular and functional level.  

 

1.2.  The challenges of today 

The concept of stress and our understanding of stress biology has evolved tremendously over the 
last 50 years, particularly as far as the underlying neurocircuitry and molecular players are involved 

https://paperpile.com/c/H54BEn/4KkR+G6Ub
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(McEwen and Akil 2020). However, there are still many challenges to overcome. First, stress is very 
complex, as it affects virtually every bodily system and involves a variety of chemical signals and 
mechanisms of action (Joëls and Baram 2009; Karatsoreos 2018). Second, stress is an umbrella term, 
including very diverse stressors, and hence the definition of stress depends on the person asked and 
their discipline (Epel et al., 2018). For example, stress can be psychological (e.g. loss of a relative) or 
physical/physiological (e.g. physical injury) and chronic (e.g. low socio-economic status) or acute (e.g. 
accident). Moreover, the stress response can vary greatly between species (Karatsoreos 2018), can be 
influenced by factors such as sex and gender (Rincón-Cortés et al., 2019; Brivio et al., 2020), and it can 
be perceived and reported differently by individuals. As a result of all these factors, the consistent and 
thorough measuring of stress is particularly challenging (Koolhaas et al., 2011). In addition, while a 
large body of literature has focused on identifying the harmful effects of stress, we still know very little 
about the mechanisms behind the beneficial functions of short-term stress, such as enhancing 
performance and protecting from damage (Dhabhar 2018). A proposition that might be beneficial for 
the field is deciding on unifying principles by looking for similarities of the stress response in different 
species, and using simpler organisms to address basic questions (Karatsoreos 2018).  

The brain, as the organ that identifies threats and potentially dangerous situations, is the first 
organ that perceives and adapts to stress, and it also orchestrates a response that engages the whole 
body (Gray et al., 2017). The scope of this introductory section is to discuss how stress is first perceived, 
how its effects are mediated and how the stress response affects the brain itself.  

 

1.3. The circuitry and chemistry of the stress response 
Stress is mediated by a great variety of molecules; These stress-mediators include glucocorticoids 

such as corticosterone (CORT), neuropeptides like the corticotropin releasing factor (CRF) and 
vasopressin, the biogenic monoamines norepinephrine (NE), epinephrine, dopamine (DA) and 
�•���Œ�}�š�}�v�]�v�U�����o���•�•�]�����o���v���µ�Œ�}�š�Œ���v�•�u�]�š�š���Œ�•���•�µ���Z�������•���P�o�µ�š���u���š�������v�����v-aminobutyric acid (GABA), and various 
other endogenous neurotransmitters such as endocannabinoids. Because the stress response is 
indispensable for the survival of all organisms, these chemical signals were fostered under enormous 
evolutionary pressure to act in concert and coordinate a fine-tuned and optimized response to diverse 
stressors. Stress mediators therefore act across space; their actions are specific for different parts of 
the body, for different brain regions, cell types and even cellular compartments depending on where 
their receptors are localized. Stress mediators also act across different time-scales, as their time and 
location of synthesis, as well as their release and catabolism varies greatly (Joëls and Baram 2009). 

The two major systems that are immediately activated upon stress exposure are the hypothalamic-
pituitary-adrenal (HPA) axis and the sympatho-adrenomedullary (SAM) system. The activation of these 
two systems results in the release of glucocorticoids and catecholamines respectively, that can reach 
and be sensed by virtually every cell in the body (Figure 1.1).  

1.3.1. HPA axis and glucocorticoids 
Upon stress exposure, hypophysiotropic neurons of the paraventricular nucleus (PVN) in the 

hypothalamus secrete CRF and vasopressin. CRF acts on the anterior pituitary gland and enables the 
release of adrenocorticotropic hormone (ACTH), which in turn triggers the de novo synthesis and 
release of glucocorticoids from the zona fasciculata of the adrenal cortex (Spencer et al., 2018).  
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The CRF neurons of the PVN play a key role as they are necessary for normal HPA axis activation 
and CORT release during stress (Jacobson et al., 2000), and they integrate information from various 
brain regions. More specifically, they receive noradrenergic and adrenergic input mainly from the A2 
and C2 regions of the nucleus of the solitary tract (NTS), respectively (Sawchenko and Swanson 1981; 
Pacak et al., 1995; Rinaman 2010). This input has been shown to activate the HPA axis upon stress 
�š�Z�Œ�}�µ�P�Z���r�í�������Œ���v���Œ�P�]�����Œ�������‰�š�}�Œ�•���~�W�o�}�š�•�l�Ç���í�õ�ô�ó�V���^�Ì���(���Œ���Ç�l�����š�����o�X�U���í�õ�ô�ó�V���W�o�}�š�•�l�Ç�����š�����o�X�U���í�õ�ô�õ�•�X���/�v���������]�š�]�}�v�U��
CRF neurons receive serotonergic input from the dorsal and median raphe nucleus (Sawchenko et al., 
1983) and integrate information regarding fluid and electrolyte status via the subfornical organ/lamina 
terminalis system (Plotsky et al., 1988). Both these inputs are stimulatory, while a variety of inputs 
from the hypothalamus and the bed nucleus of the stria terminalis (BNST) are mainly GABAergic and 
thus have inhibitory effect (Herman et al., 2003). After being released from the adrenal gland, 
glucocorticoids regulate HPA axis activity through a negative feedback mechanism. They act both on 
the pituitary gland inhibiting ACTH release, and on the PVN, inhibiting the synthesis and release of CRF 
and vasopressin (Spiga et al., 2014).  

 
The principal glucocorticoid hormone is cortisol in humans, which corresponds to the closely related 

CORT in mice. CORT has a key role in glucose homeostasis as it induces tissue specific effects that result 
in the elevation of glucose levels in the circulation, and in the mobilization of energy from the skeletal 
muscle and adipose tissue (Kuo et al., 2015). Hence, it plays an important role during the stress 

Figure 1.1: Activation of the HPA axis and the SAM system upon stress. Activation of the HPA axis leads to 
release of glucocorticoids from the adrenal cortex, while activation of the SAM axis triggers the release of 
catecholamines from the adrenal medula. Adapted from Eisenberger and Cole (2012), License Number 
4758990913654. 
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response, but also in many other energy-demanding conditions. For example, CORT is elevated in the 
plasma within 5 minutes after exposure to an intense acute stressor such as acute blood loss 
(Thrivikraman et al., 2000), but also after physical exercise and sexual experience. On the other hand, 
experiences that are considered stressful do not necessarily trigger CORT release (e.g. neuropathic 
pain, anxiety), and therefore CORT increase should not be considered tantamount to stress (Spencer 
and Deak 2017).  

Besides stimulus-induced activity, the HPA axis also exhibits circadian and ultradian fluctuation. 
Basal CORT peaks at the beginning of the active circadian period, while an ultradian rhythm resulting 
in pulses of secreted CORT roughly every 60 minutes has been reported for several mammalian species, 
including rats and humans (Spiga et al., 2014). Both rhythms were shown to be present in the brain 
too (Droste et al., 2008). Interestingly, the ultradian rhythm has been shown to modulate the CORT 
response to stress, since the acute stress-induced CORT increase was of much higher magnitude when 
the stress coincided with a rising ultradian phase (Windle et al., 1997). Both the circadian and ultradian 
rhythm are considered to be under the control of the suprachiasmatic nucleus (SCN) of the 
hypothalamus (Spiga et al., 2014). 

CORT is lipid soluble and can freely pass the blood-brain barrier when it is bioavailable (Pardridge 
and Mietus 1979). However, the majority of CORT in the blood is bound to corticosteroid-binding 
globulin (CBG), a glycoprotein produced in the liver (Hammond 2016). During stress-induced CORT 
increase though, the capacity of CBG to bind CORT becomes saturated, so CORT can enter the brain 
and passively diffuse into cells (Spencer and Deak 2017). There are two isolated and characterized 
intracellular receptors that bind glucocorticoids, the mineralocorticoid receptor (MR) (Arriza et al., 
1987) and the glucocorticoid receptor (GR) (Hollenberg et al., 1985), and they are expressed in almost 
every cell in the body. MR has higher affinity for CORT, so the majority of the receptor is occupied even 
at low basal levels of CORT, while the GR has much lower affinity and will only be activated by high 
levels of CORT, for example during stress (Spencer et al., 1990). 

Upon binding to CORT, the receptors dimerize and enter the nucleus, where they can bind to 
specific DNA sequences known as glucocorticoid response elements, and activate or suppress 
transcription (Mangelsdorf et al., 1995; Mifsud and Reul 2016; Mifsud et al., 2017). This transcriptional 
�Œ���P�µ�o���š�]�}�v�U�� ���o�•�}�� �l�v�}�Á�v�� ���•�� �š�Z���� �P���v�}�u�]���� ���(�(�����š�•�� �}�(�� ���K�Z�d�U�� �������}�µ�v�š�•�� �(�}�Œ�� ���� �o���Œ�P���� �‰���Œ�š�� �}�(�� ���K�Z�d�[�•�� �}�À���Œ���o�o��
effects and can affect cell function for hours or days. However these effects are quite slow, since CORT 
levels only start rising in the brain 15 minutes after stress induction, and peak at roughly 45 minutes 
(Droste et al., 2008), while changes in cellular function are typically observed only 1 hour after receptor 
binding (Spencer and Deak 2017). Genomic effects can induce anti- or pro-inflammatory genes, 
depending on the interaction of GRs with other transcription factors (Gray et al., 2017) and it was 
shown that spatial memory depends on transcriptional functionality of GRs (Oitzl et al., 2001). Besides 
genomic effects, GRs can also exert effects through epigenetic mechanisms (Gray et al., 2017). 

Nevertheless, glucocorticoids can also produce rapid cellular effects that are independent of gene 
transcription and are therefore called non-genomic effects (Spencer and Deak, 2017).  For example, 
the inhibition of the HPA axis during negative feedback, as well as the facilitation of glutamate release 
in the hippocampus by CORT are both mediated by GR and MR signaling, possibly through protein-
protein interactions (Nahar et al., 2015; Karst et al., 2005).  

Glucocorticoids are the main effectors of the HPA axis, however other components like CRF and 
ACTH can also affect cellular function. Importantly, CORT administration failed to replicate most of the 
stress-induced effects on gene expression in the brain (Gray et al., 2014), indicating that the 
transcriptional response to stress relies on the actions of many different neurotransmitters, and their 
interactions. 
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1.3.2. SAM system and catecholamines 
Although the activation of the HPA axis has a powerful and long-lasting impact in the periphery and 

in the brain, the effects are considerably slow, as CORT levels only peak tens of minutes after stress 
exposure in the periphery, and even later in the brain (Droste et al., 2008). In contrast, the sympathetic 
nervous system (SNS) can exert rapid effects, that are obvious within seconds, and do not last long. As 
�(�]�Œ�•�š�������•���Œ�]�����������Ç���t���o�š���Œ�������v�v�}�v�U�����µ�Œ�]�v�P���š�Z�����^�(�]�P�Z�š���}�Œ���(�o�]�P�Z�š�_���Œ���•�‰�}�v�•���U���v�µ�u���Œ�}�µ�•���������‰�š���š�]ons driven 
by the SNS and adrenal hormones help the organism to exploit its resources in order to enhance its 
chances for survival. The pupils dilate allowing more light to reach the retina and improve vision, the 
blood vessels in the gut and the skin constrict so that the blood is redirected to the muscles, and the 
bronchi dilate optimizing oxygenation (Purves et al., 2012). In addition, once activated by stress, the 
SNS is involved in the regulation of pro-inflammatory cytokine responses and gene expression, as well 
as in the facilitation of the HPA axis (Eisenberger and Cole 2012). 

The component of the SAM system that is first activated upon stress is the intermediolateral cell 
column (IML), a group of preganglionic and thus cholinergic neurons in the grey matter of the spinal 
cord, that extend from the thoracic to the upper lumbar segment (Purves et al., 2012). The IML directly 
projects to postganglionic noradrenergic neurons that innervate organs of the cardiovascular and 
other systems. In parallel, the SNS also triggers the release of epinephrine and NE into the bloodstream, 
through its direct projections on chromaffin cells in the adrenal medulla. The IML receives direct input 
from the brainstem and hypothalamus. More specifically, locus coeruleus (LC), a pontine noradrenergic 
nucleus, sends direct noradrenergic projections to the IML (Nygren and Lars 1977; Liu et al., 2017), 
�š�Z���Œ�����Ç���š�Œ�]�P�P���Œ�]�v�P���š�Z���������š�]�À���š�]�}�v���}�(���^���D�U���‰�}�•�•�]���o�Ç���š�Z�Œ�}�µ�P�Z���r�í�������Œ���v���Œ�P�]�����Œ�������‰�š�}�Œ�•���~�W�]���Œ�]���}�v�������š�����o�X�U��
1994; Samuels and Szabaldi 2008). Another important input from the brainstem is the ventrolateral 
medulla (VLM) that sends both adrenergic and noradrenergic projections to the IML, regulating 
cardiovascular function (Nicholas et al., 2015). The PVN of the hypothalamus was reported to send 
direct connections to the IML (Kreier et al., 2006), while the dorsomedial hypothalamus has been 
shown to regulate autonomic responses to stress through its connections to the PVN (Stotz-Potter et 
al., 1996). 

Catecholamines, i.e. NE, epinephrine and DA, are monoamines that function as neurotransmitters 
or/and hormones in the periphery and in the brain. They are primarily synthesized in the brain and in 
the adrenal gland from a common precursor, the amino-acid tyrosine (Figure 1.2) (Bicker et al., 2013). 
The first step in their biosynthesis, mediated by the enzyme tyrosine hydroxylase (TH), is the 
conversion of L-tyrosine to L-DOPA, which is then converted to DA by dopa decarboxylase (DDC). 
Therefore, these enzymes are present in all cells synthesizing either DA, NE or epinephrine. DA is 
converted to NE by dopamine beta-hydroxylase (DBH), an enzyme expressed specifically in 
noradrenergic cells. Finally, in adrenergic neurons phenolethanolamine-N-methyltransferase (PNMT) 
converts NE to epinephrine. Several enzymes are involved in the catabolism of catecholamines, the 
most important ones being the monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT). 
These two enzymes are present in both neurons and glia, with MAO being present in the mitochondria 
and COMT in the cytoplasm (Purves et al., 2012).  

Catecholamines and their metabolites were first characterized and are most often measured in the 
plasma, where they have been proven to be valuable biomarkers for the diagnosis and treatment of 
several neuroendocrine and cardiovascular diseases, as well as brain pathologies (Goldstein et al., 2003; 
Bicker et al., 2013). Nevertheless, recent technological advances in high-performance liquid 
chromatography (HPLC) and electrochemical detection (ECD) have allowed the precise measurement 
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of NE, epinephrine and DA as well as their main metabolites 3-methoxy-4-hydroxyphenylglycol (MHPG),  
3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), in brain tissue (Van Dam et al., 
2014). Unlike glucocorticoids, catecholamines cannot cross the blood-brain barrier (Weil-Malherbe et 
al., 1959; Kostrzewa 2007). Therefore, their effects in the forebrain rely solely on the noradrenergic 
and adrenergic nuclei of the pons and the medulla oblongata, and on the dopaminergic neurons of 
substantia nigra (SN), ventral tegmental area (VTA) and hypothalamus. 

NE in the central nervous system (CNS) is synthesized and released by a handful of nuclei along the 
brainstem, and these noradrenergic neurons, particularly the ones located in the LC, innervate 
extensively the whole brain. NE actions as a hormone and a neurotransmitter started being 
appreciated a long time ago (Goldenberg et al., 1949; Garb 1950; Brodie and Shore 1957; Dahlström 
and Fuxe 1964), and the notion that it might have some role in the stress response goes back to Selye 
(Selye 1950). On the other hand, the first pieces of evidence for its neuromodulatory nature in the 
brain only emerged in the 80s, when Woodward and others performed a series of electrophysiological 
experiments and produced findings that supported a new way of action, the so-called �^�u�}���µ�o���š�]�}�v�_�X��
NE was not just exciting or inhibiting neurons, but rather modulating the effects of other 
neurotransmitters on postsynaptic cells, by means of altering �š�Z�����^�•�]�P�v���o���š�}���v�}�]�•�����Œ���š�]�}�_���~�t�}�}���Á���Œ�������š��

Figure 1.2: Biosynthesis and metabolism of catecholamines. AD, aldehyde dehydrogenase; ADH, alcohol 
dehydrogenase; AR, aldehyde reductase; COMT, catechol-O- methyltransferase; DA, dopamine; DBH, 
dopamine beta-hydroxylase; DDC, dopa decarboxylase; DHPG, 3,4-dihydroxyphenylglycol; DHMA, 3,4-
dihydroxymandelic acid; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPAL, 3,4-dihydroxyphenylacetaldehyde; 
DOPEGAL, 3,4-dihydroxyphenylglycolaldehyde; DOPET, 3,4-dihydroxyphenylethanol; E, epinephrine; HMA, 
4-hydroxy-3-methoxyphenylacetaldehyde; HVA, homovanillic acid; L-DOPA, L-3,4-dihydroxyphenylalanine; 
MAO, monoamine oxidase; MHPG, 3- methoxy-4-hydroxyphenylglycol; 3-O-MD, 3-O-methyl-DOPA; MN, 
metanephrine; 3-MT, 3-methoxytyramine; MOPEGAL, 3-methoxy-4-hydroxyphenylglycolaldehyde; NE, 
norepinephrine; NMN, normetanephrine; PNMT, phenolethanolamine-N-methyltransferase; PST, 
phenolsulfotransferase; TH, tyrosine hydroxylase; Tyr, tyrosine; VMA, vanillylmandelic acid. Adapted from 
Bicker et al. (2013), License Number 4759001208711. 
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al. 1991; Morilak et al., 2005). NE was thereby able to potentiate inhibition by GABAergic 
neurotransmission (Moises et al., 1983), as well as excitation (Waterhouse et al., 1981). Ever since, 
countless studies focused on the effects NE exerts as a neuromodulator, and its role in arousal 
(Berridge and Waterhouse 2003), attention and cognitive performance (Aston-Jones and Cohen 2005), 
selectivity of attention and memory (Mather et al., 2016). 

On the other hand, various stressful stimuli such as immobilization, loud noise, electric shock and 
exposure to cold were shown to activate the noradrenergic system rapidly and robustly and lead to a 
great increase of NE levels in several limbic forebrain regions, as measured by microdialysis (Morilak 
et al., 2005). Moreover, experiments inhibiting adrenergic receptors specifically in these brain regions 
with microinjections of drugs, hinted to potential anxiogenic effects of NE upon stress. More recent 
findings implicated NE in the regulation of memory consolidation for emotionally intense experiences 
(Rozendall and McGaugh 2011), and the regulation of stress-induced gene expression (Roszkowski et 
al., 2016). One of the most monumental studies showed that NE mediates a large-scale brain network 
reconfiguration in humans, to promote attentional reorienting and vigilance upon acute exposure to 
stressful stimuli (Hermans et al., 2011).  

Epinephrine has a crucial role during the stress response in the periphery, however its role in the 
brain is not clear. The amount of epinephrine detected in the mammalian brain is lower compared to 
the one found in non-mammalian brains and much lower compared to the other catecholamines, and 
higher epinephrine levels have been linked to preferred aggression over flight for survival (Mefford 
1988). Nevertheless, peripheral epinephrine secreted by the adrenal gland has been shown to elicit 
effects on memory consolidation, in novel object recognition tasks (Dornelles et al., 2007), as well as 
in emotional and thus amygdala-involving memories (McGaugh et al., 1996). Since peripheral 
epinephrine cannot pass the blood barrier, this mechanism is considered to act through 
�v�}�Œ���‰�]�v���‰�Z�Œ�]�v�������v���� �t-adrenergic receptors in the amygdala, induced by the vagus nerve (McGaugh 
and Roozendaal 2002).  

DA exerts neuromodulatory effects throughout the brain, affecting primarily the basal ganglia and 
many areas of the cortex, and it has important functions related to movement control, motivation and 
reward. Several studies have reported the activation of dopaminergic neurons, primarily the ones 
located in the VTA, by acute stress, and the subsequent modulation of PFC function (Deutch and Roth, 
1990; Horger 1996; Abercrombie et al., 1989). However there is also evidence supporting the reverse, 
i.e. that activation of PFC, probably through glutamatergic afferents, precedes and is necessary for the 
activation of the dopaminergic system upon stress (Moghaddam and Jackson 2014). More recently, a 
�^�•�]�P�v���o-to-�v�}�]�•���� ���v�Z���v�����u���v�š�_�� �u�����Z���v�]�•�u�� �Á���•�� �Œ���À�����o������ �(�}�Œ�� �š�Z���� ������ �v���µ�Œ�}�u�}���µ�o���š�]�}�v�� �]�v�� �šhe mPFC 
during encoding for aversive stimuli (Vander Weele et al., 2018). Finally, DA can also interact with other 
neuromodulatory systems as well as with neurotransmitters and with components of the HPA axis 
upon stress (Stanwood 2019). An important role of DA in the stress response could hypothetically be 
risk assessment and decision strategies (Joëls and Baram 2009).  

The receptors mediating the effects of catecholamines are G-protein-coupled receptors (GPCRs), 
and as such they are metabotropic, transducing signals that they sense at the membrane to the 
cytoplasm. Their action can be excitatory or inhibitory, depending mainly on the G�r proteins they are 
coupled to (Gq, Gs or Gi), and the intracellular signaling cascades they activate. Generally, the effector 
for both the Gs and Gi proteins is adenylyl cyclase, the enzyme generating cyclic-adenosine 
monophosphate (cAMP). However, although Gs stimulates cAMP production thus leading to neuronal 
excitation, Gi inhibits it, leading to inhibition. On the other hand, the effector of Gq is phospholipase C 
and the end result is Ca2+ release in the cytoplasm, and neuronal excitation. After agonist binding and 
dissociation of the G proteins, GPCRs can be phosphorylated  by GPCR kinases (GRKs) and this plays an 



19 

important role in the so-called G protein-independent signaling, as well as in the internalization and 
trafficking of the receptor (Liggett 2011; Bahouth and Nooh 2017; Ciccarelli et al., 2017). 

The receptors for both epinephrine and NE are called adrenergic receptors (ARs), they are 
�����š���P�}�Œ�]�Ì�������]�v���š�Á�}���u���]�v�����o���•�•���•�U���š�Z�����r-���Z�•�����v�����t-ARs, and in total they contain 9 subtypes (Hieble et 
al., 1995�•�X���d�Z�����r-���Z�•�����Œ�������]�À�]���������š�}���r1-ARs, which are Gq-���}�µ�‰�o���������v�������}�v�š���]�v���ï���•�µ���š�Ç�‰���•�U���š�Z�����r1A�U���r1B, 
���v�����r1D�U�����v�����š�Z�����r2-ARs which are Gi-���}�µ�‰�o���������v�������}�v�š���]�v���š�Z�����•�µ���š�Ç�‰���•���r2A�U���r2B�U�����v�����r2C�X���d�Z�����t-ARs also 
�Z���À�����ï���•�µ���š�Ç�‰���•�U���š�Z�����t1�U���t2 ���v�����t3, most of which are coupled with Gs (Bylund 2006; Ciccarelli et al., 
�î�ì�í�ó�•�X�� �d�Z���� �t3-���Z�� �]�•�� �����•���v�š�� �(�Œ�}�u�� �š�Z���� ���E�^�� �~�,�]�����o���� �î�ì�ì�õ�•�X�� �h�‰�}�v�� ���]�v���]�v�P�� �}�(�� �E���� �}�Œ�� ���‰�]�v���‰�Z�Œ�]�v���U�� �r-ARs 
�u�����]���š���� �•�u�}�}�š�Z�� �u�µ�•���o���� ���}�v�š�Œ�����š�]�}�v�� ���u�}�v�P�� �}�š�Z���Œ�� �(�µ�v���š�]�}�v�•�U�� ���v���� �t-ARs mediate an increase in the 
heart muscle firing rate, a property that renders them valuable targets for drugs against cardiovascular 
���]�•�����•���•�X�� �/�v�� �š�Z���� ���Œ���]�v�U�� �r1-ARs are widely distributed and their activation generally results in slow 
�����‰�}�o���Œ�]�Ì���š�]�}�v�U�����v�����]�v���Œ�����•�����]�v���v���µ�Œ�}�v���o���(�]�Œ�]�v�P�X���/�v�����}�v�š�Œ���•�š�U���r2-ARs, mainly present in presynaptic sites, 
produce neuronal hyperpolarization and decrease neuronal firing upon agonist binding, therefore 
acting as auto-�Œ�������‰�š�}�Œ�•�����v�����‰�Œ�}�À�]���]�v�P���v���P���š�]�À�����(�������������l���}�v���v�}�Œ�����Œ���v���Œ�P�]�����v���µ�Œ�}�v�•���~�,�]�����o�����î�ì�ì�õ�•�X���t-
ARs are also widely dist�Œ�]���µ�š������ �]�v�� �š�Z���� ���Œ���]�v�U�� �Z�}�Á���À���Œ�� �t2 seems to be particularly expressed in the 
olfactory bulbs, the hippocampus (HC) and the cortex.  

There are 5 types of dopamine receptors, D1-5. D1 and D5 belong to the D1-like family, while D2-4 to 
the D2-like family. D1-like receptors are Gs coupled and upon agonist binding stimulate adenylyl cyclase 
to produce cAMP, which results in neuronal excitation. In contrast, D2-like receptors are coupled to Gi 
and have the opposite effect, neuronal inhibition (Neve et al., 2004). Apart from interactions with G 
proteins, dopamine receptors engage in various other protein-protein interactions to regulate 
intracellular signalling, and can indirectly affect several ion channels. An important aspect of GPCR 
�•�]�P�v���o�]�v�P���]�•���š�Z�����Œ�������‰�š�}�Œ�•�[������ility to homo- and heterodimerize, and it is becoming increasingly clear 
that both dopaminergic and adrenergic receptors engage in such interactions, and that this is relevant 
for their pharmacological properties, as well as for their signaling in pathologies (Carli et al., 2017; 
Minneman 2006). 

1.3.3. Indirect regulation of the HPA and SAM axes, and stressor specificity 
The function of the HPA and SAM systems depends on direct and indirect inputs from neurons in 

the brain and the spinal cord, and on the nature of the stress inflicted. Every time the organism is 
confronted with a stressor, the brain orchestrates a stress response optimal for the specific situation. 
And although it is often hard to define a stressor as strictly physical or psychogenic, it has become 
increasingly clear that different stressors will elicit different responses, based on immunohistological 
and endocrinological findings (Dayas et al., 2001; Gaillet et la., 1991; Pacak and Palkovits 2001). 
Physical stressors such as blood loss, infections and pain primarily activate the brainstem, which 
mediates a rapid response involving both the HPA and SAM axes, through its direct connections with 
the PVN and IML. On the other hand, stressors primarily thought of as psychogenic, such as restraint, 
swim stress and noise, first activate forebrain limbic regions, which do not project directly to the 
components of the HPA and SAM systems (Ulrich-Lai and Herman 2009). More specifically, the 
amygdala, hippocampus (HC) and prefrontal cortex (PFC) have major roles in the initiation, fine-tuning 
and termination of the stress response. These brain regions integrate associational information from 
the cortex and they are well-innervated by the LC (Ulrich-Lai and Herman 2009).  

While the central amygdala has been shown to mediate HPA axis responses to systemic stressors 
via the NST and the BNST (Xu et al., 1999), the basolateral amygdala and the medial amygdala are 
thought to mediate mainly psychological stress (Cullinan et al., 1995; Dayas et al., 2001). On the other 
hand, the HC seems to have an important role in the termination of the stress response (Herman et al., 
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2003). Numerous reports have found that CORT and ACTH remain elevated for longer after exposure 
to various psychological stressors, in rats with hippocampal lesions (Herman et al., 1995; Sapolsky et 
al., 1986; Nettles et al., 2000). This inhibition of the HPA axis is most probably mediated by the most 
ventral part of the hippocampal formation and the projections of the subiculum to the PVN. Although 
the HC does not have direct projections to the SNS, it affects autonomic tone, as its stimulation has 
been shown to decrease the heart rate, blood pressure and respiratory rate in rats (Ruit and Neafsey 
1988; Ulrich-Lai and Herman 2008). Since these effects were blocked by medial prefrontal cortex 
(mPFC) lesions, it was speculated that the HC influences the SAM system through the mPFC and its 
projections to the NTS. The infralimbic mPFC can stimulate both HPA and SAM responses, but the 
prelimbic mPFC inhibits HPA responses to psychological stressors, most probably via its connections to 
the PVN (Radley et al., 2006).  

 

1.4. Mediating stress �t the curious case of locus coeruleus 
The central noradrenergic system comprises several groups of neurons across the pons and medulla 

oblongata of the brainstem. Although the boundaries between these groups are in fact not very 
distinct, they have been subdivided according to their anatomical location to A1, A2, A5, A7, LC and 
subcoeruleus, in the mouse brain (Figure 1.3A) (Dahlström and Fuxe 1964; Robertson et al., 2013). 
Nevertheless, the central noradrenergic neurons are also diverse in terms of efferent projections 
(Fritschy and Grzanna 1990; Grzanna and Fritschy 1991), pharmacological properties (Fritschy and 
Grzanna 1989), role in pathologies (refs in Robertson), developmental origin (Robertson et al., 2013) 
as well as functionality (Berridge and Waterhouse 2003; Rinaman 2011; Chen et al. 2018). Furthermore, 
it is becoming increasingly clear that this heterogeneity also concerns neurons within the same nucleus. 
In fact, the activation of different noradrenergic populations can even have contradictory effects. For 
example, LC activation has been shown to have anxiogenic effects (McCall et al., 2017) and A2 neurons 
stimulate the PVN thus activating the HPA axis (Pacak et al., 1995; Plotsky 1987), while a population of 
Hoxb1-noradrenergic neurons spread across different nuclei was recently shown to have anxiolytic 
effects (Chen et al., 2018).   

 

1.4.1. The blue spot 
The LC is the anatomically largest and the most extensively studied noradrenergic population. It 

was discovered by Reil more than 200 years ago (Reil 1809), probably on account of its position and 
dark complexion in the human brain, making it vi�•�]���o�����š�}���š�Z�����v���l���������Ç���X���d�Z�]�•���^���o�����l���•�µ���•�š���v�����_�����•���Z���]�o��
described it, was later found to be the pigment neuromelanin, potentially forming as a dopamine 
autoxidation product (Double et al., 2008). It is due to this curious trait that LC was given its name, 
m�����v�]�v�P�� �^���o�µ���� �•�‰�}�š�_�� �]�v�� �>���š�]�v�X�� �K�v�� �š�Z���� ���}�Œ�}�v���o�� �‰�o���v���U�� �š�Z���� �>���� �Z���•�� ���� �š�Œ�]���v�P�µ�o���Œ�� �•�Z���‰���� �~�&�]�P�µ�Œ���� �í�X�ï���•�U��
comprised of approximately 1500 neurons per hemisphere in mice (Sturrock and Rao 1985) and is 
located in the rostral pons, in the lateral floor of the fourth ventricle. LC neurons generally have 
dendrites that extend well beyond the borders of the nucleus (Aston-Jones et al., 1991), and send 
diffuse axonal projections throughout the brain and the spinal cord via long-range axons that divide 
along the way (Ader et al., 1980; Nagai et al., 1981).  

The first studies regarding afferent projections to LC were contradictory. While an early study 
reported various brain areas from both the forebrain and brainstem providing input to the LC 
(Cedarbraum and Aghajanian 1978), another study found major inputs only from two nuclei of the 
rostral medulla; the nucleus paragigantocellularis (nPGi) and the prepositus hypoglossi (Aston-Jones 
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et al., 1986). The nucleus prepositus hypoglossi provides GABAergic and thus inhibitory input (Ennis 
and Aston-Jones 1989), and could be silencing LC during REM sleep (Verret et al., 2006), while the input 
from nPGi is excitatory (Ennis and Aston-Jones 1988). Nevertheless, later on it became clear that LC 
dendrites spread outside of the compact nu���o���µ�•�� ���v���� �š�Z���š�� �š�Z�]�•�� �^�‰���Œ�]���}���Œ�µ�o�����Œ�� �Œ���P�]�}�v�_�� �Œ�������]�À���•��
information from multiple brain regions in the forebrain (Shipley et al., 1996; Berridge and Waterhouse 
2003). In addition, a recent viral-genetic tracing approach revealed more than 100 regions projecting 
to the LC (Schwarz et al., 2015). More specifically, LC receives limited input from areas of the neocortex 
such as the insular and parietal cortex (Samuel and Szabani 2008), but it is strongly and reciprocally 
connected with the mPFC and the central nucleus of the amygdala, and both these inputs to LC are 
excitatory (Jodo and Aston-Jones 1997; Charney et al., 1998; Wallace et al., 1989). Through its 
connection with the mPFC, LC affects cognition (Bouret and Sara 2004), attention (Mair et al., 2005), 
vigilance (Grant et al., 1988), and memory (Berridge and Waterhouse 2003), while through its 
connection with amygdala it is involved in the processing of emotional events and anxiety (Samuel and 
Szabadi 2008). Several neurons from the hypothalamus project to the LC, including excitatory CRF 
neurons of the PVN (Reyes et al., 2005), strongly activating the LC upon exposure to stress. From the 
midbrain, the VTA and the periaqueductal grey (PAG) send projections to the LC, and these connections 
might be relevant for arousal and wakefulness (Samuels et al., 2006), as well as the freezing and 
escaping behavior (Borelli et al., 2005) respectively.  

Noradrenergic axons are detectable in virtually every area of the forebrain. LC sends profuse 
projections across all areas of the neocortex, and until recently it was thought of as the sole source of 
cortical NE (Nieuwenhuys 1985; Berridge and Waterhouse 2003). However, when an intersectional 
genetic fate mapping strategy was used (Jensen et al., 2008), axons originating from Hoxb1-
noradrenergic neurons were found in the insular cortex, and axons from Hoxa2-noradrenergic neurons 
were found in the somatosensory cortex (Robertson et al., 2013). These developmental markers are 
not expressed in LC progenitor cells, as LC neurons are derived almost exclusively from the 
rhombomere r1, characterized by the expression of En1 (Figure 1.3A). Still, these projections were 
fewer than projections arising from the LC, and NE release in the neocortex has been shown to 
correlate well with LC activity (Berridge and Abercrombie 1999) and to modulate sensory processing 
(Devilbiss and Waterhouse 2000). In addition, LC projects extensively to the limbic system, as it 
innervates densely the central and basal nuclei of the amygdala and the entorhinal cortex (Fallon et 
al., 1978), and is probably the sole source of NE in the HC (Nieuwenhuys 1985; Lindvall and Stenevi 
1978; Loughlin et al., 1986a; Ungerstedt 1971). It also provides important inputs to several regions of 
the hypothalamus, thalamus, BNST, cerebellum, pons and medulla (Samuels and Szabadi 2008). 

Considering its far reaching, widely distributed, divergent projections, the fact that it is the primary 
source of NE in the brain and is involved in countless different brain functions, it does not come as a 
surprise that LC is implicated in several neuropsychiatric disorders. So far, LC has been linked with the 
attention deficit hyperactivity disorder, sleep and arousal disorders such as narcolepsy and insomnia, 
anxiety disorders such as posttraumatic stress disorder (PTSD), mood disorders like depression, and 
�v���µ�Œ�}�����P���v���Œ���š�]�À���� ���]�•�����•���•�� �o�]�l���� ���o�Ì�Z���]�u���Œ�[�•�� ���v���� �W���Œ�l�]�v�•�}�v�[�•�� �~�����Œ�Œ�]���P���� ���v���� �t���š���Œ�Z�}�µ�•���� �î�ì�ì�ï�V��
Bangasser et al., 2019; Fortress et al., 2015; Insigrini et al., 2016). 
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1.4.2. Integrative but diverse, singular but modular  
Despite its small size and relative homogeneity in regards to developmental origin (Robertson et al., 

2013), LC is extraordinarily diverse, and this is reflected in both the morphology of the neurons and 
their efferent projections. Morphological differences between LC neurons have been reported in 
several cases, with three distinct types of neurons identified in the rat LC (Cintra et al., 1982; Steindler 
and Trosko 1989), and differences were also reported in regards to their distribution, density and 
orientation (Swanson 1976; Grzanna and Molliver 1980). While it was clear from very early on that LC 
neurons vary greatly in terms of efferent targets and that this is reflected in their topographic 
organization (Mason and Fibiger 1979; Loughlin et al., 1986b), later on it was also shown that 
morphologically distinct types of LC neurons have different efferent targets (Loughlin et al., 1986a).  

In spite of this heterogeneity, LC is often viewed as a singular, global effector, due to its diffuse 
projections and its potency in regulating global brain functions such as arousal and wakefulness 
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Figure 1.3: The locus coeruleus as part of the central noradrenergic system. A) Noradrenergic nuclei in the 
brainstem of the adult mouse and their developmental origins (saggital view). The colors represent the 
respective rhombomere in the mouse embryo. Adapted from Robertson et al. (2013), License Number 
4759221145837. B) Coronal view of the LC of a Dbh-iCre mouse, two weeks after stereotactic delivery of a 
floxed eGFP-expressing virus. LC neurons are labelled with an antibody against tyrosine hydroxylase (TH) 
(red), while eGFP (green) is expressed everywhere apart from the LC neurons due to the specific expression 
�}�(���]���Œ���X���^�����o���������Œ���í�ì�ì���…�u�X��C) Projection axons assigned by target region reveals an architecture of distinct 
fiber trajectories, after specific labelling of LC with an eGFP-expressing viral vector. From Chandler et al. 
(2019), provided by Anthony E. Pickering. Material available by JNeurosci. D) Inverted-U relationship between 
LC activity and performance. Performance is poor during very low tonic LC activity as well as during high tonic 
activity. Performance is optimal when LC activity is moderate tonic, with phasic bursts accompanying relevant 
stimuli. From Aston-Jones et al. (1999), License Number 4759321103002. 
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(Berridge 2008). Nevertheless, more recent evidence extends the previous findings by pointing out to 
the existence of subpopulations with different neurochemical properties (Holets et al., 1988), 
developmental origins (Plummer et al., 2017), electrophysiological properties (Li et al., 2016; Totah et 
al., 2018) and even gene expression profiles (Chandler et al., 2014). Finally, the development of a new 
viral-genetic neuroanatomical technique called Mapseq allowed molecular resolution of single-cell 
axons, and revealed heterogeneous projection patterns in the LC. Interestingly, some neurons were 
broadly projecting in many brain regions, while others were highly specialized only projecting to one 
area, and others were projecting to many areas but had higher preference for one or few (Kebschull 
et al., 2016).  

In conclusion, LC neurons share many common characteristics, the majority of them receive input 
from the same brain regions (Schwarz et al., 2015) and they can produce a generalized signal that 
modulates overall behavioral states. Yet, LC neurons are inherently and functionally diverse, and these 
differences hint to a modular way of action (Chandler 2016; Chandler et al., 2019). Consistent with this 
new view of LC as a differentiated system, researchers identify increasingly more specialized and in 
many cases contradictory actions driven by LC (Hickey et al., 2014, Chandler et al., 2014; Li et al., 2016; 
Uematsu et al., 2017; Hirschberg et al., 2017; Totah et al., 2018), while newly developed viral tracing 
tools in combination with whole brain reconstruction approaches shine light on the organization of its 
intricate axonal projections (Figure 1.3C) (Chandler et al. 2019). 

1.4.3. Orienting for optimal performance, reorienting for survival 
LC neurons fire at a low tonic rate of 1-3 Hz in awake animals, less during non-rapid eye movement 

(NREM) sleep, and they are essentially silent during REM sleep (Aston-Jones and Bloom 1981a,b). 
However, they can also fire in phasic mode, in short bursts of 8-10 Hz (Foote et al., 1980; Aston-Jones 
and Bloom 1981a). Such a phasic mode of firing can be triggered by presentation of salient stimuli, that 
are not necessarily noxious or stressful, as long as they are either novel, or associated with a reward 
or punishment (Grant et al., 1988; Hervé-Minvielle and Sara 1995; Sara and Bouret 2012). Nevertheless, 
non-stressful stimuli elicit a small response that habituates fast, while the response is much stronger 
upon presentation of stimuli that are stressful or noxious, and potentially threatening (Rasmussen et 
al., 1986; Sara et al., 1994). Moreover, NE levels did not decrease in the forebrain after repeated 
exposure to stress but rather increased, pointing out to little or no habituation (Anisman et al., 1987). 
When the stimulus was followed and reinforced by a significant event, it being reward or punishment, 
the LC response was more persistent and even enhanced, and only diminished upon overtraining (Sara 
and Segal 1991; Sara and Bouret 2012). Upon such stressful stimuli, LC fires in a high tonic mode of 3-
8 Hz without phasic bursts, and releases high amounts of NE in the brain, in what seems to be a CRF-
dependent response (Curtis et al., 1997; Curtis et al. 2012; Valentino and Foote 1988; McCall et al., 
2015) and to promote anxiety-like behavior (McCall et al., 2017). 

As opposed to focusing on the importance of LC in arousal and wakefulness, a series of experiments 
in monkeys during the 90s extensively characterized the relevance of the tonic and phasic LC firing in 
attention, cognitive performance and vigilance. The phasic activation of LC, when triggered by salient, 
task-relevant cues, was shown to orient attention and engage the animal in order to optimize cognitive 
performance (Aston-Jones et al., 1999). On the contrary, poor performance was observed during low 
tonic activity, when animals were drowsy and inattentive, as well as during high tonic LC activity in the 
context of stressful stimuli (Figure 1.3D). In the latter case, the high amounts of NE released into the 
forebrain by LC are thought to inhibit any ongoing task-related behavior and reorient brain connectivity 
towards circuits that favor the fight or flight response, at the expense of cognitive performance (Aston-
Jones and Cohen 2005; Arnsten 2009; Corbetta et al., 2008). Such reconfiguration of connectivity 
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between brain areas is essential for survival, hence it happens rapidly upon exposure to a threat, and 
it is evolutionarily conserved (Roeder 2005). The amygdala, being at the heart of the stress circuit and 
playing a key role in the initiation of the stress response, was hypothesized to be one of the regions 
whose connectivity is favored upon stress (Arnsten 2009). Indeed, a shift to favor the salience network, 
�]�v���o�µ���]�v�P���š�Z�������u�Ç�P�����o���U���Á���•���•�Z�}�Á�v���]�v���Z�µ�u���v�•���µ�‰�}�v�����Æ�‰�}�•�µ�Œ�����š�}�������µ�š�����•�š�Œ���•�•�U�����v�����E�������v�����t-adrenergic 
receptors were speculated to mediate these effects (van Marle et al., 2010; Hermans et al., 2011).  

 

1.5. Stress in the brain �t a story told by the hippocampus 

1.5.1. Structure and connectivity of the hippocampus 
The hippocampus (HC), named after the small marine fish seahorse (�>�‹�‹�Š�ƒ�r�…�‹�‰�Ž���]�v���'�Œ�����l�•�����µ�����š�}��

its appearance, is part of the archicortex, one of the most primitive cortical areas (Purves et al., 2012). 
As a result of its fascinating anatomy, it has attracted interest since ancient times, and is the main 
object of study in thousands of scientific articles published in the last hundred years. But what placed 
HC at the forefront of neuroscience more than 60 years ago was the famous case of the patient H.M., 
who lost the ability to form new memories and navigate in space after a surgical resection of the 
biggest part of the temporal lobes, where HC resides in humans (Scoville and Milner 1957). This 
discovery stimulated zealous research on the organization and functions of the HC, meanwhile 
shedding light upon general principles of neurobiology including synaptogenesis, neurotransmitters 
and ion channels, long term potentiation (LTP) and microcircuitry (Andersen et al., 2007). Soon the HC 
also became a key focus in stress research, after it was shown that CORT exhibited higher uptake and 
retention by the HC in comparison to other brain areas (McEwen et al., 1968) and that HC has high 
density of GRs (de Kloet et al., 1990). Meanwhile, chronically stressed primates showed degeneration 
specifically in HC (Uno et al., 1989), and later a series of different studies demonstrated that both 
chronic and acute stress cause morphological changes in hippocampal neurons. The effects of stress 
on the HC are discussed in more detail in section 1.5.3. 

The HC is part of a functional system called hippocampal formation. The hippocampal formation 
includes the hippocampus proper or cornu ammonis (CA), subdivided in the subfields CA1, CA2 and 
CA3, the dentate gyrus (DG), the subiculum, presubiculum, parasubiculum, and the entorhinal cortex 
(Amaral and Lavenex 2007). The term hippocampus is somewhat vague and ambiguous across the 
literature, but it usually refers to the CA and DG areas, and this is also the case throughout this thesis. 
The mouse HC is an elongated, curved structure that extends over the diencephalon, starting from the 
septal area rostro-dorsally, and ending in the most caudal-ventral part of the forebrain, posterior to 
the amygdala (Figure 1.4A) (Witter 2012).  

The main excitatory input to the HC arises from the entorhinal cortex (EC), where fibers from layer 
II of the EC enter the HC through the perforant path, and form synapses with dendrites in the molecular 
cell layer of the DG. The DG then projects to the CA3 via the mossy fiber pathway, and CA3 projects to 
the CA1 through the Schaffer collaterals (Figure 1.4B) (Andersen et al., 1971; Ramón y Cajal 1909). 
Finally, the CA1 projects back to the EC, and to the subiculum. This unique, largely unidirectional 
pathway is often mentioned as the classical trisynaptic circuit, and is accessible in its whole by a cross-
section of the longitudinal axis of the HC. However, the HC circuitry is much more complex than the 
trisynaptic loop, for example with the EC also projecting directly to the CA3 and CA1 regions and CA3 
axons diverging to also project towards the fimbria (Amaral and Lavenex 2007; Knierim 2015). The hilus 
of the DG, also known as polymorphic cell layer, accommodates various types of  GABAergic neurons 
that provide a big part of inhibition in the HC. One of the most prominent types of interneurons are 
the basket cells, that form a very dense axonal plexus around the somata of the granular cell layer, and 
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are themselves innervated by other types of GABAergic neurons residing both in the hilus and outside 
the HC (Sik et al., 1997). 

Apart from the entorhinal cortex, the DG also receives inputs, albeit fewer, from other cortical, 
subcortical and brainstem areas. More specifically, it receives cholinergic and GABAergic inputs from 
the septal nuclei (Khakpai et al., 2013), likely glutamatergic inputs from the hypothalamus, 
noradrenergic from the LC (Swanson and Hartman 1975), dopaminergic from the VTA (Gasbarri et al., 
1997), and serotonergic inputs from the median raphe nucleus (McKenna and Vertes 2001). In addition, 
the HC is reciprocally connected with the PFC and the amygdala (Benchenane et al., 2010; Rosene and 
Hoesen 1977; Sigurdsson and Duvarci 2016). 

 

1.5.2. Cellular composition and diversity along the dorsoventral axis 
The granule cell is the principal cell type of the DG, as opposed to the pyramidal cell of the CA areas. 

Granule cells are tightly arranged in the granular cell layer of the DG, while their dendrites extend and 
branch into the molecular cell layer. They are relatively uniform, as there are no major morphological 
differences between them apart from the fact that granule cells of the vHC show higher dendritic 
arborization than the ones in the dHC (Vuksic et al., 2008). Their axons, also called mossy fibers, run 
through the hilus and terminate in the CA3 area or on glutamatergic mossy cells, the most common 
cell type of the hilus. Mossy cells have many differences along the dorsoventral axis, in terms of spine 
morphology, calretinin expression, and distribution, with more cells residing in the vHC (Fujise and 
Kosaka 1999).  

The pyramidal cells are located in the pyramidal cell layer of all three CA areas, extending their basal 
dendrites to the stratum oriens, and their apical dendrites towards the hippocampal fissure (Witter 
2012). In the CA3, mossy fibers from the DG arrive on the stratum lucidum, right above the pyramidal 
cell layer. Above the stratum lucidum of CA3, and directly above the pyramidal cell layer in CA2 and 
CA1 is located the stratum radiatum, containing the Schaffer collaterals travelling from CA3 to CA1. 
Above the stratum radiatum, the stratum lacunosum moleculare hosts the perforant pathway fibers 
arriving from the EC. Pyramidal cells are quite heterogeneous, with cells from CA1 and CA3 having 
distinct morphological characteristics, as well as inherent differences in connectivity (Witter 2012). 
However, the CA2 area was more difficult to define until molecular differences confirmed its existence 
(Lein et al., 2005). But probably the most striking finding was that electrophysiological, molecular, 
anatomical, and functional differences can be found within the CA1 and CA3 layers along the 
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Figure 1.4: The hippocampus. A) The hippocampus in the mouse brain. Illustration created with the 
Scalable Brain Atlas (Bakker et al., 2015; Lein et al., 2007).  B) Drawing by Ramon y Cajal showing the 
structure and intrinsic circuits of the HC, including the trisynaptic loop (Cajal 1909), © Copyright 2020 
OCLC, Inc. 
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dorsoventral axis, as well as the radial and the proximal-distal axis (Soltesz and Losonczy 2018; 
Thompson et al., 2008). More recently, using an in situ transcription profiling approach, distinct cell 
classes were identified in the subfields of HC, with increasing heterogeneity in cell class composition 
along the dorsoventral axis (Shah et al., 2016). In an independent study, the CA1 area was shown to 
have pronounced and continuous transcriptional heterogeneity along the longitudinal axis 
(Cembrowski et al., 2016a).  

GABAergic inhibitory interneurons account for roughly 10-15% of the neuronal population in the 
HC but even though they make up such a small percentage, they can control the excitation of the 
pyramidal and granule cells, and determine the output of the HC (Pelkey et al., 2017; Jones and Yakel 
1999). In contrast to the excitatory cells, inhibitory interneurons are not organized in layers, but are 
rather scattered across all major subfields of DG and CA, and they rarely send their axons outside the 
region where their somata and dendrites reside (Pelkey et al., 2017). They are regulated by 
glutamatergic and GABAergic, as well as neuromodulatory inputs, such as cholinergic and serotonergic 
signals (Jones and Yakel 1999). Interneurons are extremely diverse, having distinct morphology, 
projection target and developmental origin, and they can express one or more of a variety of different 
neurochemicals and proteins such as parvalbumin, somatostatin, neuropeptide Y, cholecystokinin, 
vasoactive intestinal polypeptide, nitric oxide synthase, calretinin and calbindin (Witter 2012). The 
distribution and numerical density of all types of inhibitory interneurons seem to change along the 
dorsoventral axis, with the vHC generally hosting higher numbers than the dHC (Jinno and Kosaka 
2006). 

Apart from neuronal cell types, the HC also hosts glial cells, and the glia:neuron ratio has been 
reported to be 2:1, with small variations across subfields (Oliveira-da-Silva et al., 2009). Astrocytes are 
probably the most predominant type of glial cells, and their distribution is generally uniform across the 
different HC subfields. However, the DG of the vHC seems to have a significantly higher number of 
astrocytes (Ogata and Kosaka 2002). Although initially astrocytes were thought to merely provide 
support and energy to the neurons, this view is changing fast, after it was discovered that they also 
respond to neurotransmitter release with intracellular calcium waves, and that this has functional 
relevance (Cornell-Bell et al., 1990; Agulhon et al., 2008).  

So seemingly, although the dHC and vHC share similar intrinsic organization and circuitry, they are 
inherently distinct in terms of cellular and molecular composition. In addition, the afferent and efferent 
projections of the HC also vary along the longitudinal axis, mainly the ones toward the lateral septum, 
entorhinal cortex and nucleus accumbens (Swanson and Cowan 1977; Fanselow and Dong 2010, 
Strange et al., 2014). But probably the most distinct aspects of their connectivity are the dHC sending 
massive projections to the dorsal subiculum, while the vHC sending unique projections to the olfactory 
bulbs, and having strong, reciprocal connections to the amygdala and the mPFC (Fanselow and Dong 
2010; Bannerman et al., 2004). It is plausible that these differences underlie differences in function. 
Indeed, lesion studies pointed out to the importance of the dHC but not vHC for spatial memory (Moser 
et al. 1995) while the vHC seemed to have a key role in the stress response and in emotional regulation 
(Henke 1990). Moreover, lesions of the vHC reduced avoidance of entering naturally fearful places 
such as the open arms of the elevated plus maze (EPM), implicating the vHC in  fear and anxiety 
(Kjelstrup et al., 2002).  

1.5.3. The hippocampus on stress 
The HC is strategically connected with the rest of the brain. It is one of the few brain regions to 

integrate highly processed, multimodal information from various cortical and subcortical areas (Amaral 
and Lavenex 2007), while at the same time it is subject to regulation by virtually all neuromodulatory 
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systems. Moreover, its unique microcircuitry facilitates further processing of information, with the 
outcome eventually being reciprocated to the cortex. Particularly the vHC, because of its connections 
with the mPFC, amygdala and LC, and its high expression levels of GRs, is at the heart of the stress 
response. Indeed, the HC was shown to be severely affected by stress and it has thereby served as a 
gateway into understanding the stress response and its effects on the brain (McEwen et al., 2016).  

One of the first studies demonstrating direct effects of acute stress on the HC and hippocampal 
function showed changes in the electrophysiological properties of hippocampal neurons and 
impairment of LTP in hippocampal slices shortly after the animals had been subjected to combined 
restraint and tail shock (Foy et al., 1987). Since then, various studies have shown biphasic, dose-
dependent effects of corticosteroids on LTP mediated by the MRs and GRs, and these effects were 
reflected on memory performance (Joëls 2006). Interestingly, stress seems to have the opposite effects 
in the most ventral part of the HC. There, the ability to evoke LTP at normal conditions is inherently 
lower than in the rest of the HC (Papatheodoropoulos and Kostopoulos 2000). But exposing the animals 
to acute stress before slice preparation, as well as administering CORT in slices enhanced LTP, as 
opposed to the suppression of LTP seen in the rest of the HC (Maggio and Segal 2007). Considering the 
differences in the way the dHC and vHC provide input to the rest of the brain, it was hypothesized that 
this strengthening of synaptic connectivity in the vHC enables the flow of information from the vHC to 
the amygdala during stress, while at the same time the output toward the neocortex �twhich is more 
dependent on the dHC�t is suppressed (Segal et al., 2010).  

The other line of research highlighting the sensitivity of HC to stress concerns the structural 
remodelling observed after stress. This remodelling manifests with shrinkage of dendrites and 
dendritic spines in CA1, CA3 and DG as well as alterations in mossy fibers presynaptic boutons in 
stratum lucidum (Magarinos et al., 1996; Magarinos et al., 1997; McEwen 1999). Even though most of 
these reports examined the HC after chronic stress, a single long-lasting multimodal stress can also 
exert similar effects (Maras et al., 2014). Moreover, a single exposure to psychological stress was 
shown to suppress adult neurogenesis on several different occasions and organisms (Gould et al., 1998; 
Tanapat et al., 2001; McEwen 1999). Underlying many of these effects in the HC is the robust and rapid 
glutamate release upon stress that is thought to be CORT and MR dependent, based on 
electrophysiology data on acutely prepared adult mouse hippocampal slices (Karst et al., 2005; 
McEwen 2016). 

Other mechanisms underlying structural changes in the HC involve molecular regulation of cell 
function. In fact, there is a long literature implicating the GR genomic signaling and regulation of 
transcription, as well as GR epigenomic signaling with the changes observed after stress (Reul 2014). 
This literature mainly focuses on chronic stress, but a few studies reported robust changes in gene 
expression after acute stress, namely forced swim stress (Gray et al., 2014) and social stress 
(Stankiewicz et al., 2015). These studies showed that the transcriptional response to acute stress is 
very different from the one to chronic stress. But probably one of the most surprising findings was that 
although hundreds of genes change after swim stress, these genes have very little overlap with the 
genes changing after CORT administration (Gray et al., 2014). This finding implied that the stress 
response is more complex and involves more mediators than just glucocorticoids. Indeed, in a more 
recent study, swim stress-induced transcriptional changes in the HC were shown to be dependent on 
�t-adrenergic receptor signaling (Roszkowski et al., 2016). Although less studied, there are a few reports 
demonstrating the effects of stress on the levels of specific proteins such as the �r�í���•�µ���µ�v�]�š���}�(���'������A 
receptor (Ardi et al., 2016) and the �t1 subunit of AR (Grigoryan et al., 2015) in the HC, as well as effects 
on protein phosphorylation, as has been shown for Synapsin 1 (Revest et al., 2010). 

This adaptation of cellular structure and function observed in the HC after stress can also be 
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detrimental to organisms. For example, hippocampal degeneration was associated with chronic stress 
in primates (Uno et al., 1989), while hippocampal atrophy was linked to stress, elevated corticosterone 
levels, and cognition deficits in elderly humans (Lupien et al., 1998; Lupien et al., 1997). Furthermore, 
according to a large body of literature, the link between chronic stress and mental disorders is 
unquestionable (McEwen et al., 2015; McEwen and Akil 2020). Nevertheless, even a single-exposure 
to hours-long, multimodal stress can induce loss of dendritic spines that correlates with memory 
defects in mice (Chen et al., 2010) and stressful, traumatic events can trigger psychiatric disorders in 
humans, most commonly PTSD (Bryant 2019). However, only a small percentage of people that 
experience trauma will be affected for long periods or for life, and the mechanisms behind resilience 
and vulnerability remain unclear.   
 

1.6. Studying the brain in the era of omics, circuit manipulations and whole brain visualization 

1.6.1. Omics technologies for the study of gene expression 
Scientists study gene expression in their quest to understand cellular function and cellular 

responses to environmental stimuli, and in order to classify cell types and populations. The brain is a 
complex organ, with many different neuronal and glial cell types, and considerable heterogeneity 
within individual cell types. Particularly in the HC, within-cell-type heterogeneity seems to be the norm 
rather than the exception (Cembrowski and Spruston 2019). Moreover, as it became apparent quite 
early on, the brain responds rapidly to environmental stimuli, and changes its structure and chemical 
properties to adapt (Bennet et al., 1964). This plasticity is only achievable through means of changing 
the structural blocks of the cells, proteins, as well as their precursors, messenger RNAs (mRNAs).  

Methods to study RNA rely on the unique biochemical properties of nucleic acids that allow 
complementary base pairing, reverse transcription from RNA to complementary DNA (cDNA), and 
amplification of cDNA to detectable levels. The need for screening many mRNA transcripts at the same 
time and with lower cost, as well as the need for absolute quantification, accelerated the advancement 
of whole transcriptome analysis techniques. Indeed, a recently developed technique performs direct 
sequencing of cDNA transcripts, and counts the number of reads that align to a reference genome. 
This approach, called next generation RNA sequencing (NGS), not only circumvented most limitations 
of microarrays technologies, it also provided information about splicing events and allowed 
quantification of individual splicing isoforms, as well as detection of RNA editing events and 
polymorphisms (Malone and Oliver 2011). This has essentially revolutionized the way transcriptomes 
are studied, but there are still caveats and considerations, such as artefacts produced during the library 
preparation, determining the optimal depth of the sequencing, and the processing of large amounts 
of data (Wang et al., 2009). 

Using NGS on whole tissue lysate has already advanced our understanding of the brain. This is 
particularly true in the context of chronic stress and resilience (Warren et al., 2013; Russo et al., 2012), 
however there are only few studies focusing on acute stress. Nevertheless, because the brain is so 
diverse and plastic, whole tissue NGS might mask valuable information about the transcriptome of 
specific cell types. Thus, to help decipher single cell diversity and function, single cell sequencing 
techniques have also been developed, and are currently the state of the art for mRNA analysis (Wu, et 
al., 2017; Cerniauskas et al., 2019). However, despite the remarkable advancement over the last few 
years, these technologies still suffer from disadvantages like tissue dissociation artefacts and the 
necessity to use fresh tissue. These problems are overcome with single nuclei sequencing (Bakken et 
al., 2018), which also provides cellular compartment specificity albeit mainly for immature or actively 
processed RNA.  
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Furthermore, due to the multiple mechanisms of post-transcriptional regulation, such as RNA 
splicing, editing, degradation, and retention, not all transcriptional changes will affect the protein 
levels of the corresponding proteins. For this reason, there is an increasing interest in the analysis of 
the mRNA fragments that are actively translated, the translatome (King and Gerber 2016). Until 
recently, translatome analysis was achieved with ribosome profiling, but the advent of transgenic mice 
with cell-type specific labeling capabilities has opened the door to new technical advances. Using 
bacterial artificial chromosomes (BACs) to express a fluorescent ribosomal tag in transgenic mice, 
Heiman and others (2014) recently developed the translating ribosome affinity purification (TRAP), 
that allows whole translatome analysis. Owing to this ribosomal tag, ribosomes from the whole cell �t 
even dendrites and axons in neurons �t can be purified from tissue, along with the actively translated 
RNA attached to them. Expression of this tag is usually under the control of a specific promoter, 
providing cell type specificity of the subsequent RNA analysis. This method was recently used to 
elucidate the stress-induced effects on the plasticity of CA3 pyramidal neurons, in a transgenic mouse 
model with a BDNF (brain-derived neurotrophic factor) polymorphism (Gray et al., 2016).  

Since some of the stress effects display spatial and cell type specificity, the cellular response to 
stress might be dependent on the combination of receptors that every cell type expresses. Hence, 
information from studies investigating the transcriptome of single cells or distinct cell types might help 
elucidate which cells sense �t and thus are affected by �t specific stress-mediators. For example, 
valuable information about the distribution of ARs in the CTX and HC can be extracted from a 
transcriptomic dataset of purified cell types (Zhang et al., 2014) and a single-cell RNA-seq data (Zeisel 
et al., 2015). According to these two online databases, astrocytes express higher levels of most types 
of ARs in comparison to neurons, while neuronal cells express only one or two AR subtypes in high 
levels, and the set of receptors they express is highly dependent on their subtype and region. For 
example, the highest �o���À���o�•���}�(���r1-���Z�•�����Œ�������Æ�‰�Œ���•�•�������]�v���]�v�Z�]���]�š�}�Œ�Ç���v���µ�Œ�}�v�•�U�����v�����š�Z�����Z�]�P�Z���•�š���o���À���o�•���}�(���t1-
ARs i�v���‰�Ç�Œ���u�]�����o���v���µ�Œ�}�v�•���}�(���š�Z�������d�y�X���K�v���š�Z�����}�š�Z���Œ���Z���v���U���r2-ARs seem to be more highly expressed in 
�‰�Ç�Œ���u�]�����o���v���µ�Œ�}�v�•���}�(���š�Z���������í�����v���������î�U���Á�]�š�Z���r2c-ARs expressed in neurons on�o�Ç�X���^�µ�Œ�‰�Œ�]�•�]�v�P�o�Ç�U���t2-ARs 
seem to be specifically expressed in microglia and endothelial cells, and they are absent from 
astrocytes and neurons. Although this insight is particularly useful and facilitates the generation of 
hypotheses, the expression of receptors in brain cells could potentially change upon stimuli, and thus 
it is crucial to repeat such analyses after specific behavioral paradigms. In addition, in many cases 
single-cell transcriptional analysis results are not conclusive, due to low counts of transcripts or big 
variability between cells.  

Probably the most insightful way of studying gene expression is by measuring the end product, 
namely proteins. Although techniques for identification and quantification of single proteins such as 
Western blot are extensively used, high throughput proteome analysis is not so trivial and provides 
access only to a fraction of the whole proteome. Nevertheless, liquid chromatography coupled to 
tandem mass spectrometry (LC-MS/MS), the main technique used for whole proteome analysis, has 
experienced major improvements in the last few decades (Aebersold and Mann 2003; Gillet et al., 
2016). In the most commonly used bottom-up approach, the proteins in a tissue lysate are first 
digested into peptides by specific proteolytic enzymes. Then these peptides are ionized and separated 
along a time-gradient with liquid chromatography, followed by identification and quantification by a 
tandem mass spectrometer (Gillet et al., 2016). More specifically, in the first stage of mass 
spectrometry, the ionized peptides are separated by their mass to charge ratio. In the second stage, 
the peptide ions are fragmented, and the resulting fragment ions are measured. The combination of 
the elution time during the liquid chromatography, and the mass to charge ratio of the precursor and 
the fragment ions allows for identification of the initial peptide with high specificity. There are a few 
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limitations of LC-MS/MS that still persist today. Probably the most important ones are the wide range 
of protein concentration in biological samples, which makes it hard to quantify low abundance proteins, 
and the lack of complete annotation of natural peptide variants (Gillet et al., 2016). The very same 
principle and set up can be used to study the phosphoproteome, after enriching for phosphopeptides 
in biological samples (Jünger and Aebersold 2014). Protein phosphorylation is a post-translational 
modification (PTM) that can change the properties of a protein by affecting its intracellular localization, 
activity level, degradation rate and interaction with other proteins, and therefore it has a key role in 
cell signaling mechanisms. It is probably the best-studied PTM, yet only a small percentage of the 
phosphorylation sites that are identified and quantifiable have a known function (Jünger and 
Aebersold 2014). Nevertheless, in comparison to antibody-based approaches that can measure 
phosphorylation of one site at a time and require prior knowledge of these sites, phosphoproteomic 
approaches will certainly transform the field.   

1.6.2. Chemo- and Optogenetics in the quest to understand the brain 
Until recently, the most common way for scientists to study the function of individual brain areas 

was experimentally inducing lesions to silence neuronal components, or electrically stimulating brain 
areas in order to activate them. However, such interventions are often inaccurate and particularly so 
when the target is a small structure such as a nucleus. Particularly lesions are non-reversible and they 
provide no temporal control, allowing the brain to recruit compensatory mechanisms for the loss of 
the structures lesioned. Still, these methods provided the first fundamental insights in cognitive and 
behavioral neuroscience, and shaped the way we understand the anatomical features of the brain even 
today. Nonetheless, the advancements of the last 15 years in optogenetics and chemogenetics have 
afforded unprecedented target specificity and temporal control, and have contributed to the 
dissection of the intricate circuitry of the brain driving behavior.  

Optogenetics use opsins isolated from algae or archaebacteria that are able to change the plasma 
membrane potential in response to light (Deisseroth 2016). The genes encoding for opsins can be 
packed into viruses, usually adeno-associated viruses (AAVs) that are delivered into the brain with 
stereotactic injections. The brain region of the injection site can be targeted with high accuracy by 
using a stereotactic frame, but the high specificity in the expression of opsins mainly comes from the 
fact that they can be placed under the control of specific promoters, thus restricting virus expression 
to specific cell types. Moreover, for higher precision, this approach can be combined with other genetic 
components such as the Cre recombinase, and viral injections can be omitted by expressing the opsins 
directly in transgenic animal models. The same principles and very similar methodology are used for 
chemogenetics. In this case, receptors engineered to be specific for a pharmacologically inert 
compound are expressed in specific neuronal populations in the brain, and they can influence neuronal 
activity upon ligand binding. While an optical implant for laser input is required in optogenetics, 
chemogenetics involves administration of the recept�}�Œ�[�•�����P�}�v�]�•�š���]�v�š�Œ���‰���Œ�]�š�}�v�����o�o�Ç���}�Œ���}�Œ���o�o�Ç�X�� 

Although receptors from several different classes of proteins have been engineered for the 
purposes of chemogenetics, the most widely used ones are GPCRs called Designer Receptors 
Exclusively Activated by Designer Drugs (DREADDs) (Roth 2016). The first DREADDs created were based 
on human muscarinic receptors and were coupled to Gq, thus being excitatory (Armbruster et al., 2007). 
Such an example is hM3Dq, however shortly after receptors were also designed to achieve neuronal 
inhibition, and they were coupled to Gi, such as hM4Di. The inert compound used as ligand is clozapine-
N-oxide (CNO), however it was recently demonstrated that CNO can be retro-converted to clozapine 
in mice, and that clozapine, rather than CNO is the active compound, as it can cross the blood brain 
barrier, occupy and activate DREADDs with much higher efficiency (Gomez et al., 2017). Although 
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clozapine is a psychoactive drug binding multiple receptors in the nervous system, it has a much higher 
affinity for DREADDs. More specifically, it was shown that it can occupy and activate DREADDs at a 
dose 10-100 times lower than the one required to exert effects dependent on endogenous binding 
sites (Gomez et al., 2017). Hence, ultra-low doses of clozapine can still be used for chemogenetics. 
Moreover, more compounds are constantly being developed and tested, an example is Compound 21 
(Jendryka et al., 2019). 

Although these newly developed techniques have revolutionized the way neuroscientists perform 
experiments, they are not without limitations (Roth 2016). As is often the concern in experiments that 
rely on expression of engineered proteins, the expression of receptors used in both opto- and 
chemogenetics could have effects on cellular function, independently of ligand binding or light-induced 
activation. In addition, particularly in the case of GPCRs like DREADDs or type II opsins, a problem could 
be receptor desensitization and downregulation after repeated activation. Moreover, GPCRs can also 
induce signaling through the non-canonical pathway that does not involve G proteins, and is mainly 
�u�����]���š���������Ç���t-arrestins. The effects of downstream effectors after non-canonical pathway activation 
vary between cell types and might affect the cellular function in ways other than mere neuronal 
excitation or inhibition. Due to these limitations it is important to express engineered receptors at the 
lowest possible levels either by controlling the virus titer or by using the appropriate promoter, and 
have an experimental design that includes all appropriate controls. 

In the last decade, these tools were used to study LC function, as well as to dissect the circuits of 
stress and anxiety. The first study using optogenetics in LC demonstrated that frequency-dependent 
LC stimulation can drive sleep to wake transitions (Carter et al., 2010). Later on, it was shown that 
chemogenetic inhibition of LC prevented stress-induced anxiety, while high tonic optogenetic LC 
stimulation was sufficient to increase anxiety-like behavior (McCall et al., 2015). Moreover, stimulation 
of CRF-positive central amygdala projections in the LC recapitulated this increase in anxiety, illustrating 
that this connection is particularly important for anxiogenesis. In a second study, optogenetics was 
used again to demonstrate that LC increases anxiety through its projections to the basolateral 
amygdala (McCall et al., 2017). In addition, the connection of the vHC to the mPFC was also shown to 
be important for anxiety and aversion, with the use of optogenetics (Padilla-Coreano et al., 2016). 
These studies highlight the potency of chemo- and optogenetics in dissecting elaborate brain circuits.  

1.6.3. Visualizing the brain connectome 
Even though anatomically separated and functionally distinct, brain regions communicate 

constantly, thus forming a complex and integrative network. In the last few decades, the advancement 
in whole brain neuroimaging tools allowed scientists to study how brain areas are structurally and 
functionally connected. Functional connectivity, d���(�]�v������ ���•�� �^�š�Z���� �š���u�‰�}�Œ���o�� �����‰���v�����v������ �}�(�� �v���µ�Œ�}�v���o��
�����š�]�À�]�š�Ç�� �‰���š�š���Œ�v�•�� �}�(�� ���v���š�}�u�]�����o�o�Ç�� �•���‰���Œ���š������ ���Œ���]�v�� �Œ���P�]�}�v�•�_�� �~�À���v�� �����v�� �,���µ�À���o�� ���v���� �W�}�o�� �î�ì�í�ì�•�U�� �����v�� ������
measured with resting-state functional Magnetic Resonance Imaging (rs-fMRI). With this method, the 
blood oxygen level-dependent (BOLD) signal is measured at rest, and the temporal correlation of its 
fluctuations between brain regions is calculated (Biswal et al., 1995). More specifically, the BOLD signal 
time-series of an a priori �•���o�����š�������^�•�������_���Œ���P�]�}�v�������v�����������}�Œ�Œ��lated against the time-series of all other 
regions, creating a functional connectivity map. However, with this analysis method the information 
gained is limited to the connections of the seed region (van den Heuvel and Pol 2010). On the other 
hand, whole brain connectivity patterns can be investigated with independent component analysis 
(Beckmann et al., 2005).  

Using this approach, several strongly linked networks were identified when humans were not 
engaged in a task, but were instead asked to think of nothing in particular. Such resting-state networks 
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(RSNs) were more recently also identified in mice under light anesthesia (Zerbi et al., 2015; Gozzi and 
Schwarz 2016; Grandjean et al., 2020). Most importantly, the areas strongly connected within RSNs 
often have overlapping functions, and it was shown that structural connectivity concurs with the 
topography of the areas composing RSNs (van den Heuvel et al., 2009). Altogether, these findings 
support the current view that the brain connectome is organized into large scale networks that 
compete for energy resources and underlie neurocognitive states and functions (Fox et al., 2009; 
Hermans et al., 2014). So far, studies that visualize the brain connectome of mice have provided 
valuable insight into the impact of chronic stress on the brain (Grandjean et al., 2016). Moreover, 
several studies investigated the immediate effects of acute stress on brain connectivity in humans 
(Hermans et al., 2011; van Oort et al., 2017). These studies delineate the strengthening of connections 
that enhance alertness and vigilance upon stressful stimuli. 

1.7. Aims of the thesis 

The stress response is ingrained in all organisms and is indispensable for survival, but it can also 
trigger neuropsychiatric disorders. Despite the efforts to understand the pathophysiology of stress-
related disorders, their prevalence has not decreased over the past few decades (Kalisch et al., 2017; 
Tost et al., 2015). However, only a small percentage of people experiencing traumatic events will be 
affected for longer periods of time (Bryant 2019). Most of the population can recover in the face of 
adverse events, and the mechanisms behind this healthy, efficient response to stress remain unclear. 
This thesis had two main aims. To investigate 1) the effects of activation of one of the major mediators 
of the stress response on brain functional connectivity, and 2) the molecular effects of stress on the 
HC, a brain area particularly responsive to stress.  

 
Aim 1: To investigate the changes in whole brain connectivity after LC activation. 
It has been proposed that during acute stress, neuromodulators like NE shift large-scale network 

connectivity to reallocate neuronal resources in a way that promotes vigilance and defense 
mechanisms, in order to increase the chances of survival (Hermans et al., 2014; Bouret and Sara 2005). 
Such a network reconfiguration was seen in humans presented with highly aversive cinematographic 
material while under an fMRI scanner (Hermans et al., 2011). The reconfiguration favored the salience 
a�v�������u�Ç�P�����o�����v���š�Á�}�Œ�l�����š���š�Z�������Æ�‰���v�•�����}�(�����Æ�����µ�š�]�À�������}�v�š�Œ�}�o�U�����v�����Á���•�����]�u�]�v�]�•�Z���������Ç�����o�}���l�]�v�P���t-ARs. LC 
is the main source of NE in the brain, and it was postulated to reorient attention to assist the fight or 
flight response at the expense of task performance, when strongly activated by stressful stimuli (Aston-
Jones and Cohen 2005). However, it is impossible to provide causal evidence that LC activation directly 
triggers a network reset in humans. For this reason, we decided to combine chemogenetic activation 
of LC with rs-fMRI in mice, in order to investigate the direct effects of LC activation on the functional 
connectome. We call this approach chemo-connectomics.  

 
Aim 2:  To investigate the molecular implications of stress in the brain. 
The HC, being reciprocally connected with the amygdala and the mPFC and receiving strong input 

from the LC, is at the core of information processing during stress. Particularly the vHC has been 
implicated in emotional regulation and anxiety-related behavior (Padilla-Coreano et al., 2016; 
Bannerman et al., 2004; Bannerman et al., 2014). Although the expression of a large number of genes 
was reported to change one hour after stress, suggesting that the HC is critically affected by stress 
(Gray et al., 2014; Roszkowski et al., 2016), the molecular effects of stress on different HC regions and 
cell types were never investigated. Therefore, we investigated the effects of acute stress on the HC in 
two different projects. In Project 1, we investigated whether different stressors exert different 
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molecular effects on the HC, and whether these effects differ along the longitudinal (dorsal-ventral) 
axis. In project 2 we extended these analyses by investigating molecular effects across time, at 
different levels of gene expression and in individual cell types.  
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2.1. Abstract 

The locus coeruleus (LC) supplies norepinephrine (NE) to the entire forebrain, regulates many 
fundamental brain functions, and is implicated in several neuropsychiatric diseases. Although selective 
manipulation of the LC is not possible in humans, studies have suggested that strong LC activation 
might shift network connectivity to favor salience processing. To test this hypothesis, we use a mouse 
model to study the impact of LC stimulation on large-scale functional connectivity by combining 
chemogenetic activation of the LC with resting-�•�š���š���� �(�D�Z�/�U�� ���v�� ���‰�‰�Œ�}�����Z�� �Á���� �š���Œ�u�� �^���Z���u�}-
connec�š�}�u�]���•�_�X�� �>���� �����š�]�À���š�]�}�v�� �Œ���‰�]���o�Ç�� �]�v�š���Œ�Œ�µ�‰�š�•�� �}�v�P�}�]�v�P�� �����Z���À�]�}�Œ�� ���v���� �•�š�Œ�}�v�P�o�Ç�� �]�v���Œ�����•���•�� ���Œ���]�v-wide 
connectivity, with the most profound effects in the salience and amygdala networks. We reveal a direct 
correlation between functional connectivity changes and transcript levels of alpha-1, alpha-2, and 
beta-1 adrenoceptors across the brain, and a positive correlation between NE turnover and functional 
connectivity within select brain regions. These results represent the first brain-wide functional 
connectivity mapping in response to LC activation, and demonstrate a causal link between receptor 
expression, brain states and functionally connected large-scale networks at rest. We propose that 
these changes in large-scale network connectivity are critical for optimizing neural processing in the 
context of increased vigilance and threat detection. 

  



45 

2.2. Introduction 

The locus coeruleus (LC) is a small structure in the brainstem (with approximately 1500 neurons in 
each hemisphere in mice and 20'000 in humans)1,2, which sends widespread efferent projections to 
almost the entire brain, and constitutes the major source of norepinephrine (NE) to most forebrain 
regions. Dysregulation of the LC-NE system has been implicated in numerous psychiatric pathologies 
including depression, anxiety, attention-deficit-hyperactivity disorder, post-traumatic stress disorder 
and neurodegenerative diseases3�t8. The ability to selectively change activity within the LC-NE system 
with optogenetic and chemogenetic manipulations has confirmed that the LC has a strong modulatory 
effect on various functional circuits related to wakefulness9, cognitive performance and memory6,10�t13, 
and on stress-related behavioral responses including fear, anxiety and avoidance3,5,14�t19. These 
widespread functional effects are in line with theories that the LC optimizes cognitive processes 
relevant for task performance or adaptive behaviors by rearranging neural activity within and between 
large-scale neuronal systems1,20�t23. 

Phasic LC activation, as triggered by salient stimuli, enhances cognitive performance and facilitates 
faster orienting towards (and processing of) task-relevant cues1,20,24. In contrast, high tonic LC activity, 
as reliably and robustly triggered by various stressors, causes the release of substantial quantities of 
NE throughout the brain25,26, which is thought to have a "circuit breaker" function that allows the 
interruption of ongoing neural activity and rapid reconfiguration of functional communication 
between brain regions (i.e. functional networks)20,26,27. This rapid response is highly evolutionarily 
conserved,  as it benefits survival by enhancing vigilance and enabling the selection of adaptive 
behaviors in threatening situations28. However, it has not been demonstrated directly that increased 
LC activity reconfigures functional neural networks across the brain, and it remains unknown how the 
widespread LC projections might achieve specificity for regulating specific networks. Some evidence 
suggests that strong LC activation by environmental cues, as observed during acutely stressful 
situations, plays an important role in activating networks that favor salience processing and action 
selection20,29, and that regional specificity is achieved through the distribution of adrenergic 
receptors26. In humans, acute stress exposure dynamically shifts large-scale network activity towards 
higher activation of the salience network (including amygdala)30, which is mediated by beta-adrenergic 
receptors31 and is thought to promote hypervigilance and threat detection at the cost of executive 
control27,29. However, direct involvement of the LC has not been proven, since it is impossible to 
selectively manipulate LC activity in humans.  

To explore whether LC activation changes local and global network organization, we used a 
�š�Œ���v�•�o���š�]�}�v���o���u�}�µ�•�����u�}�����o�����v�������‰�‰�o�]�����������v�}�À���o���Z���Z���u�}-���}�v�v�����š�}�u�]���•�[�����‰�‰�Œ�}�����Z�U���Á�Z�]���Z�����}�u���]�v���•���~�]�•��
cell-specific chemogenetic manipulation of neural activity afforded by Designer Receptors Exclusively 
Activated by Designer Drugs (DREADDs)32; with (ii) a brain-wide functional connectome analysis as 
revealed by resting state functional magnetic resonance imaging (rs-fMRI) in mice. This approach 
leverages the molecular tools and genome-wide resources available in mice and allows us to link 
functional connectivity with micro- and mesoscopic properties of the mouse brain. We asked (1) 
whether a selective increase of LC activity would change the functional connectivity profiling of large-
�•�����o���� ���Œ���]�v�� �v���š�Á�}�Œ�l�•�� �}�Œ�� �^���}�v�v�����š�}�u���_�U�� �~�î�•�� �]�(�� �•�µ���Z�� �v���š�Á�}�Œ�l-wide effects are related to the known 
distribution of adrenergic receptor subtypes across the brain, and (3) whether changes in functional 
connectivity correspond to the levels of NE release in the target structures.  
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2.3. Results 

2.3.1. LC activation leads to physiological, behavioral and molecular changes 
To selectively target the LC, we used transgenic mice that express codon-improved Cre-

recombinase (iCre) under the dopamine-beta-hydroxylase (DBH) promoter (DBH-iCre mice, Figure 
1A)33. We stereotactically delivered floxed excitatory DREADDs34 (AAV5-hSyn-DIO-hM3Dq-mCherry; 
hM3Dq-mCh) or a control virus (AAV5-hSyn-DIO-mCherry; mCh) to the LC, thus restricting virus 
expression to DBH-positive noradrenergic neurons of the LC (Figure 1B). We assessed successful LC 
activation using pupillometry, a highly sensitive and clinically relevant readout of LC activation35�t37. 
After two minutes of baseline recording under light isoflurane anesthesia, we activated LC neurons by 
administering the potent DREADD activator clozapine at an ultra-low dose (0.03 mg/kg, i.p., Figure 
1C)38. Within a minute of clozapine injection, we observed a strong increase in pupil diameter in the 
hM3Dq-mCh group, while pupil diameter of mCh mice did not change in response to clozapine 
injection and remained stable throughout the 10-minute recording session (Figure 1D-F). To show that 
our LC activation protocol is behaviorally relevant, we subjected mice to an open field test (OFT) 
immediately after clozapine injection and recorded their behavior for 30 minutes. In comparison to 
mCh mice, clozapine injection had profound effects on the behavior of hM3Dq-mCh mice. Several 
minutes after clozapine administration, hM3Dq-mCh mice showed strongly suppressed locomotor 
activity (Figure 1G, H), spent less time in the (more aversive) center of the open field (Figure 1I, J), 
performed less activity-related supported rears (Figure 1K, L) and less exploratory unsupported rears 
(Figure 1M, N)39. This is in line with previous findings that LC activation suppresses motor activity9,16 
and increases anxiety3,14,16. Because the LC is a highly sexually dimorphic structure, we assessed 
whether these findings hold true in female mice as well. We confirmed that after clozapine 
administration, hM3Dq-mCh females also showed reduced locomotor activity in the OFT (Figure S1B, 
C), spent less time in the center (Figure S1D, E), and performed fewer supported (Figure S1F, G) and 
unsupported rears (Figure S1H, I). To better characterize the effects of LC activation on behavior, we 
also tested these females in the light-dark box (LDB) for 30 minutes, immediately after clozapine 
injection (Figure S1A). Compared to mCh, hM3Dq-mCh mice spent much less time in the aversive light 
compartment of the box (Figure S1J, K), and more time in the dark compartment (Figure S1L, M). They 
also travelled less distance (Figure S1N, O), shuttled fewer times between the light and the dark 
compartment (Figure S1P), and performed fewer rears (Figure S1Q, R). These results indicate reduced 
exploratory behavior and increased anxiety. As the strong suppression of locomotor activity could also 
be due to locomotor impairment, we trained the same mice on the rotarod (Day 1), and then tested 
them on two consecutive days, without clozapine (Day 2) or with clozapine (Day 3, see Figure S1A). 
Both during training and testing, hM3Dq-mCh mice performed similarly before and after clozapine 
injection (Figure S1S), with no significant difference between groups or across daily trials (Figure S1T, 
S1U). Thus, the strong suppression in locomotor activity after LC activation is likely due to an increase 
in anxiety and not due to any gross locomotor impairment.  

Next, we validated activation of LC neurons molecularly. To this end, we returned to the same male 
mice that were used for OFT testing and injected them again with clozapine, collected their brains 90 
minutes later and assessed the neural activity marker cFos in the LC using immunohistochemistry. As 
expected, we observed a strong increase in cFos expression restricted to tyrosine hydroxylase-positive 
(TH+) noradrenergic neurons of the LC in hM3Dq-mCh mice, whereas cFos was virtually absent in mCh 
mice (Figure 1O, P). Because behavior testing and cFos staining were performed in the same mice, we 
correlated the locomotor activity of hM3Dq-mCh mice with the number of cFos-positive neurons in 
the LC. We found a strong negative correlation (Figure 1Q), showing that the strength of LC activation 
predicts the suppression in locomotion/exploration. Thus, our chemogenetic strategy specifically 
activates LC neurons and rapidly induces behavioral changes that last at least 30 minutes.  
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2.3.2. LC activation drives rapid increases in functional connectivity  
We hypothesized that an increase of LC-NE activity would rapidly reconfigure large-scale brain 

networks as reflected by the functional connectome. We therefore acquired resting state-fMRI (rs-
fMRI) data before and after hM3Dq-induced LC activation in a continuous imaging session. We kept 
mice under light isoflurane anesthesia (see methods) and recorded 15 min of baseline fMRI, before 
activating hM3Dq with clozapine (0.03 mg/kg, i.v.)40. After the clozapine injection, we continued the 
fMRI recordings for 8 minutes (i.e. transitory period) followed by another 15 minutes where LC is 
expected to be robustly activated (i.e. active period), leading to a total uninterrupted scan time of 38 
minutes (Figure 2A). Although a sustained increase in neural activity can be shown for at least two 
hours after hM3Dq-DREADD activation38, we limited the duration of the functional imaging session to 
reduce the accumulation of isoflurane over time, which might otherwise impact the local excitation-
inhibition balance and neurovascular coupling41.  

We first tested whether the observed changes in whole-brain connectivity were time-locked to 
DREADD activation in hM3Dq-mCh mice, but not mCh mice. We measured functional connectivity (FC) 
�����š�Á�����v�� �í�ò�ñ�� ���Œ���]�v�� �Œ���P�]�}�v�•�� �µ�•�]�v�P�� �š�Z���� ���o�o���v�[�•�� ���}�u�u�}�v�� ���}�}�Œ���]�v���š���� �&�Œ���u���Á�}�Œ�l�U�� ���v���� �Á�]�š�Z�]�v�� �ï�ô�� �v�}�v-
overlapping bins of 1 minute. For each bin, FC is measured between each pair of regions and 
�v�}�Œ�u���o�]�Ì�������š�}���š�Z�����•�µ���i�����š�[�•�������•���o�]�v�������}�v�v�����š�]�À�]�š�Ç���~�]�X���X�����À���Œ���P�����������Œ�}�•�•���š�Z�����(�]�Œ�•�š���í�ñ���u�]�v�µ�š���•�•�U�����v�����š�Z����
���(�(�����š�� �•�]�Ì���� �]�•�� �����o���µ�o���š������ �µ�•�]�v�P�� �š�Z���� �•�š���v�����Œ���]�Ì������ ���]�(�(���Œ���v������ �����š�Á�����v�� �š�Z���� �P�Œ�}�µ�‰�� �u�����v�•�� �~���}�Z���v�[�•�� ���U��
hM3Dq-mCh vs mCh). During the first 15 minutes (baseline�•�����}�Z���v�[�•�������À���Œ�]�������}�v�����À���Œ���P���������š�Á�����v��-
0.12 and +0.10 (average: -0.00, null-to-small effect), and did not demonstrate an appreciable spatial 
or temporal pattern. However, immediately after clozapine injection, the effect size rapidly and 
significantly increased for the remainder of the scan session, showing increased connectivity in hM3Dq 
mice relative to mCh controls (Figure 2B, C). Effect sizes range on average from +0.21 to +0.38 
(moderate effect) and up to +3.2 for individual edges (very strong effect). These findings show that 
changes observed in the connectome are temporally linked to the activation of the LC-NE system and 
occur within minutes after intravenous injection of clozapine in mice expressing hM3Dq. 
 

Figure 1. Physiological, behavioral and molecular effects of LC activation with hM3Dq. (A) Schematic of  DBH-
iCre mouse genetics. (B) mCherry (mCh) co-localizes with tyrosine hydroxylase (TH) in the LC of DBH-iCre mice 
after stereo-tactic delivery of AAV5-Syn1-DIO-mCh. (C) Diagram of the experimental design. (D) Images 
showing the pupil size before and after administration of clozapine in a mouse expressing hM3Dq-mCh in LC. 
(E, F) Pupil size increased after clozapine administration only in hM3Dq-mCh mice (interaction time x group: 
F(1,10)=9.60, p=0.0113, two-way ANOVA with Sidak post hoc tests). (G-N) Immediately after clozapine 
injection, hM3Dq-mCh mice travelled less distance than mCh control mice (G, H: main effect of group: 
F(1,10)=21.92, p=0.0009, two-way ANOVA), spent less time in the center (I, J: main effect of group 
F(1,10)=5.15, p=0.0467; interaction: F(9,90) =3.04, p=0.0032, two-way ANOVA with Sidak post hoc tests), per-
formed fewer supported rears (K, L: main effect of group: F(1,10)=7.24, p=0.0227) and fewer unsupported 
rears (M, N: main effect of group: F(1,10) =11.33, p=0.0072, interaction: F(9,90)=2.46, p=0.0148). (O) 
Representative images of cFos expression in TH+ neurons in the LC of hM3Dq-mCh or mCh mice, 90 minutes 
after injection of clozapine. (P) Quantification of cFos expression showing increased neuronal activation in 
hM3Dq-mCh mice (t(10)=5.12, p=0.0005, unpaired t test). (Q) cFos expression in LC correlates with distance 
travelled in the OFT in hM3Dq-mCh mice (r(5)=-0.8782, p=0.0093). hM3Dq-mCh (n=7), mCh (n=5). *=p<0.05, 
**=p<0.01, ***=p�D�ì�X�ì�ì�í�X�������š�����Œ���‰�Œ���•���v�š���u�����v���F���^���D�X�����o�o���•�����o���������Œ�•�W���ñ�ì���…�u�X 
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2.3.3. Increased functional connectivity is dependent on LC-NE signaling 
We next tested whether the DREADD-induced connectivity changes could be pharmacologically 

blocked by medetomidine, a selective agonist of the inhibitory adrenergic alpha-2 receptor. Through 
alpha-2 autoreceptors, medetomidine suppresses LC firing and NE release42,43. After pre-treating mice 
with a bolus injection of medetomidine (0.05 mg/kg, i.v.), medetomidine was also continuously infused 
at 0.1 mg/kg/h i.v. to maintain its levels stable throughout the ensuing rs-fMRI session, as previously 
described44. After 15 minutes of baseline recording, clozapine was again administered as described 
above (Figure 2A�•�X�� �����Œ�}�•�•�� ���o�o�� �����P���•�U�� ���}�Z���v�[�•�� ���� ���]���� �v�}�š�� �À���Œ�Ç�� �•�]�P�v�]�(�]�����v�š�o�Ç�� �}�À���Œ-time, showing that 
medetomidine prevented DREADD-induced LC activation (Figure 2D, E).  

 
To examine the effect of different anesthesia regimes on FC over-time, we compared the effect size 

in mCh mice between both anesthesia conditions (i.e. 1% isoflurane vs. 0.5% 
isoflurane+medetomidine). We found no significant differences between the two experimental 
conditions in the baseline and transient periods (Figure S2�•�X���,�}�Á���À���Œ�U�����}�Z���v�[�•�������Á���•���•�o�]�P�Z�š�o�Ç���]�v���Œ�����•������

Figure 2. DREADD activation of the LC causes time-locked changes in functional connectivity. (A) Schematic 
of the experimental set-up for MRI recordings. 4 weeks after bilateral virus delivery, mice underwent two 
MRI sessions with the same experimental procedure but different anesthetic regimes. Effect-�•�]�Ì�����~���}�Z���v�[�•��
D) analysis of Functional Connectivity (FC) is shown for single-edges (n=2724) (B) and for the average across 
all edges (C). The data reveal time-locked increases in connectivity in multiple edges, starting immediately 
after clozapine (0.03 mg/kg) i.v. injection (Wilcoxon two-tailed test: p=0.804 for baseline period, p=0.015 for 
transient period and p<0.0001 for active period). (D, E) Treatment with the alpha-2 adrenergic agonist 
medetomidine (0.05 mg/kg + 0.1mg/kg/h, see methods) abolishes clozapine-induced effects between 
hM3Dq-mCh and mCh groups (Wilcoxon two-tailed test: p=0.805 for baseline period, p=0.937 for transient 
period, and p=0.978 for active period). *=p<0.05, ****=p<0.0001, NS=not significant. hM3Dq-mCh (n=11), 
mCh (n=7). 
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in the active period, suggesting a reduction of connectivity across all edges in the isoflurane group. 
This is a well-known effect, most likely caused by the accumulation of isoflurane over-time45. The net 
effect was, however, null-to-small (average: +0.04, min: -0.04, max: +0.129) and about 7 times smaller 
than the DREADD-driven effect. Collectively, our findings indicate that the substantial changes in 
connectivity after DREADD activation causally depend on activation of the LC-NE system, as they are 
induced by LC-specific stimulation, and blocked by an alpha-2 adrenergic agonist. 
 

2.3.4. Spatial reconfiguration of the functional connectome after LC activation reflects transcript 
levels of adrenoceptors 

Next, we mapped the location of the connections that were altered following LC activation. To this 
end, we compared the connectome matrix obtained from the first 15 minutes of the scan (baseline 
period) to the last 15 minutes of the scan (post clozapine, 'active period'). The analysis of the functional 
connectome after LC-NE activation revealed a large group of edges that display increased FC in the 
hM3Dq-mCh animals compared to mCh after clozapine injection (218 edges, time × group interaction, 
non-parametric, randomized permutation testing, family-wise error (FWE) corrected with Network 
Based Statistics at p<0.05) (Figure 3A). The spatial distribution of these hyper-connected edges is 
widespread and involves 64% of the 165 brain regions considered in the analysis (105 ROIs) (Figure 3B), 
which is in line with the widespread afferent fibers originating from the LC46,47.  

We quantitatively ranked the brain regions based on how LC activation changed the strength of its 
���}�v�v�����š�]�}�v�•�X�� �d�}�� ���}�� �š�Z�]�•�U�� �Á���� �����Œ�]�À������ ���� �•�µ�Œ�Œ�}�P���š���� �Z�v�}������ �u�}���µ�o���š�]�}�v�� �]�v�����Æ�[�� �~�E�D�/�•�� ���Ç�� �u�����•�µ�Œ�]�v�P�� �š�Z����
averaged effect size for any brain region in the connectome matrix (Figure 3C). Note that only the top-
10% of the connectome edges, based on FC strength at baseline, were considered in the analysis (see 
Figure S3A-C for a more detailed evaluation of other sparsity levels). The NMI varied across the brain 
(Figure 3D, E, full list in supplementary table 1). The strongest variations occurred in regions that are 
densely innervated by the LC, such as the primary sensory and somatomotor areas48, the claustrum49, 
the prefrontal cortex (notably the agranular insular cortex; pre- and infralimbic cortices; the frontal 
pole; and anterior cingulate areas)16,26, several nuclei of the amygdala15 ,the thalamus19, and the 
association cortex26 (Figure 3D, E).  

The LC is a bilateral structure, and each locus primarily projects ipsilateral. Thus, we tested whether 
our LC stimulation would similarly affect the spatial patterns of FC within the left and the right 
hemispheres. We found remarkably similar changes in FC (Figure S4) on each side. The distribution of 
the effect size for all edges is right-skewed in both left and right hemispheres (Figure S4A, B), 
demonstrating increased connectivity after LC activation. Further, the changes in each node expressed 
�Á�]�š�Z���š�Z�����E�D�/���Á���Œ�����Z�]�P�Z�o�Ç���o�]�v�����Œ�o�Ç�����}�Œ�Œ���o���š�����������š�Á�����v���o���(�š�����v�����Œ�]�P�Z�š���Z���u�]�•�‰�Z���Œ�����~�W�����Œ�•�}�v�[�•�����}�Œ�Œ���o���š�]�}�v��
= 0.7764, p<0.0001, Figure S4C). 

We then took advantage of the unique availability of molecular data in the same mouse strain, and 
asked if the anatomical heterogeneity found in the connectivity-based NMI maps relates to the spatial 
distribution of adrenergic receptors in the mouse brain. Gene transcript maps of adrenoceptors alpha-
1 (subunits a-d), alpha-2 (subunits a-c), beta-1 and beta-2 were obtained from the Allen Mouse Brain 
Atlas50. The similarity with NMI maps was quantified using the Spearman rank correlation coefficient 
(�Z�Z�}�• �����Œ�}�•�•�� ���o�o�� �í�ò�ñ�� ���Œ���]�v�� ���Œ�����•�� �}�(�� �š�Z���� ���o�o���v�[�•�� ���}�u�u�}�v�� ���}�}�Œ���]�v���š���� �&�Œ��mework. After correcting for 
testing multiple independent hypotheses, we found that the transcriptional maps of all adrenoceptors 
display a significant correlation with the NMI, with the exception of beta-2 adrenergic receptors (Figure 
4A-D). All these cor�Œ���o���š�]�}�v�•�����]�•�‰�o���Ç�������Z�]�P�Z���Œ���š�Z���v�����Z���v�������^�‰�����Œ�u���v�[�•���Œ�Z�}���À���o�µ�����~�‰�D�ì�X�ì�ì�ì�í�����P���]�v�•�š������
null distribution generated using 10.000 random permutations). We additionally compared our MNI 
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maps against all dopamine (D1, D2, D3, D4, D5) and serotonin (Htr1, Htr2, Htr3, Htr4, Htr5, Htr6, Htr7) 
�Œ�������‰�š�}�Œ�•�U���š�}�����•�•���•�•���š�Z�����•�‰�����]�(�]���]�š�Ç���}�(���}�µ�Œ���Œ���•�µ�o�š�•�X���t�����(�}�µ�v���������•�]�P�v�]�(�]�����v�š���^�‰�����Œ�u���v�[�•�����}�Œ�Œ���o���š�]�}�v���Á�]�š�Z��
both D1 (�Œ=0.4014, pFDR=1.18e-7) and D4 (�Œ=0.3805, pFDR=1.37e-6) receptors, which survived 
permutation testing and FDR correction, but not with D2, D3 and D5 (Figure S5). None of the serotonin 
receptors had correlations higher than chance (Figure S6). These results represent the first brain-wide 
FC mapping in response to LC activation, revealing an anatomically specific connectomic fingerprint of 
LC hyperactivity, which maps well onto the spatial distribution of specific adrenoceptors and dopamine 
receptors.  
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Figure 3. A whole-brain map showing the connectome after DREADD-induced LC activation. (A) 
Randomized non-parametric statistics report a drastic shift toward hyper-connectivity in the hM3D(Gq)-mCh 
group after clozapine injection (15 min bins). (B) Circos-plot showing the anatomical location of hyper-
connected edges in response to LC activation (p<0.05, Network Based Statistics, FWE corrected). (C) Node 
Modulation Index (NMI), calculated as the averaged effect-size in each brain area (165 ROIs, based on the 
Allen Common Coordinate Framework). (D) Rendering of NMI in Allen MRI space, revealing a heterogeneous 
distribution across brain regions. (E) Bar plots representing all the ROIs with an NMI > 0.5 (moderate-to-
strong effect). Full ROI list in Supplementary Table 1. 
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2.3.5. LC increased connectivity within large-scale resting-state networks  
Thus far, our data driven analyses were focused on changes in connectivity between anatomically-

defined pairs of brain regions. Next, we examined whether LC activation prompts large-scale resting-
state network (RSN) reconfiguration, by calculating the spatial extent and connectivity strength in 
thirteen maximally-independent RSNs. These RSNs were obtained from an independent cohort of wild-
type mice using a data-driven probabilistic independent component analysis (ICA), followed by an 
estimation of network coupling strength at the voxel level using a dual regression approach51 (for a 
complete list and spatial distribution of the networks please refer to our previous study52). Statistical 
analyses were conducted both at the voxel level (using non-parametric permutation testing with 
Threshold-Free Cluster Enhancement to correct for multiple comparisons which allows voxel-wise 
inference), and by measuring a connectivity-strength index within each RSNs (using a Linear Mixed-
Model, see52).   

In 6 out of 13 RSNs, we found significant group x time interactions resulting from an increase of 

Figure 4. Functional connectivity changes after LC-NE activation spatially correlate with adrenoceptor gene 
expression. Spearman correlation coefficients, Rho, and associated p-value (FDR corrected) between Node 
Modulation Index and the transcriptional maps of genes coding (A) adrenoceptors alpha 1; (B) adrenoceptors 
alpha 2; (C) adrenoceptors beta 1; (D) adrenoceptors beta 2. Gene expression data was obtained from the 
Allen Mouse Brain Atlas (AMBA) and measured using in situ hybridization. Transcriptional levels across a 
macroscopic cortical area were summarized and plotted as the mean ISH intensity across voxels of that brain 
area, or �Z���Æ�‰�Œ���•�•�]�}n ���v���Œ�P�Ç�[�X 
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within-network connectivity in the hM3Dq-mCh group, which was in stark contrast to the slight 
decrease in connectivity observed in the mCh group (Figure 5). The latter effect is likely attributable to 
an accumulation of isoflurane over time45 (see Figure S2) which is, however, clearly reversed upon LC 
activation. We observe the strongest differences in two networks previously linked to LC activity in 
humans exposed to stress29: (1) the Salience Network (hyperconnectivity in agranular insular area, 
anterior cingulate, ventro-medial striatum, accumbens, globus pallidus, parafascicular nucleus of the 
thalamus and hippocampus; Figure 5A), and (2) the Amygdala Network (hyperconnectivity in 
basomedial and basolateral amygdala, claustrum, sub-thalamic nucleus and zona incerta; Figure 5B). 
Additionally, LC activation also increased connectivity within the Association/Auditory Network (Figure 
5C), the Dorsal Hippocampus Network (Figure 5D), the Striato-Motor Network (Figure 5E), and the 
Antero-Posterior Retrosplenial / Default-Mode-Network (Figure 5F). These results suggest that LC 
activation expands the synchrony of signals in several large-scale networks, most significantly in the 
Salience and Amygdala Networks. These results are remarkably similar to those in humans, showing 
that acute stress increases FC within homologous salience/amygdala networks30,31 in a beta-adrenergic 
receptor-dependent manner31.  
 

 

2.3.6. Network connectivity changes correlate with norepinephrine and dopamine turnover  
After completion of the two rs-fMRI sessions, mice were given one/two weeks to recover (see 

methods). Eight hM3Dq-mCh mice and five mCh controls were injected again with clozapine (0.03 

Figure 5. Rapid changes in resting-state network connectivity after LC activation. Voxel-wise dual-
�Œ���P�Œ���•�•�]�}�v�����v���o�Ç�•�]�•���}�(���Œ���À�����o���������o�µ�•�š���Œ�•���}�(���•�]�P�v�]�(�]�����v�š���Z�P�Œ�}�µ�‰��x time �]�v�š���Œ�����š�]�}�v�•�[���]�v���ò�l�í�ï���Œ���•�š�]�v�P-state 
networks (p-value<0.05, TFCE corrected). A linear mixed model showed significant network strength 
increases in the hM3Dq-mCh group compared to mCh control mice, after clozapine injection. Bar plots 
represent mean ± SEM. *=p<0.05, **=p<0.01 (FDR corrected) 
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mg/kg, i.p.), and their brains were collected 90 minutes later to address two important issues; first, we 
wanted to ensure that clozapine exclusively activated noradrenergic LC neurons, and that activation 
occurred in all hM3Dq-mCh mice but not in the mCh controls. Second, we wanted to assess whether 
LC activation led to measurable NE release in target regions throughout the brain, and whether NE 
levels would correlate with observed changes in network connectivity. In order to address these two 
issues in each individual mouse, we pursued a two-pronged strategy for tissue processing (Figure 6A): 
Freshly collected brains were split with a razorblade along the superior colliculus to collect one section 
containing the LC for immunohistochemistry, and a second section containing the forebrain. From the 
forebrain section, we rapidly dissected cerebral cortex, hippocampus and dorsal striatum on ice. 
Samples were snap frozen and processed for analysis of monoamines and their metabolites using 
reversed-phase ultra-high-performance liquid chromatography (uHPLC) coupled with electrochemical 
detection (Figure 6A).  

Co-labelling for TH and cFos revealed that clozapine injection only induced a strong and reliable 
activation of noradrenergic neurons in the LC of the hM3Dq-mCh mice (representative image in Figure 
6B, sections of all mice presented in Figure S7). This validates that LC activation was successful in the 
mice undergoing fMRI scans. In parallel, we used uHPLC to measure and quantify the monoaminergic 
neurotransmitters norepinephrine (NE), dopamine (DA) and serotonin (5HT), as well as their main 
metabolites 3-methoxy-4-hydroxyphenylglycol (MHPG, metabolite of NE), homovanillic acid (HVA, 
metabolite of DA), 3,4-dihydroxyphenylacetic acid (DOPAC, metabolite of DA), and 5-
hydroxyindoleacetic acid (5-HIAA, metabolite of 5HT). We were able to reliably detect and quantify all 
measured compounds (see representative chromatographs in Figure S8). NE levels decreased in all 
brain regions (Figure 6C), suggesting that LC activation for 90 minutes had depleted NE storage vesicles, 
as would be expected after sustained high-frequency firing. In agreement, MHPG levels increased in 
all brain regions (Figure 6D), resulting in a very strong increase in catabolic NE turnover (MHPG/NE, 
Figure 6E). Dopamine levels were not changed in any of the brain regions under investigation (Figure 
6F), yet we observed a robust increase in both hippocampal HVA and DOPAC (Figure 6G, H), and a 
small but significant increase of HVA in the cortex (Figure 6G). Dopamine turnover ratios (HVA/DA and 
DOPAC/DA) were increased in the hippocampus but not in striatum or cortex (Figure 6I, J). These 
results are in line with recent evidence that LC neurons can release DA in certain brain regions including 
the hippocampus10,11,19,53. Our data newly suggest that DA release from LC neurons may be biased 
towards the hippocampus compared to the cortex and striatum. Epinephrine, 5-HT and 5-HT turnover 
ratios were not altered in any of the brain regions sampled (Figure S9).  

As we performed fMRI and uHPLC analyses in the same mice (although with a temporal delay of 1 
week and in response to separate injections with clozapine), we were able to conduct a correlation 
analysis between individual differences in neurotransmitter turnover and corresponding changes in 
network connectivity. We found positive correlations between the NE and DA turnover ratios in the 
cortex and changes in FC within the Salience Network (Figure 6K, Figure S10A), as well as between NE 
and DA turnover ratios in the hippocampus and FC in the Hippocampus Network (Figure 6L, Figure 
S10E). NE turnover in the striatum, but not DA turnover, correlated with FC changes in the Striato-
Motor Network (Figure 6M, Figure S10C, F). Importantly, we observed no correlation between 5-HT 
levels/turnover and the respective network connectivity changes in any of the brain regions tested 
(Figure S10G-I). These results collectively suggest that brain network changes we observe with rs-fMRI 
are tied to the amount of NE and/or DA released in a given region. 
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2.3.7. LC neurons project sparsely to the dorsal striatum (caudate-putamen) 
Although increased NE turnover in the cortex and hippocampus was expected due to strong 

innervation by the LC, the increased NE turnover in the dorsal striatum (consisting of caudate and 
putamen)54 was surprising, because this region is widely thought to be devoid of NE projections24,46. In 
agreement with increased striatal NE turnover, we also observed a strong increase in the node 
modulation index (NMI) in the caudate-putamen (Figure 3E), and increased functional connectivity 
within the large-scale Striato-Motor Network (Figure 5E). Thus, we decided to first test whether we 
could detect noradrenergic axons within the caudate-putamen. We stained for the norepinephrine 
reuptake transporter Slc6a2 (NET), which is expressed exclusively in noradrenergic cells55,56. Although 
the caudate-putamen appears devoid of NET compared to the intense NET staining seen in the 
adjacent cortex (Figure 7A), we clearly detected long, thin axons in the caudate-putamen (Figure 7B). 
To investigate whether these axons originate from LC neurons, we delivered a retrograde AAV2 virus57 
carrying floxed mCherry into the dorsolateral caudate-putamen of DBH-iCre mice. Seven weeks after 
virus injection, we stained the LC and detected a clearly recognizable subset of LC neurons that 
expressed mCherry in transgenic animals (n=3) but not in wild-type controls (n=1) (representative 
images from each animal shown in Figure 7C and Figure S11). We were able to reproduce these 
findings with a second Cre-dependent retrograde AAV2 virus that expresses EGFP (Figure 7D), which 
also allowed us to detect axons in the caudate-putamen that were co-labelled with both EGFP and NET 
(Figure 7E). Together, these data show that there are sparse projections from LC to the caudate-
putamen. These projections could account for the increase in NE levels detected in the striatum after 
LC stimulation, as well as for the increased functional connectivity observed in the caudate-putamen 
and in the large-scale Striato-Motor Network. 
 
 
 

Figure 6. NE and DA turnover induced by LC activation correlates with rs-fMRI data. (A) Outline of the tissue 
collection strategy following completion of fMRI scans. (CTX: cortex, HC: hippocampus, STR: striatum = caudate 
putamen) (B) Representative images of cFos expression in the LC after clozapine injection in hM3Dq-mCh or 
�u���Z���u�]�����X�����o�o���•�����o���������Œ�•�W���ñ�ì���…�u�X���~C-J) Levels of monoaminergic neurotransmitters and their metabolites in the 
cortex, hippocampus and striatum. NE was reduced in all brain regions of hM3Dq-mCh mice relative to mCh 
controls (C: main effect of group: F(1,33)=42.48, p<0.0001), MHPG was increased (D: main effect of group 
F(1,33)=121.80, p<0.0001) and NE turnover ratio (MHPG/NE) was increased (E: main effect of group: 
F(1,33)=291.50, p<0.0001; two-way ANOVA with Sidak post hoc tests). Although there was no difference in the 
levels of DA (F: main effect for group F(1,33)=0.81, p=0.3748), its metabolite HVA was increased in the cortex 
and the hippocampus in hM3Dq-mCh mice (G: significant main effect for group F(1,11)=11.60, p=0.0059) and 
DOPAC was increased only in the hippocampus (H: significant main effect for group F(1,33)=22.13, p<0.0001;). 
The DA turnover ratios were only increased in the hippocampus, for both HVA/DA (I: main effect of group: 
F(1,33)=8.91, p=0.0053), and DOPAC/DA (J: main effect of group: F(1,33)=19.81, p<0.0001), two-way ANOVA 
with Sidak post hoc tests). (K-M) Correlation between FC changes and neurotransmitter levels in the cortex (K), 
in the hippocampus (L), and in the striatum (M). Circles correspond to mCh mice, filled circles to hM3Dq-mCh 
mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data represent mean ± SEM.  
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Figure 7. The dorsal striatum (caudate-putamen) is innervated by the LC. (A) Immunohistochemical 
localization of the norepinephrine transporter (NET) reveals noradrenergic axons in the caudate-putamen 
(arrows). (B) Magnification of the box in (A) showing NET+ axons (arrows). (C) A retro-AAV2 that expresses 
Cre-dependent mCherry was delivered to the dorsolateral caudate-putamen and resulted in mCherry+ 
neurons in the LC of DBH-iCre (n=3), but not wild type (n=1) mice (representative pictures from one animal 
shown, additional images for all mice in Figure S11). (D) Stereotactic delivery of a Cre-dependent retro-
AAV2 virus expressing EGFP in the dorsolateral caudate-putamen resulted in EGFP+ LC neurons in a DBH-
iCre mouse, but not in a wild type mouse. (E) Magnification of the box in (D) showing the axonal co-
localization of NET and EGFP in the caudate putamen of a DBH-iCre animal. CTX=cortex; STR=striatum. 
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2.4. Discussion 
2.4.1. Revealing the connectomic fingerprint of norepinephrine release after LC activation 
Neuromodulatory systems of the brain track and integrate environmental signals, exert powerful 

control over neuronal function, and are the primary targets of most neuropsychiatric treatment 
strategies58�t60. It is, however, challenging to study the impact of an individual neuromodulatory system 
across large-scale neuronal networks. The advent of optogenetics and chemogenetics, combined with 
advances in rodent imaging capabilities, now enables us to link circuit-level manipulations to global 
network changes. Recent studies have used these approaches to show that selective manipulation of 
dopamine61,62 and serotonin63 release can lead to global activity changes measured by fMRI. Our work 
extends these studies by assessing the role of the LC-NE system in assembling and rearranging 
connectivity within and between well-defined large-scale neuronal systems using rs-fMRI. This task-
free, system level approach allows interrogation of different functional circuits in parallel (i.e. the 
connectome), and is therefore well-suited for testing the concept that changes in neuromodulator 
�o���À���o�•�� �����v�� �•�Z�]�(�š�� �v���µ�Œ���o�� �Z���Œ���]�v�� �•�š���š���•�[�X�� �&�µ�Œ�š�Zer, rs-fMRI is emerging as a tool for translational 
neuroscience, as it can be performed in multiple species:  humans22, primates64, and rodents65. 
However, clinical studies using rs-fMRI often do not translate well into useful diagnostic or prognostic 
information for individual patients66, in part because it is unclear how molecular and/or cellular defects 
are reflected by changes in connectivity at the network level. Our novel chemo-connectomic approach 
attempts to bridge this gap by leveraging the full power of genetic and molecular tools available in 
mice. Additionally, it establishes the framework necessary to link the activity of neuromodulatory 
systems to clinically relevant brain signals and their neuroanatomical substrates.  

 
2.4.2. Adrenoceptor distribution as an organizing principle affording "global specificity" 
Neurons in the LC are topographically organized based on their widespread efferent projections46,47, 

and circuit-based approaches reveal functional specificity of sub-populations of LC neurons based on 
their target projection regions5,12�t16,18,19,67,68. LC neurons appear to form neuronal ensembles, which 
can be activated in response to isolated sensory stimuli67,69. With increasing stimulus strength, more 
LC-ensembles can be activated, leading to "global" LC activation in response to strong stimuli (such as 
stress exposure)69. Widespread NE release in response to this global LC activation is commonly thought 
to act as a broadcast signal, which modulates brain states, gearing specific networks towards 
integrating environmental information, allowing to select/trigger adequate behaviors1,12,47. However, 
it remains unclear how such a global signal can achieve network-wide specificity (e.g. to interrupt 
ongoing behavior and trigger an orienting response). The widespread projections of the LC make it 
unlikely that the anatomical connections of these afferents encode this specificity47. In line with this 
assumption, a study using manganese-enhanced MRI suggested that the anatomy of LC projections 
alone does not predict functional connectivity70. However, NE release in projection regions can be 
mediated by adrenoceptor distribution. This was, for example, shown in the basal forebrain, where 
alpha-1 and beta-1 adrenoceptors are expressed on cholinergic neurons, whereas alpha-2 receptors 
reside on GABAergic interneurons. Thus, NE release can simultaneously activate cholinergic neurons 
and inhibit GABAergic neurons71,72. To address the potential modulatory role of adrenoceptors in the 
effects of global LC activation, we correlated brain-wide changes in functional connectivity (FC) with 
gene expression density of adrenergic, dopaminergic and serotonergic receptors. We observed strong 
correlations between FC and expression levels of alpha-1 and beta-1 adrenoceptors, which are known 
to have low binding affinity for NE and are thus only activated in response to high levels of NE 
release24,26. A weaker correlation was also found for inhibitory alpha-2 receptors. The absence of a 
correlation with beta-2 adrenergic receptors was unexpected, given that both beta-1 and beta-2 
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adrenoceptors are ubiquitously expressed and have similar binding affinity for NE73, although 
contrasting effects of beta-1 and beta-2 receptors on working memory performance have previously 
been reported74,75. To the best of our knowledge, our results are the first to demonstrate a role for 
adrenergic receptor distribution in providing specificity to global NE release on a brain-wide, functional 
level. This helps to explain how a "global broadcast" signal can achieve highly specific functional and 
behavioral effects. Molecular neuroscience tools in mice are rapidly advancing, for example recent 
work has conducted careful input-output tracing of LC connectivity using novel trans-synaptic tracing 
tools76, and refined sequencing approaches have begun to genetically track LC projections across the 
mouse cortex77. As these and similar datasets become catalogued and readily accessible, our rs-fMRI 
data can serve as a resource to map functional, brain-wide connectome data onto the molecular 
characteristics of the LC-NE system. 

 
2.4.3. LC activation recapitulates many of the complex effects triggered by stress exposure 
Modern theories of LC function propose that LC activation serves to optimize the trade-off between 

exploitation and exploration, with strong, global LC activity causing interruption of ongoing activity to 
enable the selection of appropriate behaviors20. Global LC activity is robustly triggered by 
noxious/stressful stimuli12,13,24,25,67,78, which induce anxiety and reduce exploratory activity, through 
circuits involving the amygdala and prefrontal cortex3,13�t16. Our DREADD-induced activation of the LC 
similarly reduces exploratory activity and increases anxiety, and globally induces cFos expression 
throughout the LC. Therefore, our global LC activation likely resembles peak LC activity that would 
normally be triggered by stressful stimuli.  

Our data are well in line with findings in humans where acute stress exposures (induced by aversive 
movies or social stressors) were followed by a significant increase of FC in the Salience Network30 and 
Default Mode Network79. Similarly, task-based fMRI reveals that acute stress leads to increased 
interconnectivity and positive BOLD responses within several cortical regions related to salience 
processing (frontoinsular, anterior cingulate, inferotemporal, and temporoparietal) and subcortical 
regions (amygdala, striatum, thalamus, hypothalamus, hippocampus and midbrain) as a function of 
stress response magnitude31,80�t82. Notably, increased connectivity in the Salience Network was blocked 
by systemic administration of a beta-adrenergic receptor antagonist (propranolol)31. Given that LC 
activation is only one aspect of the highly complex changes observed during an acute stress response83, 
and considering that our analyses were performed in lightly anesthetized mice, it is remarkable that 
our results for the Salience Network, the Amygdala Network, and also the Default-Mode Network 
closely resemble fMRI and rs-fMRI findings described after acute stress exposures in humans29,82 
(Figure 5). Since our model allowed us to selectively and directly manipulate LC activity with DREADDs, 
our results causally show that selective LC activation rapidly reorganizes functional connectivity within 
specific large-scale networks.  

Long-lasting hyperactivity of the LC is often observed after severe or chronic stress exposures78,84 
and is considered a hallmark feature of post-traumatic stress disorder (PTSD)4,85. Two recent rs-fMRI 
studies showed - in both rats and mice - that chronic stress exposure resulted in large-range increases 
in functional network connectivity for regions including prelimbic/infralimbic areas, amygdala, 
cingulate cortex and hippocampus86,87. In PTSD patients, fMRI reveals network wide changes in the 
amygdala, insula, hippocampus and anterior cingulate cortex88,89. Therefore, the changes observed 
after chronic stress exposure in rodents and in PTSD patients are strikingly similar to the effects of 
selective LC stimulation. Hyperactivity of the LC represents only one aspect of the multifaceted 
changes occurring in stress-related pathologies, but our data provide additional evidence that 
modulating LC activity might be a promising therapeutic approach78,90.  
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2.4.4. Functional connectivity after LC activation involves dopamine release and dopamine 

receptors 
Several recent reports have shown that dopamine (DA) can be co-released from LC terminals in the 

hippocampus10,11,53 and thalamus19. We also detect a strong increase in DA turnover in the 
hippocampus, and a subtle increase in the cortex (with no effects in the striatum). Our cortex samples 
contained heterogeneous regions, it is likely that specific cortical subregions (e.g. mPFC) display 
stronger changes in DA turnover, similar to the effects observed in the hippocampus. In concordance 
with our data, previous microdialysis experiments have detected release of both DA and NE in the 
medial prefrontal cortex after chemical or electrical activation of the LC, while the same stimulations 
increased NE but not DA in the nucleus accumbens and caudate nucleus91�t93. In agreement with this 
regional specificity of NE and DA release, our study reveals positive correlations between cortical DA 
turnover and FC within the Salience Network, as well as between hippocampal DA turnover and FC 
within the Hippocampus Network. In contrast, no significant correlations were detected in the striatum. 
Furthermore, brain-wide changes in FC induced by LC stimulation correlated positively with the 
transcript expression levels of D1, D3 and D4 dopamine receptors. Together, these data provide new 
evidence for a physiologically relevant, regionally restricted role of DA release in response to LC 
stimulation. Future studies will have to test whether all LC neurons (or only selected sub-populations 
with specific projection targets) are able to release DA, and if specific interactions at the projection 
site are required to enable DA release. Finally, it remains unclear whether this co-release occurs under 
physiological conditions, as evidence suggests that it depends on the firing rate of individual LC 
neurons93.  

 
2.4.5. LC-induced synchronization in the dorsal striatum (caudate-putamen) 
Although close interactions between dopaminergic and noradrenergic systems have long been 

recognized94, the dorsal striatum (caudate-putamen) is widely thought to be devoid of noradrenergic 
projections24,46, and indeed staining for the NE transporter (NET, Figure 7A) or DBH95 shows a strong 
depletion in the caudate-putamen. Given these data, we were surprised when our connectome 
analysis revealed that LC activation strongly increased the strength of connectivity of the caudate-
putamen (Figure 3C). Further, we observed synchronization of rs-fMRI activity in the Striato-Motor 
Network, which positively correlated with increased NE turnover in the same region (Figure 6M). 
Indeed, several studies have shown fairly high levels of NE96 in the caudate-putamen, as well as 
extracellular striatal NE increase after mild stress (handling)97 or LC stimulation92. Adrenergic alpha-1, 
alpha-2 and beta-1 receptors are abundantly expressed on striatal pre- and post-synaptic membranes 
and cell bodies98�t102, and beta-adrenergic receptor binding density is very high in the caudate-putamen 
of rodents and humans103�t105. Our results show that a considerable number of LC neurons directly 
project to the caudate-putamen, which is in line with early retrograde tracing work106 but was rarely 
recognized in more recent literature. Taken together, the fact that the caudate-putamen expresses 
high levels of adrenoceptors, is sparsely innervated by LC neurons, and contains increased NE levels 
after LC stimulation, suggests that the strong increase of functional connectivity in the caudate-
putamen after LC stimulation is driven by direct projections from the LC. These findings may be 
relevant for Parkinson's disease, where an involvement of the LC-NE system is increasingly being 
recognized8,107. 

 
2.5. Conclusions 
Using the novel chemo-connectomics approach presented here, we provide the first brain-wide 
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analysis of connectome reconfiguration in response to selective LC activation. We show a profound, 
rapid and specific activation of large-scale networks related to salience processing, which occurs within 
minutes after clozapine administration specifically in mice expressing DREADDs. These effects are 
observed similarly in each hemisphere and they are blocked by activating presynaptic, auto-inhibitory 
alpha-2 adrenoceptors. Shifts in large-scale network connectivity correlate spatially with the 
distribution of adrenergic and dopaminergic receptor levels and with (post-mortem) measurements of 
NE, DA, and their metabolites in a within-subject design. These network effects are accompanied by 
increased pupil size and heightened anxiety, suggesting that the observed changes in brain network 
organization ultimately serve to promote vigilance and threat detection.  
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2.8. Methods 
 

Mice. C57Bl/6J male mice (2 months old) were obtained from Janvier (France). Heterozygous 
C57BL/6-Tg(Dbh-icre)1Gsc mice33 were generously provided by Prof. Günther Schütz and kept in 
breeding trios with wild-type C57Bl/6J mice at the ETH Zurich animal facility (EPIC). Mice were 
maintained in IVC cages with food and water ad libitum, in a temperature- and humidity-controlled 
facility on a 12-hour reversed light-dark cycle (lights off: 8:15am; lights on: 8:15pm). The experimenters 
were blinded to the DREADD groups for all experiments. All experiments were performed in 
accordance with the Swiss federal guidelines for the use of animals in research, and under licensing 
from the Zürich Cantonal veterinary office.  
 

Outlier Removal. All mice (hM3Dq-mCh n=11; mCh n=8) successfully completed both fMRI sessions. 
However, due to a fault in the ventilation system that artificially supports breathing after the MRI, 
three animals died after the second session (hM3Dq-mCh n=2; mCh n=1). For all the others, the time 
until conscious intention to move was 10.6±4 minutes. One animal (mCh group) was excluded from 
the rs-fMRI analysis because the preparation time exceeded 30 minutes (average time between 
anesthesia induction and start of the MRI scanning, including intubation and cannulation was 12.8±3 
minutes). In the weeks between the second fMRI session and tissue collection for molecular analyses, 
2 mice were found dead in their cage (n=1 from hM3Dq-mCh, and n=1 from mCh groups). Otherwise, 
no mice were excluded from any of the experiments. 
 

Stereotaxic brain injections. Viral vectors and viral vector plasmids were designed and produced 
by the Viral Vector Facility (VVF) of the Neuroscience Center Zurich. The viruses used had a physical 
titer of 6.0-6.5 x 1012 vg/ml. For virus delivery, 2 to 3 month old mice were subjected to stereotactic 
brain injections. The mice were anesthetized with isoflurane and placed in a stereotaxic frame. For 
analgesia, animals received a subcutaneous injection of 2mg/kg Meloxicam and a local anesthetic 
(Emla cream; 5% lidocaine, 5% prilocaine) before and after surgery. A pneumatic injector (Narishige, 
IM-11-2) and calibrated microcapillaries (Sigma-���o���Œ�]���Z�U���W�ì�ñ�ð�õ�•���Á���Œ�����µ�•�������š�}���]�v�i�����š���í���…�>���}�(���À�]�Œ�µ�•���~���]�š�Z���Œ��
ssAAV-5/2-hSyn1-dlox-hM3D(Gq)_mCherry(rev)-dlox-WPRE-hGHp(A) or ssAAV-5/2-hSyn1-dlox-
mCherry(rev)-dlox-WPRE-hGHp(A)) bilaterally into the locus coeruleus (coordinates from bregma: 
anterior/posterior -5.4 mm, medial/lateral +/-1.0 mm, dorsal/ventral -3.8 mm). For the retrograde 
�����s�î���]�v�i�����š�]�}�v�U���ì�X�ô���…L of ssAAV-retro/2-�Z���&�í�r-dlox-hChR2(H134R)_mCherry(rev)-dlox-WPRE-hGHp(A) 
or  ssAAV-retro/2-hEF1a-dlox-EGFP(rev)-dlox-WPRE-bGHp(A) was delivered bilaterally  to the 
dorsolateral site of the caudate-putamen (from bregma: anterior/posterior 0.86 mm, medial/lateral 
+/-1.8 mm, dorsal/ventral -3.2 mm). The health of the animals was evaluated by post-operative checks 
over the course of 3 consecutive days. Brain illustrations were created with the Scalable Brain Atlas50,108. 

 
Pupillometry. For pupil recordings we used a Raspberry Pi NoIR Camera Module V2 night vision 

camera, an infrared light source (Pi Supply Bright Pi - Bright White and IR camera light for Raspberry 
Pi) and a Raspberry Pi 3 Model B (Raspberry Pi Foundation, UK). Animals were anesthetized with 
isoflurane (4% induction, 1.5% maintenance), then an intraperitoneal catheter delivering PBS was 
placed and the video recording was initiated. After 2 minutes of baseline recording, 0.03 mg/kg 
clozapine (Sigma-Aldrich, Steinheim, Germany) was injected through the catheter and the video 
recording continued for another 8 minutes. Pupil diameter was measured using a custom MATLAB 
(MathWorks, Natick, MA, USA) script. Frames were binarized and an ellipse-fitting algorithm was used 
to approximate the pupil size. Measurements after clozapine injection were then normalized to 
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baseline (measurements before clozapine).  
 
Open field test (OFT). Open-field testing took place inside sound insulated, ventilated multi-

conditioning chambers (TSE Systems Ltd, Germany). The open field arena (45 cm (l) x 45 cm (w) x 40 
cm (h)) consisted of four transparent Plexiglas walls and a light grey PVC floor. For all experiments, 
mice were tested under dim lighting (4 Lux across the floor of the open field, provided by four equally 
spaced yellow overhead lights) with 75-77 dB of white noise playing through the speakers of each box, 
as described previously39. The room housing the multi-conditioning chambers was illuminated with red 
LED lights (637 nm). Animals were injected i.p. with 0.03 mg/kg clozapine (Sigma-Aldrich, Steinheim, 
Germany) and placed directly into the center of the open field. Tracking/recording was initiated upon 
first locomotion grid beam break, lasted for 30 minutes and was analyzed in 3-minute bins. 

 
Tissue preparation, antibodies and immunohistochemistry. For experiments where brain tissue 

was collected exclusively for immunohistochemistry, mice were deeply anesthetized with 
pentobarbital (150 mg/kg, i.p.) and perfused intracardially through the left ventricle for 2 minutes, 
with approximately 20 mL ice-cold PBS (pH 7.4). The brain was dissected, blocked and fixed for 2-3 hrs 
in ice-cold paraformaldehyde solution (4% PFA in PBS, pH 7.4). The tissue was rinsed with PBS and 
stored in a sucrose solution (30% sucrose in PBS) at 4°C, overnight. Then the tissue was frozen in tissue 
mounting medium (Tissue-Tek O.C.T Compound, Sakura Finetek Europe B.V., Netherlands), and 
sectioned coronally using a cryostat (Leica CM3050 S, Leica Biosystems Nussloch G�u���,�•���]�v�š�}���ð�ì���…�u��
thick sections. The sections were immediately transferred into ice-cold PBS and stored at -20°C.  

For immunohistochemistry, brain sections were submerged in primary antibody solution containing 
0.2% Triton X-100, and 2% normal goat serum in PBS, and were incubated at 4ºC under continuous 
agitation over 2 nights. Then the sections were washed 3 times in PBS for 10 minutes/wash, and 
transferred in secondary antibody solution containing 2% normal goat serum in PBS. After 3 more PBS 
washes, the sections were mounted onto glass slides (Menzel-Gläser SUPERFROST PLUS, Thermo 
Scientific), air-dried and coverslipped with Dako fluorescence mounting medium (Agilent 
Technologies). The primary antibodies used were: rabbit anti-mCherry (ab167453, Abcam, 1:1000), 
mouse anti-TH (22941, Immunostar, 1:1000), rabbit anti-cFos (226 003, Synaptic Systems, 1:5000), 
mouse anti-NET (NBP1-28665, Novus Biologicals, 1:1000), chicken anti-GFP (ab13970, Abcam. 1:1000). 
The secondary antibodies used were: goat anti-rabbit Alexa 546 (A11035, Life Technologies, 1:300), 
goat anti-mouse Alexa 488 (ab150113, Abcam, 1:300), goat anti-mouse Cy3 (115-165-003, Jackson 
ImmunoResearch, 1:300), goat anti-rabbit Alexa Fluor 488 (A-11008, Thermo Fisher Scientific, 1:500), 
goat anti-chicken (A-11039, Thermo Fischer Scientific, 1:1000) and Nissl stain (N21483, NeuroTrace 
640/660 Nissl stain, Molecular probes).  

Microscopy images were acquired in a confocal laser-scanning microscope (CLSM 880, Carl Zeiss 
AG, Germany), maintaining a pinhole aperture of 1.0 Airy Unit and image size 1024x1024 pixels. Images 
of LC were acquired using a Z-�•�š�����l���Á�]�š�Z�������î�ì�Æ���}���i�����š�]�À�������v�����‰�]�Æ���o���•�]�Ì�����ì�X�ñ�õ���…�u�X���/�u���P���•���}�(���š�Z���������µ�����š����
�‰�µ�š���u���v�����v�����š�Z�����Á�Z�}�o�������Œ���]�v���~�•���P�]�š�š���o���‰�o���v���•���Á���Œ���������‹�µ�]�Œ�������Á�]�š�Z���š�Z�����î�ì�Æ���~�‰�]�Æ���o���•�]�Ì�����ì�X�ñ�õ���…�u�•�����v�����š�Z����
�í�ì�Æ���~�‰�]�Æ���o���•�]�Ì�����í�X�í�õ���…�u�•���}���i�����š�]�À�����Œ���•�‰�����š�]�À��ly, using a Z-stack and tiles. Images of axons were acquired 
�Á�]�š�Z���š�Z�����î�ì�Æ���~�‰�]�Æ���o���•�]�Ì�����ì�X�ñ�õ���…�u�•���}�Œ���š�Z�����ð�ì�Æ���~�‰�]�Æ���o���•�]�Ì�����ì�X�ï�ñ���…�u�•���}���i�����š�]�À���X�� 

 
Tissue collection for uHPLC and immunohistochemistry. When brain tissue was collected for both 

uHPLC and immunohistochemistry, mice were rapidly euthanized by cervical dislocation. The brain was 
first divided into anterior and posterior with a single cut from a razorblade at the beginning of the 
cerebellum as shown in Figure 6A. The cortex (overlying the hippocampus), hippocampus and striatum 
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were immediately dissected on an ice-cold glass surface, snap-frozen in liquid nitrogen and stored at -
80°C until further processing for uHPLC. The posterior part including the locus coeruleus was fixed in 
4% PFA for 2 hours, cryoprotected in a sucrose solution and frozen in mounting medium as described 
above for immunohistochemistry.   

 
MRI. Data acquisition was performed on a Biospec 70/16 small animal MR system (Bruker BioSpin 

MRI, Ettlingen, Germany) equipped with a cryogenic quadrature surface coil for signal detection 
(Bruker BioSpin AG, Fällanden, Switzerland). Standard adjustments included the calibration of the 
reference frequency power and the shim gradients using MapShim (Paravision v6.1). For anatomical 
assessment, a T2-weighted image is acquired (FLASH sequence, in-plane resolution of 0.05 × 0.02 mm, 
TE = 3.51, TR = 522ms). For functional connectivity acquisition, a standard gradient-echo echo planar 
imaging sequence (GE-EPI, repetition time TR=1s, echo time TE=15ms, in-plane resolution 
RES=0.22×0.2mm2, number of slice NS=20, slice thickness ST=0.4 mm, slice gap=0.1mm) was applied 
to acquire 2280 volumes in 38 min. After 15 minutes of GE-EPI acquisition, a bolus of 0.03 mg/kg 
clozapine was intravenously injected to activate DREADDs. 

 
Anaesthesia. The levels of anaesthesia and physiological parameters were monitored to obtain a 

reliable measurement of functional connectivity following established protocols44,109. Briefly, 
anaesthesia was induced with 4% isoflurane and the animals were endotracheally intubated and the 
tail vein cannulated. Mice were positioned on a MRI-compatible cradle, and artificially ventilated at 80 
breaths per minute, 1:4 O2 to air ratio, and 1.8 ml/h flow (CWE, Ardmore, USA). A bolus injection of 
muscle relaxant (pancuronium bromide, 0.2 mg/kg) was administered, and isoflurane was reduced to 
1%. Throughout the experiment, mice received a continuous infusion of pancuronium bromide 
0.4 mg/kg/h. Body temperature was monitored using a rectal thermometer probe, and maintained at 
36.5 °C ± 0.5 during the measurements. The preparation of the animals did not exceed 15 minutes. In 
an additional experiment, mice were pre-treated with a bolus injection of medetomidine 0.05 mg/kg, 
followed by a continuous infusion at 0.1 mg/kg/h. 
 

Resting-state fMRI data pre-processing and analysis. Resting state fMRI datasets were de-spiked 
and artefacts were removed using an existing automated pipeline, adapted for the mouse109. This 
procedure includes ICA-based artefact removal, motion correction and regression. Thereafter, data 
sets were band-pass filtered (0.01-0.25 Hz), skull-stripped and normalized to the Allen Brain Institute 
reference atlas (http://mouse.brain-map.org/static/atlas) using ANTs v2.1 (picsl.upenn.edu/ANTS).  

Two types of analyses were performed on this data to compare the influence of LC activation on 
functional connectivity; first, we employed an exploratory and data-driven connectome analysis to 
describe the temporal and spatial changes at the whole-brain level. Briefly, BOLD time series are 
���Æ�š�Œ�����š������ �µ�•�]�v�P�� ���� �•�µ���•���š�� �}�(�� �Z�K�/�•�� �(�Œ�}�u�� �š�Z���� ���o�o���v�[�•�� ���}�u�u�}�v�� ���}�}�Œ���]�v���š���� �&�Œ���u���Á�}�Œ�l�� �~�s�ï�U��
http://help.brain-map.org/download/attachments/2818169/MouseCCF.pdf), which consisted of 165 
ROIs from isocortex, hippocampal formation, cortical subplate, striatum, pallidum, thalamus, 
hypothalamus, hindbrain and midbrain (full list available in supplementary material, table 1). 
���}�v�v�����š�]�À�]�š�Ç�� ���}�µ�‰�o�]�v�P�•�� �����š�Á�����v�� ���o�o�� �Z�K�/�•�� ���Œ���� �u�����•�µ�Œ������ �µ�•�]�v�P�� ���� �Œ���P�µ�o���Œ�]�Ì������ �W�����Œ�•�}�v�[�•�� ���}�Œ�Œ���o���š�]�}�v��
coefficient implemented in FSLNets, using  sliding time windows of either 1 minute (Figure 2) or 15 
minutes (Figure 3). For each block, the resulting connectome matrices are fed into a nonparametric 
permutation testing with 5000 permutations to detect differences between groups, corrected for 
multiple comparisons with Network Based Statistics (NBS). 

In our second analyses, we focused on changes in spatial patterns of correlated activity, also called 

http://mouse.brain-map.org/static/atlas
http://help.brain-map.org/download/attachments/2818169/MouseCCF.pdf
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resting-state networks (RSNs). We selected 15 meaningful RSNs from an independent cohort of n=15 
mice. Please note that the motor network, the striatum network and the striato-motor network are 
highly correlated, thus we considered only the latter for the analysis and reduced the number of RSNs 
to 13. We performed a dual regression approach110 as described by52. With this approach, we derived 
an index of coupling strength (i.e. temporal synchronicity) of the voxels within each RSN, by averaging 
the Z-scores from the group-mean RSNs masks (thresholded at the 75th percentile). Group level 
statistics were performed in SPSS v22 using a Linear Mixed-Model, with the fixed factors DREADD-
Group and Time (2-levels, repeated measure), and with the individual mice as the random factor. 
Corresponding contrasts were used for post-hoc pairwise comparisons (LSD). P-values were considered 
significant at p<0.05 after False Discovery Rate (FDR) correction for multiple comparisons between 
RSNs.  

 
Ultra-high performance liquid chromatography (uHPLC). To quantify norepinephrinergic (NE; 

epinephrine; MHPG), dopaminergic (DA; DOPAC; HVA), and serotonergic (5-HT; 5-HIAA) compounds, 
a reversed-phase uHPLC system coupled with electrochemical detection (RP-uHPLC-ECD) was used 
(AlexysTM Neurotransmitter Analyzer, Antec Leyden, Zoeterwoude, Netherlands). In short, our 
previously validated RP-HPLC method with ion pairing chromatography was applied as described111, 
albeit with minor modifications regarding the installed column (BEH C18 Waters column, 150 mm x 
1mm, 1.7µm particle size) and pump preference (LC110S pump, 497 bar; flow rate of 68µL/min), 
achieving the most optimal separation conditions in a RP-uHPLC setting. Levels of the monoamines 
and metabolites were calculated using Clarity softwareTM (DataApex Ltd., v6.2.0.208, 2015, Prague, 
Czech Republic).  

Brain samples were defrosted to 4 °C and subsequently homogenized in cold �ô�ì�ì�…�o sample buffer 
(50 mM citric acid, 50 mM phosphoric acid, 0.1 mM EDTA, 8 mM KCl and 1.8 mM octane-1-sulfonic 
acid sodium salt (OSA), adjusted to pH = 3.6), using a Bio-Gen PRO200 homogenizer (PRO Scientific Inc., 
Oxford, CT, USA; 60 s, 4°C). To remove excess proteins, 450 �…�o homogenate was transferred onto a 
10,000 Da Amicon® Ultra 0.5 Centrifugal Filter (Millipore, Ireland) that had been pre-washed twice 
using �ð�ñ�ì�…�o sample buffer (centrifugation: 14,000 × g, 20 min, 4 °C). The Amicon® filter loaded with the 
homogenate was then centrifuged (14,000 × g, 20 min, 4°C). Finally, the filtrate was transferred into a 
polypropylene vial (0.3mL, Machery-Nagel GmbH & Co. KG, Germany) and automatically injected into 
the previously-mentioned uHPLC column by the ���o���Æ�Ç�•�¡ AS110 sample injector. 

 
Statistics for behavior, pupillometry, immunohistochemistry and uHPLC. GraphPad Prism 8.0 was 

used for statistical analyses. We used independent samples t-tests when comparing two independent 
groups, and paired-samples t-tests when comparing the same group twice. When comparing more 
than two groups, we used one-way ANOVAs if there was a single independent variable, or two-way 
ANOVAs for two-factorial designs (e.g. region x treatment). Significant main effects and interactions 
were analyzed using Sidak's post hoc tests. 

 
Gene expression. Gene expression data was obtained from the Allen Mouse Brain Atlas (AMBA)50 

using the Allen Software Development Kit (SDK, stnava.github.io/ANTs/)112. Gene expression data in 
the AMBA is measured using in situ hybridization from: (i) sagittal section experiments with high 
genome coverage, and (ii) coronal section replications for approximately 3500 genes with restricted 
expression patterns in the brain (11). Transcriptional levels across a macroscopic cortical area were 
summarized as the �Z���Æ�‰�Œ���•�•�]�}�v ���v���Œ�P�Ç�[ (the mean ISH intensity across voxels of that brain area)50,113. 
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2.10. Supplementary 
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Figure S1. (A) Diagram showing the time-course of behavioral tests after virus delivery in the LC of female 
DBH-iCre mice. (B-I) Mice were placed in the OFT directly after clozapine injection for 30 minutes. Mice 
expressing hM3Dq-mCh travelled less distance compared to mice expressing only mCh (B, C: main effect of 
group: F(1,12)=53.71, p<0.0001, interaction: F(9,108)=6.32, p<0.0001, two-way ANOVA with Sidak post hoc 
tests), spent less time in the center (D, E: main effect of group F(1,12)=15.81, p=0.0018, two-way ANOVA) 
and performed fewer supported rears (F, G: main effect of group F(1,12)=27.46, p=0.0002, interaction: 
F(9,108)=4.24, p=0.0001, two-way ANOVA with Sidak post hoc tests) and unsupported rears (H, I: main effect 
of group: F(1,12)=137.9, p<0.0001, interaction: F(9,108)=5.26, p<0.0001, two-way ANOVA with Sidak post 
hoc tests). (J-R) Mice were placed in the light dark box directly after clozapine injection for 30 minutes. Mice 
expressing hM3Dq-mCh spent less time in the light compartment in comparison to mCh controls (J, K: main 
effect of group: F(1,12)=31.44, p=0.0001, two-way ANOVA), more time in the dark compartment (L, M: main 
effect of group: F(1,12)=28.75, p=0.0002, two-way ANOVA), and travelled less distance (N, O: main effect of 
group: F(1,12)=20.65, p=0.0007, interaction: F(9,108)=2.67, p=0.0072, two-way ANOVA with Sidak post hoc 
tests). (P-R) Compared to mCh controls, hM3Dq-mCh mice also performed fewer shuttles between the light 
and the dark compartment (P: t(12)=5.81, p<0.0001, unpaired t test) and fewer rears in both compartments 
(Q: t(12)=4.26, p=0.0011, R: t(12)=3.36, p=0.0057, unpaired t test). (S-U) To assess gross motor function we 
trained the same mice on the Rotarod (Day 1, 5 trials) and tested them at baseline (Day 2, 5 trials) and 
immediately after clozapine injection (Day 3, 5 trials). The average performance from all trials of hM3Dq-
mCh mice was slightly lower, not significantly different from mCh controls (S: main effect of group: 
F(1,12)=2.61, p=0.1318, interaction virus x group: F(1,12)=4.61, p=0.0528, two-way ANOVA). On Day 3, the 
performance of hM3Dq-mCh and mCh mice was not significantly different over the course of 5 trials (T: main 
effect of group: F(1,12)=1.80, p=0.2040, interaction trial x group: F(4,48)=0.45, p=0.7743, two-way ANOVA) 
and the performance of hM3Dq-mCh was not different between Day 2 and Day 3 over the course of 5 trials 
(U: main effect of group: F(1,12)=1.18, p=0.2982, interaction trial x group: F(4,48)=0.46, p=0.7667). *p<0.05, 
** p<0.01, ***p<0.001, ****p<0.0001. Data represent mean ± SEM 
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Figure S2. Minor FC changes between anesthesia with 1% isoflurane versus anesthesia with 0.5% isoflurane 
+ medetomidine. Effect-�•�]�Ì�����~���}�Z���v�[�•�����•�����v���o�Ç�•�]�•���}�(���&�µ�v���š�]�}�v���o�����}�v�v�����š�]�À�]�š�Ç���~�&���•���]�•���•�Z�}�Á�v���(�}�Œ���•�]�v�P�o��-edges 
(n=2724) between mCh mice (n=7) under two anesthesia conditions (see methods) (A) and for the average 
across all edges (B). The distribution of the data reveals a reduction of connectivity in multiple edges in the 
"1% isoflurane"-condition compared to the "0.5% isoflurane + medetomidine"-condition, about 30 minutes 
after the start of the session (Wilcoxon two-tailed test: p=0.9780 for baseline period, p=0.0781 for transient 
period and p=0.0181 for active period). The average net-effect of anesthesia is approximately 7 times smaller 
than the effect of LC-NE DREADD activation. 
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Figure S3. The Node Modulation Index (NMI) effect size is a robust index and correlates at different 
connectome sparsity-thresholds. The NMI effect size between mCh (n=7) and mCh-hM3Dq (n=11) under 1% 
isoflurane anesthesia is calculated at different sparsity thresholds (5%, 15%, 20%) of the connectome matrix. 
�/�v���������Z�������•���U���š�Z�����Œ���•�µ�o�š�]�v�P���]�v���]�����•���Á���Œ�����Z�]�P�Z�o�Ç���o�]�v�����Œ�o�Ç�����}�Œ�Œ���o���š�������~�W�����Œ�•�}�v�[�•�����}�Œ�Œ���o���š�]�}�v�U��p-value < 0.0001).  

Figure S4. Coherent FC changes in the left- and right- hemisphere after LC-NE activation. (A) Right-skewed 
���]�•�š�Œ�]���µ�š�]�}�v�� �‰�o�}�š�•�� �}�(�� �E�}������ �D�}���µ�o���š�]�}�v�� �/�v�����Æ�� ���(�(�����š�� �•�]�Ì���� �~���}�Z���v�[�•�� ���•�� �]�v�� �šhe left and in the right (B) 
hemispheres, demonstrating hyper-connectivity in both hemispheres. (C) The NMI measured in the left 
hemisphere shows positive linear correlation with respect to right hemisphere NMI (Pearson Rho=0.7764, 
p<0.0001). Data from mCh (n=7) and mCh-hM3Dq (n=11) under 1% isoflurane anesthesia. 
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Figure S5. Node Modulation Index maps correlate with D1 and D4 receptor gene-transcript maps. 
Spearman correlation coefficients, Rho, and associated p-value (FDR corrected) between Node Modulation 
Index and the transcriptional maps of genes coding dopamine receptor subunits (D1,D2,D3,D4,D5). 
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Figure S6. Node Modulation Index maps do not correlate with serotonin receptor gene-transcript maps. 
Spearman correlation coefficients, Rho, and associated p-value (FDR corrected) between Node Modulation 
Index and the transcriptional maps of genes coding serotonin receptor subunits (1,2,3,4,5,6,7). None of the 
transcriptional maps show significant correlation with the NMI. 
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Figure S7. Representative LC images of every mouse used for the fMRI scans. Every row shows 3 images from 
one mouse, stained for TH (left), cFos (middle), and the merged picture including a Nissl stain (right). Tissue 
was collected 90 minutes after 0.03mg/kg clozapine injection, and cFos is activated in all mice expressing 
hM3Dq-mCh (B), but not in mCh controls (A). Tissue collect���������•�������•���Œ�]���������]�v���&�]�P�µ�Œ�����ñ�X�����o�o���•�����o���������Œ�•�W���ñ�ì���…�u�X 

Figure S8. (A) uHPLC chromatograms of hippocampus samples from an mCh mouse (undiluted in pink, 3 
times diluted in black), an hM3Dq-mCh mouse (undiluted in red, 3 times diluted in green) and the standard 
(blue). (B) Magnification of (A) showing the chromatogram from an hM3Dq-mCh mouse with higher MHPG 
and lower NA values (green) resulting in a high norepinephrine turnover ratio (MHPG/NE), in contrast with 
the chromatogram from an mCh mouse (black). The standard is in blue. Abbreviations: 5-HIAA: 5-
hydroxyindoleacetic acid; 5-HT: 5-hydroxytryptamine (serotonin); A: adrenaline (epinephrine); DA: 
dopamine; DOPAC: 3,4-dihydroxyphenylacetic acid; HVA: homovanillic acid; MHPG: 3-methoxy-4-
hydroxyphenylglycol; nA: nanoampere; NA: noradrenaline (norepinephrine); pA: picoampere. 
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Figure S9. Levels of serotonin, epinephrine, 5-HIAA, and serotonin turnover (5-HIAA/serotonin ratio) 
unchanged in response to LC activation. Samples were collected 90 minutes after 0.03 mg/kg clozapine 
injection (two-way ANOVA), as explained in Figure 6A. Data represent mean ± SEM 

 

 

Figure S10. Spearman correlation coefficients Rho, and associated p-value (FDR corrected) between the 
turnover of DA (A-F) and 5-HT (G-I) in the cortex, hippocampus and striatum and the changes in network 
connectivity in the Salience Network (left), Hippocampal Network (middle), and Striato-Motor Networks 
(right).  
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Figure S11. Representative images from 2 DBH-iCre animals showing mCherry+ neurons in the LC after 
delivery of a Cre-dependent, mCherry-expressing retro-AAV2 in the dorsolateral caudate putamen. 
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3.1. Abstract 

Background: Acutely stressful experiences can trigger neuropsychiatric disorders and impair 
cognitive processes, by altering hippocampal function. Although the intrinsic organization of the 
hippocampus is highly conserved throughout its long dorsal-ventral axis, the dorsal (anterior) 
hippocampus mediates spatial navigation and memory formation, whereas the ventral (posterior) 
hippocampus is involved in emotion regulation. To understand the molecular consequences of stress, 
detailed genome-wide screens are necessary and need to distinguish between dorsal and ventral 
hippocampus. While transcriptomic screens have become a mainstay in basic and clinical research, 
proteomic methods are rapidly evolving and hold even greater promise to reveal biologically and 
clinically relevant biomarkers. Methods: Here, we provide the first combined transcriptomic (RNA-seq) 
and proteomic (SWATH-MS) profiling of dorsal and ventral hippocampus in mice. We use three 
different acute stressors (novelty, swim, restraint) to assess the impact of stress on both regions. 
Results: We demonstrate that both hippocampal regions display radically distinct molecular responses, 
and that the ventral hippocampus is particularly sensitive to the effects of stress. Separately analyzing 
these structures greatly increases the sensitivity to detect stress-induced changes. For example, 
protein-interaction cluster analyses reveal a stress-responsive epigenetic network around histone 
demethylase Kdm6b restricted to the ventral hippocampus, and acute stress reduces methylation of 
its enzymatic target H3K27me3. Selective Kdm6b knockdown in the ventral hippocampus leads to 
behavioral hyperactivity/hyper-responsiveness. Conclusions: These findings underscore the 
importance of considering dorsal and ventral hippocampus separately when conducting high-
throughput molecular analyses, which has important implications for fundamental research as well as 
clinical studies.  
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3.2. Introduction 

Acutely stressful life events can precipitate mood and anxiety disorders, PTSD and cognitive 
dysfunction in humans 1�t4. A key target of the acute stress response is the hippocampus 5�t7, which has 
a highly conserved intrinsic organization, but its connectivity to other brain regions is strikingly 
different along its longitudinal axis (dorsal-to-ventral in rodents, posterior-to-anterior in humans) 8,9. 
Functionally, the dorsal hippocampus (dHC) is critical for learning and memory performance, while the 
ventral hippocampus (vHC) is involved in anxiety and behavioral inhibition 10�t13. These vast functional 
differences are also reflected in the transcriptomic profile of dorsal and ventral hippocampus 14�t16. 
Stress can modulate hippocampal plasticity in opposite directions along the longitudinal axis, impairing 
long-term potentiation in the dHC and enhancing it in the vHC 17�t19. Similarly, a few studies have 
reported strikingly different effects of stress in dHC versus vHC at the level of morphologic changes 20, 
epigenetic regulation 21,22, gene and protein expression 19,23. RNA sequencing has recently revealed 
specific transcriptomic effects of chronic stress in the ventral hippocampus and led to the idenfitication 
of functionally relevant molecular targets 24,25. However, in comparison to chronic stress, the molecular 
impact of acute stress remains poorly characterized 26. Transcriptomic analyses after acute stress have 
thus far only studied whole hippocampal tissue 27�t30. Therefore, we use RNA sequencing and state-of-
the-art SWATH-MS proteomics to provide the first genome-wide characterization of gene and protein 
differences between dHC and vHC. We demonstrate that dHC and vHC differ profoundly in their 
molecular composition, and that they respond to acute stressors in strikingly different ways, with 
unexpectedly unique transcriptional profiles triggered by each stressor.   
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3.3. Materials and methods 

Animals 
C57Bl/6J male mice (2.5 months) were obtained from Janvier (France) and maintained in a 

temperature- and humidity-controlled facility on a 12-hour reversed light-dark cycle (lights off: 8:15am; 
lights on: 8:15pm). Group assignment was randomized and experimenters blinded. All tests and tissue 
���}�o�o�����š�]�}�v�•���Á���Œ�������}�v���µ���š���������µ�Œ�]�v�P���š�Z�������v�]�u���o�•�[�������š�]�À�����~�����Œ�l�•���‰�Z���•���X�����o�o���‰�Œ�}�������µ�Œ���•���Á���Œ���������Œ�Œ�]�������}�µ�š���]�v��
accordance to Swiss cantonal regulations for animal experimentation and were approved under license 
155/2015. 
 

Stress paradigms 
For all experiments, mice were single-housed 24hrs before stress/handling/testing, as this reduces 

stress hormone levels and avoids the confounds of disturbing cage-mates on test day 31. For novelty 
stress, each mouse was placed in the center of an unfamiliar square box for 6 min. For restraint stress, 
each mouse was placed in a 50ml Falcon tube with a large air hole cut out for its nose for 30 min. For 
cold swim stress, mice were placed in a plastic cylinder (18 cm high, 13 cm diameter) filled with 18 ± 
1°C water up to 12 cm height for 6 min. 
 

Tissue processing 
Mice were killed by cervical dislocation 45min after the initiation of stress for transcriptomic 

analyses, and 24hrs after initiation of stress for proteomic analyses (unless specified otherwise). The 
brain was immediately removed, the hippocampus dissected on ice and separated into dorsal and 
ventral halves using a razorblade. Tissue was snap-�(�Œ�}�Ì���v���]�v���o�]�‹�µ�]�����v�]�š�Œ�}�P���v�����v�����•�š�}�Œ���������š���>�ô�ì�£�����µ�v�š�]�o��
further processing.  
 

Statistics 
Statistical analyses of proteomic and transcriptomic analyses are described in the corresponding 

sections. For all other analyses, two groups were compared using independent samples t-tests. For 
comparison of more than 2 groups, one-way ANOVAs were employed if there was a single factor. For 
two-factorial design (region x treatment), two-way ANOVAs were employed. Significant effects were 
�(�µ�Œ�š�Z���Œ�����v���o�Ç�Ì�������µ�•�]�v�P���d�µ�l���Ç�[�•���‰�}�•�š���Z�}�����š���•�š�•�X�������š�����Á���Œ�����Œ�}�µ�š�]�v���o�Ç�����Z�����l�������(�}�Œ���}�µ�š�o�]���Œ�•���µ�•�]�v�P���'�Œ�µ�����[�•��
test, which can identify and remove a single outlier per group. For all analyses, statistical significance 
was set to p<0.05. 
 

Proteomic Analyses 
Data are available to reviewers via ProteomeXchange with identifier PXD006781 (Username: 

reviewer83280@ebi.ac.uk, Password: mRecrNu5). Samples were processed and analyzed using a 
previously described method 32. A detailed description of all steps is provided in the Supplementary 
Methods. 
 

RNA sequencing analyses 
All data are available to reviewers (password: qpajqmqklryrlut) at 

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100236. Libraries were prepared using the TruSeq 
stranded RNA kit (Illumina Inc.). Single-end sequencing was performed with Illumina HiSeq4000. A 
detailed description of all steps is provided in the Supplementary Methods. 
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3.4. Results 

3.4.1. Transcriptomic profiling of dorsal and ventral hippocampus 
We dissected the hippocampus midway between the dorsal and ventral pole, as indicated in Figure 

1A, and performed RNA-sequencing on both dissections (n=5 mice/group). As gene expression 
differences are most profound between the dorsal and ventral pole of the hippocampus, with a gradual 
transition in the intermediary region 8,15, we expect that our approach yields a conservative estimate 
of differences between dHC and vHC. We find that more than 20% of all detected genes (3081 out of 
13902 genes) are differentially expressed between dHC and vHC (p<0.005, Log2FC>±0.3; Figure 1C), 
1639 genes are enriched in the dHC, 1441 in the vHC (Supplementary Table 1). Functional enrichment 
analysis using the DAVID functional annotation tool 33 shows several strongly enriched categories 
specific for either dHC or vHC (Figure 1B). Previous transcriptomic work 15 had compared gene 
expression between dHC and vHC in principal neurons of different hippocampal subregions (CA1,CA3, 
dentate gyrus). The authors identified 37 genes as differentially expressed between dHC and vHC 
across subregions, and we could validate 100% of these genes (Supplementary Table 2). Further, we 
could validate 84% of the 86 genes that Cembrowski et al. (2016) found to differ in only one subregion 
of the hippocampus (Supplementary Table 3). This shows that despite collecting whole tissue from dHC 
or vHC, our approach is sensitive enough to resolve subregion-specific effects restricted to a single 
hippocampal cell class. Altogether, we identify 490 genes with very strong expression differences (>2-
fold change, p<0.005) between dHC and vHC (Supplementary Table 4).  

To gain insights into functional interactions between the genes enriched in either dHC or vHC, we 
created interaction networks based on known and predicted protein-interaction networks 34 (for 
details see Supplementary Methods). Genes enriched in dHC or vHC form distinct clusters 
(Supplementary Figures 1 and 2, Supplementary Tables 5 and 6). Pathway analyses on the top 2 clusters 
�Œ���À�����o�� ���v�Œ�]���Z�u���v�š�� �(�}�Œ�� �^�P�o�µ�š���u���š���Œ�P�]���� �•�Ç�v���‰�•���_�U�� �^�o�}�v�P-�š���Œ�u�� �‰�}�š���v�š�]���š�]�}�v�_�U�� �^���v���}���Ç�š�}�•�]�•�_�� ���v����
�^�Œ���P�µ�o���š�]�}�v�� �}�(�� �����š�]�v�� ���Ç�š�}�•�l���o���š�}�v�_�� �]�v�� �š�Z���� ���,���U�� ���v���� �^�v���µ�Œ�}�����š�]�À���� �o�]�P���v��-�Œ�������‰�š�}�Œ�� �����š�]�À���š�]�}�v�_�U��
�^�•���Œ�}�š�}�v���Œ�P�]�����•�Ç�v���‰�•���_�U�����v�����^�'���������Œ�P�]�����•�Ç�v���‰�•���_���]�v���š�Ze vHC. 



86 

 



87 

 

3.4.2. Proteomic profiling of dorsal and ventral hippocampus 
We then used the recently developed SWATH-MS based proteomics approach to conduct proteome 

quantification 32 comparing dHC vs vHC (n=6 mice/group). Across all samples, we were able to identify 
a total of 4564 proteins, 2414 of which we could reliably quantify. SWATH-MS measurements revealed 
high reproducibility with Pearson correlation coefficients of protein intensities between biological 
replicates of 0.967-0.994 in the vHC, and 0.970-0.996 in the dHC (Supplementary Figures 3 and 4, 
respectively). Similar to mRNA data, we observed that more than 20% of all detected proteins (513 out 
of 2414) were differentially expressed between dHC and vHC (p<0.005, Log2FC>±0.3, Figure 1E). 389 
proteins were enriched in the dHC, and 124 in the vHC (Supplementary Table 7).  

For RNA-seq and SWATH-MS, the p-value distribution reveals very strong effects (Figures 1D,F). 
When integrating these datasets, we identified 171 genes with significant differences at both the 
mRNA and protein level (Figure 1G, Supplementary Table 8). The majority of these (151 genes) show a 
positive correlation between mRNA and protein expression (r= 0.56, n=171, p<0.0001, Figure 1H), with 
37 genes enriched in the vHC, and 114 genes enriched in the dHC (Supplementary Table 8). Pathway 
analysis revealed that mRNAs/proteins enriched in the dHC are involved in calcium signaling pathways 
and glutamatergic synapse function, whereas those enriched in the vHC are involved in metabolic 
pathways (Supplementary Table 9). Amongst the most enriched mRNA/protein pairs we find Wfs1 and 
Epha7, which have both been previously shown to be enriched in hippocampal CA1 neurons 16. This 
demonstrates that our proteomic analysis is able to resolve subregion specific expression differences 
in heterogeneous brain dissections. To further show that SWATH-MS data can be validated 
independently, we used western blotting to quantify one of the mRNA/protein pairs highly enriched 
in the dHC, myelin oligodendrocyte glycoprotein (MOG). We confirm a highly significant enrichment in 
the dHC (t(10)=6.46, p<0.0001, Supplementary Figure 5).  

A small subset of genes (20 out of 171) show opposite effects on mRNA and protein levels 
(Supplementary Table 8). These include a substantial number of receptors (e.g. Gabra3 and Gria4) and 
ion-channel genes (e.g. Scn9a, Kcnma1, Kcna3, Cacnb4, Cacna2d2). Pathway analysis revealed an 
enrichment for neuroactive ligand-receptor interaction, serotonergic and GABAergic synaptic 
transmission (Supplementary Table 9). Because serotonergic signaling was also recognized by 
functional cluster analysis of RNA sequencing data described above (Supplementary Figure 2, 
Supplementary Table 6), we measured monoaminergic neurotransmitter levels using high-
performance liquid chromatography (HPLC). Indeed, results show higher serotonin levels in the vHC 
than in the dHC (t(8)=4.28, p=0.003, Supplementary Figure 6). Notably, norepinephrine and 
epinephrine levels, but not dopamine levels, were also higher in vHC than in the dHC (Supplementary 
Figure 6).  
 

3.4.3. Different stressors induce distinct transcriptional changes 
Given the profound molecular differences observed between dHC and vHC, we hypothesized that 

Figure 1. Transcriptomic and proteomic differences between dHC and vHC.  

A) Schematic illustration of hippocampal dissection. B) Pathway analysis for transcriptomic enrichment in dHC 
vs vHC. C) Transcriptomic results for mRNA enrichment in dHC (red) or vHC (blue). D) P-value distribution for 
transcriptomic analysis. E) Proteomic results for protein enrichment in dHC (red) and vHC (blue). F) P-value 
distribution for proteomic analysis. G) Venn diagram showing all identified as well as all significantly enriched 
mRNAs and proteins, and their overlap. H) Correlation between mRNAs and proteins enriched in dHC/vHC. 
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stressful stimuli would elicit different molecular responses in both structures. To capitalize on the fact 
that stressful experiences lead to rapid gene expression changes in the hippocampus, we used RNA 
sequencing to assess the impact of stress on the hippocampal transcriptome. To this end, we exposed 
�u�]�������š�}���}�v�����}�(���š�Z�Œ���������}�u�u�}�v�o�Ç���µ�•�������•�š�Œ���•�•���‰���Œ�����]�P�u�•���~�v�A�ñ�l�P�Œ�}�µ�‰�•�U���í�•���^�v�}�À���o�š�Ç���•�š�Œ���•�•�_���~�ò�u�]�v���]�v�������v�}�À���o��
���v�À�]�Œ�}�v�u���v�š�•�U�� �î�•�� �^�Œ���•�š�Œ���]�v�š�� �•�š�Œ���•�•�_�� �~�‰�Z�Ç�•�]�����o�� �]�u�u�}���]�o�]�Ì���š�]�}�v�� �(�}�Œ�� �ï�ì�u�]�v�•�U�� �}�Œ�� �ï�•�� �^�•�Á�]�u�� �•�š�Œ���•�•�_�� �~�(�}�Œ��������
swimming for 6min in 18ºC water). Mice were sacrificed for tissue collection 45 min after initiation of 
stress together with homecage controls (n=5, see Figure 2A). Hippocampi were extracted and one 
hemisphere was collected as a whole (whole HC), while the other hemisphere was split into dHC and 
vHC. We show that around 100 genes strongly respond to each stress condition in the whole 
hippocampus (p<0.005, Log2FC>±0.3), with the majority of genes being upregulated after stress 
exposure (Figure 2B). An unexpected finding was that all three stressors caused radically different gene 
expression profiles (for a list of all differentially regulated genes see Table S10). In whole HC, dHC and 
vHC the number of genes uniquely regulated by each stressor is far greater than the 
overlapping/shared genes (Figure 2C-E). This prompted us to analyze the genes that changed in 
�Œ���•�‰�}�v�•�����š�}�����š���o�����•�š���š�Á�}���•�š�Œ���•�•�}�Œ�•�V���Á�����Z���Œ�����Œ���(���Œ���š�}���š�Z���u�����•���^�•�š�Œ���•�•-�P���v���•�_�X���t�����]�����v�š�]�(�]�������î�í�ñ���^�•�š�Œ���•�•��
�P���v���•�_���]�v���Á�Z�}�o�����Z�]�‰�‰�}�����u�‰�µ�•�U�����,�� and vHC (Figure 2G-J), of which 131 genes were upregulated, and 
�ô�ð���P���v���•���Á���Œ�������}�Á�v�Œ���P�µ�o���š�����X���Z���u���Œ�l�����o�Ç�U�����o�o���]�����v�š�]�(�]�������^�•�š�Œ���•�•-�P���v���•�_���Á���Œ�����Œ���P�µ�o���š�������]�v���š�Z�����•���u����
direction (increased or decreased) consistently between stressors (novelty, restraint, swim) within a 
given region (whole HC, dHC, vHC) (Supplementary Table 11). Pathway analysis reveals that the 
�µ�‰�Œ���P�µ�o���š������ �^�•�š�Œ���•�•�� �P���v���•�_�� ���o�µ�•�š���Œ�� �]�v�� �����š���P�}�Œ�]���•�� �Œ���o���š������ �š�}�� �š�Œ���v�•���Œ�]�‰�š�]�}�v���o�� �Œ���P�µ�o���š�]�}�v�U�� �Á�Z���Œ�����•�� �š�Z����
���}�Á�v�Œ���P�µ�o���š�������^�•�š�Œ���•�•���P���v���•�_�����Œ�����Œ���o���š�������š�}�������o�o�������Z��sion and cell junction (Supplementary Figure 7).  
 

3.4.4. Strong information gain by separately analyzing dorsal and ventral hippocampus 
When analyzing dHC and vHC separately, the number of genes identified increased dramatically 

(Figure 2B). While analyzing whole hippocampus identifies 111 genes regulated by swim stress, 
analyzing dHC and vHC separately identifies 486 genes (4.4-fold increase, Figure 2F). Similarly, analyzing 
dHC and vHC separately increased the number of unique genes by 2.5-fold and 4.1-fold for novelty 
�•�š�Œ���•�•�� ���v���� �Œ���•�š�Œ���]�v�š�� �•�š�Œ���•�•�U�� �Œ���•�‰�����š�]�À���o�Ç�� �~�^�µ�‰�‰�o���u���v�š���Œ�Ç�� �&�]�P�µ�Œ���� �ô�•�X�� �d�Z���� �•���u���� �Z�}�o���•�� �š�Œ�µ���� �(�}�Œ�� �^�•�š�Œ���•�•-
�P���v���•�_�W���/�v���Á�Z�}�o�����Z�]�‰�‰�}�����u�‰�µ�•�U���Á�����]�����v�š�]�(�]�������ò�ò���^�•�š�Œ���•�•���P���v���•�_���~�&�]�P�µ�Œ�����î�'�•�U���]�v�����,�������v�����À�,���������š�}�š���o���}�(��
�í�õ�õ���^�•�š�Œ���•�•���P���v���•�_�U�������ï-fold increase (Figure 2H-J). Again, vastly different set of genes are detected in 
dHC and vHC (Figure 2J).  
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3.4.5. Heightened stress-sensitivity in the ventral hippocampus 
Our transcriptomic analyses clearly show that the vHC is particularly responsive to stress-induced 

changes, as each stressor consistently regulates more genes in the vHC than in the dHC (Figure 2B), 
���v�����š�Z�����v�µ�u�����Œ���}�(���^�•�š�Œ���•�•���P���v���•�_���]�•���š�Á�]���������•���Z�]�P�Z���]�v���š�Z�����À�,�������•���]�v���š�Z�������,�����~�&�]�P�µ�Œ�����î�,-J). We next asked 
whether the heightened stress-sensitivity of the vHC is also observed at the proteome level. As swim 
stress induced the strongest gene expression changes overall, particularly in the vHC (Figure 2F), and 
because protein levels change more slowly than mRNA levels, we decided to measure protein levels 
24 hours after swim stress exposure. At this time point, stress-induced behavioral changes have been 
well described 35, and mice exposed to swim stress on two subsequent days (24 hour apart) show a 
dramatic switch from active (swimming) to passive (floating) coping behaviors during the second test 
(Figure 3A,B). We also assessed anxiety using the open field test36 24 hrs after swim stress exposure, 
and we detected an increase in anxiety as measured by increased defecation (t50)=2.143, p=0.037), as 
well as suppressed exploratory rearing (t(50)=2.852, p=0.006; Supplementary Figure 9).  We then 
compared proteome-wide changes 24 hours following swim stress (n=7 mice) with non-stressed 

Figure 2. Transcriptomic changes in response to various acute stressors in whole hippocampus, dHC and 
vHC. A) Schematic of experimental design. B) Number of mRNAs regulated in whole HC, dHC and vHC after 
each stressor (n=5 mice per group). C-E) Venn diagrams showing overlap between individual stressors. F) 
Venn diagram showing overlap of mRNAs regulated by swim stress in whole HC, dHC and vHC. G-I) Number 
of up- and downregulated mRNAs identified by more than two stressors (stress genes). J) Venn diagram 
showing overlap between regulation of stress-genes in whole HC, dHC and vHC.  
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controls (n=6 mice, Figure 3A). Expectedly, the observed stress-induced effects were much smaller 
than the profound proteomic differences between dHC and vHC (see Figure 1). Therefore, we chose a 
less conservative cutoff (p<0.05) to identify significantly regulated proteins 24hrs after stress exposure. 
With these parameters, we identified 68 proteins changed after stress in the dHC, and 128 proteins 
changed in the vHC (Figure 3C, Supplementary Tables 12 and 13). Only 3 of these proteins are 
significant in both dHC and vHC, which is strikingly similar to the very different transcriptional response 
to stress between dHC and vHC. The p-value distribution indicates a stronger overall effect in the vHC 
compared to the dHC (Figure 3D). In line with the stronger transcriptional changes observed in the vHC 
shortly after stress, these results suggest that 24 hours after stress exposure the heightened stress-
sensitivity of the vHC is still detectable at the proteome level.  
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3.4.6. Network analyses reveal an epigenetic cluster in ventral hippocampus 
To gain a better functional understanding of the molecular networks and processes differentially 

regulated by stress in dHC and vHC, we integrated gene expression data into protein-protein 
interaction networks and visualized the results using Cytoscape (see Methods for details). We 
observed larger interaction networks in the vHC than in the dHC (Figure 4A,B, Supplementary Figures 

Figure 3. Long lasting impact of stress exposure on behavior and hippocampal proteome. A) Experimental 
design. B) Behavioral assessment of the forced swim test during two test sessions 24 hours apart. In the 
second session, latency to float is decreased (t(8)=5.37, p=0.0007), floating duration increased (t(8)=7.82, 
p<0.0001, n=9). C) Proteomic analysis showing proteins significantly increased (red) or decreased (blue) 24 
hours after swim stress exposure in dHC (left) and vHC (right). D) P-value distribution of proteomic analyses.  
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10 and 11), and we identified one epigenetic cluster around the histone demethylase Kdm6b (also 
known as Jumonji-domain containing 3, Jmjd3) in response to all stressors in the vHC (Figure 4C-E). 
Notably, none of these network clusters were detected in the dHC after any of the stress conditions. 
Kdm6b is a histone demethylase specific for the repressive histone mark H3K27me3 37. Previous work 
has shown the ability of stress to induce epigenetic changes in the hippocampus within a few hours 
after stress exposure 21,22,38. Therefore, we used western blotting to quantify the level of H3K27me3 at 
baseline, 75 minutes and after 4 hours following swim stress exposure (Figure 4F). Two-way ANOVA 
revealed a significant interaction between brain region and stress exposure (F(2,30)=5.33, p=0.010). 
Follow-up analyses showed no effect of stress exposure in the dHC (F(2,15)=2.14, p=0.153), but a 
decrease in H3K27me3 specifically in the vHC 4 hours after stress initiation (F2,15)=4.95, p=0.022, 
Figure 4G). To test whether knockdown of Kdm6b in the vHC in vivo could have an impact on behavior, 
we developed an adeno-associated virus containing four shRNAs against Kdm6b under the synapsin 
promoter (AAV8-hSyn1-shKdm6b-eGFP; see Supplementary Figure 12). We injected this virus (shRNAs-
Kdm6b), or a control vector containing non-silencing shRNAs (shRNAs-Control), stereotactically into 
the vHC based on previously established coordinates (Figure 4H). Four weeks after surgery, virus 
expression was confirmed in the vHC (Figure 4J), restricted to neurons (Figure 4J, insets), with no 
expression in the dHC (Figure 4I,J). Kdm6b mRNA levels in whole tissue lysates of the vHC were 
decreased in shRNAs-Kdm6b mice relative to controls (t(18)=2.56; p=0.020; Figure 4L). However, 
starting between 10-14 days after virus delivery, overt changes in health and behaviour became 
evident in shRNA-Kdm6b mice, but not in shRNA-controls. We observed full motor seizures in 4 out of 
26 injected mice, which were excluded from the experiment. In 15 of the remaining Kdm6b-shRNA 
mice we noticed marked hyperactivity during weekly routine checks and cage changing. Three weeks 
after surgery, we tested motor activity in the open field, yet locomotion was similar between groups 
and was increased in Kdm6b-shRNA mice only during the first few minutes of the test (see 
Supplementary Figure 13). As Kdm6b-shRNA mice were noticeably more agitated when moving or 
opening the homecage, we hypothesized that the observed changes might be related to hyper-
responsiveness to novel/startling stimuli. Thus, we recorded behaviour in a modified open field test 
(OFT+), adapted to prevent habituation to the test by playing brief bursts of novel sounds every two 
minutes (see Figure 4K and Supplementary Methods for details). Again, mice showed increased 
locomotor responses during the first two minutes, but then maintained higher motor activity 
throughout the duration of the test (F(1,19)=7.50, p=0.0131; Figure 4M). We also found that shRNAs-
Kdm6b mice were hyperactive, as defined by movement faster than 10cm/sec (F(1,19)=7.56, p=0.0127; 
Figure 4N). This suggests that startling stimuli prevented habituation to the environment in the Kdm6b-
shRNA group and triggered hyperactivity. Kdm6b in neurons of the vHC seems critical for maintaining 
normal behavioral responses to unexpected stimuli.  



93 

 

Figure 4. A stress-responsive epigenetic network in the ventral hippocampus. A) Protein-protein interaction 
network in the vHC after swim stress. B) Interaction network in the dHC after swim stress. C) Enlarged 
network cluster around Kdm6b in the vHC after swim stress, and after restraint stress (D) and novelty stress 
(E). F) Experimental design to measure H3K27me3. G) Western blot analysis of H3K27me3 in dHC and vHC 
(n=6-7 per group). Insets show representative images. H) Cartoon showing stereotactic virus delivery to the 
ventral hippocampus. Representative microscopy images show no eGFP expression in neurons of the dorsal 
hippocampus (I), but strong eGFP expression in the ventral hippocampus (J, scale bar = 500µm). Insets (J) 
show that the eGFP signal is co-localized with Nissl stain and not observed in the cortex (scale bar = 100µm). 
K) Experimental design for the open field test with novel stimuli (OFT+). L) Kdm6b expression is reduced in 
vHC of shRNAs-Kdm6b mice (n=9-11 per group). Kdm6b knockdown leads to increased locomotion (M) and 
hyperactivity (N) in the OFT+ (n=10-11 per group). Data are presented as mean ± SEM. 
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3.5. Discussion 

3.5.1. Different acute stressors induce distinct transcriptional profiles 
Acutely stressful events trigger a multifaceted response involving the coordinated release of 

neurotransmitters, hormones and peptides (stress mediators), which sets in motion molecular 
cascades that lead to long-lasting structural and functional changes across the brain5,39. Recent work 
in rodents has revealed that acute stressors can enhance glutamate release, decrease spine density, 
induce dramatic molecular changes in hippocampus, amygdala and prefrontal cortex, and impair 
cognitive and emotional behaviors for hours and even days after the initial stress exposure 40�t47. It is 
striking that the different stressors in our study induce very different transcriptomic profiles, which 
might be because they trigger the same stress-mediators in unique ways5. For example, some stressors 
lead to stronger release of noradrenaline and serotonin28,48,49, while others trigger higher 
corticosterone release 50�t52. These stress-mediators interact with each other, noradrenaline can further 
enhance the excitatory effects of glutamate-signaling53, while corticotropin-releasing hormone and 
corticosterone have synergistic effects on spine-density and depression of synaptic responses through 
shared molecular pathways54. Additionally, various stressors engage different neuronal populations 
and circuits, for example a single restraint stress exposure activates different neuronal networks than 
exposure to a multimodal stressor of the same duration 20. Multimodal stressors arguably represent a 
more naturalistic scenario than single-modality stressors and induce more profound effects on 
cognitive performance20,54. Finally, the duration of stressors needs to be considered when interpreting 
gene expression changes after stress, which are highly dynamic and often transient28,55,56. In the 
current study, we decided to assess the transcriptomic profile 45 minutes after initiation of stress. 
However, different time points will yield different transcriptomic results, and it will be important to 
carefully characterize the temporal profile of stress-induced transcriptomic changes in future studies. 
Additionally, gene expression varies dramatically along the trisynaptic circuit within the hippocampus 
15. One recent study used a genetic BacTRAP approach to sequence translating mRNAs in principal 
neurons from the CA3 subregion of the hippocampus after stress exposure 57, an elegant approach 
that should be extended to other subregions and cell types in the future 58. 

3.5.2. A shared transcriptomic profile between different acute stressors 
Genes regulated by at least two different stressors �t �Z���Œ�����Œ���(���Œ�Œ�������š�}�����•���^�•�š�Œ���•�•���P���v���•�_���t make up 

only a small part of the total number of genes regulated by stress. A recent study in rats has used the 
same three stress conditions (novelty, restraint, swim) and showed rapid binding of both 
glucocorticoid and mineralocorticoid receptors (MR and GR heterodimers) to glucocorticoid response 
elements of the genes Per1 and Sgk1 in response to all stressors 55. We found both of these genes to 
be upregulated by all stressors (see "Stress Genes" in Supplementary Table 11), suggesting that the 
�P���v���•���]�����v�š�]�(�]���������•���^�•�š�Œ���•�•���P���v���•�_���u���Ç�����}�v�•�š�]�š�µ�š�����������}�Œ�����•���š���}�(���P�o�µ���}���}�Œ�š�]���}�]��-responsive genes. 

3.5.3. Dorsal and ventral hippocampus each respond differently to stress  
Early work demonstrated that lesion of the vHC, but not dHC, potentiated the emergence of stress 

ulcers 59. Further, dHC and vHC show opposite electrophysiological responses to the stress hormone 
corticosterone 17. One month after an acute traumatic stress experience, rats were found to be more 
anxious and showed increased beta-adrenergic receptor-2 binding to downstream effector proteins in 
vHC but not dHC 60, and the immediate early gene Fos was primed for activation in vHC 47. Also, stress 
induces different epigenetic changes in dHC and vHC. The activating histone mark H3S10p-K14ac is 
increased after acute swim stress in the dentate gyrus (DG) of the dHC but not vHC in a glucocorticoid 
dependent manner 21,61,62, while H3K9me3 is increased, and H3K27me3 is reduced specifically in the 
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dHC shortly after restraint stress (changes in the vHC were not assessed) 38,63. Targeted analysis of 
transcriptional changes after chronic stress in the vHC recently identified individual genes that are 
causally related to stress-induced depressive-like behaviors24,25. One of these studies identified 
H3K27ac as an epigenetic mark specifically suppressed by chronic stress in the vHC, and linked it to 
reduced expression of the astroglial glutamate exchanger through the transcriptional co-repressor 
REST24. H3K27ac is an activating mark mutually exclusive with the repressive mark H3K27me3, which 
we found to be decreased after acute stress. Therefore, acute stress appears to have the opposite 
effect of chronic stress, suggesting that the decrease in H3K27me3 after acute stress may be part of 
an adaptive response, which might be overwhelmed after long-lasting chronic stress exposure, and 
eventually lead to disease. Our attempt to knock down Kdm6b, the stress-activated lysine demethylase 
targeting H3K27me3, led to marked hyper-responsiveness to novel stimuli and induced epileptic 
seizures in some mice. Since acute stress induces glutamate release2, and is known to trigger epileptic 
seizures64, Kdm6b regulating H3K27me3 at specific loci might serve as an adaptive response keeping 
hippocampal excitability in check after acute stress exposure 65. This hypothesis needs to be more 
carefully assessed in future studies that combine acute and chronic stress and measure epigenetic 
changes along the trisynaptic circuit of dHC and vHC. 

3.5.4. Proteomics, clinical implications and future approaches 
Proteins are the key regulators of biological function in health and disease, thus there needs to be 

a focus on unbiased assessment of protein levels in the search of biomarkers in animal models or to 
study post-mortem tissue in human patients66�t68. In these studies, separately analyzing dHC and vHC 
will boost the ability to detect biological differences in genome-wide screens. The different response 
of dHC and vHC to stress has important implications for many stress-related diseases with known 
hippocampal engagement, such as depression, anxiety disorders, cognitive decline or schizophrenia 
7,69�t71. For example, gene expression analyses in post-mortem brain samples of patients with major 
depressive disorder have identified dysregulation in genes related to glutamatergic signaling (including 
SNAP25, Gria2, Gria3)72, and all corresponding proteins show significant expression differences 
between dHC and vHC in our proteomic screen at baseline (Supplementary Table 7). Animal models 
have clearly shown that stress induces profound changes in glutamatergic signaling, particularly in the 
dorsal hippocampus18,73,74. Notably, our proteomic data reveal that many of the glutamate receptors 
(GRIA1, GRIA2, GRIA3, GRIA4, GRM1, GRM2 ,GRM5, GRM7) are strongly enriched in the dorsal 
hippocampus. Cluster and pathway analysis of our transcriptomic and proteomic data also reveal 
strong enrichment of networks related to glutamatergic signaling, dendritic spines and postsynaptic 
density in dorsal hippocampus (Figure 1B). This is in line with recent findings that spine density changes 
after stress in the dHC, but not vHC 20. Importantly, some key changes in response to acute stress may 
occur on the level of protein phosphorylation, even at later time points after stress exposure, and thus 
escape proteomic screening.  For example, an increase in depolarization-evoked glutamate release 
24hrs after acute stress depends on long-lasting phosphorylation of synapsin 1 (SYN1) without a 
changes in total SYN1 protein levels 42,75. Phosopho-proteomic approaches are rapidly improving76 and 
start revealing important new insights in complex in vivo systems77. Although proteomic screens are 
powerful new tools with great clinical potential, they do not have the same sensitivity as transcriptomic 
screens, owing to the fact that proteins display a higher dynamic range of expression compared to 
mRNA, making it more difficult to detect low abundance proteins from whole cell extracts 78. 
Separately analyzing dHC and vHC is a practical first step towards increasing information gain and can 
be implemented immediately in basic research and clinical studies.  
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3.10. Supplementary 

 

 

 

 

Supplementary Figure 1. Functional interaction networks based on enriched genes in the dHC. The top 10 
clusters are shown, each cluster in a different shade of grey. 

Supplementary Figure 2. Functional interaction networks based on enriched genes in the vHC. The top 10 
clusters are shown, each cluster in a different shade of grey.  
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Supplementary Figure 3. High correlation of protein intensities between biological replicates using 
SWATH-MS in vHC. 
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Supplementary Figure 4. High correlation of protein intensities between biological replicates using 
SWATH-MS in dHC. 

Supplementary Figure 5. Western blot validation of MOG (myelin oligodendrocyte glycoprotein). 
In support of the SWATH-MS data, MOG is significantly enriched in the dHC (t(10)=6.46, p<0.0001). Data are 
presented as mean ± SEM. 
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Supplementary Figure 6. HPLC analysis of monoaminergic neurotransmitter levels in dHC and vHC at rest. 
A) Norepinephrine levels are higher in vHC (t(16)=2.35, p=0.032). B) Epinephrine levels are higher in vHC 
(t(6)=3.12, p=0.021).Dopamine levels are not different between dHC and vHC. D) Serotonin levels are higher 
in the vHC (t(8)=4.28, p=0.003). Data were pooled from 3 independent repetitions of experiments with 
different biological samples, some neurotransmitters were not sampled in each experiment. Data are 
presented as mean ± SEM. 

Supplementary Figure 7. KEGG pathway analysis of �µ�‰�Œ���P�µ�o���š���������v�������}�Á�v�Œ���P�µ�o���š�������^�•�š�Œ���•�•���P���v���•�_�X 
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Supplementary Figure 8. Transcriptomic analysis of novelty and restraint stress in whole hippocampus, 
dHC and vHC. Separately analyzing dHC and vHC strongly increaeses the number of idenfitied stress-
responsive genes after A) Novelty stress and similarly after B) restraint stress. Overlap between stress-
regulated genes in dHC and vHC is minimal in both stress conditions. 

Supplementary Figure 9. Effect of cold swim stress on anxiety-related behaviors in the open field test. Mice 
were exposed to 6 minutes of cold swim stress and tested 24hrs later on the open field test for 10 minutes. 
Compared to non-stressed controls, stressed mice tend to travel less distance, show fewer supported rears 
(rears where the front-paws touch the walls of the open field), and defecate more. This indicates increased 
anxiety, which persists for at least 24hrs following a single acute stress exposure. 
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Supplementary Figure 10. Protein-protein interaction network based on differentially expressed genes in 
the vHC (A) and dHC (B) after novelty stress. 

Supplementary Figure 11. Protein-protein interaction network based on differentially expressed genes in 
the vHC (A) and dHC (B) after restraint stress. 



106 

 

 

 

 

 

 

  

Supplementary Figure 12. The shRNA plasmids for Kdm6b knockdown (left) and control (right). The 
multimers were designed based on the shRNA miR-E backbone and include 4 shRNAs targeting different sites 
�}�(���<���u�ò�����}�Œ���ð�����}�‰�]���•���}�(�������^�v�}�v-�•�]�o���v���]�v�P���•���‹�µ���v�����_�X 

Supplementary Figure 13. Activity in the open field after Kdm6b knockdown in ventral hippocampus. After 
knockdown of Kdm6b using virus-mediated shRNA delivery to the ventral hippocampus, there is no overall 
difference between groups in open field activity. However, post-hoc t-tests reveal that Kdm6b mice show 
higher locomotor activity during minutes 1-2 (t(5.34)=3.12, p=0.02) and minutes 3-4 (t(9)=2.39, p=0.041) 
compared to controls. Later in the test, this difference disappears (*=p<0.05, n=5-6 mice/group; data show 
mean +/- SEM). 
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3.11. Supplementary Methods 
 
Animals 
C57Bl/6J male mice (2.5 months) were obtained from Janvier (France) and maintained in a 

temperature- and humidity-controlled facility on a 12-hour reversed light-dark cycle (lights off: 8:15am; 
lights on: 8:15pm) with food and water ad libitum. They were bred in-house to generate animals for 
the current experiments. After weaning, mice were housed in groups of 4-5 per cage and used for 
experiments when 2.5-4 months old. For each experiment, mice of the same age were used in all 
experimental groups, to rule out confounding effects of age. All tests and tissue collections were 
���}�v���µ���š���������µ�Œ�]�v�P���š�Z�������v�]�u���o�•�[�������š�]�À�����~�����Œ�l�•���‰�Z���•���X�����o�o���‰�Œ�}����dures were carried out in accordance to 
Swiss cantonal regulations for animal experimentation and were approved under license 155/2015. 
 

Stress paradigms 
During all procedures, mice were monitored closely by a trained experimenter. For all experiments, 

mice were single-housed 24hrs before stress/handling/testing, as this reduces stress hormone levels 
and avoids the confounds of disturbing cage-mates on test day (Bohacek et al., 2015). Immediately 
after stress exposure, mice were returned to their assigned single-housing homecage. Unless 
otherwise stated, mice were killed by cervical dislocation and decapitation 45min after initiation of 
stress exposure. 

Novelty Stress. For novelty stress, each mouse was placed in the center of an unfamiliar 30 x 30 cm 
square box containing clear walls and a metal grid for 6 min with dim ambient lighting (20 lux). 

Restraint stress. For restraint stress, each mouse was placed in a 50ml Falcon tube with a large air 
hole cut out for its nose for 30 min in dim ambient lighting (20 lux).  

Cold swim stress. For cold swim stress, mice were placed in a plastic cylinder (18 cm high, 13 cm 
diameter) filled with 18 ± 1°C water up to 12 cm height for 6 min.  
 

Statistics 
Statistical analyses of proteomic and transcriptomic analyses are described in the corresponding 

sections. For all other analyses, two groups were compared using independent samples t-tests. For 
comparison of more than 2 groups, one-way ANOVAs were employed if there was a single factor. For 
two-factorial design (region x treatment), two-way ANOVAs were employed. Significant effects were 
�(�µ�Œ�š�Z���Œ�����v���o�Ç�Ì�������µ�•�]�v�P���d�µ�l���Ç�[�•���‰�}�•�š���Z�}�����š���•�š�•�X�������š�����Á���Œ�����Œ�}�µ�š�]�v���o�Ç�����Z�����l�������(�}�Œ���}�µ�š�o�]���Œ�•���µ�•�]�v�P���'�Œ�µ�����[�•��
test, which can identify and remove a single outlier per group. For all analyses, statistical significance 
was set to p<0.05. 
 

Behavior Testing  
Cold Swim Stress. On day 1 (trial 1), mice were individually placed in a plastic cylinder (18 cm high, 

13 cm diameter) filled with 18 ± 1°C water up to 12 cm height for 6 min. Movement was recorded using 
automated video tracking software (TSE Systems, Germany). The water was changed and the beaker 
was cleaned shortly before each swim. Overhead red LED lights (637nm) illuminated both the holding 
and testing rooms. Floating duration and latency were scored manually. After testing, the animals were 
returned to their single housing until testing the following day, when the exact same cold swim stress 
procedure was carried out by the same investigator. 

Open Field Test (OFT). All open-field testing took place inside sound insulated, ventilated multi-
conditioning chambers (TSE Systems Ltd, Germany). The open field arena (45cm (l) x 45cm (w) x 40cm 
(h)) consisted of four transparent Plexiglas walls and a light grey PVC floor. Control animals for all 
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experiments were tested under four equally spaced yellow lights (4 Lux across the floor of the open 
field) with 75-77dB of white noise playing through the speakers of each box. The room housing the 
multi-conditioning chambers was illuminated with red LED lights (637nm). Animals were removed from 
their homecage by the tail and placed directly into the center of the open field. The doors of the 
conditioning chamber were then swiftly closed. Tracking/recording was initiated upon first locomotion 
grid beam break and lasted for 10 minutes and was analyzed in 2-minute bins to test habituation during 
the testing period. 

Open Field Test with Novel Stimuli (OFT+). This test was conducted in the same setup as the open 
field test, yet to prevent the mice from habituating to the testing environment the test was modified. 
Two minutes after placing the animal in the open field, a short loud sine tone was played (4 kHz, 100dB, 
200ms). After another 2 minutes a diferent sine tone was played (22 kHz,100 dB, 200 ms). Behavior 
was recorded for throughout the 6-minute test period and analyzed in 2-minute bins (habituation, 4 
kHz tone, 22 kHz tone).     
 

Tissue processing 
Mice were killed by cervical dislocation, the brain was immediately removed and the hippocampus 

was dissected on an ice-cold glass surface. The hippocampus was then separated into dorsal and 
ventral using a razorblade, and the tissue was snap-frozen in liquid nitrogen. The samples were stored 
���š���>�ô�ì�£�����µ�v�š�]�o���(�µ�Œ�š�Z���Œ���‰�Œ�}�����•�•�]�v�P�X�� 
 

Proteomic Analyses 
Data are available to reviewers via ProteomeXchange with identifier PXD006781 (Username: 

reviewer83280@ebi.ac.uk, Password: mRecrNu5). 
Protein extraction and digestion for SWATH-MS. The processing order of all samples was 

randomized. Proteins were extracted from dorsal and ventral hippocampus samples using 200 �…l TEAB 
buffer (100 mM triethylammonium bicarbonate, 0.1% SDS, 1:100 protease inhibitor cocktail P8340 
(Sigma-Aldrich, St. Louis MO, USA), 1:500 PMSF (50 mM in EtOH)). The samples were mechanically 
lysed by 15 strokes with a 26G needle and sonicated for 5 min. Samples were spun down at 16000 g 
for 30 min at 4°C and supernatants were collected. Proteins were quantified using a Qubit protein 
���•�•���Ç���l�]�š���~�d�Z���Œ�u�}�&�]�•�Z���Œ���^���]���v�š�]�(�]���U���t���o�š�Z���u���D���U���h�^���•���(�}�o�o�}�Á�]�v�P���š�Z�����u���v�µ�(�����š�µ�Œ���Œ�[�•���‰�Œ�}�š�}���}�o�X���W�Œ�}�š���]�v��
extracts were further processed with a filter assisted sample preparation protocol �~�t�]�‘�v�]���Á�•�l�]�����š�����o�X�U��
2009). 20 �…g of protein were added to 30 �…l SDS denaturation buffer (4% SDS (w/v), 100mM Tris/HCL 
pH 8.2, 0.1 M DTT). For denaturation, samples were incubated at 95°C for 5 min. Samples were diluted 
with 200 �…l UA buffer (8 M urea, 100 mM Tris/HCl pH 8.2) and then loaded to regenerated cellulose 
centrifugal filter units (Microcon 30, Merck Millipore, Billercia MA, USA). Samples were spun at 14000 
g at 35°C for 20 min. Filter units were washed once with 200 �…l of UA buffer followed by centrifugation 
at 14000 g at 35°C for 15 min. Cysteines were alkylated with 100 �…l freshly prepared IAA solution (0.05 
M iodoacetamide in UA buffer) at room temperature in a thermomixer at 600 rpm for 1 min, followed 
by centrifugation at 14000 g at 35°C for 10 min. Filter units were washed 3 times with 100 �…l of UA 
buffer then twice with a 0.5 M NaCl solution in water (each washing was followed by centrifugation at 
35°C and 14000 g for 10 min). Proteins were digested overnight at room temperature with a 1:50 ratio 
of sequencing grade modified trypsin (0.4 �…g, V511A, Promega, Fitchburg WI) in 130 �…l TEAB (0.05 M 
Triethylammoniumbicarbonate in water). After protein digestion over night at room temperature, 
peptide solutions were spun down at 14000 g at 35°C for 15 min and acidified with 3 �…l of 20% TFA 
(trifluoroacetic acid). 

Peptides clean-up. Peptides were cleaned-up using StageTip C18 silica columns (SP301, Thermo 
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Scientific, Waltham MA). Columns were conditioned with 200 �…l methanol followed by 200 �…l of 60% 
ACN (acetonitrile) / 0.1% TFA. Columns were equilibrated with 2 x 150 �…l of 3% ACN / 0,1% TFA. 
Samples were loaded onto the columns. They were then washed with 2 x 150 �…l 3% ACN / 0.1% TFA 
and eluted with 150 �…l 60% ACN / 0.1% TFA. Samples were lyophilized in a speedvac then re-solubilized 
in 19 �…l 3% ACN / 0.1% FA (formic acid) prior to LC-MS/MS measurement. 1 �…l of synthetic peptides 
(Biognosys AG, Switzerland) were added to each sample for retention time calibration. 

SWATH-MS measurements. Samples were measured on a QExactive (ThermoFisher Scientific, 
Waltham MA, USA) in SWATH mode using a previously described method (Gillet et al., 2012). The 
sample order was re-randomized before MS measurement. Peptides were separated with an Eksigent 
NanoLC (AB Sciex, Washington, USA). 1 �…l of each sample was injected and loaded onto a 1.8 um, 100 
Å C18 column (heated to 50°C, 150 �u�u���o���v�P�š�Z�U���ó�ñ���…�u���/���U���ï�ó�ñ���…�u���K���•�X���W���‰�š�]�����•���Á���Œ�����•���‰���Œ���š�������µ�•�]�v�P��
a 130 min long linear solvent gradient of 3-40% ACN / 0.1% FA. Fixed 20 Da precursor isolation windows 
were used within a precursor range of 400-1100 m/z. Fragment ions were acquired in a range of 140 
�t (2 x the upper range of the precursor window) m/z. 

Shotgun measurements. To generate an extensive tissue-specific spectral library, multiple shotgun 
MS-measurements were conducted. Two dorsal and two ventral samples from the sample pool were 
chosen randomly and measured in shotgun mode. Measurements were performed on a QExactive 
(ThermoFisher Scientific, Waltham MA, USA). Peptides were separated with an Eksigent NanoLC (AB 
Sciex, Washington, USA). 1 �…l of each sample was injected and loaded onto a 1.8 �…m, 100 Å C18 column 
(heated to 50°C, 150 �u�u���o���v�P�š�Z�U���ó�ñ���…�u���/���U���ï�ó�ñ���…�u���K���•�X���W���‰�š�]�����•���Á���Œ�����•���‰���Œ���š�������µ�•�]�v�P�������í�ï�ì���u�]�v���o�}�v�P��
linear solvent gradient of 3-40% ACN / 0.1% FA. Full scans were acquired in a 350-1500 m/z range, 
while fragment spectra were acquired in the range 130 - (precursor + 2000) m/z range. 

MS/MS ion searches of shotgun measurements. Mascot (Matrix Science Ltd, London, GB, 
http://www.matrixscience.com) was used for MS/MS spectra interpretation. For each shotgun run a 
Mascot search file was generated and searched against a decoy databank containing M. musculus 
protein sequences (Uniprot taxon identifier 10090), which were in silico digested with trypsin allowing 
a maximum of one missed cleavage. Carbamidomethylation of cysteine residues was set as fixed 
modification while methionine oxidation was set as variable modification. Precursor ion mass 
tolerance was set to +/- 10 ppm whereas fragment mass tolerance was set to +/-0.05 Da. 

Generation of a spectral library and Spectronaut assay list. DAT files from MS/MS ion searches were 
exported with Mascot and loaded into Skyline (MacCoss Lab) to generate a spectral library with a false 
discovery rate (FDR) of 1%. The library was generated with single entries for every precursor, choosing 
the spectra with the best mascot scores if multiple spectra were available. The whole mouse proteome 
from Uniprot (Taxonom identifier 10090) was loaded into Skyline and an in silico digestion using trypsin 
with a KR|P cutting profile without allowing for any missed cleavage was performed. Peptides with a 
minimum length of 8 and a maximum length of 25 were included and peptides containing any of the 
25 N-terminal amino acids of a protein were excluded. Only peptides with spectral library entries were 
considered. Peptides containing any methionine were excluded. Carbamidomethyl was assumed as a 
fixed modification for cysteine. Precursor charges of 2+, 3+ or 4+ and ion charges of 1+ or 2+ for all ion 
types (x,y,z,a,b,c) were included. For each precursor, the 4 most intense fragment ions were selected 
and exported as assay list compatible with Spectronaut (version 10, Biognosys AG, Switzerland).  

SWATH-MS transition identification and quantification. For peak identification and quantification, 
automated peak picking was used. The previously prepared assay list was used to define transitions, 
relative intensities and iRT values. Spectronaut (version 10, Biognosys AG, Switzerland) was used for 
automated peak picking. A static window with an iRT-width of 6 min and a linear iRT calibration was 
used. For transition identification, a dynamic score refinement was used and the base entity was 
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processed within the experiment. Decoys were generated using a scrambled, label-free decoy method. 
A normal distribution estimator was used for q-values and a 1% FDR was ensured by q-value filtering. 
For transition quantification an interference correction was used and the total peak area was used as 
normalization base across all runs with a localized normalization approach. For protein quantification 
the average of the top three peptides was taken and exported as individual protein quantity values for 
each sample. Proteins quantified with one single peptide were excluded. 

Data analysis of proteomics data. R Studio (version 0.99.489) was used to perform statistical 
analyses. Conditions (swim or control) and regions (dorsal or ventral) were assigned to the 
corresponding samples. A regular two-way ANOVA (model: protein intensity ~ region * condition) was 
performed for individual proteins. Post hoc two-way comparisons were performed with t-tests for all 
four possible two-group comparisons (ventral: swim vs. control, dorsal: swim vs. control, swim: dorsal 
vs. ventral, control: dorsal vs. ventral) for individual proteins. For multiple testing corrections, a 
Benjamini Hochberg method was used. Distribution of null and alternative hypotheses as shown in the 
p-value histograms was determined by calculating the mean local FDR of individual histogram bins 
�µ�•�]�v�P���š�Z�������]�}���}�v���µ���š�}�Œ���^�‹�À���o�µ���_���‰�����l���P�����(�}�Œ���Z���~�À���Œ�•�]�}�v���ï�X�ñ�•�X For pathway analyses the KEGG pathway 
database was used. A list containing the target uniprot accessions was compared to the background 
identifiers. The background comprised of all genes that were quantifiable both on the transcriptional 
level as well as on the proteomic level. 
 

Western blots 
Proteins were denatured by boiling at 95°C in SDS-loading buffer containing 10% mercaptoethanol, 

�(�}�Œ���ñ���u�]�v�X���î�ì���…�P���}�(���š�}tal protein were loaded in each well of a 12% polyacrylamide gel or BoltTM 4-12% 
Bis-Tris Plus gel (Thermo Fischer Scientific, Cadlsbad, CA). After electrophoresis, proteins were 
transferred to a nitrocellulose membrane using a Trans-Blot Turbo system (Bio-Rad). Membranes were 
blocked in 5% non-fat dry milk for 1 hr at room temperature and incubated in primary antibody 
solution at 4°C, overnight. Membranes were washed 3 times in Tris-buffered saline containing 0.1% 
Tween20 (TBS-T) before incubating them in secondary antibody solution at room temperature for 1 hr. 
Following incubation membranes were washed 3 times in TBS-T and visualized with an ODYSSEY® 
Imager (LI-COR Bioscience, Nebraska). Images were analyzed using ImageJ (RSB web).  

For the antibody solution, all antibodies were diluted in TBS-T. Primary antibodies used are the anti-
MOG rabbit polyclonal (1:3000; ab32760, Abcam, Cambridge, UK), anti-H3K27me3 rabbit polyclonal 
(1:2000; 07-449, Millipore, Temecula, CA), anti-H3 mouse monoclocal (1:2000; ab10799, Abcam, 
Cambridge, UK), anti-GAPDH rabbit polyclonal (1:2500; ABS16, Millipore, Temecula, CA) and secondary 
the goat anti-rabbit IRDye800CW (1:10000; P/N 926-32211, LI-COR Biosciences GmbH, Germany) and 
goat anti-mouse IRDye680RD (1:10000; P/N 926-68070, LI-COR Biosciences GmbH, Germany) . 
 

High-performance liquid chromatography (HPLC) 
Samples were homogenized at 4°C in a tissue lyser (Qiagen) for 3 min, in HPLC homogenization 

buffer (50 mM Tris-HCl, pH 7.5, 100 mM KCl, 1 mM EDTA) containing 1:200 protease inhibitor cocktail 
(P2714; Sigma-Aldrich, St. Louis MO, USA), and the protein was quantified using a Qubit protein assay 
�l�]�š�� �~�d�Z���Œ�u�}�&�]�•�Z���Œ�� �^���]���v�š�]�(�]���U�� �t���o�š�Z���u�� �D���U�� �h�^���•�� �(�}�o�o�}�Á�]�v�P�� �š�Z���� �u���v�µ�(�����š�µ�Œ���Œ�[�•�� �‰�Œ�}�š�}���}�o�X�� �d�Z����
homogenate was acidified using 1 M HCl and filtered (Amicon Ultra Centrifugal Filters Ultracel-30K; 
Merck Millipore Ltd.). Neurotransmitters and neurotransmitter metabolites were measured by HPLC 
with electrochemical detection, according to a previously published method (Heales, 2008). 
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RNA sequencing analyses  
All data are available to reviewers (password: qpajqmqklryrlut) at 

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100236.  
RNA extraction and quality control. Samples were homogenized at 4°C in a tissue lyser bead mill 

(Qiagen, Germany) for 2 min in 1 ml TrisureTM (Bioline USA Inc., MA), and RNA was extracted according 
to manufacturer's recommendations. RNA purity and quantity were determined with a UV/V 
spectrophotometer (Nanodrop 1000), while RNA integrity was assessed with a 2100 Bioanalyzer 
�~���P�]�o���v�š���d�����Z�v�}�o�}�P�]���•���/�v���X�U�������•�U���������}�Œ���]�v�P���š�}���u���v�µ�(�����š�µ�Œ���Œ�•�[���‰�Œ�}�š�}���}�o�•�X���d�Z�������À���Œ���P�����Z�/�E���À���o�µ�����(�}�Œ���}�µ�Œ��
samples was 8.1, and the RIN cut-off for sample inclusion was 6.0.  
 

RNA sequencing and differential gene expression analysis. Library preparation, sequencing, read 
processing, read alignment and read counting was performed at the Functional Genomics Center 
Zurich (FGCZ) core facility. For library preparation, the TruSeq stranded RNA kit (Illumina Inc.) was used 
a�����}�Œ���]�v�P�� �š�}�� �š�Z���� �u���v�µ�(�����š�µ�Œ���Œ�[�•�� �‰�Œ�}�š�}���}�o�X�� �d�Z���� �u�Z�E���� �Á���•�� �‰�µ�Œ�]�(�]������ ���Ç�� �‰�}�o�Ç���� �•���o�����š�]�}�v�U�� ���Z���u�]�����o�o�Ç��
fragmented and transcribed into cDNA before adapter ligation. Single-end sequencing was performed 
with Illumina HiSeq4000. Reads were preprocessed using flexbar version 2.5. Reads shorter than 20 nt 
and reads with uncalled bases were removed, read ends (4 nt) and adapters were trimmed. Reads 
were aligned to the mouse genome mm10 by STAR version 2.3.0. RSEM version v1.2.31 was used to 
count reads for genes (Ensembl GRCm38). Reads on overlapping regions were ignored. Normalization 
of gene counts and differential gene expression analysis was performed with the Bioconducter package 
edgeR version 3.18.1. Genes with less than 1 read per million in at least 3 samples were excluded 
before differential gene expression analysis. Library sizes were normalized using the TMM method. 
Differential expressed genes were identified with a generalized linear model for two-group 
comparisons (p-value<0.005 and log2FC>±0.3). Supplementary tables show p-values, FDR-adjusted p-
values (q<0.1) and log2FC values. 

Network and cluster analysis of protein-protein interactions. The differential gene expression 
analysis was integrated with protein-protein interactions using cytoscape version 3.5.0. Gene inclusion 
criteria were the same as for differential gene expression analysis: p-value<0.005 and log2FC>±0.3. 
The protein-protein interactions of the selected genes were taken from STRING database version 10.5 
(http://string-db.org/) and integrated with the differential gene expression analysis using the 
StringApp version 1.0.5 (Szklarczyk et al., 2017).  

Baseline changes between ventral and dorsal hippocampus. All gene interactions with a degree of 
confidence >0.6 were considered and no additional interacting genes were included. The resulting 
networks were filtered for a node degree 5< d <100. For cluster identification, the cytoscape app 
ClusterMaker2 version 0.9.5 was used. For all networks, Markov Clustering Algorithm (MCL) was 
applied using default parameters. For clarity, the 10 most significant clusters were included in the 
figures.  

Stress specific changes in ventral and dorsal hippocampus. Interactions with a degree of confidence 
>0.4 were considered and no additional interacting genes were included. The resulting networks were 
filtered for a node degree >1 and the largest resulting network was included in the figures. To test 
whether cluster formation in the stress specific networks was more pronounced than in randomly 
generated networks, random networks were created for comparison. For this, the log2FCs included in 
the networks were randomly attributed to detected genes and networks were created as described 
above. The resulting networks showed less pronounced clusters.  
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Plasmid design and virus preparation 
Viral vectors and viral vector plasmids were designed and produced by the Viral Vector Facility 

(VVF) of the Neuroscience Center Zurich. All shRNA were designed based upon 21mer siRNA target 
predictions, and then modified to miR-30-based shRNA. The following four shRNA contructs targeting 
different sites on the Kdm6b mRNA (shRNA-Kdm6b) were designed:  

�<���u�ò���^�Z�í�W���ñ�[-CCAGAGACTGTCACCTGGAAA-�ï�[ 
�<���u�ò���^�Z�î�W���ñ�[- CTTGGACAGTTGTATGAATCA-�ï�[ 
�<���u�ò���^�Z�ï�W���ñ�[-CTCGTCATCTCAGTTCTCTACT-�ï�[�� 
�<���u�ò���^�Z�ð�W���ñ�[-CCTGTATATGTCTCTTGTTTA-�ï�[��(Ramadoss et al., 2012). 
As a control (shRNA-Control), 4 copies of a non-�•�]�o���v���]�v�P���•�Z�Z�E�����~�ñ�[- 

ATCTCGCTTGGGCGAGAGTAAG -�ï�[�•�������•�������µ�‰�}�v���š�Z�������Z���Œ�u�����}�v���~�>���(���Ç���š�š���U�����}�o�}�Œ�����}�U���h�^���•���v�}�v-
silencing hairpin sequence were synthesized.  

These modified shRNA sequences were then cloned in silico into the optimized MIR-E backbone 
(Fellmann et al., 2013), and subsequently linked together, separated by a spacer region.  This 
shRNA(sup)mir-e(sup) multimer was then inserted within a chimeric intron (chI) sequence between 
the splice donor and branch point sites.  This entire chI-[4X(shRNA(sup)mir-e(sup))] cassette, along 
with overhanging restriction sites, was synthesized by the Thermo Fischer GeneArt Gene Synthesis 
service.  The cassette was cut out of the GeneArt construct using NheI and PacI, then ligated into an 
ssAAV backbone digested with the same enzymes and which contained the hSyn1 promoter, the 
chI, and an EGFP open reading frame (p132 from the VVF).  This final construct was transformed into 
MDS42 bacterial cells by heat-shock, plasmids from individual colonies were initially confirmed by 
restriction digest followed by sequencing, and a correct clone was inoculated into TB media 
containing amplicillin.  Plasmid was purified from overnight bacterial cultures using the Macherey-
Nagel Maxiprep kit, sequence confirmed again (ITRs, shRNA cassette, as well as the open reading 
frame). The plasmids are shown in Supplementary Figure 12. 

The plasmid shRNA-Kdm6b was then packaged into a serotype 8 AAV: ssAAV-8/2-hSyn1-
chI[4x(shKdm6b)]-EGFP-WPRE-SV40p(A), with a physical titer of 7.3 x 10e12 vg/ml. 

The shRNA-Control plasmid was packaged into a serotype 8 AAV: ssAAV-8/2-hSyn1-chI[4x(shNS)]-
EGFP-WPRE-SV40p(A) with a physical titer of  6.9 x 10e12 vg/ml 

Single-stranded (ss) AAV vectors were produced and purified as described (Paterna et al., 2004).  
 
 

Stereotaxic brain injections 
2 months old male mice were anesthetized with isoflurane and placed in a stereotaxic frame. For 

analgesia, animals received a subcutaneous injection of 2mg/kg Meloxicam and a local anesthetic 
(Emla cream; 5% lidocaine, 5% prilocaine) before and after surgery. A pneumatic injector (Narishige, 
IM-11-2) and pulled calibrated microcapillaries (Sigma-Aldrich, P0549) were used to inject 800 nL of 
virus (either AAV8-hSyn1-shKdm6b-eGFP or AAV8-hSyn1-non-silencing-shRNA-eGFP) bilaterally in the 
ventral hippocampus (coordinates from bregma: anterior/posterior -3.3mm, medial/lateral +/-2.8mm, 
dorsal/ventral -4.0). Health of the animals was evaluated by post-operative over the course of 3 
consecutive days.   
 

Tissue preparation and histology 
Mice were deeply anesthetized with pentobarbital (150 mg/kg, i.p.) and perfused intracardially 

through the left ventricle with approximately 20mL ice-cold PBS (pH 7.4). The brain was dissected and 
a block containing the whole hippocampal formation was fixed for 2 hrs in ice-cold paraformaldehyde 
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solution (4% PFA in PBS, pH 7.4). The tissue was rinsed with PBS and stored at 4°C in a sucrose solution 
(30% sucrose in PBS), overnight. Then the tissue was frozen in tissue mounting fluid (Tissue-Tek O.C.T 
Compound, Sakura Finetek Europe B.V., Netherlands), and sectioned coronally in a cryostat (MICROM 
HM 560, histocom AG-�^�Á�]�š�Ì���Œ�o���v���•�� �]�v�š�}�� �ð�ì�� �…�u�� �š�Z�]���l�� �•�����š�]�}�v�•�X�� �d�Z���� �•�����š�]�}�v�•�� �Á���Œ���� �]�u�u�����]���š���o�Ç��
transferred to ice-cold PBS. 

In order to observe GFP expression under the microscope, sections were permeabilized in 0.2% 
Triton X-100 for 30 min, then placed in a solution containing 0.2% Triton X-100, 2% normal goat serum 
and Nissl stain (N21483, NeuroTrace 640/660 Nissl stain, Molecular probes) under continuous 
agitation (100rpm/min), for 30 min. The sections were washed in PBS, mounted onto glass slides 
(Menzel-Gläser SUPERFROST PLUS, Thermo Scientific), air-dried and coverslipped with Dako 
fluorescence mounting medium (Agilent Technologies). 

Images of the hippocampus were acquired in a confocal laser-scanning microscope (CLSM 880, Carl 
Zeiss AG, Germany) using tile scan and Z-stack with a 10x objective, maintaining a pinhole aperture of 
�í�X�ì�����]�Œ�Ç���h�v�]�š�U���‰�]�Æ���o���•�]�Ì�����í�X�î�…�u����nd image size 1024x1024 pixels. 

 
Reverse transcription quantitative real-time polymerase chain reaction  
Real-Time polymerase chain reaction (RT-PCR) was used as described previously (Roszkowski et 

al., 2016). Briefly, reactions were carried out on a Light Cycler 480 II using SYBR green (Roche) and 

normalized against Tubulin delta 1 (Tubd1). Cycling conditions were 5 min at 95�qC, then 45 cycles 

with denaturation (10 s at 95�qC), annealing (10 s at 60�qC), and elongation (10 s at 72�qC). Primers 
were designed using Quantprime (Arvidsson et al., 2008) and tested for quality and specificity by 
melt-curve analysis, gel electrophoresis and appropriate negative controls. The following forward 
(FP) and reverse (RP) sequences were used:  

Kdm6b: FP: AGC TCT TGA AGC TGT GAG AGG AC, RP: TCT GGC CTT CTG CAA CCA ATT CC 
Tubd1: FP: TCTCTTGCTAACTTGGTGGTCCTC, RP: GCTGGGTCTTTAAATCCCTCTACG 
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4. Molecular roadmap of the healthy stress response in the mouse hippocampus 
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4.1. Abstract 

The acute stress response is an adaptive mechanism to ensure survival. While most research 
focuses on stress as a risk factor for psychiatric disease, little is known about the molecular cascades 
that play out in response to the healthy stress response. Here, we use an intense but short-term 
stressor to characterize the molecular events that shape the acute stress response in the mouse brain. 
We focus on the hippocampus, an integral hub of the stress circuitry. Since the dorsal (dHC) and ventral 
hippocampus (vHC), vary dramatically in terms of molecular composition, connectivity and function, 
we analyze these two regions separately. First, we use phosphoproteomics to capture the initial 
signaling events that take place immediately after exposure to stress. Then, we chase gene expression 
changes at the transcriptional level as they unfold over time. To test which genes likely become 
translated, we employ translating ribosome affinity purification (TRAP) and investigate the effects of 
stress on the translatome of excitatory and inhibitory neurons. We find that stress strongly and rapidly 
triggers widespread changes in intracellular signaling and gene transcription. In a series of dynamic yet 
tightly regulated molecular events, the stress response terminates efficiently within 4 hours after the 
initiation of stress. This work represents the most extensive molecular characterization of the acute 
stress response to date. It can serve as a roadmap in the endeavor to understand how various stressors 
can trigger similar or divergent, possibly maladaptive changes in different individuals.  
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4.2. Introduction 

When faced with potentially life-threatening situations, the stress response allows complex 
organisms to re-establish homeostasis (Koolhaas et al., 2011; LeDoux 2012; McEwen 2004). By 
choreographing the activity of survival circuits, the fight-or-flight response quickly mobilizes energy 
and shifts cognitive resources, thus facilitating rapid behavioral changes that ensure survival (Cannon 
1915; Ulrich-Lai and Herman 2009). Many of the rapid effects of stress on behavior and brain function 
are driven by the noradrenergic system (Zerbi et al., 2019; Bouret and Sara 2005; Li et al., 2018; 
Hermans et al., 2011). Subsequently, a complex molecular cascade unfolds, which involves the 
sympathetic nervous system and the hypothalamus-pituitary-adrenal axis, and is mediated by a 
compendium of stress mediators (McEwen et al., 2015; Reul 2014; Joëls and Baram 2009; Axelrod and 
Reisine 1984; Hermans et al., 2014). These molecular changes have to perform a careful balancing act. 
On the one hand, molecular processes need to restore energy supplies, form memories of the stressful 
event, and enable long-term adaptations of brain function and behavior. On the other hand, successful 
coping with acute stressors requires the efficient termination of the stress response, in order to avoid 
negative consequences for the organism (de Kloet et al., 2005; McEwen 2004). When all goes well, the 
stress response efficiently manages bodily resources and terminates effectively, thus increasing the 
chances of survival without negative long term consequences. Unfortunately, stressful experiences can 
also trigger anxiety and mood disorders such as post-traumatic stress disorder, generalized anxiety 
and depression (Tost et al., 2015). Despite the fact that the majority of individuals maintain healthy 
even in the face of potentially traumatic events (Bonanno et al., 2011) very little is still known about 
how the healthy stress response unfolds in the brain (Kalisch et al., 2017). 

Although many studies have assessed the genome-wide molecular effects of chronic stress in the 
brain (Cerniauskas et al., 2019; Peña et al., 2019) only a handful investigated the impact of a single 
exposure to stress, and those mainly focused on the transcriptome in the mouse hippocampus (HC) 
(Floriou-Servou et al., 2018; Gray et al., 2014). However, before transcriptional changes occur, stress-
induced release of neurotransmitters, neuromodulators and peptides first activates intracellular 
signaling cascades that mainly rely on protein phosphorylation. These changes have so far only been 
assessed at the level of single proteins (Revest et al., 2010; Chen et al., 2006; Yamamori et al., 2014; 
Refojo et al., 2005; Bilang-Bleuel et al., 2002), thus the true complexity of the phospho-proteomic 
response to stress remains unexplored. Phosphorylation-induced intracellular signaling eventually 
leads to changes in gene expression (Karin and Hunter 1995; Whitmarsh and Davis 2000) in a tightly 
regulated manner. For example, distinct waves of gene expression were observed up to 5 hours 
following glucocorticoid receptor activation in rat hippocampal slices (Morsink et al., 2006), although 
nothing is known about the dynamic transcriptomic response in vivo. 

Most stress research so far has focused on analysis of whole hippocampal tissue. However, cell type 
diversity as well as within cell type heterogeneity and transcriptional diversity are high in the brain and 
particularly in the HC (Cembrowski and Spruston 2019; Sugino et al., 2019). More specifically, 
hippocampal subregions like CA1, CA3 and DG are inherently different on the level of the proteome 
(von Ziegler et al., 2018) and the transcriptome (Shah et al., 2017). However, variability in 
transcriptional profiles has also been reported within subregions of the HC and was found to be 
particularly high along the longitudinal axis (Cembrowski et al., 2016a). This inherent variability might 
influence the response of neurons to behaviorally relevant stimuli. Indeed, acute stress has been 
shown to induce transcriptional changes in specific subpopulations of neurons in the medial amygdala 
(Wu et al., 2017) and in the HC (Erwin et al., 2019; Gray et al., 2018). Furthermore, a multi-omics 
approach recently revealed distinct transcriptional responses of hippocampal neurons at different 
levels of gene regulation (i.e. transcription versus translation) after kainate administration (Fernandez-
Albert et al., 2019). It also remains unknown, to what degree the effects detected in the RNA level will 
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affect the corresponding proteins.  
Here, we use a multi-omics approach to characterize the acute stress response in the mouse 

hippocampus in unprecedented detail. We dissect the healthy stress response across molecular scales, 
by cataloguing the stress-induced changes on the level of the phospho-proteome, transcriptome, 
translatome and proteome. We look across cell types and chase the molecular changes over time, to 
reveal for the first time how an organism successfully re-establishes homeostasis after a severely 
stressful, life-threatening experience.  
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4.3. Results 

4.3.1. Stress-induced effects on behavior 
We used a single exposure to 6 minutes swim stress in 18°C cold water as a brief but intense stressor. 

As shown previously (Sturman et al., 2018), mice showed increased anxiety-like behavior and 
decreased exploration in the open field test (OFT) 45 minutes after exposure to the stress, as they 
travelled less distance, spent less time in the center, and performed fewer unsupported rears (Figure 
1A-C). However, already 2 hours after the initiation of stress, these effects disappear, and at all 
subsequent time points (2, 4, 24hrs) stress-exposed mice appear behaviorally indistinguishable from 
unstressed control mice(Figure 1D-F). This swift recovery indicates that - despite a strong initial 
response - , most animals cope successfully with this life-threatening experience. 

  

 

4.3.2. Acute stress induces rapid and short-lived changes on the phosphoproteome 
We hypothesized that the molecular effects of stress would impact protein phosphorylation on a 

global scale. Phosphorylation changes occur rapidly, are highly dynamic and are typically not sustained 
in the face of protein turnover. However, previous work has shown that some stress-induced 
phosphorylation changes may persist for one hour (Okamura et al., 2019) or even a day (Musazzi et al., 
2017a; Revest et al., 2010). To test this in an unbiased way on the level of the whole proteome, we 
subjected mice to swim stress for 6 minutes, and sacrificed them either directly after (6 minutes time 
point), or at 15, 30 and 45 minutes after the initiation of stress (Figure 2A). The control group mice 

Figure 1: Swim stress exerts immediate and short-lasting behavioral effects. A-C) Mice travelled less 
distance (A: t(22) = 3.55, p = 0.0018, unpaired t test), spent less time in the center (B: t(22) = 3.50, p = 
0.0020, unpaired t test), and performed fewer unsupported rears (C: t(22) = 3.53, p < 0.0001, unpaired t 
test) in the OFT, 45 minutes after the initiation of a 6-minutes swim stress, in comparison to mice not 
exposed to stress. D-F) There was no difference in the distance travelled (D:  F(3.38) = 1.35, p = 0.2728, one-
way ANOVA), time spent in the center (E: F(3,38) = 1.01, p = 0.3973, one-way ANOVA), and unsupported 
rearing (F: F(3,38) = 3.31, p = 0.8183, one-way ANOVA) at 2, 4, or 24 hours after swim stress, compared to 
control animals. **p < 0.01, ****p < 0.0001. Data represent mean ± SEM. 
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stayed in their home-cage until sacrifice. We dissected the dorsal and ventral HC (dHC and vHC) as 
reported before (Floriou-Servou et al., 2018), and performed label-free quantitative phosphorylation 
analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Overall, we were able to 
quantify 16302 distinct modified peptide sequences in our phospho enriched samples of which 10132 
(62%) were phosphopeptides. 

Immediately after stress, we detected 847 significantly (FDR adjusted pvalue < 0.05) altered 
modified peptides (794 phosphopeptides; ~93%) in the dHC and 269 in the vHC (253 phosphopeptides; 
94%) (Figure 2B,C). 15 minutes after stress, this number dropped to 206 modified peptides in the dHC 
(188 phosphopeptides; 91%), and 94 modified peptides in the vHC (86 phosphopeptides; 91%). At the 
30 and 45 minutes time points, we could not detect any more significant changes, indicating that 
protein phosphorylation changes after acute stress occur rapidly and seem to be tightly regulated and 
short-lived. We observed a much higher than expected proportion of phosphopeptides in the 
significant category and noted that in some cases, the corresponding non-phosphorylated peptides 
were downregulated. To ensure that no overall proteome changes are responsible for these 
observations, we performed a quantitative proteomic measurement of reference samples (not 
enriched for phosphopeptides), which revealed no significant changes after 6 minutes (Supplementary 
Figure 1). Importantly, the protein phosphorylation changes were correlated between the 6 and 15 
minutes time points (dHC: R2 = 0.35, vHC R2 = 0.39), as well as between the 15 and 30 minutes time 
points (dHC: R2 = 0.35, vHC R2 = 0.55), suggesting that most of the phosphorylation events belong to 
one big phosphorylation wave that unfolds over time (Figure 2E). Interestingly, despite well-known 
molecular differences between dHC and vHC, we observed strong correlations between the protein 
phosphorylation changes in the dHC and vHC, at both the 6 (R2 = 0.42) and 15 minutes (R2 = 0.48) time 
points (Figure 2D). This suggests that even though more significantly altered phosphorylations can be 
observed in the dHC, similar and robust phosphorylation cascades are triggered throughout the 
longitudinal axis of the hippocampus. Using K-means clustering, we grouped the significantly modified 
peptides in 5 distinct temporal profiles (Figure 3F), and assigned their corresponding proteins to gene 
ontology (GO) terms. Most modified proteins were related to dendritic morphology and development 
(e.g. MAP1b (Microtubule-associated protein 1B) and MAP2 (Microtubule-associated protein 2)), 
synaptic function such as postsynaptic density (e.g. members of the SHANK (SH3 and multiple ankyrin 
repeat domains protein) family and MAPK1 (Mitogen-activated protein kinase 1)), while others were 
related to AMPA-receptor regulation (e.g. members of the Shisa family), depolarization and calcium 
(calmodulin) signaling (e.g. CaMKIIa/b (Calcium/calmodulin-dependent protein kinase type II subunit 
alpha/beta)), as well as neurotransmitter release and synaptic plasticity (e.g. SNAP25 (Synaptosomal-
associated protein 25)). This all points to stress-induced activation of neuronal activity in the 
hippocampus.  

Phospho-proteomics not only provides a uniquely detailed map of the complex and widespread 
phosphorylation changes detected across proteins, it also reveals unique details about the 
phosphorylation changes within individual proteins. To illustrate this, we focused on Synapsin 1, a 
protein with well-characterized phosphorylation sites. Synapsin 1 has been shown to be 
phosphorylated at various time points after acute stress in the hippocampus (Revest et al., 2010),  and 
increased S9 phosphorylation was reported in the prefrontal and frontal cortex up to 24 hours after 
stress (Musazzi et al., 2017a). By interrogating the whole Synapsin 1 sequence, we detected both 
upregulated and downregulated phosphopeptides immediately after swim stress (Figure 2G), with 
most detected peptides being phosphorylated at serine 553 (p-S553) (Figure 1H). Other significantly 
(within 5% FDR) upregulated phosphopeptides contained the phosphosites S39, S62, S67, S502, S551, 
S642, however the phosphorylation at S9 did not pass our FDR cutoff. Most phosphorylation changes 
were still detectable at 15 minutes, and diminished at later time-points. Western blot analysis 
validated  a 3-fold increase in the levels of p-S553-Syn1 (Figure 1I) in the dHC immediately after stress. 
The increased topological and temporal resolution of our MS-data shows the complexity in the 
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phosphorylation pattern of a single protein across time, information that is not accessible with 
antibody-based techniques. 
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4.3.3. Stress-induced transcriptomic changes evolve over time. 
Protein phosphorylation triggers second messenger cascades that lead to changes in gene 

expression. Indeed, within only 15 minutes, acute stress leads to strong gene expression changes 
(Roszkowski et al., 2016), and hitherto studies using transcriptomic profiling have focused only on the 
first hour after stress exposure (Floriou-Servou et al., 2018; Gray et al., 2014). Therefore, it remains 
unknown how the stress-induced transcriptomic changes evolve over time, and whether these events 
unfold similarly in the dorsal and ventral hippocampus. Therefore, we sacrificed mice at 45, 90, 120, 
180 or 240 minutes after the initiation of stress, immediately dissected the dHC and vHC, and extracted 
RNA for next generation sequencing (NGS) (Figure 3A). 

We observed highly dynamic gene expression changes over time in response to swim stress 
exposure. Using 5% FDR-corrected p-values, we observe the highest number of genes changing at 45 
and 90 minutes after stress, and then a gradual decline in both dHC and vHC (Figure 3B,C). At 4 hrs, no 
significant changes were detected anymore, suggesting that gene expression is tightly regulated after 
acute stress exposure and that the transcriptional machinery quickly re-establishes equilibrium. Up to 
3 hours after stress there was a good correlation in the gene expression changes between consecutive 
time points, indicating that these changes are not random but rather systematic and evolve in a 
continuous way (Figure 3E). In the dHC the best correlation was observed between the 90 minutes and 
the 2 hours time point (R2 = 0.66), while in the vHC between the 2 hours and 3 hours time point (R2 = 
0.66). Together with the number of changes observed in FIgure 3B, this suggests that changes in vHC 
are happening with a somewhat slower pace. Nevertheless, we observed more changes in the vHC 
than in the dHC overall, consistent with our previous work (Floriou-Servou et al., 2018). However, we 
found that significantly changed genes correlated well between the dHC and vHC for all early time 
points (45 minutes: R2 = 0.42; 90 minutes: R2 = 0.43; 2 hours: R2 = 0.48) indicating a similar overall gene 
expression change (Figure 3D) along the longitudinal axis of the HC.  

Next, we attempted to sort differentially expressed genes according to their temporal transcription 
profile. To do this we performed K-means clustering in the dataset from both dHC and vHC together, 
which resulted in 25 groups of genes. From those, we excluded the ones composed of less than 15 
genes, and we performed GO term analysis (Figure 3F). The GO terms that were enriched were mainly 
�Œ���o���š������ �š�}�� �Œ���P�µ�o���š�]�}�v�� �}�(�� �š�Œ���v�•���Œ�]�‰�š�]�}�v�U�� �(�}�Œ�� ���Æ���u�‰�o���� �^�‰�}�•�]�š�]�À���� �Œ���P�µ�o���š�]�}�v�� �}�(�� �š�Œ���v�•���Œ�]�‰�š�]�}�v by RNA 
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in synchrony, but that many different molecular processes with different temporal and dynamic 
profiles play out simultaneously in the stress-exposed hippocampus. We find clusters that peak at 45 

Figure 2: Rapid, short-lived effects of acute stress on the phosphoproteome of the dHC and vHC. A) 
Experimental design and tissue collection approach. B) Volcano plots showing the log2 fold change and 
statistical results of modified peptides immediately (6 min) and shortly (15, 30 and 45 minutes) after 
exposure to swim stress. Red and blue values represent significant changes within 5% FDR. C) Heat maps 
showing the expression of significant modified peptides in all samples. D) Correlation of modified peptides 
that are significant at least at one time point, between the dHC and the vHC. (E) Correlation of modified 
peptides that are significant at least at one time point, between different time points in the dHC and vHC. 
F) K-means clustering of significant modified peptide changes in 5 temporal profiles, and GO term analysis 
of the corresponding proteins. G) Amino acid sequence of Synapsin 1, illustrating overall coverage (grey, 
green and red) phosphopeptides significantly upregulated (green) or downregulated (red) at any time-point 
after swim stress and detected phosphosites (blue, PTM probability > 0.75). Significant phosphosites 
(except pS9, which is not significant) are labeled. H) Quantification of all detected Synapsin 1 modified 
peptides spanning sites pS551 and pS553, and their temporal profiles (blue = dHC, red = vHC). I) Validation 
of the upregulation of the phosphorylated site S553 with Western blot in the dHC immediately after stress 
(t(6) = 2.70, p = 0.0357, unpaired t test, N=4 mice/group). *p < 0.05. 



123 

minutes (Profiles 2, 3, 5, 16), which show enrichment for positive and negative regulation of 
transcription. In contrast, clusters that peak at 90 minutes (Profiles 10, 21, 24, 12, 25, 1, 7, 23) show 
enrichment in both transcriptional processes, as well as metabolic and differentiation related 
processes. Yet other  clusters display transient transcriptional changes with slower kinetics (profile 9, 
18, 17).  
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4.3.4. Stress-induced effects on the translatome of excitatory and inhibitory neurons.  
Our transcriptomic analysis so far illustrates the changes in gene expression after stress in whole 

hippocampal tissue. However, recent studies have underlined the importance of studying cell type-
specific changes in a given brain area (Gray et al., 2016; Mulvey et al., 2018) and to consider gene 
expression at different levels of gene regulation (i.e. transcription versus translation) (Fernandez-
Albert et al., 2019). To investigate if stress affects different types of neurons in different ways, as well 
as which of the changes we observe in the post-transcriptional level are represented in the 
translational level, we decided to target actively translated RNA in excitatory and inhibitory neurons. 
For this reason we employed the translating ribosome affinity purification (TRAP) method (Heiman et 
al., 2014). 

To target actively translated RNA in excitatory neurons, we crossed a CaMKIIa-Cre with a floxed-
nuTRAP mouse line (Roh et al., 2017). In the CaMKIIa-nuTRAp mice generated, a ribosomal green 
fluorescent protein (eGFP) tag fused with the ribosomal subunit L10a, and an mCherry tag fused with 
the nuclear pore protein RanGAP1 are expressed under the control of the CaMKIIa promoter. To target 
inhibitory neurons, we used the VIAAT-BAC-TRAP mouse line, expressing the same eGFP ribosomal tag 
under the vesicular inhibitory amino acid transporter (VIAAT) promoter. 

First, we confirmed that eGFP and mCherry are expressed in pyramidal cells in the HC of CaMKIIa-
nuTRAP mice (Figure 4A), and that the eGFP tag is expressed and co-localized with glutamate 
decarboxylase 65/67 (GAD65/67) in the HC of VIAAT-bacTRAP mice (Figure 4B). In addition, we 
performed RT-PCR to compare the expression of inhibitory and excitatory genes in the samples before 
(unbound fraction) and after (bound fraction) the immunopurification. We expected inhibitory and 
glial genes (Gad1: glutamate decarboxylase 1; Slc6a1: solute carrier family 6 member 1; Gfap: glial 
fibrillary acidic protein) to be depleted and excitatory genes (Adora1: adenosine A1 receptor; Neurod6: 
neuronal differentiation 6; Nrn1: neuritin 1; Slc7a7; solute carrier family 7 member 7) to be enriched 
in the bound fraction of CaMKIIa-nuTRAP HC samples (Figure 4C), while excitatory genes to be depleted 
and inhibitory genes to be enriched in the bound fraction of VIAAT-bacTRAP tissue. Indeed, this was 
the case for most genes (Figure 4D). However, the enrichment of excitatory genes seems to be less 
efficient in CaMKIIa-nuTRAP samples. This could be because excitatory neurons are the majority of 
neurons in HC, and hence it might be harder to show enrichment of such an abundant cell type. 
Alternatively, these genes might not be exclusively expressed in excitatory neurons. Finally, their 
expression is highly variable in both pyramidal and granular cells along the dorsoventral axis 
(Cembrowski et al., 2016a; Cembrowski et al., 2016b), hence the higher variability lowers the statistical 
power to show significant enrichment.  

Next, we subjected CaMKIIa-nuTRAp and VIAAT-bacTRAP mice to 6 minutes cold swim stress, and 
collected the dHC and vHC 45 minutes after. We isolated the actively translated RNA with the TRAP 
method and generated Smart-seq2 libraries (Picelli et al., 2014) for NGS. After stress, the expression 
levels of a small number of genes were significantly changed in both excitatory and inhibitory neurons 
(Figure 4E,F). In general, most effects were detected in the inhibitory neurons of the vHC. The 

Figure 3: Time-course of the effects of acute stress on the transcriptome of the dHC and vHC. A) 
Experimental design. B) Volcano plots showing the log2 fold change and statistical results of RNA transcripts 
at 5 different time points after exposure to swim stress. Red and blue values represent changes within 5% 
FDR. C) Heat maps showing expression all detected genes in all samples. D) Correlation of transcriptional 
changes significant in at least one time point, between the dHC and the vHC. (E) Correlation of transcriptional 
changes significant in at least one time point, between consecutive time points in the dHC and vHC. F) K-
means clustering of differentially expressed RNA transcripts in temporal profiles, and their GO term 
description. K-means clustering resulted in 25 clusters, of which the ones with less than 15 transcripts were 
excluded. Blue indicates expression in dHC, red in vHC. Plots indicate both standard error of the mean (SEM) 
of logFC in bright color and standard deviation (SD) in faint color. 
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differentially expressed genes were mainly immediately early genes, and their log2 fold changes as 
well as statistical significance were compared in the dHC and vHC of excitatory and inhibitory neurons, 
as well as in samples containing all cell types (data from the 45 minutes experimental group from Figure 
3) (Figure 4G). These results provide the first translatomic profile of all excitatory and all inhibitory 
hippocampal neurons in dHC and vHC, after exposure to acute stress, and they show distinct effects of 
stress in these neuronal groups. More specifically, expression levels of Egr1 (Early Growth Response 1) 
and Nr4a1 (Nuclear Receptor Subfamily 4 Group A Member 1) are increased with a much higher fold 
change in the inhibitory neurons of the vHC, while Ippk (Inositol-Pentakisphosphate 2-Kinase) is 
specifically increased only in the inhibitory neurons of the dHC. Dusp11 (Dual Specificity Phosphatase 
11) is specifically induced in excitatory neurons of both dHC and vHC, while Nfkbia (Nuclear Factor 
Kappa B Subunit 1 Inhibitor Alpha) which is upregulated in whole tissue, is not differentially expressed 
in excitatory or inhibitory neurons, pointing out to its potential upregulation in glial cells of the HC. In 
fact, given the small number of changes detected in both excitatory and inhibitory neurons, and the 
hundreds of changes detected in whole tissue, it is plausible to assume that many of the stress-induced 
changes could be happening in a glial cell type. Alternatively, many differentially expressed transcripts 
could reach the ribosomes at a later time point after the initiation of stress, or they could be completely 
deterred from being translated due to post-transcriptional regulation.  
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4.3.5. The proteome in different hippocampal subregions after swim stress 
We next asked whether the strong but transient transcriptomic stress response would have a 

measurable impact on the protein profile of the hippocampus. Proteome analysis in the dHC and vHC 
24 hours after stress revealed only very subtle changes (Floriou-Servou et al., 2018). Therefore, we 
reasoned that stronger proteomic changes in response to stress might be observed right after the 
transcriptional response has played out, at the 4-hour time point. However, proteomic profiles differ 
dramatically between dHC and vHC (Floriou-Servou et al., 2018), and also between CA1 and CA3 
subregions, and this variability might obscure stress-induced changes. Indeed, learning triggers distinct 
proteomic changes in different hippocampal subregions (von Ziegler et al., 2018). Therefore, we 
decided to assess proteomic changes 4 hours after the initiation of stress in the CA1, CA3 and DG areas 
of dHC and vHC, using data-independent label-free proteomics (Figure 5A). Interestingly, despite the 
strong surge in mRNA changes, we did not detect any significant changes in protein expression in 
response to stress in any of the subregions (Figure 5B). A principal component analysis showed that 
both sub-regional differences as well as dorso-ventral differences could be resolved on the proteomic 
data level (Figure 5C). We further applied a statistical test to determine sub-regional differences, 
dorsal-ventral differences and interactions between the two for all proteins. We found that most 
proteins (N = 2536 of 3039) had profound sub-regional expression differences between CA1, CA3 and 
DG (Figure 5D). Further we found that roughly half of all proteins (N = 1762) had different baseline 
expressions between dorsal and ventral hippocampus (Figure 5E). Overall, we demonstrate that 
protein expression in the hippocampus is extremely heterogeneous between sub-regions and along 
the dorsal-ventral differences, which is in agreement in with our previous work (von Ziegler et al., 2018; 
Floriou-Servou et al., 2018) and adds an important additional layer of complexity. Additionally we could 
demonstrate here that overall sub-regional differences are stronger than dorsal-ventral differences. 

 

Figure 4: Acute stress effects on the translatome of excitatory and inhibitory neurons of the dHC and vHC. 
A) Microscopy images showing co-localization of eGFP fused with L10a, and mCherry fused with RanGAP1 in 
the ventral hilus, CA3 and DG of a CaMKIIa-nuTRAP mouse. B) Microscopy images showing co-localization of 
eGFP fused with L10a, and GAD65/67 in the dorsal hilus and DG of a VIAAT-bacTRAP mouse. C) Depletion of 
genes not expressed in excitatory neurons, and enrichment of genes primarily expressed in excitatory 
neurons after immunopurification (bound fraction) compared to before (unbound fraction), in hippocampal 
samples from CamKIIa-nuTRAP mice (N = 3). Individual values represent dHC and vHC samples and not 
biological replicates. RNA levels were normalized to Tubd1. Asterisks indicate p-values generated by 
independent paired t-tests (Gad1 t(5) = 6.65, p = 0.0012;  Slc6a1 t(5) = 9.00, p = 0.0003; Gfap t(5) = 3.69, p = 
0.0141; Adora1 t(5) = 2.20, p = 0.0794; Neurod6 t(5) = 3.32, p = 0.0210; Nrn1 t(5) = 1.15, p = 0.3012; Slc7a7 
t(5) = 2.87, p = 0.0350). D) Depletion of genes not expressed in inhibitory neurons and enrichment of genes 
primarily expressed in inhibitory neurons after immunopurification (bound fraction) compared to before 
(unbound fraction), in hippocampal samples from VIAAT-bacTRAP mice (N = 4). Individual values represent 
dHC and vHC samples and not biological replicates. RNA levels were normalized to Gapdh. Asterisks indicate 
p-values generated by independent unpaired t-tests (Nrn1 t(10) = 10.49, p < 0.0001; Slc7a7 t(10) = 11.67, p 
< 0.0001; Gad1 t(10) = 6.23, p < 0.0001; Slc6a1 t(10) = 3.01, p = 0.0131). E, F) Volcano plots illustrating the 
log2 fold-change and statistical results of actively translated RNA transcripts in excitatory (E) and inhibitory 
(F) neurons of the vHC and dHC, 45 minutes after exposure to swim stress compared to no stress control. N 
= 5-7 mice/group. G) Comparison of log2 fold change and statistical significance of stress-induced changes in 
the levels of immediate early genes in excitatory and inhibitory neurons (from E and F), and in whole tissue 
extracts (data from the 45 minute experimental group in Figure 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
�D���ì�X�ì�ì�ì�í�X�������š�����Œ���‰�Œ���•���v�š���u�����v���F���^���D�X���^�����o���������Œ�•���ñ�ì���…�u�X 
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Figure 5: Acute stress effects on the proteome of CA1, CA3 and DG in the dHC and vHC. A) 
Experimental design and tissue collection approach. B) Volcano plots showing the log2 fold change 
and statistical results of the 2 group comparisons homecage vs swim of proteins 4 hours after a 6 
minutes exposure to swim stress in all regions and sub-regions. No proteins are within the 5% FDR, 
some proteins reach a 50% FDR only in vDG (indicated by dashed line). C) Principal component 
analysis of all samples. The first component resolves sub-regional differences, whereas the 3rd 
further resolves dorsal-ventral differences. We did not find any component that resolves stress. D) 
Statistical results for ANOVA subregion * region within animals (omitting stress vs homecage as 
variable). Many proteins have significant (red, within 5% FDR) sub-regional expression differences 
at base-line. E) Same analysis as in D. Many proteins show significant dorso-ventral expression 
differences at base-line (red, up-regulated in dHC 5% FDR, blue down-regulated in dHC 5% FDR). 
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4.4. Discussion 

While a large body of literature focuses on the negative implications of stress, the healthy stress 
response that mediates coping and facilitates survival remains poorly understood on a molecular level. 
Here, we characterize the molecular stress response at the level of gene expression and post-
translational modifications. We chose swim stress because it immediately induces a strong anxiogenic 
effect, yet the behavioral response quickly normalizes within less than two hours after stress exposure. 
We find robust molecular changes that peak rapidly and return to baseline within hours. These findings 
suggest that the molecular stress response is tightly regulated to escalate fast and to terminate 
efficiently.  

4.4.1. Stress effects on the phosphoproteome 
Protein phosphorylation is the most prominent way of signal transduction and adaptation of 

neuronal responses to stimuli (Walaas and Greengard 1991; Greengard et al., 1993). Although several 
studies provide valuable information regarding the role of intracellular signaling events following acute 
exposure to stressors, most studies rely on a priori hypothesis testing, and use immunoblotting to 
investigate only one/a few proteins at a time. However, recent advances in mass spectrometry allow 
proteome-wide, unbiased analysis of protein phosphorylation (Olsen et al., 2006). Even though there 
are still considerable limitations such as the absence of described function for the large majority of the 
phosphorylation sites measured, and the inability to capture the whole phosphoproteome (Jünger and 
Aebersold 2014), this approach still surveys thousands of phosphorylation events simultaneously in a 
robust, quantitative manner (Bekker-Jensen et al., 2020). Here, we characterize the protein 
phosphorylations involved in the stress response as well as their progression in time, on the level of 
the whole proteome. We detect most changes immediately after stress, and trace them across time 
as they fade away within 30 minutes. In addition, we characterize multiple phospho-sites on each 
protein, some of them already known, and many with yet unknown function. Our experimental design, 
composed of multiple time points following short exposure to stress, allowed us to detect rapid and 
short-lived changes, that in some cases might only last for a few minutes. 

Acute stress has been repeatedly reported to have an impact on dendritic arborization, as well as 
on the density of spine and synapses, even though these effects seem to vary between different brain 
areas or cell types, and between stress modalities. More specifically, a single exposure to stress has 
been reported to cause dendritic retraction and remodelling in several cortical areas (Izquierdo et al., 
2006; Nava et al., 2017; Musazzi et al., 2017b; Musazzi et al., 2018), however there are also studies 
reporting dendritic growth (Shinohara et al., 2018). Moreover, a decrease in the density of  dendritic 
spines and synapses was reported after a single exposure to long, multimodal stress in the HC (Chen 
et al., 2010; Chen et al., 2008; Maras et al., 2014). Therefore, it came as no surprise that the most 
frequently represented GO terms in our analysis were related to dendritic morphology, synaptic 
function and plasticity. One of the pathways repeatedly reported to be activated by acute stress or by 
administration of hormones involved in the stress response is the MAPK/ERK pathway (Shinohara et 
al., 2018; Refojo et al. 2005; Inda et al., 2017; Blume et al., 2008). Specifically in the HC, swim stress 
was found to increase the phosphorylation of the MAPK2, p38 MAPK as well as CaMKII, which is 
thought to reinforce late long term potentiation (LTP) (Ahmed et al., 2006; Shen et al., 2004). Another 
effector of the MAPK signaling cascade, Synapsin 1, that mediates the stress-induced effects of 
glucocorticoids on memory (Revest et al. 2010). Consistently, we reveal upregulated phosphorylation 
of multiple sites in the proteins of this signaling cascade, including CaMKII and Synapsin 1. However, 
while Synapsin 1 has been reported to stay phosphorylated up to 24 hours after swim stress (Revest 
et al., 2010; Musazzi et al., 2017a), we were not able to detect any effects lasting longer than 30 
minutes. This could potentially indicate that there is a second wave of targeted phosphorylation at 
later time-points. 

Furthermore, we identify phosphorylated proteins that - to our knowledge - were never reported 
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to change after a single exposure to stress. A few of them are the Shisa6-7 and SHANK1-3, related to 
postsynaptic density and plasticity. Although Shisa6 and SHANK1-3 are part of the glutamatergic 
synapse, Shisa7 was recently found to be a GABAA �~�v-aminobutyric acid (A)) receptor auxiliary subunit, 
and to have a key role in GABAergic transmission (Han et al., 2019). Our findings highlight the role of 
both glutamatergic and GABAergic transmission during the stress response. In conclusion, stress elicits 
a rapid response, with multiple intracellular signaling events, mainly representing neuronal activation 
and mediated by effectors that are well-known to induce synaptic potentiation and plasticity. Although 
the system returns to homeostasis fast, many of these signaling events will eventually reach the 
nucleus to coordinate an intricate gene expression response. 

4.4.2. Stress effects on gene transcription 
Although there are studies reporting the transcriptome-wide effects of acute stress in the HC 

(Floriou-Servou et al., 2018; Gray et al., 2014), these studies have only sampled stress at a single time-
point between 45-60 minutes after stress initiation. Thus, the duration and dynamics of the 
transcriptional response, remain unknown. Therefore, we performed NGS at multiple time points, 
cataloging the transcriptional stress response across 4 hours after swim stress. Consistent with 
previous studies, we found robust changes in gene expression at all early time points after the initiation 
of stress. Interestingly, the changes started to subside already at 3 hours after stress, and completely 
dissipated by 4 hours, in both dHC and vHC.  

Our analysis revealed groups of genes dynamically regulated in specific temporal profiles. As 
expected, most gene clusters that peak at 45 minutes after stress are involved in the regulation of 
transcription and intracellular signaling cascades (e.g. regulation of MAPK activity), since 
neurotransmitter release and receptor binding trigger intracellular cascades that regulate transcription. 
The MAPK/ERK pathway in particular has been shown to regulate transcription by inducing the 
immediate-early genes c-Fos and Egr-1 in the HC (Chandramohan et al., 2008; Gutièrrez-Mecinas et al., 
2011; Reul 2014). On the other hand, groups of genes that are regulated at 90 minutes are not only 
involved in transcriptional regulation but also in metabolic processes, such as maintenance of the 
internal state of glucose. This makes sense in light of the fact the key purpose of the stress response is 
to supply the energy resources necessary to meet heightened metabolic demand (Ulrich-Lai and 
Herman 2009).  

Altogether, our results highlight a strong upregulation in gene expression that is tightly regulated 
in time, and consistent across biological replicates and different experiments. This is in agreement with 
the suggestion that the termination of the stress response is crucial for the restoration of homeostasis 
and recovery (de Kloet et al., 2005; Joëls and Baram 2009).   

4.4.3. Stress effects on gene translation 
Although RNA analysis provides a great way of evaluating the changes in gene expression after 

perturbation, the levels of mRNAs present in a cell type or a brain region do not always correlate with 
the levels of the corresponding proteins (Tian et al. 2004; King and Gerber 2016; Floriou-Servou et al. 
2018), which is indicative of post-transcriptional regulation. In fact, evidence suggests that the control 
of protein abundance predominantly happens at the level of translation (Schwanhäusser et al. 2011). 
In addition, it is very possible that stress exerts different effects in different cell types in the HC. To 
address these two aspects, we employed the TRAP methodology (Heiman et al. 2014), which affords 
cell type specificity, avoids the cell dissociation, minimizes loss of RNAs that are localized in dendrites 
or axons, and allows high depth of sequencing (King and Gerber 2016; Dougherty 2017). 

While previous work has used TRAP to reveal the translatome response to acute stress specifically 
in excitatory neurons of the CA3 region (Gray et al., 2016), we here provide the first translational profile 
of both inhibitory and excitatory neurons of the dHC and vHC at baseline conditions, and 45 minutes 
after the initiation of stress. Interestingly, our data suggest that stress affects inhibitory neurons 
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stronger than excitatory neurons, particularly in the vHC. In agreement with previous reports 
(Gutièrrez-Mecinas et al., 2011; Reul 2014), Egr-1 and c-Fos were among the top upregulated genes, 
however Egr-1 was upregulated more strongly in inhibitory neurons. In general, in both excitatory and 
inhibitory neurons we detect very few stress-induced changes in the translatome, as compared to the 
whole tissue transcriptome. There are three major reasons that could contribute to this. First, it is 
possible that most of the mRNA transcripts upregulated at the transcriptional level are not translated 
45 minutes after the initiation of stress, but at later time points. Second, there could be a very tight 
regulation at the translatome level �t an effect termed translational suppression �t as is often the case 
in cellular models of stress such as starvation, hypoxia, oxidative stress, etc. (Pakos-Zebrucka et al., 
2016; Advani and Ivanov 2019). Alternatively, it is possible that the majority of the transcriptional 
changes we detect in whole tissue RNA is not taking place in neurons but in other abundant brain cell 
types, like astrocytes. These possibilities require further investigation.  

Interestingly, although a very similar swim stress paradigm was used, thousands of differentially 
expressed genes were reported to change in the translatome of the CA3 region, in a series of 3 studies 
(Gray et al., 2016; Marrocco et al., 2017; Marrocco et al., 2019). For this reason, we accessed and 
analyzed the raw data used in these studies. After pooling all data together, which in many cases 
represented an N of 1 sample per group, we could only find minimal stress-induced changes (a total of 
11 genes within 5% FDR) in the translatome of CA3 neurons, when using our own data analysis pipeline 
(data not shown). Provided that 1) we have replicated our own data on CaMKIIa-positive neurons in a 
separate experiment (data not shown), 2) we included a considerable number of N in each experiment 
(5 mice per group in the first experiment, 7 mice per group in the repetition) and 3) we see minimum 
variability between samples, we conclude that indeed there are very few changes in excitatory neurons 
of the dHC and vHC 45 minutes after stress. 

4.4.4. Proteomics 
Even though the methods for proteomic analyses keep advancing, single-cell proteomics in the 

brain is still extremely challenging, mainly due to long-ranging projections of neurons and low protein 
yield (Wilson and Nairn 2018). Therefore, in order to gain more insight into the potential effects of 
stress on the proteome, we examined separately the proteome of CA1, CA3 and DG of the dHC and 
vHC. As expected, the differences between the individual subregions, as well as between dorsal and 
ventral parts of these subregions at baseline levels were profound, replicating and extending our 
previous findings (von Ziegler et al., 2018; Floriou-Servou et al., 2018). However, we could not detect 
any stress effects that pass 5% FDR in any of the regions sampled.  

Together with the very few changes we observe at the translational level this data could point 
towards translational inhibition. Still, the fact that none of the changes observed on the translatome 
are detected in the proteome was unexpected. Nevertheless, there are technical limitations that 
should be taken into consideration when comparing transcriptional and translational data with 
proteomic data. First, from all 1264 genes differentially altered on the transcriptional level, we were 
only able to quantify 105 corresponding proteins. This is a lower overlap than expected (expected 
observations = 294 proteins), and could be due to the fact that many of the transcription factors 
significantly altered in the transcriptional assay are notoriously hard to detect using proteomics, owing 
to their low abundance and nuclear localization. When restricting the analysis to these proteins, we 
found no increase in average significance. In regards to the discrepancy between the translatome and 
proteome level, one difference is that our translatome analysis is cell-type specific and therefore some 
of the effects we observe there could be masked in the whole tissue analysis we performed on the 
proteome. However, stress-induced effects on the proteome could also develop at different time 
points and normalize to basal conditions quite fast, owing to protein degradation. In that case, it would 
be difficult to estimate the right time-point to capture the effects of stress.  
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4.5. Methods and materials 

 
Animals 
All experiments were conducted in accordance with the Swiss federal guidelines for the use of 

animals in research and under license ZH161/17, approved by the Zurich Cantonal veterinary office. 
For experiments with wild type animals, C57Bl/6J male mice were either obtained from Janvier (France) 
or bred at the ETH Zurich animal facility (EPIC). For the generation of CaMKIIa-nuTRAP mice, 
homozygous floxed nuTRAP mice (B6;129S6-Gt(ROSA)26Sortm2(CAG-NuTRAP)Evdr/J, MGI:104735) were bred 
with homozygous CaMKIIA-Cre (B6.Cg-Tg(Camk2a-cre)T29-1Stl/J, MGI:3613616) mice. The VIAAT-
bacTRAP (das Gupta 2019) mice were generously provided by Prof. Hanns Ulrich Zeilhofer. Mice were 
housed in groups of 4-5 per cage in a temperature- and humidity-controlled facility on a 12-hour 
reversed light-dark cycle (lights off: 9:15 am; lights on: 9:15 pm), with food and water ad libitum, and 
used for experiments at the age of 2-�ï���u�}�v�š�Z�•�X�����o�o�����Æ�‰���Œ�]�u���v�š�•���Á���Œ�������}�v���µ���š���������µ�Œ�]�v�P���š�Z�������v�]�u���o�•�[��
active (dark) phase.  

 
Open field test (OFT)  
Open-field testing was performed in sound insulated and ventilated multi-conditioning chambers 

(MultiConditioning System, TSE Sys- tems Ltd, Germany), as described previously (Sturman et al., 2018). 
Briefly, the open field arena had dimensions 45 cm (l) x 45 cm (w) x 40 cm (h), and consisted of four 
transparent Plexiglas walls and a light gray PVC floor. Mice were tested under dim lighting (4 Lux) 75 
dB of white noise was playing through the speakers of each box. Mice were placed directly into the 
center of the open field and the tracking/recording was initiated upon the first locomotion grid beam 
break. The test lasted 10 minutes. 

 
Swim stress paradigm and tissue collection 
For all experiments, mice were single-housed 24hrs before exposure to  stress. For cold swim stress, 

mice were placed in a plastic beaker (20 cm diameter, 25 cm deep) filled with 18 ± 1°C water to 17 cm, 
in a room with dim red lighting. Immediately after stress exposure, mice returned to their assigned 
single-housing homecage. At the appropriate time point after initiation of stress, mice were euthanized 
by cervical dislocation and decapitation. The brain was isolated in a tray of ice-cold PBS buffer and 
transferred to filter paper for dissecting the hippocampus. Filter papers were cooled with PBS-ice to 
prevent tissue warming. Isolated hippocampi were transferred to a binocular microscope and cooled 
with PBS-ice. Area CA3 was dissected by cutting along the minor hippocampal fissure along the 
dorsoventral axis of the hippocampus. Area CA1 and DG were separated with a pincer and incision 
scalpel by gently pushing the blade along the major hippocampal fissure. Areas both hemispheres of 
CA1, CA3 and DG were combined, snap-frozen in liquid nitrogen and stored at 80C until further 
processing 

 
Proteomics and phosphoproteomics 
Protein extraction 
We used a block design for sample processing. Samples were split into multiple blocks, with each 

block containing one replicate of each condition and sub-region or region. Processing order within 
blocks was randomized, as was the order of blocks. Proteins were extracted from pooled hemispheres 
of dHC or vHC CA1, CA3 and DG, using 150 �…l TEAB buffer (100 mM triethylammonium bicarbonate, 
0.1% SDS, 1:100 protease inhibitor cocktail P8340 (Sigma-Aldrich, St. Louis MO, USA), 1:500 PMSF (50 
mM in EtOH)). Samples for phoshoproteomics (pooled hemispheres of vHC/dHC) were extracted using 
the same buffer with the addition of 1:100 phosphatase inhibitor cocktail 2 (P5726, Sigma-Aldrich, St. 
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Louis MO, USA), and phosphatase inhibitor cocktail 3 (P0044, Sigma-Aldrich, St. Louis MO, USA).  
The samples were mechanically lysed as described before (Floriou-Servou et al., 2018). Briefly, 

samples in 150 �…l TEAB buffer were passed through a 26G needle 15 times, and sonicated for 5 min. 
Then the samples were centrifuged at 16000 g for 30 min (1h for phospho samples) at 4°C, and the 
supernatants were collected. After protein quantification with a Qubit protein assay kit (ThermoFisher 
Scientific, Waltham MA, USA), protein extracts were further processed with a filter assisted sample 
preparation protocol �~�t�]�‘�v�]���Á�•�l�]�����š�����o�X�U���î�ì�ì�õ�•. Subsequently, 30 �…l SDS denaturation buffer (4% SDS 
(w/v), 100 mM Tris/HCl pH 8.2, 0.1 M DTT) were added to 20 �…g of protein. For phospho samples, 300 
�…g of protein were added to equal amount (v/v) of concentrated denaturation buffer (0.2 M DTT). For 
denaturation, samples were incubated at 95°C for 5 min. Samples were diluted with 200 �…l UA buffer 
(8 M urea, 100 mM Tris/HCl pH 8.2) and then loaded to regenerated cellulose centrifugal filter units 
(Microcon 30, Merck Millipore, Billercia MA, USA). Then the samples were centrifuged at 14000 g at 
35°C, for 20 min. Filter units were washed once with 200 �…l of UA buffer followed by centrifugation at 
14000 g at 35°C for 15 min. Cysteines were alkylated with 100 �…l freshly prepared IAA solution (0.05 M 
iodoacetamide in UA buffer) at room temperature in a thermomixer at 600 rpm for 1 min, and then 
the samples were centrifugated at 14000g at 35°C for 10 min. Filter units were washed 3 times with 
100 �…l of UA buffer, and then twice with a 0.5 M NaCl solution in water. Each wash was followed by a 
centrifugation at 14000 g, 35°C for 10 min. Proteins were digested overnight at room temperature with 
a 1:50 ratio of sequencing grade modified trypsin (0.4 �…g for whole proteome samples, 6 �…g for 
phospho samples, V511A, Promega, Fitchburg WI) in 130 �…l TEAB (0.05 M 
Triethylammoniumbicarbonate in water). Then peptide solutions were spun down at 14000 g at 35°C 
for 15 min and acidified with 10 �…l of 5% TFA (trifluoroacetic acid). 100% ACN was added to a final 
concentration of 3% in the samples. Phospho-samples were split into reference samples (1:20 of final 
amount, used for peptidic clean-up) and enrichment samples (19:20 of final amount, used for phospho 
enrichment). 

 
Enrichment of phosphopeptides 
For phosphor-enrichment, digested samples were first lyophilized and resuspended in 200 �…l 

loading buffer  (1 M glycolic acid in 80% ACN, 5% TFA). Phosphopeptides were enriched using 
MagReSyn® Ti-IMAC magnetic beads (Resyn Biosciences). 20 �…l of beads were used per sample. 
Microspheres were washed once with 400 �…l of 70% EtOH at RT for 5 minutes, and reactivated using 
200 �…l of resuspension solution (1% NH4OH) for 10 minutes. Microspheres were then equilibrated 
twice with 200 �…l loading buffer for 1 min and then resuspended in 500 �…l 100% ACN per 20 �…l of beads. 
���� �d�Z���Œ�u�}�� �^���]���v�š�]�(�]���¡�� �<�]�v�P�&�]�•�Z���Œ�¡�� �Á���•�� �µ�•������ �(�}�Œ�� ���v�Œ�]���Z�u���v�š�� �}�(�� �‰�Z�}�•�‰�Z�}�� �‰���‰�š�]�����•�X�� �&�]�Œ�•�š�U�� �u�]���Œ�}���������•��
were loaded onto magnetic rods and washed with 500 �…l loading buffer. Then the samples were loaded 
and washed in 500 �…l loading buffer, in 500 �…l wash 2 buffer (80% ACN, 1% TFA) and in 500 �…l wash 3 
buffer (10% ACN, 0.2% TFA). Samples were then eluted in 200 �…l resuspension solution (1% NH4OH), 
lyophilized in a speedvac, and re-solubilized in 19 �…l 3% ACN / 0.1% FA (formic acid) prior to LC-MS/MS 
measurements. 1 �…l of synthetic peptides (Biognosys AG, Switzerland) were added to each sample for 
retention time calibration. 

 
Peptide clean-up 
For non phospho-samples, digests were cleaned-up using StageTip C18 silica columns (SP301, 

Thermo Scientific, Waltham MA). Columns were conditioned with 150 �…l methanol followed by 150 �…l 
of 60% ACN (acetonitrile) / 0.1% TFA. Columns were equilibrated with 2 x 150 �…l of 3% ACN / 0.1% TFA. 
Samples were loaded onto the columns. They were then washed with 2 x 150 �…l 3% ACN / 0.1% TFA 
and eluted with 150 �…l 60% ACN / 0.1% TFA. Samples were lyophilized in a speedvac then re-solubilized 
in 19 �…l 3% ACN / 0.1% FA (formic acid) prior to LC-MS/MS measurement. 1 �…l of synthetic peptides 



134 
 

(Biognosys AG, Switzerland) were added to each sample for retention time calibration. 
 
LC-MS/MS measurements 
Samples were measured on a QExactive (Thermo Fisher Scientific, Waltham MA, USA). Peptides 

were separated with an Eksigent NanoLC (AB Sciex, Washington, USA). We used a single-pump trapping 
75 �…m scale configuration (Waters). 1 �…l of each sample (4 �…l for phospho samples) were injected. 
Trapping was performed on a nanoEaseTM symmetry C18 column (pore size 100Å, particle size 5 �…m, 
inner diameter 180 �…m, length 20 mm). For separation a nanoEaseTM HSS C18 T3 column was used 
(pore size 100Å, particle size 1.8um, inner diameter 75 �…m, length 250 mm, heated to 50°C). Peptides 
were separated using a 120 min long linear solvent gradient of 5-35% ACN / 0.1% FA , or a 60 min long 
linear gradient for phospho peptides (both using a flowrate of 300 nl/min). Electronspray ionization 
with 2.6kV was used, and a DIA method with a MS1 in each cycle followed by 35 fixed 20 Da precursor 
isolation windows within a precursor range of 400-1100 m/z was applied. For MS1 we used a maximum 
injection time of 55 ms and an AGC target of 3e6 with a resolution of 30k in the range of 350-1500 m/z. 
MS2 spectra were acquired using a maximum injection time of 55 ms an AGC target of 1e6 with a 30k 
resolution  in the range of 140 �t (2 x the upper range of the precursor window) m/z. A collision energy 
of 28 was used for fragmentation.  

 
Peak picking and quantification of non-phospho samples 
We used SpectronautTM (Biognosys, version 10) with directDIA for peak picking and sequence 

assignment. We used a mus musculus reference proteome for C57BL/6J from uniprot (UP000000589) 
from the Ensembl GCA_000001635.8 assembly only including reviewed entries. We included a 
maximum of 2 missed cleavages, using a Tryptic in-silico digest with a KR/P cutting profile. Sequences 
in a range of 7-52 AA were considered. We included carbamidomethyl as fixed modification for 
cysteine, oxidation as variable modification for methionine and protein N-terminal acetylation as 
variable modification. A maximum of 5 variable modifications were considered. Single hit was 
determined on the stripped sequence level. Major grouping was done by protein group ID and minor 
grouping by stripped sequence. Only proteotypic peptide sequences were considered and single hit 
proteins excluded. For the minor and major group quantification the top 3 entries were used using the 
mean precursor/peptide quantity. A localized normalization strategy and interference correction were 
used. Machine learning was performed on a per run basis and iRT profiling was enabled. 

 
Peak picking and quantification of phospho samples 
For phospho samples we used following additions/modifications to the SpectronautTM searches. We 

further included phosphorylation of serine, threonine or tyrosine as variable modification, either as 
full group or following a neutral loss of 98. PTM localization was enabled with a probability cutoff of 
0.75 and quantification performed on the precursor level. We included both proteotypic and non-
proteotypic peptides. A global median normalization strategy was used. 

 
Statistical analysis of mass-spec results 
For non-phospho samples we used exported quantity values of proteins from Spectronaut. For 

statistical analysis  we used R version 3.6.2. We performed 2 group analyses (Homecage vs Swim) 
within subregions and regions. We used log2 transformed quantity values and performed an ANOVA 
analysis (using the aov() of function R) whilst correcting for block effects. PCA was performed on the 
expression matrix of all samples. For subregion vs region analysis we used a two-way ANOVA sub-
region * region while blocking within correcting for overall effects between animals. 

For phospho measurements quantity values were exported on the precursor level from 
Spectronaut. First, quantity values were aggregated on the modified peptide level using the mean of 
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�u�����•�µ�Œ������ �‰�Œ�����µ�Œ�•�}�Œ�•�X���t���� �š�Z���v�� �µ�•������ �š�Z���� �Z�� �‰�����l���P���� �^�����W�_���~�À���Œ�•�]�}�v���í�X�ò�X�í�•�� �(�}�Œ�����]�(�(���Œ���v�š�]���o�� ���v���o�Ç�•�]�•���}�(��
defined contrasts. For the missing value filter we used a threshold of 2 and for the imputation we used 
�š�Z�����^�D�]�v�W�Œ�}���_���u���š�Z�}�����Á�]�š�Z�������‹���A���ì�X�ì�í�X 

For multiple testing correction, the benjamini-hochberg false discovery rate (FDR) method was 
used. 

 
Transcriptomics and translatomics 
Whole tissue RNA extraction 
We used a block design for sample processing. Samples were split into multiple blocks, containing 

one replicate of each condition and region and processing order within blocks randomized. Samples 
�Á���Œ���� �Z�}�u�}�P���v�]�Ì������ ���š�� �ð�£���� �]�v�� ���� �š�]�•�•�µ���� �o�Ç�•���Œ�� ���������� �u�]�o�o�� �~�Y�]���P���v�U�� �'���Œ�u���v�Ç�•�� �(�}�Œ�� �î�� �u�]�v�� �]�v�� �ñ�ì�ì�� �…�>�� �d�Œ�]�Ì�}�o��
(Invitrogen 15596026), and RNA was extracted according to manufacturer's recommendations. RNA 
purity and quantity were determined with a UV/V spectrophotometer (Nanodrop 1000), while RNA 
integrity was assessed high sensitivity RNA screen tape on an Agilent Tape Station/Bioanalyzer, 
according to the manufacture�Œ�[�•���‰�Œ�}�š�}���}�o�X���d�Z�����Z�/�E���À���o�µ���•���}�(�����o���•���u�‰�o���•���Œ���v�P�������(�Œ�}�u���ô�X�ð���š�}���í�ì�X�ì�X���&�}�Œ��
library preparation, the TruSeq stranded RNA kit (Illumina Inc.) was used according to the 
�u���v�µ�(�����š�µ�Œ���Œ�[�•���‰�Œ�}�š�}���}�o�X�� 

 
RNA extraction from excitatory and inhibitory neurons with the TRAP method 
To isolate actively translated RNA from excitatory or inhibitory neurons in the HC, the TRAP protocol 

was followed as described in Heiman et al. (2014). The samples were homogenized with a 2 mL tissue 
grinder and a pestle (3432S90, Thomas Scientific), on a Rotor for homogenizers (LT-400D, Yamato) in 
tissue lysis buffer. Solutions and the affinity matrix were prepared as recommended, and optimal bead 
titers were determined for every tissue type according to affinity matrix titration performed 
previously. More specifically, for samples of both the dHC and vHC of CaMKIIa-nuTRAP mice, the 
���(�(�]�v�]�š�Ç�� �u���š�Œ�]�Æ���Á���•�� �‰�Œ���‰���Œ������ �µ�•�]�v�P�� �ó�ñ�� �…�>�� �}�(�� �^�š�Œ���‰�š���À�]���]�v�� �D�Ç�K�v���� �d�í�� ���Ç�v�����������•�� �~�ò�ñ�ò�ì�í�U�� �/�v�À�]�š�Œ�}�P���v�•�U��
while for the VIAAT-�������d�Z���W���u�]�������ó�ñ���…�>���Á���Œ�����µ�•�������(�}�Œ���š�Z�������,�������v�����í�ñ�ì���…L for the vHC. The appropriate 
volumes of biotinylated protein L and the GFP antibodies 19C8 and 19F7 were added and a final volume 
�}�(���î�ì�ì���…�>�����(�(�]�v�]�š�Ç���u���š�Œ�]�Æ���Á���•���������������š�}�����À���Œ�Ç���•���u�‰�o�����(�}�Œ���]�u�u�µ�v�}�‰�µ�Œ�]�(�]�����š�]�}�v�X 

After immunopurification we proceeded to RNA elution and purification with the RNeasy Plus Micro 
�<�]�š���~�ó�ð�ì�ï�ð�U���Y�]���P���v�•�X���d�Z�����Z�E�����Á���•���(�]�Œ�•�š�����]�•�•�}���]���š�������(�Œ�}�u���š�Z�����Œ�]���}�•�}�u���•�l���������•���Á�]�š�Z���ï�ñ�ì���…�o�����µ�(�(���Œ���Z�>�d��
�W�o�µ�•���(�Œ�}�u���š�Z�����l�]�š�U�����}�v�š���]�v�]�v�P���ð�ì���…�D�����]�š�Z�]�}�š�Z�Œ���]�š�}�o���~���d�d�U���Z�ì�ô�ò�í�U���d�Z���Œ�u�}���&�]�•�Z���Œ���^���]���v�š�]�(�]���•�U�����v�����‰�µ�Œ�]�(�]������
acco�Œ���]�v�P�� �š�}�� �š�Z���� �u���v�µ�(�����š�µ�Œ���Œ�[�•�� �]�v�•�š�Œ�µ���š�]�}�v�•�X�� �Z�E���� ���}�v�����v�š�Œ���š�]�}�v�� �Á���•�� ���•�š�]�u���š������ �Á�]�š�Z�� ���]�š�Z���Œ�� �š�Z����
RiboGreen fluorescence assay (R11491, Thermo Fisher Scientific) and a NanoDrop 3300 microvolume 
fluorospectrometer, or with the Quantifluor RNA System (E3310, Promega) and a DS-11 Series 
Spectrophotometer / Fluorometer (DeNovix). The integrity of the RNA was assessed using the RNA 
6000 Pico Kit (5067-1513, Agilent Technologies) on a 2100 Bioanalyzer (Agilent Technologies Inc., CA) 
and all RIN values were between 8.2 and 10.0. Conversion to cDNA and generation of libraries were 
performed with the Smart-seq2 protocol (Picelli et al., 2014).  

 
NGS and data analysis 
Library preparation and sequencing was performed at the Functional Genomics Center Zurich (FGCZ) 

core facility. For library preparation, the TruSeq stranded RNA kit (Illumina Inc.) was used according to 
�š�Z�����u���v�µ�(�����š�µ�Œ���Œ�[�•���‰�Œ�}�š�}���}�o�X���d�Z�����u�Z�E�����Á���•���‰�µ�Œ�]�(�]���������Ç���‰�}�o�Ç�����•���o�����š�]�}�v�U�����Z���u�]�����o�o�Ç���(�Œ���P�u���v�š���������v����
transcribed into cDNA before adapter ligation. Single-end sequencing (100 nt) was performed with 
Illumina Novaseq. Samples within experiments were each run on one or multiple lanes and 
demultiplexed. A sequencing depth of ~20M reads per sample was used. Adapters were trimmed using 
cutadapt (Martin 2011) with a maximum error rate of 0.05 and a minimum length of 15. Kallisto (Bray 
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et al., 2016) was used for pseudoalignment of reads on the transcriptome level using the 
genecode.vM17 assembly with 30 bootstrap samples and an estimated fragment length of 200 ± 20. 
For differential gene expression analysis we aggregated reads of protein-coding transcripts and used 
�Z���~�À�X���ï�X�ò�X�î�•���Á�]�š�Z���š�Z�����‰�����l���P�����^�����P���Z�_���~�À���ï�X�î�ò�X�ô�•���(�}�Œ�����v���o�Ç�•�]�•�X�������(�]�o�š���Œ���Á���•���µ�•�������Á�Z���Œ�����}�v�o�Ç���P���v���•���Á�]�š�Z��
>10 counts in at least 60% of one group were kept for differential gene expression analysis. EdgeR was 
then used to calculate the normalization factors (TMM method) and estimate the dispersion (by 
weighted likelihood empirical Bayes). For two group comparisons a genewise exact test was used, 
while for more complex designs we used a generalized linear model with empirical Bayes quasi-
likelihood F-tests. For multiple testing correction, the benjamini-hochberg FDR method was used. 
 

Tissue processing and immunohistochemistry 
In order to confirm the localization of fluorescent tags in excitatory neurons in the CaMKIIa-nuTRAp 

and in inhibitory neurons in the VIAAT-bacTRAP mice, we performed immunohistochemistry as 
previously described (Zerbi et al., 2019). More specifically, the mice were first deeply anesthetized with 
pentobarbital (150 mg/kg, i.p.) and perfused intracardially through the left ventricle for 2 minutes, 
with approximately 20 mL of artificial cerebrospinal fluid (ACSF) or ice-cold PBS pH 7.4. Then the brain 
was dissected, blocked and fixed for 1.5-3 hr in ice-cold paraformaldehyde solution (4% PFA in PBS, pH 
7.4). The tissue was cryo-protected, frozen in tissue mounting medium (Tissue-Tek O.C.T Compound, 
�^���l�µ�Œ�����&�]�v���š���l�����µ�Œ�}�‰�������X�s�X�U���E���š�Z���Œ�o���v���•�•�U�����v�����•�����š�]�}�v���������}�Œ�}�v���o�o�Ç���]�v�š�}���ð�ì���…�u���š�Z�]���l���•�����š�]�}�v�•�X�� 

For anti-GFP and anti-mCherry staining, the brain sections were incubated in primary antibody 
solution containing 0.2% Triton X-100, and 2% normal goat serum in PBS, at 4°C under continuous 
agitation, overnight. After 3 washes with PBS the sections were transferred in secondary antibody 
solution with 2% normal goat serum in PBS. Then the sections were washed again in PBS, mounted 
onto glass slides (Menzel-Gläser SUPERFROST PLUS, Thermo Scientific), air-dried and coverslipped with 
Dako fluorescence mounting medium (Agilent Technologies). For anti-GFP and anti-GAD65/67, an 
additional step of antigen retrieval and one blocking step preceded the primary antibody incubation. 
���µ�Œ�]�v�P�� ���v�š�]�P���v�� �Œ���š�Œ�]���À���o�U�� �š�Z���� �•�����š�]�}�v�•�� �Á���Œ���� �•�µ���u���Œ�P������ �]�v�� �ñ�ì�ì�� �…�>�l�Á���o�o�� ���]�š�Œ���š���� ���µ�(�(���Œ�� �í�ì�� �u�D�U�� �‰�,�� �ò�U��
containing 0.05% Tween20 and remained there for 20 minutes, under soft agitation (30 rpm). Then 
�š�Z���� �•�����š�]�}�v�•�� �Á���Œ���� �Œ�]�v�•������ �Á�]�š�Z�� �W���^�� ���v���� �]�v���µ�����š������ �]�v�� �ñ�ì�ì�� �…�>�l�Á���o�o�� ���o�}���l�]�v�P�� �•�}�o�µ�š�]�}�v�� �~�ñ�9��normal goat 
serum, 0.3% TritonX-100 in PBS), under soft agitation, at room temperature for 60min. The primary 
antibody solution contained 0.3% Triton X-100, and 5% normal goat serum, and the secondary 
antibody solution contained 0.05% Triton X-100, and 5% normal goat serum in PBS. 

Primary antibodies used: chicken anti-GFP (ab13970, Abcam, 1:1000), chicken anti-GFP (GFP-1020, 
Aves, 1:5000), rabbit anti-mCherry (ab167453, Abcam, 1:1000), rabbit anti-GAD65/67 (AB1511, 
Millipore, 1:500). Secondary antibodies used: goat anti-chicken Alexa Fluor 488 (A-11039), Thermo 
Fischer Scientific, 1:1000), goat anti-rabbit Alexa 546 (A11035, Thermo Fisher Scientific, 1:300), and 
Nissl stain (N21483, NeuroTrace 640/660 Nissl stain, Thermo Fischer Scientific, 1:300). Microscopy 
images were acquired in a confocal laser-scanning microscope (CLSM 880, Carl Zeiss AG, Germany), 
maintaining a pinhole aperture of 1.0 Airy Unit and image size 1024x1024 pixels. Images were acquired 
using a Z stack with a 20x objective and pixel size 0.59 mm.  

 
Western blot 
Tissue was mec�Z���v�]�����o�o�Ç���Z�}�u�}�P���v�]�Ì�������]�v���î�ì�ì���…�o���d���������o�Ç�•�]�•�����µ�(�(���Œ�����v�����•�}�v�]�����š�������(�}�Œ���î���u�]�v�µ�š���•�����š��

maximum intensity. Following centrifugation at 16000 x g at 4°C for 30 minutes, the recovered 
supernatant was collected and the protein concentration was determined using the Qubit Protein 
Assay Kit (Q33211, Thermo Fischer Scientific). Proteins were denatured by boiling at 95°C in SDS-
�o�}�����]�v�P�����µ�(�(���Œ�����}�v�š���]�v�]�v�P���í�ì�9���u���Œ�����‰�š�}���š�Z���v�}�o�U���(�}�Œ���ñ���u�]�v�X���î�ì���…�P���}�(���šotal protein/sample were loaded 
in each well of a 10% PAGE gel and transferred onto a nitrocellulose membrane in a Trans-Blot Turbo 
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system (Bio-Rad). Membranes were blocked in a 5% non-fat milk solution in 0.1% Tween20 (TBS-T), for 
1 hour at room temperature (RT) and incubated with in primary antibody solution overnight at 4°C, or 
for 2 hours at room temperature. Subsequently, membranes were washed 3 times in TBS-T, incubated 
in secondary antibody solution at room temperature for 1 hour, washed again 3 times in TBS-T and 
visualized in a ChemiDoc Imaging System (Bio-Rad). Antibodies were diluted in antibody solution 
containing 1% non-fat milk in TBS-T. Primary antibodies used are the anti-pS553-Syn1 rabbit 
monoclonal (ab32532, Abcam, 1:10000) and anti-GAPDH rabbit polyclonal (ABS16, Millipore, 1:1000). 
The primary antibodies were targeted with the secondary antibody goat anti-rabbit IRDye800CW (926-
32211, LI-COR Biosciences GmbH, 1:10000). 

 
RT-PCR 
Real-Time polymerase chain reaction (RT-PCR) was performed using SYBR green (4887352001, 

Roche) on a Real-Time PCR Detection System (Bio-Rad). As described before (Roszkowski et al., 2016), 
the cycling protocol was: 5 minutes at 95°C, then 45 cycles each including a step of denaturation (10 s 
at 95°C), a step of annealing (10 s at 60°C), and a step of elongation (10 s at 72°C). Primers were 
designed with Quantprime (Advisson et al., 2008) and tested for quality and specificity by melt-curve 
analysis and gel electrophoresis. The following forward (FP) and reverse (RP) primer sequences were 
as follows: 

Gad1   FP: GGTCCTCTTCACCTCAGAACACAG, RP: TTGTCGGTTCCAAAGCCAAGCG 
Slc6a1   FP:  GGTGTTGGTTGGACTGGAAAGGTG, RP: AAGCGTCACTCCACGGAAGAAC 
Gfap   FP: TGGCCACCAGTAACATGCAAGAG, RP: CGTCTGTGAGGTCTGCAAACTTAG 
Adora1   FP: TGGCTCTGCTTGCTATTGCTGTG, RP: TGAGTCACCACTGTCTTGTACC 
Neuro6d   FP: ATCTGCGCAGCCAATCTCTCAC, RP: TGCCAATTACGCAGCCCACAAG  
Nrn1   FP: TGATCCTCGCGGTGCAAATAGC, RP: AAGCCCTTAAAGACTGCATCACAC 
Slc7a7   FP: GTCCATGGTCAACAACAGCACAAC, RP: AGTTGAACTGGGCTTTCTGCAC 
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4.6. Supplementary Figure 

 

 

 

 

  

Supplementary Figure 1: Changes in peptide intensity of non phospho-enriched samples 6 minutes after 
FST. Both in dHC and vHC no significant changes are observed in non-enriched reference samples (N = 4 X 4) 
after multiple testing correction, indicating no stress induced change of total protein expression. 
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5. DISCUSSION 
The stress response unfolds through a compendium of hormones and neurotransmitters that act 

at different time scales and have spatial niches (Joëls and Baram 2009). The actions of these stress-
mediators in the brain depend not only on their release site, ability to pass the blood brain barrier and 
metabolic rate, but also on the expression and properties of their receptors. In the brain, these stress-
mediators can affect connectivity between regions, as well as cellular function. For this thesis, we 
investigated the acute stress response using two different approaches. First, we chemogenetically 
activated one of the primary mediators of the stress response �t the locus coeruleus (LC) �t, and 
investigated the effects of this manipulation on functional brain connectivity. Second, we characterized 
the molecular effects of acute stress on the mouse hippocampus (HC). Our ultimate goal was to 
advance our understanding of the acute physiological stress response that the brain has to orchestrate, 
in order to ensure the survival of the organism. 

5.1. Rapid reconfiguration of network connectivity induced by activation of the LC 

Although the brain is composed of a finite set of anatomical structures and connections, it exhibits 
a limitless number of diverse functions, afforded by its dynamic functional connectivity (FC) (Park and 
Friston 2013). In fact, in the past decade it became clear that the brain is organized in large-scale 
�v���µ�Œ�}���}�P�v�]�š�]�À�����v���š�Á�}�Œ�l�•�����À���v���Á�Z���v���^���š���Œ���•�š�_�U�����v�����š�Z���š���š�Z���•�����v���š�Á�}�Œ�l�•�����}�u�‰���š�����(�}�Œ���o�]�u�]�š�������Œ���•�}�µ�Œ�����• 
(Smith et al., 2009; Laird et al., 2011; Fox et al., 2009; Hermans et al., 2014). The strength of these 
resting state networks (RSNs) is determined by the degree to which the activity of their individual 
components �t as measured by BOLD signal �t  are in synchrony (Rosazza and Minati 2011).  

Acute stress has been shown to alter brain connectivity (van Oort et al., 2017), and studies in 
humans have attributed these effects to NE (van Marle et al., 2010; Hermans et al., 2011). More 
specifically, viewing aversive movie clips increased connectivity within the salience network including 
the amygdala (van Marle et al., 2010; Hermans et al., 2011), and decreased activity in the dorsolateral 
prefrontal cortex (dlPFC), a center of the executive control network (Qin et al., 2009). Since the 
involvement of LC cannot be proven experimentally in humans, we used a chemo-connectomics 
approach to investigate whether LC activation alone can induce such effects on FC in mice. Along with 
physiological and behavioral effects indicative of increased anxiety (Chapter 2, Figure 1), LC activation 
led to a rapid increase in brain-wide FC (Chapter 2, Figure 2), predominantly enhancing the salience 
and amygdala networks (Chapter 2, Figure 5). HPLC analysis confirmed the release of high levels of NE, 
as indicated by high NE turnover (Chapter 2, Figure 6). Interestingly, the effects on FC in our experiment 
���}�Œ�Œ���o���š�������Á�]�š�Z���š�Z�������]�•�š�Œ�]���µ�š�]�}�v���}�(���š�Z�����u�Z�E�������v���}���]�v�P���(�}�Œ���r1- ���v�����t1-ARs (Chapter 2, Figure 4). These 
receptors have lower affinity for NE, hence they are activated only by high NE levels, and both have 
been shown to impair PFC-dependent working memory (Arnsten et al., 1999; Arnsten 2000; Ramos et 
al., 2005).  

Working memory, together with planning and decision making, is facilitated by the executive 
control network which is driven by voluntary, endogenous attention. In contrast, the salience network 
is thought to process information related to salient stimuli and involve involuntary and reflexive 
attention, also known as exogenous attention (Hermans et al., 2014). The connectivity of these two 
networks seems to be dissociable (Seeley et al., 2007; Hermans et al., 2014), suggesting that boosting 
the salience network, might induce distractibility and impair higher-order cognitive functioning. The 
�����]�o�]�š�Ç���š�}���Œ���‰�]���o�Ç���Z���]�P�Z�š���v���}�v���[�•���•���v�•���•�U���]�v���Œ�����•�����(�����Œ�(�µ�o�����Œousal and promote fast, instinctual actions 
at the expense of high-order cognitive performance might have provided an evolutionary advantage 
for survival (Arnsten 1998; Hermans et al., 2011). 

Interestingly, administration of hydrocortisone had the opposite effects from LC activation, but the 
effects were observed only 1 to 4 hours after its administration. More specifically, hydrocortisone 
reduced amygdala responsivity to happy or fearful faces (Henckens et al., 2010) and enhanced PFC-
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dependent working memory during a numerical n-back test (Henckens et al., 2011). The time course 
of these effects aligns well with the delayed entry of glucocorticoids in the brain, and their slow 
genomic effects that are dependent on gene expression. Therefore, glucocorticoids might be 
�‰���Œ�š�]���µ�o���Œ�o�Ç�� �]�u�‰�}�Œ�š���v�š�� �(�}�Œ�� �^�•�Z�µ�š�š�]�v�P�� ���}�Á�v�_�� �š�Z���� ���u�Ç�P�����o���� ���v���� ���v�Z���v���]�v�P�� �W�&���� ���}�v�v�����š�]�À�]�š�Ç�U�� �š�Z�µ�•��
allowing the recovery and termination of the stress response (Hermans et al., 2014). The HC, with its 
strong reciprocal connections with both the PFC and the amygdala, and its high expression of GRs, 
might play a key role in this process.  

Although the network reconfiguration that is observed both in human subjects presented with 
aversive stimuli, and in anesthetized mice upon LC activation, seems to be part of a healthy stress 
response promoting vigilance and survival, it involves the very same brain regions that are 
dysregulated in pathologies such as PTSD (Fitzerald et al., 2018). Importantly, PTSD patients present 
heterogeneous symptoms, and it was hypothesized that there are two different subtypes of response 
to trauma, one representing a hyperarousal and the other a dissociative state (Bremner 1999). This 
hypothesis is further supported by neuroimaging findings indicating that distinct patterns of neuronal 
activation and FC could underlie the wide symptoms of stress-related psychopathology (Lanius et al., 
2006). Additionally to this wide variety of symptoms characterizing most psychiatric disorders, the 
limited repertoire of therapeutic agents and poor disease animal models render the treatment of such 
disorders particularly challenging, in spite of the exponential increase of knowledge in the field of 
neuroscience (Papassotiropoulos and de Quervain 2015). Our characterization of the FC changes after 
specific activation of LC might help stratify patients of various LC-related pathologies, and provide 
more personalized and optimal therapeutic approaches, that do not necessarily need to involve 
pharmacological agents. For example, a recent study showed that the engagement in dlPFC-dependent 
cognitive tasks when subjects were presented with either neutral or fearful stimuli reduced amygdala 
activity and perceived phobia-related fear (Loos et al., 2020). 

While the rapid reconfiguration of large-scale networks in response to LC stimulation is consistent 
with a "global broadcast" signal through which the LC affects global brain function (Valentino and Van 
Bockstaele 2008), these findings are at odds with recent evidence for a modular organization of the LC 
(Chandler et al., 2019). Specifically, it was shown that LC projections are heterogeneously organized 
across the cortex (Chandler et al., 2014), and that LC ensembles exert specific effects on memory 
formation or memory extinction through specialized projections (Uematsu et al., 2017). In fact, 
evidence for an ensemble organization that likely facilitates targeted release of NE has been recently 
reported (Totah et al., 2018). One way to reconcile these findings is the suggestion that global release 
of NE for controlling whole brain states could occur when the LC receives multiple inputs that activate 
many ensembles, increasing the synchrony of LC neuronal firing (Total et al., 2019). It is remarkable 
that even in the case of global NE release, the LC effects seem to diverge in different brain regions or 
���À���v�� �Á�]�š�Z�]�v�� �•�u���o�o�� �^�Z�}�š�•�‰�}�š�•�_�� �}�(�� ���� ���Œ���]�v�� ���Œ�����U�� �š�}�� �}�‰�š�]�u�]�Ì���� �•�‰�����]�(�]���� �š���•�l�� �‰���Œ�(�}�Œ�u���v���� (Mather et al., 
2016). This could probably be explained by the differential distribution and affinity of ARs (Arnsten 
2000).  

5.2. The dHC and vHC are inherently different  

Different functions for the dHC and vHC have been suggested as early as 55 year ago, when lesions 
of the dHC and vHC exhibited different cognitive and behavioral outcomes in rats (Hughes 1965; Nadel 
1968). For example, although both dorsal and ventral lesions caused hyperactivity in novel contexts, 
ventral but not dorsal lesions affected habituation and exploratory behavior. Since then, differences 
in the biology of these two regions have been reported on many levels. We first investigated how 
different the dHC and vHC are in the level of the whole transcriptome (Chapter 3, Figure 1). We found 
that more than 20% of all detected genes are differentially expressed, highlighting that the dHC and 
vHC are transcriptionally profoundly different. These results are consistent with previous reports 
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showing high transcriptional heterogeneity along the dorsoventral axis of the HC (Cembrowski et al., 
2016; Shah et al., 2016; Thompson et al., 2008). We extended these analyses to show the first 
proteomic characterization of dHC and vHC. Again, from the proteins detected, more than 20% were 
differentially expressed between the two regions, further corroborating the profound differences 
between both structures. 

Based on our gene expression data, the predicted protein interaction networks and pathway 
analysis revealed groups of genes with different functions enriched in each region. Some examples are 
enrichment for genes involved in the glutamatergic synapse, LTP and cytoskeleton in the dHC, and in 
the serotonergic synapse, GABAergic synapse and ion transport in the vHC (Chapter 3, Figure 1B, S1, 
S2). This enrichment in elements of the GABAergic system in the vHC versus glutamatergic system in 
the dHC is consistent with a previous report of higher numbers of inhibitory neurons in the vHC (Jinno 
and Kosaka 2006).  

These differences in molecular composition could be the underpinnings of the distinct 
morphological and electrophysiological properties that pyramidal, granule and mossy cells exhibit 
along the dorsoventral axis (Vuksic et al., 2008; Fujise and Kosaka 1999; Soltesz and Losonczy 2018), 
for example in regards to their dendritic tree and spines. One emerging question is whether this 
molecular heterogeneity is the result of a differential composition in neuronal subtypes, or of a graded 
continuum within the same cell types. Interestingly, single-cell sequencing studies suggest that the 
molecular heterogeneity observed in the CA1 pyramidal and GABAergic cells is established in a 
continuous gradient rather than in discrete subtypes (Cembrowski et al., 2016; Harris et al., 2018; 
Cembrowski and Spruston 2019). Although it is unclear how this heterogeneity emerges and to what 
degree it has a developmental origin, it seems to coincide with the heterogeneity in anatomical 
features and connectivity patterns seen along the longitudinal axis (Strange et al., 2014). Altogether, 
these segregated properties of excitatory and inhibitory neurons could give rise to a multiple, parallel 
subcircuits organization, thereby determining the diverse functions exerted by the HC (Soltesz and 
Losonczy 2018).  

 

5.3. A series of molecular events in response to stress 

5.3.1. Protein phosphorylation and intracellular cascades induced by acute stress 
The brain is the organ that first recognizes a situation as threatening or dangerous, and orchestrates 

�����Œ���•�‰�}�v�•���X���d�Z�����•�š�Œ���•�•���Œ���•�‰�}�v�•�����u�}���]�o�]�Ì���•���š�Z�����}�Œ�P���v�]�•�u�[�•�����v���Œ�P�Ç�����v�����Œ���•�}�µ�Œ�����•�����v���������i�µ�•�š�•���]�š�•�������Z���À�]�}�Œ�U��
thus enabling coping and promoting survival. This response is facilitated by numerous stress-mediators 
that act in concert, and have diverse effects across the specialized brain regions and cell types in the 
���Œ���]�v���~�:�}�#�o�•�����v���������Œ���u���î�ì�ì�õ�•�X�����v�Ç�������o�o�µ�o���Œ���Œ���•�‰�}�v�•�����š�}���•�š�]�u�µ�o�]�������P�]�v�•���Á�]�š�Z���š�Z���������o�o�[�•���•���v�•�}�Œ�•�U���‰�o���•�u����
membrane receptors, reacting to the binding of their cognate ligands. Thus, the cellular response to 
stress begins with the cell sensing signals from various brain regions and stress-mediators. The 
membrane receptors then transduce the signals to the intracellular compartment by a process that 
often involves a conformational change of the receptors and a variety of protein-protein interactions 
and post-translational modifications (PTMs). The most common PTM is protein phosphorylation 
(Greengard et al. 1993). Although changes in the phosphorylation of individual proteins in response to 
acute stress have been reported in several  cases (Okamura et al., 2019; Musazzi et al., 2017a; Revest 
et al., 2010), we investigated the stress-induced phosphorylation changes at the level of the whole 
proteome for the first time, using LC-MS/MS. We decided to use 6 minutes swim stress in cold water, 
a strong but short-lasting stressor that resulted in increased anxiety 45 minutes after stress, but not in 
any later time pointed tested (Chapter 4, Figure 1).  

Our data illustrated a rapid surge of phosphorylated peptides in the dHC and vHC, immediately after 
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exposure to a 6 minutes swim stress (Chapter 4, Figure 2). This increase in phosphorylated peptides 
was indicative of the activation of fast signaling cascades, and disappeared within 30 minutes. Our 
pathway analysis showed that many of the proteins with increased phosphorylation were involved in 
glutamatergic and calcium signaling (Chapter 4, Figure 2F). Extracellular levels of excitatory amino acids 
such as glutamate and aspartate have been shown to increase in the HC as early as 20 minutes after 
the initiation of acute restraint stress with microdialysis, however earlier time points were not 
evaluated in this study (Moghaddam 1993). Even though there is evidence suggesting that the stress-
induced depolarization and increase in glutamate release is mediated by glucocorticoids (Lowy et al., 
1993; Karst et al., 2005; Popoli et al., 2012), antidepressants that dampened glutamate release did not 
affect CORT levels (Musazzi et al., 2010). In our data, proteins of the postsynaptic density of the 
glutamatergic synapse such as GRIN1 (Glutamate receptor ionotropic, NMDA 1), SHANK1-3 (SH3 and 
multiple ankyrin repeat domains protein 1-3) and SYNGAP1 (Ras/Rap GTPase-activating protein 
SynGAP1) were differentially phosphorylated immediately after swim stress, suggesting that 
glutamate release has already taken place in the first 6 minutes after the initiation of stress. Since CORT 
levels barely start elevating in the HC at 15 minutes after the initiation of swim stress and peak only at 
45 minutes (Droste et al., 2008), it is unlikely that CORT mediates the observed effects on the 
glutamatergic synapse and calcium signaling, at least at this early time point.  

Glutamate release and neuronal depolarization elevates intracellular calcium levels and increases 
excitability (Clapham 2007). We also detected a few proteins related to GABAergic inhibitory 
neurotransmission that showed increased phosphorylation immediately after swim stress, such as 
Shisa7, GAD67 (Glutamate decarboxylase 1) and GABAA�t�ï���~�'���u�u��-aminobutyric acid type A receptor 
subunit beta-3), but it is not clear whether these phosphorylations would facilitate or hinder GABAergic 
neurotransmission. For example, phosphorylation of the human GAD67 has been shown to decrease 
�š�Z�������v�Ì�Ç�u���[�•�������š�]�À�]�š�Ç���~�t���]�����š�����o�X�U���î�ì�ì�ð�•�X���/�v���P���v���Œ���o�U���š�Z�����'���������Œ�P�]�����•�Ç�•�š���u���•�Z�}�Á�•���Œ���u���Œ�l�����o�����‰�o���•�š�]���]�š�Ç��
after stress exposure, but the outcome of these effects in regards to GABAergic neurotransmission are 
complex, depend on the nature of the stressor, and vary between different brain regions (Maguire 
2014). Nevertheless, imbalance of excitation/inhibition and excessive glutamate release and calcium 
influx can induce excitotoxicity (Randall and Thayer 1992; Jeong et al., 2017). Stress has been shown 
to increase neuronal excitability and susceptibility to seizures, particularly through stress-mediators 
acting in the HC (Gunn and Baram 2017), however there is also evidence supporting that acute stress 
has anticonvulsant effects (Maguire 2014). 

Among others, calcium signaling modulates the MAPK/ERK pathway (Agell et al., 2002), which has 
been associated with acute stress in several studies. MAPK/ERK effectors such as the 
calcium/calmodulin-dependent protein kinase (CaMKII) (Ahmed et al., 2006) and Synapsin 1 (Revest et 
al., 2010) have been shown to be phosphorylated after acute stress, and were also found to have 
increased phosphorylation in our dataset. Another well-established effect of acute stress is the loss of 
dendritic complexity in the HC, including reduction in arborization and length of dendrites, and 
reduction of the number of dendritic spines and synapses (Musazzi et al., 2017b; Chen et al., 2008; 
Maras et al., 2014). Interestingly, the majority of phosphorylated proteins in our analysis represent GO 
terms related to dendritic development and cytoskeleton reorganization, indicating that the processes 
leading to changes in the morphology of the dendritic tree start very early on.    

Overall, our phosphoproteome interrogation points towards an elevation of neuronal activation 
and excitability after swim stress. A high number of phosphorylated proteins represent elements of 
glutamatergic neurotransmission, a few are related to GABAergic signaling, and to reorganization of 
the cytoskeleton that possibly leads to morphological changes at later time points. In addition, it 
suggests that many of the effects of acute stress reported in the literature begin much earlier than 
initially thought, and might be driven by neurotransmitters that are released and act rapidly in the 
brain, rather than on adrenal steroids. Finally, all phosphorylation changes disappeared already at 30 
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minutes after the initiation of stress, highlighting that the activation of signaling cascades relying on 
protein phosphorylation starts immediately and is tightly regulated. Even though we did not detect 
any changes at 45 minutes after the initiation of stress either, we cannot exclude a second wave of 
protein phosphorylations or other PTMs occuring at a later time point. In support of this, acute stress-
induced protein phosphorylation lasting for up to 24 hours has been reported for Synapsin 1 (Musazzi 
et al., 2017a).  

5.3.2. Regulation of gene expression by acute stress 
Ultimately, intracellular cascades transduce signals to the nucleus, thus regulating gene expression. 

Since different stressors elicit distinct patterns of neuronal activation across the brain (Pacak and 
Palkovits 2001), we first investigated the transcriptional changes induced by novelty, restraint and 
swim stress, in the dHC and vHC using NGS (Chapter 3, Figure 2). Although some genes showed similar 
responses to all stressors, there were also stressor-specific genes, with swim stress eliciting overall the 
strongest response. To investigate how gene expression changes evolve over time, we performed NGS 
at 5 time points after the initiation of swim stress (Chapter 4, Figure 3). We detected robust changes 
in gene expression at earlier time points (45, 90, 120 minutes after the initiation of stress), which 
started fading away at 3 hours, and completely disappeared at 4 hours after stress. Although at 45 
minutes upregulated genes were mainly involved in the regulation of transcription, genes upregulated 
at 90 minutes were also involved in metabolic processes. Similarly to the phosphoproteomics data, 
one of the pathways represented by many gene candidates was the MAPK/ERK pathway. 

Despite the large number of changes observed in the transcriptional level, there is no proof that 
any of these changes will affect the levels of the corresponding proteins. In fact, there is evidence 
suggesting that the abundance of proteins is determined mainly at the translational level 
(Schwanhäusser et al., 2011). Indeed, in spite of the large number of genes with differential expression 
on the whole tissue transcriptome level, we only detected few changes in the actively translated mRNA 
45 minutes after the initiation of stress in excitatory and inhibitory neurons of the dHC and vHC 
(Chapter 4, Figure 4). 

There are at least 3 possible explanations for this phenomenon. (1) We might assess translational 
changes too early. At 45 minutes most differentially expressed mRNA transcripts might not have been 
processed, or might not have reached the level of translation yet. In this case, we would expect to find 
many more differentially translated genes at a later time point. We have preliminary data to suggest 
that at 90 min after swim stress, there is no dramatic increase in translational changes, suggesting that 
timing might not be the main reason why we detect relatively few changes on the translatome level. 
(2) Transcriptional changes might not affect the levels of the corresponding proteins, due to active 
translational suppression, an effect that has been well characterized in the eukaryotic cellular stress 
response (Pakos-Zebrucka et al. 2016). This global translational inhibition is a result of the 
�‰�Z�}�•�‰�Z�}�Œ�Ç�o���š�]�}�v���}�(�����/�&�î�r���~���µ�l���Œ�Ç�}�š�]�����š�Œ���v�•�o���š�]�}�v���]�v�]�š�]���š�]�}�v���(�����š�}�Œ���î�����o�‰�Z���•�U���}�v�����}�(���š�Z�����(�����š�}�Œ�•���}�(���š�Z�������/�&��
complex that is essential for the initiation of translation. Although it is currently unclear how the 
cellular stress response relates to the effects of psychophysical stressors such as swim stress, it is 
noteworthy that immediately after swim stress, we detect phosphorylation changes in several eIFs. 
One of these proteins is eIF4g1, which has been shown to be phosphorylated in mammalian cells after 
stress (Ling et al., 2005). In that study, phosphorylation of eIF4g1 decreased the interaction with other 
factors of the eIF complex and inhibited translation. Thus, the number of changes we detect in the 
translatome of neurons could be due to active translational suppression. Nonetheless, if this 
hypothesis is correct then the question arises, why would neurons regulate transcription in response 
to acute stress, but not translation. One possible explanation is that when confronted with acute 
environmental changes, increasing transcription to generate a large pool of different mRNA transcripts 
is the optimal default response for promoting survival in many possible following scenarios. 
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Furthermore, optimally tuned protein synthesis seems to be crucial for the survival of cells, since 
translation is energetically very expensive (Li et al., 2014). (3) We might have not been searching in the 
right cell type. The low number of changes detected in the translatome of excitatory and inhibitory 
neurons could be an indication that the majority of the transcriptional changes we detected in whole 
tissue RNA does not take place in neurons, but in other abundant brain cell types, like astrocytes. This 
possibility is supported by increasing evidence implicating astrocytes in the stress response (Murphy-
Royal et al., 2019). Although there is no transcriptome wide analysis specifically in astrocytes after 
acute stress to date, acute CORT administration has been shown to regulate astrocyte-enriched genes 
in the HC and the PFC (Carter et al., 2013). In conclusion, several explanations could account for the 
discrepancy between the number of changes detected in the whole tissue transcriptome and the 
neuronal translatome of the HC, questions which we are currently addressing in follow-up experiments.  

Despite the low number of molecular changes on the translational level, it is plausible to assume 
that structural changes taking place in hippocampal neurons upon acute stress (Maras et al., 2014) 
would require changes in protein turnover and in the abundance of specific proteins. To address 
whether there are any effects on the protein level, we analyzed the whole proteome of the dHC and 
vHC 24 hours after stress (Chapter 3, Figure 3), as well as the proteome of CA1, CA3 and DG in dHC and 
vHC, 4 hours after stress (Chapter 4, Figure 5). In both cases, we were not able to detect clear stress-
induced effects. Although this is in agreement with the minor changes we observed in the translatome 
of neurons, the question remains, how stress induces morphological changes without affecting protein 
abundance. One possible explanation might have to do with technical challenges inherit in proteomic 
analyses. Compared to transcriptomics, which reliably samples the entire pool of transcripts, 
proteomics only detects a few thousand proteins, and it is known that certain nuclear or membrane-
bound proteins are difficult to detect. Therefore, we might simply miss some of the relevant changes 
on the proteome level, due to technical limitations. Another, not mutually exclusive possibility, is that 
it is not the abundance of proteins that matters, but rather their localization within the cell, their 
interactions with other proteins or their activity levels. Such changes could be driven in part by PTMs 
other than phosphorylation. 

5.3.3. Distinct effects of stress on the dHC and vHC 
The dHC and vHC are inherently different structures and there is evidence that their response to 

stress is also divergent. For example, after acute stress long-term potentiation (LTP) is impaired in the 
dHC but not in the vHC, where it is enhanced (Maggio and Segal 2007), and corticosteroids 
differentially modulate GABAergic inhibition in dHC and vHC (Maggio and Segal 2009). These 
dissociable effects have been proposed to strengthen the synaptic connectivity of the vHC to the 
amygdala during stress, while suppressing the output from the dHC toward the neocortex (Segal et al., 
2010). Therefore, we reasoned that the transcriptional response to stress between the dHC and vHC 
might also have distinct characteristics. Indeed, when we analyzed the transcriptome of the dHC and 
the vHC 45 minutes after the initiation of various stressors, we detected a larger number of 
differentially expressed genes in the vHC (Chapter 3, Figure 2). However, the differentially expressed 
genes of the dHC and vHC correlated well at all early time points after swim stress (Chapter 4, Figure 
3D), and the same was true for the differentially phosphorylated peptides (Chapter 4, Figure 2D).  

Still, a few differences could be detected in the response of the two regions. First, there were a few 
clusters of genes with distinct temporal transcriptional profiles for the dHC and vHC (Chapter 4, Figure 
3F). Second, when we integrated our gene expression data for the 45 minutes time point into protein-
protein interaction networks, we found larger interaction networks for the vHC, and we identified an 
epigenetic cluster specific for vHC. Knocking down the hub of this epigenetic cluster, Kdm6b, in the 
mouse vHC, induced hyperresponsiveness to novel stimuli and epileptic seizures, suggesting that the 
epigenetic actions of this gene could have a protective, adaptive effect during acute stress (Chapter 3, 



148 
 

Figure 4). This is in line with the notion that the stress response is a finely tuned sequence of events 
intended to enable the organism to meet the energetic demands of a stress challenge. Finally, we 
identified distinct translatomic profiles in excitatory and inhibitory neurons of the dHC and vHC 45 
minutes after swim stress, with the differentially expressed genes of the vHC inhibitory neurons 
exhibiting higher fold change responses (Chapter 4, Figure 4G). In conclusion, the molecular response 
of dHC and vHC to acute stress is fairly similar when compared to the differences in the molecular 
composition of these two regions at baseline levels. This suggests that stress might have different 
effects on the dHC and vHC not because it induces completely different molecular responses, but 
because these two regions have very different molecular composition to begin with.  
 

5.4. Stress response and resilience are tightly linked to metabolism 

During the fight-or-flight response, a series of energy-demanding physiological processes take place 
across the whole body and the brain. To cope with this high-energy demand, glucose and lipids are 
mobilized into the circulation (Picard et al., 2014). The elevation of glucose levels in the blood as a 
response to psychological stress was first reported in rowing athletes in anticipation of a competition 
(Cannon 1915). Since then, the phenomenon of changes in glucose levels upon acute or perceived 
stress has been well established, and linked to glucocorticoids, named after their ability to regulate 
glucose homeostasis (Dallman et al., 1993; Picard et al., 2014). However, later on it became clear that 
catecholamines such as NE and epinephrine, along with glucocorticoids mediate this reallocation of 
�š�Z�����}�Œ�P���v�]�•�u�[�•�����v���Œ�P�Ç�U�����Ç�����]�Œ�����š�o�Ç���]�v�Z�]���]�š�]�v�P���]�v�•�µ�o�]�v���Œ���o�����•�����(�Œ�}�u���‰���v���Œ�����š�]�����t-cells (Kubera et al., 2012). 
This is thought to prevent glucose uptake at insulin-dependent sites such as muscles, elevate glucose 
levels in the blood and thereby increase its availability for organs of high-energy demand that are 
crucial for the stress response, such as the brain and the heart (Picard et al., 2018).   

After our swim stress paradigm, many genes involved in glucose homeostasis, lipid metabolism and 
other metabolic processes exhibited altered expression in the dHC and vHC (Chapter 4, Figure 3F). 
Interestingly, genes related to glucose homeostasis were upregulated, while genes related to lipid 
metabolism were downregulated at 90 minutes after the initiation of stress. One of the upregulated 
genes related to glucose homeostasis was Pdk4 (pyruvate dehydrogenase kinase isoform 4), encoding 
for a kinase that phosphorylates the pyruvate dehydrogenase complex, thereby inhibiting the 
conversion of pyruvate to acetyl-CoA at the mitochondria (Sugden et al., 2003). Pdk4 is of particular 
interest because its transcription has been shown to be induced by glucocorticoids, in what is thought 
as a mechanism to decrease the utilization of glucose as energy supply and to promote the utilization 
of fatty acids instead (Connaughton et al., 2010; Picard et al., 2018). There are four mitochondrial PDKs 
with distinct patterns of expression across different tissues, and although they were all detected in 
cultured neurons and astrocytes, Pdk2 and Pdk4 showed significantly higher expression in astrocytes 
(Halim et al., 2010). Although the mechanisms of neuron-glia metabolic coupling remain controversial, 
it seems that PDK enzymes govern the shifts between different metabolic paths for energy supply and 
thereby play a key role in the interconnected metabolic processes in neurons and glia (Kumar Jha et 
al., 2012). Therefore, our data support the idea of fatty acid metabolism taking place in the brain, which 
has been controversial to date (Romano et al., 2017), and implicate astrocytes in the metabolic 
changes in response to stress. In fact, astrocytes probably respond immediately after the initiation of 
stress to provide energy first through glycolysis and gluconeogenesis, since lactate is released from 
astrocytes within seconds from induction of cortical activity (Zuend et al., 2020), and glucose uptake is 
accelerated within the first 2 minutes (Chuquet et al., 2010). Particularly in the context of acute stress, 
�•�µ���Z�����•�š�Œ�}���Ç�š�]�����Œ���•�‰�}�v�•���•�����Œ�����š�Z�}�µ�P�Z�š���š�}���������u�����]���š���������Ç���E�������v�����t2-ARs (Catus et al., 2011; Dong et al., 
2012).  

Meanwhile, more evidence highlights the role of astrocytes in synapse function and glutamate 
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homeostasis (Eroglu and Barres 2010; Rose et al., 2018), as well as their involvement in the stress 
response (Murphy-Royal et al., 2019). For example, the fibroblast growth factor 2 (FGF2) secreted by 
astrocytes upon acute stress was shown to enhance adult neurogenesis in the dHC but not in the vHC, 
and to facilitate hippocampal-dependent memory (Kirby et al., 2013). We find that two genes encoding 
for the receptors of FGF2, Fgfr2 and Fgfr3, were differentially expressed 90 and 45 minutes after swim 
stress, respectively. Interestingly, Fgfr2 was assigned to profile 9 during our temporal profile analysis, 
while Fgfr3 was assigned to profile 13, exhibiting distinct expression patterns in the dHC and vHC 
(Chapter 4, Figure 3F). Hence, Fgfr3 could potentially account for the differential FGF2-induced effects 
in the dHC and vHC observed by Kirby et al. (2013). More recently, the astrocytic cystine-glutamate 
exchanger xCT was found to play a role in the homeostatic regulation of glutamate specifically in the 
vHC upon acute and chronic stress, and thereby to underlie stress resilience (Nasca et al., 2017). In our 
dataset, the gene encoding for xCT, Solute Carrier Family 7 Member 11 (Slc7a11) gene was 
downregulated at the 90 minutes, 2 hours and 3 hours time points, and although it was back to baseline 
at the 4 hours time point in the vHC, this change seemed to be more sustained in the dHC (data not 
shown).  

Adaptation to stressors or environmental change through the stress response comes with a high-
energy ���}�•�š�X�� �d�Z�µ�•�� �š�Z���� �u�]�š�}���Z�}�v���Œ�]���U�� ���•�� �š�Z���� �•�µ�������o�o�µ�o���Œ�� �}�Œ�P���v���o�o���� �Á�Z���Œ���� �u�}�•�š�� �}�(�� �š�Z���� �����o�o�[�•�� ���v���Œ�P�Ç�� �]�•��
produced, are implicated in stress response and resilience through multiple functions (Manoli et al., 
2007). Mitochondria located at pre- and postsynaptic sites sense calcium ions released in the 
cytoplasm upon neuronal excitation (Harris et al., 2012). More importantly, they can uptake calcium 
through the mitochondrial calcium uniporter (MCU) (MacAskill et al., 2010; Pathak and Trebak 2018) 
and release calcium back into the cytoplasm via the mitochondrial Na+/Ca2+ exchanger (NCX) (Palty 
et al., 2012), thereby buffering calcium and shaping calcium signals. In addition, while glycolysis is 
mitochondria-independent, the oxidation of sugars and fatty acids for energy production happens at 
the mitochondria (Boyle 2008). Since our analysis points toward a strong activation of calcium signaling, 
as well as toward a switch from sugar to fatty acids oxidation, mitochondria are particularly relevant. 
Moreover, mitochondria are also involved in the synthesis of stress-mediators; several biochemical 
steps in the production of glucocorticoids happen in the mitochondria (Bose et al., 2002; Picard et al., 
2018), and enzymes necessary for the production of catecholamines, such as the MAO-A and MAO-B 
are anchored at the outer mitochondrial membrane (Binda et al., 2011).  

On the other hand, mitochondria produce reactive oxygen species (ROS) as a byproduct of the 
electron transfer chain, the process that produces energy. ROS can serve as signaling molecules in the 
cell, but they can also lead to oxidative damage �t to which neurons are particularly sensitive �t if the 
balance between their production and removal rate is disturbed (Murphy 2009). Mitochondria bear 
GRs and therefore sense glucocorticoids, and the transcription of mitochondrial DNA, as well as 
mitochondrial function can be regulated by glucocorticoids (Psarra and Sekeris 2009). This regulation 
seems to be dose dependent, as low doses of CORT increased calcium holding capacity and had 
neuroprotective effect, while high or longer-lasting doses decreased calcium holding capacity in 
cultured cortical neurons (Du et al., 2009). This further supports the allostatic load model, where the 
cumulative burden of chronic stress hinders homeostasis and predisposes the organisms for the 
development of disease (Picard et al., 2014).  

Mitochondria have flexible morphology as they can undergo fusion to appear as elongated  
structures, and fission that cleaves them into smaller fragments. These morphological transitions are 
induced by various stressors and affect mitochondrial function (Picard et al., 2013). In general, 
elongated mitochondria are considered to produce less ROS and have higher oxidative capacity, 
whereas fragmented mitochondria have the opposite characteristics and can lead to oxidative damage 
and cell death. Acute stress can cause oxidative damage in the brain, change several aspects of 
mitochondrial function, and alter mitochondrial gene expression (Liu et al., 1996; Zhang et al., 2015). 
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The effects of chronic stress are even more severe, and an increasing body of evidence implicates 
mitochondria in anxiety (Morató and Sandi 2020; Filiou and Sandi 2019). In addition, several lifestyle 
factors have been proposed to influence mitochondrial morphology and function, thereby determining 
�š�Z���� �}�Œ�P���v�]�•�u�[�•�� �������‰�š�]�À���� �����‰�����]�š�Ç�� ���v���� �Œ���•�]�o�]���v������ �~�W�]�����Œ���� ���š�� ���o�X�U�� �î�ì�í�ô�•�X�� �&�}�Œ�� ���Æ���u�‰�o���U�� �Œ���P�µ�o���Œ�� ���Æ���Œ���]�•����
could promote a healthier mitochondrial phenotype, while inactivity could have the opposite effects. 
Indeed, environmental enrichment was found to influence the effects of acute stress on mitochondria-
related proteins to promote resilience (Fan et al., 2013) and hierarchical status was found to alter the 
metabolic profile in nucleus accumbens and to affect stress vulnerability (Larrieu et al., 2017).  

 

5.5. Integration and conclusions 
�h�‰�}�v�����Æ�‰�}�•�µ�Œ�����š�}�������µ�š�����•�š�Œ���•�•�U���E�����Œ���o�����•���������Ç���š�Z�����>�������Æ�Z�]���]�š�•�������^���]�Œ���µ�]�š�����Œ�����l���Œ�_���(�µ�v���š�]�}�v���š�}�����Z���v�P����

whole brain connectivity. At the same time, catecholamines are released from the adrenal medulla, 
while the activation of the HPA axis induces CORT release from the adrenal cortex. Both 
catecholamines and corticosteroids produced by the adrenal glands enter the circulation, inhibit 
glucose uptake in the periphery, and modulate the function of peripheral organs. While the actions of 
NE in the brain are fast, CORT needs to be synthesized upon demand and enter the brain through the 
blood brain barrier (Arlt and Stewart 2005), consequently acting at a slower time scale. This suggests 
that while NE and other catecholamines are mediating the very first steps in the initiation of the stress 
response, the actions of corticosteroids are predominantly relevant for its termination.  

Importantly, the rapid actions of NE and other neurotransmitters play out on the level of neuronal 
activity and connectivity, but also on the molecular level. In this thesis, we have attempted to further 
characterize the rapid consequences of acute stress. The combination of continuously advancing 
methods such as phosphoproteomics, and TRAP-sequencing allowed us to investigate the molecular 
cascades and changes in gene expression across time, and provided insight into the aftermath of acute 
stress in unprecedented detail. While these data provide a roadmap to better understand the healthy 
molecular stress response, more research is required in order to understand which of these molecular 
events underlie resilience, and at which checkpoints this response could be derailed and give rise to 
pathological states after stress.  

Although the immediate molecular effects of acute stress develop in parallel with the functional 
connectivity effects exerted by NE, it is hard to comprehend where these two different lines of research 
intersect. Seemingly, understanding the links that bridge the gap between functional changes in 
cellular and circuit activity (e.g. with electrophysiology, calcium imaging and fMRI) and molecular 
changes at the level of cells or cell populations (e.g. with single-cell sequencing and TRAP) is one of the 
great challenges across many of the fields of study in neuroscience today. In the case of NE, it is 
possible that it does not only mediate the effects on FC, but also some of the effects of stress on the 
molecular level �t likely through interaction with primary neurotransmitters such as glutamate and 
GABA. Since NE seems to have a critical role in metabolism, this might be a good starting point to study 
the links between the molecular and functional effects of stress. 
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