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Introduction 
 

The Problem with neuropsychiatric diseases: 

The biggest problem with neuropsychiatric diseases is the availability of samples and 
modelling of the disease in animals. 

Comparison to oncology: 

 

 

‘Translational research’ is typically separated into two phases of research: 

 

Type 1 translation, also somewhat confusingly called ‘bench to bedside’, refers to the 
conversion of knowledge from basic science research into a potential clinical product for 
testing on human subjects. 

Type 2 translation, ‘research into practice’, tends to refer to the process of converting 
promising interventions in clinical research into healthcare practice (thus is closer to the notion 
of the ‘bedside’ 

In the 1950’s three major brakethroughs in neuro drug development occurred. Since then 
hardly any new therapeutic targets have emerged. Safer drugs emerged based on the results 
of the 1950’s. Neuroscience is a bit stuck at the moment concerning the development of new 
drugs. 
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Drug pipeline until the drug approval: 

 

Drugs fail for two major reasons: 

- They do not work 

- They are not save to use 

A good drug target is: 

- Efficacious 

- Safe 

- Meets the clinical as well as the commercial needs 

- Is accessible to the putative drug molecule, which elicits a biological response upon 
binding that can be measured in vitro and in vivo 

It is frequently stated, that it takes 17 years in average to have enough research to reach 
clinical practice. SARS-COV2 vaccine is a big step forward in releasing a vaccine in less than 
two years. The research however is based on a few years back. 

The research for VEGF dates 49 years back since its discovery and only in 2020 it was used 
the first time in a clinical trial as a cancer treatment. 

Ketamine as a novel antidepressant had a research time of 29 years. 

 

 

 

 

 



 

 

4 

 

Overall it can be said that research is pretty slow, however there are also other considerations: 

When an approved first-line treatment already exists for a psychiatric disease, any new 
treatment needs to significantly outcompete that treatment in a head-to-head clinical trial. 

In addition, with most neuropsychiatric diseases you’re working against the powerful placebo 
effect 

➔ Something to worry about: placebo effects are substantially large when it comes to 
mood and pain disorders.  

➔ For antidepressants, some have suggested that their effects are entirely explained by 
placebo  

For drugs that have to be administered chronically (most CNS disorders), drugs will be 
scrutinized in long-term toxicology, carcinogenicity and reproductive toxicity studies (a bit 
different than vaccinations that happen once) 

The last big problem is money… 

 

Disease epidemiology and heritability: 

Lifetime prevalence is the 
proportion of individuals 
in a population that at 
some point in their life 
(up to the time of 
assessment) have 
experienced a "case” (in 
this case a disease) 

 

 

 

 

1) Psychiatric disorders are highly heritable – the more DNA you share, the higher your risk 

2) Some disorders are strongly heritable, others less. In all cases, genetics and biology hold 
clues to etiology. 

3) Only parts of the heritability is explained by common genetic variations (SNP) – polygenic 
diseases 
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The human genome contains ca. 3 BILLION base pairs. A typical genome differs from the 
reference human genome at 4 to 5 million sites (mostly SNPs and CNVs).  
Single Nucleotide Polymorphisms (SNPs) are a type of common genetic variation (=common 
gene variants). This means that one of the two alleles occurs in >1% of the population.  

More than 335 million Single Nucleotide Polymorphisms (SNPs) have been found across 
humans from multiple populations. 

These SNPs are the variants studied/detected by Genome Wide Associations Studies 
(GWAS). 

There are three ways to get to this information:  

- SNP Arrays à This 4-sample BeadChip array from Illumina covers around 4.3 million variants  

(SNPs and CNVs) 

- Whole Exome Sequencing (WES) 

- Whole Genome Sequencing (WGS) à massive amounts of data, difficult to handle. 

SNPs captured by genome-wide association study (GWAS) arrays, explain between one-third 
and one-half of the genetic variance in schizophrenia disease risk. = polygenic disorders 
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How do you figure out which gene variants are associated with disease risk? 

- Twin studies aren’t perfect, not clear how accurate the heritability estimates are 
(although it seems they are pretty accurate) 

- One issue with twin studies is that genomes aren’t fully identical, in ca. 15% of 
monozygotic twins early de novo mutations occur before “twinning” in morula stage in 
only one twin 

- Much of the variation is thought to be explained by rare variants (<1% allele frequency) 

- Genetic variability (Copy Number Variations) can dynamically accumulate with aging 

- Gene-Environment Interactions à Epigenetics! 

➔ Lifestyle choices like smoking or taking drugs can influence the organism more or less 
depending on the genetic background. 

 

The Problem of the polygenicity: 

The polygenicity poses a big problem for basic research as well as for drug development itself. 

Hundreds of genes are involved in creating disease risk for schizophrenia, autism etc. 

➔ each gene contributes often less than 1% to disease risk! 

These gene sets are partially overlapping (e.g. an autism risk gene can also be a 
schizophrenia risk gene).  

This is a “needles-in-a-haystack” problem for translational neuroscience. How do we pick 
genes that explain such low variance and design drug compounds* or launch basic science 
projects** to explore the function of these genes in the disease context? 

* Pharmaceutical companies will not take the risk to design a drug based on a target that 
contributes 1% heritability to a complex disease. This compound needs to go through a multi-
million-dollar development process and then beat existing ‘decent’ drugs (e.g. antidepressants 
etc. – not to mention the placebo effect) in clinical trials! 

** This involves university research groups led by professors who need to compete for jobs 
and grants, they need to pay people and reagents for these experiments, so on that scale still 
a highly resource intensive effort. 
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Few common approaches for translational research: 

 

- Identify a risk gene in patients -> manipulate it in animals and observe a behavior 
phenotype that matches the human pathology, thereby developing a model 

➔ BDNF as a example for such a model found by this strategy 

 

- Identify a structural/functional change associated with a certain brain region, then 
manipulate in animal model 

➔ Classic lesion studies in mice inspired by patient H.M. 

 

- Start with a behavior screen in animals and find genetic variance that resembles clinical 
symptoms 

➔ Different mouse strains, different anxiety levels 

 

- Identify environmental risk factors in humans and then model them in animals to test 
which brain circuits/molecules are affected 

➔ Early life stress models of anxiety and depression 

 

- Cellular models 

➔ IPSC’s, start with a patient, then back translate it 

➔ Organoids: cell lines, introduce human mutations using Crispr/Cas9 

➔ Big limitations 
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Dementia 2 
Very short history of AD: 

- 1906 Alois Alzheimer presents the first case of the disease 

- 1910 his co-worker Emil Kraepelin named the disease in honor of his achievements:AD 

➔ The dark period – not much research on the disease 

- 1963 Terry and Kidd show neurofibrillary tangles (NFTs) in advanced AD patients using 
electron microscopy  

- 1976 Davies and Maloney detect reduced activity of choline acetyltransferase (ChAT) 
and lower concentration of acetylcholine at synapses  

➔ Cholinergic Hypothesis (AD=disorder of cholinergic system) 

- 1984 Glenner and Wong first isolate Amyloid Beta (Aβ)  

➔ then cloning an intensive basic research 

- 1995 Acetylcholinesterase (AChE) inhibitors become first approved AD treatment 

 

AD-pathophysiology: 
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Amyloid-beta: 

However, no animal model of Alzheimer’s disease was available to test this hypothesis (there 
is no evidence of a condition similar to AD in organisms other than humans). This hampered 
the discovery of novel drugs. 

The mouse APP gene has 97% sequence homology with human APP. Subtle differences in 
amino acid sequence impair Aβ aggregation and prevent the formation of amyloid plaques in 
wild-type mice.  

In 1995, transgenic mice were generated using a platelet-derived growth factor (PDGF) 
promoter driving a human APP gene encoding the APP717V -> F mutation associated with 
familial AD (PD-APP mice). 
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The mouse model: 

- 4-6 months of age: no obvious pathology was detected  

- 6-9 months: transgenic animals began to exhibit deposits of human Aβ in the hippocampus, 
corpus callosum and cerebral cortex, but not in other brain regions 

- >8 months: synaptic and dendritic density were reduced in the hippocampal dentate gyrus 

• Animal models stimulated massive research into disease mechanism (>140 animal models 
emerged over the next years with different mutations, different expression patterns etc.) 

• Much was learned about Aβ formation, function and pathology 

• Lots of treatment strategies were developed (including antibody treatment for Aβ clearance) 

• “AD” was cured multiple times in animal models! 

➔ However, clinical failure is at 99.6% à obviously something is wrong with these animal 
models! 

➔ Key problem was that the mice developed only a part of the pathology but not AD itself. 
The amyloid beta accumulation is reproduced but there was no neurofibrillary tangles or 
neuronal loss as in AD. 
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Microtubule associated protein tau (MAPT) 

Tau plays important roles in microtubule assembly, stabilization of neuronal axons, and 
regulation of microtubule transport. (However, tau knockout mice don’t display severe deficits). 
Tau is normally a soluble protein. 

However, phosphorylated tau can 
aggregate into oligomers and 
form neurofibrillary tangles (also 
known as paired helical 
filaments).  
Hyperphosphorylated tau is also 
redirected from the axonal 
compartment to the 
somatodendritic compartment 
where it can impair synaptic 
function. 

Aggregated tau can propagate (like prions) and spread trans-synaptically. The process of 
prion-like propagation is also called “seeding”. 

Taupathology propagates throughout the AD brain in a stereotyped fashion across 
neuroanatomically connected networks (Figure), forming the basis of Braak staging.  

Multiple lines of evidence suggest that aggregated, hyperphosphorylated forms of tau may be 
a primary driver of neurodegeneration in AD. 

Unlike Aβ, the stage of tau pathology correlates well with the progression of cognitive 
impairment. 

Cognitive impairment in AD is only noted when tau spreads from the entorhinal cortex into the 
neocortex. 
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Tau animal models: 

The tau knowledge is largely based on animal research. 

Wild-type mouse tau does not develop neurofibrillary tangles. This is likely due to the 
sequence differences between mouse and human tau (share only 88% sequence homology) 

In 2000, the first Tau transgenic mouse was generated, containing human tau mutations that 
are associated with frontotemporal lobe dementia (FTLD) 

Neurofibrilary Tangles (NFTs) readily form in these transgenic mice! 

➔ These mice develop:  

NFT’s ; Neurodegeneration ; Reactive glia ; Neurogenic atrophy ; Motor deficits 

It remains unclear however how good a disease model this is for AD or FTLD. 

In 2003, a mouse model with human mutations of Aβ, tau and presenilin was introduced (triple 
transgenic mouse model of AD, 3xTg mice) 

3xTg mice develop:   

• 3-4 months: intraneuronal Aβ 

• 6 months: Aβ plaque development in the cortex and hippocampus 

• >6 months: minor, localized neurodegeneration, evidence of synaptic impairment and  

cognitive deficits 

• 12 months: NFTs form initially in CA1 and then in the cortex; however, they are much 
less extensive compared to AD tissue, and they are less complex than human tangles. 

New mouse models: human mutations are knocked in (rather than overexpressed under 
strong promoters)  

➔ more “natural” expression levels in the correct brain regions and cell types as the 
normal corresponding mouse genes. 
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The current hypothesis suggests: 

1) Tau pathology generally does not progress from the entorhinal cortex into the neocortex in 
the absence of co-occurring amyloid pathology 

2) PET imaging suggests that the rate of amyloid accumulation predicts onset of tau 
accumulation whereas the rate of tau accumulation predicts onset of cognitive impairment 

3) Combined Aβ deposition with local tau pathology lead to enhanced tau pathology and 
neurodegeneration (whereas amyloid pathology doesn’t get worse if tau gets added) 

Tau fibrils were derived from human AD brains and injected into the brain of Aβ plaque-
bearing mice: led to seeding of aggregated human tau followed by development of NFTs 

Different from triple-transgenics, as causality can be better tested (Aβ exacerbates tau, but not 
vice versa) 

This means new animal models are becoming more realistic, better modelling human disease 

Finally: animal studies suggest that Aβ burden leads to neuronal hyperactivity and maybe 
rescue of health/function is still possible.  

➔ Once APP&tau combine, neuronal function starts to disintegrate (hypoacticity) 
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Apolipoprotein E (ApoE) and A-beta: 

 

The ApoE4 variant is also less capable to engage the 
LRP1 receptor on pericytes. This over-activates the 
proinflammatory cyclophilin-A-NFκB-MMP-9 signaling 
cascade.  
Overactivation of this cascade leads to breakdown of 
Blood Brain Barrier (BBB) basement membrane and tight 
junctions.  

A leaky BBB allows influx of unwanted molecules to the 
brain and can exacerbate inflammatory processes and 
overactivate neurons. 

➔ Like this one risk gene alone can act via multiple different disease pathway 
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Inflammation, Microglia and Pericytes: 

Many of the AD-risk-genes have a role in microglia function 
Reactive astrogliosis and microgliosis are prominent pathological features in AD brain 
(inflammation). Many genes are implicated in this.  

For example ApoE4 carriers have a stronger inflammatory response. 

- Microglia uptake of Ab 
impaired 

- Increased neuronal activity 
leads to more tau release 

- Microglia can release more 
bioactive form of tau 

- BBB disruption can further 
increase neuronal activity 

- Microglia release 
inflammatory cytokines 

➔ Favours tau seeing 

Momentary knowledge and research status: 

AD is a complex disease in which many risk factors and disease processes seem to converge. 

Virtually every cell-type seems to be involved: 

- Neurons (excitatory and inhibitory) 

- Astrocytes 

- Microglia 

- Blood vessels (endothelial cells) 

- Pericytes (mural cells) 

In most instances, cause and effect are hard to disentangle.  

What seems clear is that Tau and Aβ evolve independently and as they “meet” they 
exacerbate the pathology.  

This is likely interconnected with environmental risk factors (exercise, diet, cognitive activity) 
and genetic factors (SNPs/GWAS, epigenetics) 

➔ There is a long list of failed phase 3 clinical trials 

➔ Last attempt in 2019 failed, was a anti A-beta drug 

The focus of ongoing research lies in the fields of: Tau pathology, Neuroinflammation, 
vascular function and metabolism. 
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Animal models of AD: 

non-human primates 
and dogs would be the 
best model systems, 
since they both naturally 
accumulate Aβand 
some monkey models 
suggest tau pathologies.  

Marmosets can develop 
both amyloid-β plaques 
and tau tangles (taking 
7 years, which is very 
quick for a primate).  

However massive 
ethical hurdles and 
much more difficult 
experimental design 
(aging issue, housing 
issue, limited genetic 
toolbox) 

organoids & IPSCs (but they insufficiently recapitulate the complexity of the intact brain and all 
its cell types).  

➔ Still provides valuable 
mechanistic insights. 

 
A big advantage of growing 
model brains in a dish is that 
it enables rapid screening of 
compounds for potential 
drugs.  

With the dishes it is possible 
to massively reduce animal 
testing.  
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Attention 2 
Attention is a computation to bias, the selection of one option and avoid the distraction from 
alternative options. 

Prominent model of attention divides the attention into three networks: 

 

Neglect: 

Large scale cortical damage (often right parietal cortex) and contralateral neglect syndrome. 

Neglect = Inability to attend to objects or 
even one’s own body, even though 
visual acuity, somatic sensation and 
motor ability remain intact.  
Special form of agnosia. 
-> it’s really a deficit with orienting 
attention towards one side (typically the 
left side) 

In severe cases (e.g. after large strokes), 
this can lead to “odd” deficits:  
patients will read from only one side of a 
book, apply makeup to only one half of 
their face, or eat from only one side of a 
plate. 
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Most frequently the RIGHT temporo-parietal 
junction and the superior temporal cortex is the 
cause of neglect. 

Less frequently following damage of the frontal 
lobe, the anterior cingulate cortex, the basal 
ganglia and the thalamus (pulvinar). 

Can also result from white matter lesions that 
affect structural connections between nodes of 
the attention network.  

It is not clear, why it is mostly the right side 
causing the neglect. 

A popular hypothesis is that attention is 
predominantly processed in the right hemisphere 
(and maybe language more on the left). 

If the right side deals with most of the attention processing for both left and right side of the 
body/environment, than more attention will be lost with damage to the right side. 

In other words, if you lose your left parietal function (and thus lose right-sided attention), your 
right side can compensate. If right parietal function is gone, left side cannot compensate 

 

 

 

 
 

Brain imaging suggests broad activation in both hemispheres in response to attention tasks. 
So maybe these hemisphere differences are more subtle? 

Maybe the right side has a few processing “hubs” that are critical to connect processing in 
both hemispheres? 

Attention is widely distributed in the brain and requires a functional network, engaging mostly 
parietal and frontal cortex. 
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Attention at the cellular level: 

Single-cell recordings in monkeys show how 
cells encode attention (or information more 
generally). 

Parietal association cortex (and all areas of 
the fronto-parietal attention network) have 
attention-specific neurons (shown in humans 
with fMRI and in monkeys with single-cell 
recordings) 

The basal forebrain includes: 

- the nucleus basalis of Meynert 

- the substantia innominata 

- the horizontal limb of the diagonal band 

 

The main neurotransmitter produced and secreted from neurons in the basal forebrain is 
acetylcholine (ACh).  
Acetylcholine acts via nicotinic (ionotropic receptors) and muscarinic (metabotrobic) receptors 

The enzyme that breaks down 
acetylcholine is acetylcholine 
esterase (AChE).  

AChE inhibitors are used early 
on during Alzheimer’s to 
counteract the cognitive 
deficits (particularly learning 
and memory). They act by 
increasing acetylcholine in the 
synaptic cleft. 

 

Optogenetic stimulation of the basal forebrain increases acetylcholine release in the cortex 
and improves task 

performance (more correct hits). The harder the task, the more forebrain stimulation improves 
performance! 
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The local application of acetylcholine (or nicotinic and muscarinic agonists) can: 

- Strengthen the performance on orienting attention tasks 

- Increase the spiking activity of “attention neurons”  

- Suppress activity of “surrounding neurons” 

- Attention as a limited resource 

Locus coeruleus and Noradrenaline: 

Nicotinic and muscarinic agonists enhance orienting attention, thus Acetylcholine (basal 
forebrain) plays a key role in “orienting attention”. 

However, cholinergic drugs do not affect the ability of a warning signal to improve the 
monkey's performance! 

In contrast, noradrenaline release from the locus coeruleus is strongly involved in the alerting 
network. 

 

In the projection area, noradrenaline release modulates cellular responses: 

- Piriform cortex is the primary cortical projection region for olfactory information 
(receives input from OB) 

- In vivo LC stimulation while recording single cells in piriform cortex enhances the 
neuronal response to odor 
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Inverted-U Dose-Response-Curve -> Yerkes-Dodson Law 

Hypothesis: Noradrenaline serves as a «reset» system 
that allows the brain rapidly switch network activity 
globally 

➔ changing brain states 

DREADDs 

➔ (Designer Receptors Exclusively Activated by 
Designer Drugs) 

 

 

 

 

Across every possible connection between all pairs of 
brain regions, we see strong increase in connectivity 
when the LC is turned on (at 15min) 
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Executive control network: 

2 particularly important structures in this network:  

medial Prefrontal Cortex (mPFC)  

- Inhibitory control 

- Planning 

- Working memory 

Anterior Cingulate Cortex (ACC) 

- monitoring and resolving conflict 

- Error detection 

- Consciousness 

The PFC (prefrontal cortex) has an extensive set of neurons that respond to very specific 
stimuli. Delay-selective neurons are working for the working memory. 

The dopaminergic system plays a key role in reward and working memory! 

➔ D1 antagonists enhance working memory performance and the activity of specific 
working memory cells. 

Important to take with: 

- DA certainly plays a role in many of the processes that shape attention, and likely is 
involved in top-down regulation of attention through various processes. 

- Noradrenaline is also involved in these processes and can enhance working memory 
performance via adrenergic receptors. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

23 

 

fMRI vs. resting state fMRI: 

In task-based fMRI, BOLD is measured in 
response to repetitive tasks to identify task-
related brain activity.  
However, several brain regions have 
correlated activity patterns (as determined by 
small fluctuations in BOLD signal) at rest, 
when the subject is NOT engaging in any 
task. 

These interacting regions form large-scale 
brain networks, detected in a method called 
resting-state fMRI. 

Several brain regions have highly correlated 
activity patterns when individuals are «not 
doing anything». These interacting regions 
form the default mode network (DMN). 
Normally, there is an anti-correlation between 
the default-mode network and the executive 
control network. 

fMRI studies in ADHD patients: 
underactivation of executive control and 
ventral attention networks (using inhibitory 
control, working memory and attentional tasks). 

Resting-state fMRI studies in ADHD patients:  

- In ADHD patients, this anti-correlation is weaker or absent 

- There is a lower connectivity within the DMN itself 

Lower activation of the ventral striatum (nucleus accumbens) of patients with ADHD in 
anticipation of reward (dysregulation in the reward circuitry) 

ADHD and pharmalogical treatment: 

Methylphenidate (Ritalin): 

- Methylphenidate binds to and blocks dopamine transporters and norepinephrine 
transporters 

- It acts as a norepinephrine-dopamine reuptake inhibitor 

- Same mechanism as cocaine 

- Attention: increased arousal (noradrenaline), better working memory(dopamine), 
enhanced signal/noise 

- Hyperactivity: the increase in dopamine in the basal ganglia helps engage the motor 
inhibitory systems 

➔ Both explanations are speculative however. 
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The dose makes the poison: 

At low and clinically relevant doses, psychostimulants improve prefrontal cortex (PFC)-
dependent behavioural/cognitive processes in human subjects with and without ADHD. These 
actions of psychostimulants are also observed in animals.  
Thus, we can study the neural mechanisms underlying the cognition-enhancing/therapeutic 
effects of psychostimulants in animals, without the need for a specific animal model. 

Animal work suggests that methylphenidate acts within the mPFC. 

 

Infusion of methylphenidate into 
the mPFC enhances attention: 

- In a dose-dependent fashion 

- infusion into other frontal 
cortical regions doesn’t enhance 
attention 
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Emotionality 2 
Emotions are important for the approach-avoidance conflict. 

Small changes in our environment can have a strong impact on our emotions and influence 
behavioural choices. 

In health, the neural systems that underpin emotion dynamically integrate internal states and 
external stimuli. 

➔ The purpose of emotions is probably to enable the selection of situationally appropriate 
behaviors in complex situations and to prime the body for appropriate responses! 

Fear represents a state of high arousal and negative valence, and results in enhanced 
vigilance and energy in the presence of an immediate threat à so it primes us for the fight or 
flight response! 

In a romantic situation, a different emotion will also trigger high arousal but with positive 
valence, this time to re-route energy to the reproductive system 

Urbach-Wiethe disease is caused by genetic mutations in the gene extracellular matrix 
protein 1 (ECM1). Symptoms are skin lesions and calcifications in the temporal lobe (due to 
calcium build-up in blood vessels). A few patients have very localized bilateral atrophy of the 
amygdala  

➔ These patients cannot feel anxiety.  
They cannot recognize fear in facial 
expressions (below) and it’s almost 
impossible to scare them. 

➔ However they can experience panic 
attacks, the fear circuitry extends beyond 
the amygdala 

Fear and anxiety: 

Fear conditioning has been instrumental in 
allowing us to understand this complex circuitry.  

Because the more complex the system, the 
simpler of a model you need to carefully design 
experiments to dissect the circuitry.  
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Emotions start with a perception. 

Most external (sensory) input passes through the 
thalamus.  
In the example of fear conditioning, footshock and 
tone both converge on the same neuron in the 
amygdala.  

The association is formed (synaptic strengthening, 
long-term potentiation) so that tone will trigger 
freezing from now on.  

The amygdala directly sends an output 
projection to brainstem nuclei that trigger the 
freezing response. 

Physical and behavioral response: 

Emotions end with a behavioral outcome. 

E.g.: direct stimulation of the periaqueductal gray (PAG) induces freezing (or fight/flight). 

In the absence of any threatening stimulus(open field), optogenetic stimulation of the PAG 
leads to a strong freezing response, but do they feel fear? 

Optogenetically inhibiting the PAG in mice that have been fear conditioned ELIMINATES the 
freezing response, but do they not feel any fear? 

The periaqueductal gray (PAG): 

The PAG is a complex structure that – amongst other things – regulates defensive behaviors. 
The degree of excitation can drive an animal from freezing to flight to panic (undirected flight). 
Some sub-regions are involved in attack, others in defense, some in both. 
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Interpretation: 

The incoming sensory signal needs to be interpreted.  
 

To do this, the amygdala needs to receive additional input and then integrate it to make sense 
of it. 

 

 

 

The BLA and the amygdala: 

A closer look at the amygdala -> highly conserved across evolution 

The BLA receives lots of sensory/multimodal input (larger in primates than rodents because 
more complex input!) 

➔ Input and output structures of the amygdala are not connected, so there’s a microcircuit 
doing the processing in the middle. 

The basolateral complex (BLA, which receives all the input), does not project directly to the 
central medial nucleus (Cem or CeM, the amygdala output nucleus). Thus, there is an intra-
amygdalar microcircuit for additional information processing. 

➔ THIS IS KEY FOR ADDING “VALENCE” TO THE CUES! 
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The sensory input needs to be interpreted: 

Different populations of basolateral complex of the 
amygdala(BLA) neurons (red vs. green) activate 
distinct populations of neurons in the lateral central 
nucleus of the amygdala (CeL).  

These CeL neurons are inhibitory and either promote 
fear or reduce fear. 

This is a very simplified view. The microcircuitry 
within the amygdala is very complex and focus of 
intense research. 

➔ The amygdala IS NOT simply a brain region 
only for fear! 

Summary: The amygdala associates environmental cues (sensory stimuli) with 
reward/punishment. What is rewarding can change based on context 

Evaluation: 

The info needs to be integrated into the current state of the organism!  
The lateral Hippothalamus provides this together with the NAc. 

Optogenetic stimulation of the projection from lateral hypothalamus to nucleus accumbens 
drives the mouse to eat food despite getting footshocks.  

➔ Hunger can override fear 
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The circuitry of anxiety: 

Brain regions that are important for evaluating uncertainty are important in anxiety! 

Most of the brain regions relevant for fear also seem to be relevant for anxiety. Thus, the 
amygdala again plays a central role. However, the amygdala itself is part of larger brain-wide 
networks. One prominent output of the amygdala is the hippocampus.  

➔ ventral hippocampus 
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Networks: 

 

Higher cognitive processes can “control” anxiety (or other emotions). 

The mPFC exerts inhibitory control over man brain processes.  

If the mPFC leads the amygdala, anxiety is reduced. 
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Pleasure, Addiction and depression: 

Depression is a circuit disorder (just like anxiety). The brain’s reward system includes the 
ventral tegmental area (dopamine) and the nucleus accumbens. 

There is a overlap between the reward and the anxiety circuits. 

Anxiety and depression are clinically highly comorbid  

Estimates: 60% of depressed patients also have anxiety SSRIs and SNRIs treat both diseases 
quite effectively 

These areas have been implicated in BOTH disorders: 
medial prefontral cortex, hippocampus, amygdala, locus coeruleus (noradrenaline), dorsal 
raphe nucleus (serotonin), nucleus accumbens, ventral tegmental area. 

Animal models for depression: 

We can mimic individual symptoms of the clinical syndromes of depression. 

 

 

 
Clinical facts about depression: 

• Approximately one-third of depressed 
patients will remit during treatment with 
any antidepressant initially. 

• For those who fail to remit, the 
likelihood of remission decreases with 
each successive antidepressant 
monotherapy. 

• After 1 year of treatment with 4 
sequential antidepressants (for 12 
weeks each) 33% of patients still fail to 
remit.  
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There are three main approaches to treat depression: 

1) Pharmacotherapy:  

- Selective Serotonin Reuptake Inhibitors (SSRIs, Prozac, Zoloft) 

- Serotonin - Noradrenaline Reuptake Inhibitors (SNRIs) 

(the “original” antidepressants were tricyclic antidepressants (dirtier version of SNRIs with more off target effects, 
now outdated) 

- New: Ketamine 

Most studies used intravenous delivery, newly FDA approved ketamine is a nasal spray! 

➔ Mechanism of action: NMDA-receptor antagonist (very safe anesthetic, very unspecific 
mechanism of action) 

2) Electroconvulsive therapy (ECT) 

- electrodes deliver current - seizure induced under controlled conditions 

- one session lasts ca. 1 minute, altogether 1hr “outpatient” treatment 

- 2-3 sessions per week for several weeks; less frequent treatment for up to a year 

3) Deep brain stimulation (DBS) 

The best targets, parameters of stimulation, and stimulation protocols have not yet been 
determined. Ongoing research, open-label trials. 

➔ One of the top candidates structures: medial forebrain bundle 

The medial forebrain bundle: 

The medial forebrain bundle for deep brain stimulation: treatment resistant depression 

The medial forebrain bundle (MFB) bilaterally 
stretches from the ventral tegmental area (VTA) 
in the midbrain to olfactory tubercle in the 
forebrain, and contains many 
ascending/descending fibers. 

Up to 13 different neurotransmitters are 
associated with the MFB. Stimulations of the 
nucleus accumbens is more difficult because it 
also contains aversion neurons. 

The stimulation of the septum acts through 
activation of the medial forebrain bundle MFB. 

The MFB is a key target for DBS, yet it is as 
unspecific as it gets because there are lots of 
neurotransmitters and brain circuits involved. 
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Antidepressant treatments: 

Overall they are incredibly unspecific.  

1) It is not monoamines. Monoaamine depletion deos not cause depression and treatment 
onset is delayed by several weeks. 

2) Ketamine and ECt act almost immediately. By interfering with excitatory 
neurotransmission and in the case of ECT by impacting vast neurotransmitter release 
and unspecific excitatory drive 

3) All treatments seem to converge on the induction of plasticity-related pathways. A key 
common player is BDNF (brain derived neurotrophic factor): 

-SSRIs and SNRIs increase BDNF levels 
- Ketamine increases BDNF levels 
- Animal model of ECT increases BDNF levels  
- Deep brain stimulation in animal models increases BDNF levels 

BDNF: 

BDNF is released presynaptically in response to neuronal activity. Mature BDNF binds to TrkB 
(Tyrosine Kinase B) receptors and activates broad intracellular signalling cascades. Involved 
in neuronal survival and differentiation, synaptogenesis, activity-dependent plasticity. 
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Addiction 2 
The defining feature of addiction is compulsive and out of control drug use, despite negative 
consequences. 

In research it could be shown that electrical activation of the medial forebrain bundle (includes 
VTA->NAc axons) drives reinforcement and what drives reinforcement is rewarding. 
 
Definitions: 

Rewards= are stimuli that the brain interprets as intrinsically positive. 
Reinforcing stimuli= are those that increase the probability that behaviors paired with them will 
be repeated. 

Drugs of abuse are rewarding AND reinforcing! 

With optogenetics, we can now selectively activate 
the dopaminergic VTA neurons that project to the 
NAc.            
Animal models of addiction: 

Drugs that strongly reinforce behavior in animals also 
strongly reinforce drug-seeking in humans.  
Drugs that are less addictive in humans are also less 
reinforcing in animals (e.g. marijuana). Drugs that are not addictive in humans are not 
reinforcing in animals (they will not self-administer).  
Nicotine appears to represent an exception to this rule; not very reinforcing in animals, yet it 
produces strong addiction in some humans. 
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The route of drug administration matters! 

Cocaine and methylphenidate (Ritalin) have an identical drug mechanism (DAT/NET inhibitor), 
but how quickly the drug reaches peak brain concentration (and the dose/concentration of the 
drug) matters (or think marijuana, smoking vs. brownies). 

This is important for translational research: animal models try to reproduce human route (e.g. 
alcohol drinking, cocaine/heroine injection). 

Important: To understand the mechanisms of drug action, we need animal research, and good 
animal models.  

 

Conditioned place preference:  
Animals learn to prefer a drug-paired environment. Upon re-testing, the more time they spend 
in the drug-associated compartment the more addictive the drug was for them. 

Intra cranial self-stimulation: 
Animals will self-stimulate reward areas in the brain. Stimulation frequency is titrated 
systematically to identify the minimum frequency that reinforces instrumental responding 
(reward threshold). Drugs of abuse facilitate self stimulation and lower the reward threshold. 
Chronic administration can decrease the rewarding effects (require higher doses). 
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Molecular mechanism of drug use: 
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Second messenger cascades reach the nucleus in the post synaptic cell. In the postsynaptic 
cell, delta-fosB is important. 

Delta-FosB is a member of the FOS family of immediate early genes (transcription factor 
family) 
cFos is another member of that family that is well-known (neuronal activity marker) Delta-FosB 
is upregulated in NAc only after chronic cocaine exposure, whereas other TFs get suppressed. 
Delta-FosB overexpression alone induces drug sensitization (makes drug more rewarding) 

ALL drugs of abuse increase delta-FosB in the NAc! 

➔ Another common signaling mechanism, now on the cellular/molecular level 

 

Chronic cocaine use changes transcription factor signaling in epigenetic modifications. 
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➔ The transcription factor delta-FosB suppresses the histone methyltransferase G9a  

➔ This leads to less H3K9di-methylation  

➔ Thus the chromatin will be less compact (i.e. more “open”)  

➔ Therefore more gene expression in response to subsequent cocaine administration at 
loci where we have less H3K9me2  

➔ As a consequence, a stronger behavioural response (addiction/reinforcement/craving) 
to the drug. 

1) Hundreds of genes get regulated in response to acute AND chronic drug exposure in 
different brain regions. 

➔ The drug history determines the gene expression response. 

2) A large number of transcription factors is involved in the regulation of hundreds of 
genes that are changed by acute or chronic cocaine administration. 

➔ It is more complex than just delta-FosB alone. 

3) Brain regions are not homogeneous, many effects are cell-type specific. 

➔ Even in the case of delta-
FosB, cocaine induces an 
increase only in D1 medium 
spiny neurons and not in D2 
neurons. Opioids instead 
increase delta-FosB in both 
D1 and D2 neurons! 
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4) Epigenetic processes are incredibly complicated 

➔ The epigenetic code is cell-type specific too, this makes it way more complex. This 
enormous complexity likely explains why small environmental factors can accumulate 
over the lifetime and lead to individual differences despite the same genetic and the 
same environmental conditions. 

5) We are far form understanding what makes an individual “susceptible or resilient” to 
drug addiction.  

➔ The stochastic individuality is also captured by animal models on the behavioural level 
of susceptibility to drug abuse.  

 

 

 

 

 

 

 

 

 
Given how little we know of the complex mechanisms that operate below the surface of drug 
addiction (or any other psychiatric condition or brain process), it would be foolish to stop 
hereand say: We know enough, let’s only focus on translation of what we know. 

We need fundamental research.  

We need unbiased large-scale screens on all molecular levels.  

We need to identify key hubs in this complex mess that we can target with drugs in some way.  

Ultimately, the holy grail will be targeted manipulation of specific epigenetic mechanisms in 
specific cell types. 
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Stress 1 
The definition of stress: 

All vital systems of the body (must) preserve a predefined steady state, i.e. homeostasis, 
which is essential for life and well-being. Homeostasis is constantly challenged by adverse 
forces which are intrinsic or extrinsic, real or even perceived, and are described as stressors. 
The organism counteracts stressors to maintain/reestablish homeostasis (=adaptive stress 
response). 

How do we define stress? 

Factors that determine whether a situation is perceived as stressful: 

•(perceived) uncontrollability 

•unpredictability 

•severity / intensity 

•regulatory range vs. adaptive capacity 

Simple definition of stress: ”A real or perceived threat to the physiological or psychological 
integrity (i.e., homeostasis) of an individual that results in physiological and/or behavioral 
responses’’ 

Higher brain regions initiate the stress response, which kicks the brain into «stress mode» and 
triggers sympathetic nervous system activation. 
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Locus coeruleus: 

• More than 100 brain regions send inputs to the Locus 
Coeruleus (LC)!  

• The most important (stress-relevant) LC-inputs come 
from the amygdala / Prefrontal Cortex / Paraventricular 
Nucleus Hypothalamus (PVN) 

• They can all activate the LC directly, and lead to 
release of brain noradrenaline à this in turn puts the 
brain in “Stress Mode”!  
Paraventricular nucleus of the hypothalamus 
(PVN): 

Many brain regions can activate the PVN. The most important (stress-relevant) PVN-inputs 
are: 
• Amygdala -> Stria terminalis ->PVN 

• Bed nucleus of the stria terminalis (BNST) -> PVN 

• Input from the hippocampus is critical for terminating the stress response  

➔ (inhibitory feedback, see HPA-axes) 
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Sympathetic vs. Parasympathetic Division 

• All preganglionic neurons are cholinergic (acetylcholine) • Preganglionic neurons are located 
in:   
• the thoracic-lumbar segments of the spinal cord(sympathetic)  • the brainstem and sacral 
part of spinal cord(parasympathetic)  

• Postganglionic neurons (lower motor 
neurons) are:  

• noradrenergic (sympathetic) 
• cholinergic (parasympathetic) 

• Cell bodies of postganglionic neurons are 
located outside the central nervous system 
in autonomic ganglia:  

• close to the spinal cord 
(sympathetic)  
• in neural plexus (network of 
intersecting nerves) near or inside 
the target organ (parasympathetic) 

A ganglion is a cluster of nerve cell bodies!  
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The sympathetic nervous system: 

High levels of sympathetic activity: FIGHT or FLIGHT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The parasympathetic nervous system: 

High levels of parasympathetic activity: REST & DIGEST 
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➔ The sympathetic nervous system can 

be activated from higher brain 

regions in response to “psychological 

stressors”.  

➔  nervous system is also controlled by 

reflex arcs between brainstem, 

medulla and preganglionic 

sympathetic neurons (monitoring 

and responding to blood loss, 

respiratory distress, pain, 

inflammation) 
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Hypothalamus-pituitary adrenal axis (HPA): 

HPA axis activation results in release of cortisol (corticosterone in rodents). 

➔ Many pleasant, rewarding stimuli ALSO trigger corticosterone release, like sex or exercise. 

CORTISOL ≠ STRESS 
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Cortisol and corticosterone: 

 

Effect of Corticosterone on target tissues CORT acts via binding to mineralocorticoid receptors (MRs) 

and glucocorticoid receptors (GRs). 

 

A very important function of the HPA axis is to sustain energy supply if stressors last for longer periods 

of time. Yet this expensive (energy demanding) system tries to selfregulate: negative feedback loops 

try to shut the stress response down (this only works, if the stressor has 

subsided) 

 

 

Chronic stress / chronic CORT = BAD Metabolism:  

CORT provided energy for sustained activity (-> shifting metabolism to a 

catabolic state)  

• Stimulates gluconeogenesis (liver)  

• Inhibits glucose uptake in fat and muscle cells, increasing blood sugar 

levels (for brain glucose supply…)  

• Inhibits lipogenesis  

• Simultaneously, adrenaline/noradrenaline and CORT all stimulate 

lipolysis (breakdown of fat) -> increase in free fatty acids -> production 

of ATP for gluconeogenesis -> under chronic stress conditions, the 

catabolic effects of CORT have unwanted consequences (e.g. muscle 

atrophy; insulin resistance) Blood: CORT facilitates thrombosis and blood 

clotting (risk of stroke increases) Immune system: CORT suppresses both adaptive and innate 

immunity  

• Suppresses monocytes, lymphocytes, and production of antibodies  

• Blocks cytokines, inhibits pro-inflammatory signaling in target organs/tissues, inhibits prostaglandin 

synthesis (immunosuppressive and anti-inflammatory effects)  
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➔ That’s why CORT is used in the clinic to treat allergic reactions, autoimmune diseases, or to 

suppress the immune response after organ transplants -> Covid19, dexamethasone = potent 

GR agonist!  
 

Psychological effects: Chronically elevated CORT levels increase the risk of depressive disorders  

➔ Cushing’s syndrome. Cushing syndrome typically results from tumor in the ACTH-producing 

cells of the pituitary gland. 

➔ Chronic stress induces depressive-like behaviors in mice, rats and primates. Chronic stressors 

are the most widely used model for preclinical depression research. 

 


