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Abstract 

Hippocrates proposed that mental health is based on the balance of four bodily fluids, blood, 

black bile, yellow bile and phlegm. This theory of humorism has been discarded, but the idea, 

of physical changes accompanying psychological disorders still applies. Depression is 

fortunately no longer viewed as an excess of black bile. Nevertheless, how neurophysiology 

differs in depressed brains, compared to healthy ones, is still poorly investigated. 

Glutamatergic synapses, which provide the main excitatory input to neurons, might be 

implicated in depressive disorders. Ample evidence of glutamatergic dysfunction in depressed 

patients has been found in the hippocampus and prefrontal cortex. In addition, findings from 

resting state functional connectivity analyses implicate the anterior cingulate cortex (ACC) in 

depressive disorders. To analyze glutamatergic changes in the ACC in depression, relative 

concentrations of proteins with important functions in glutamatergic synapses were studied 

in an animal depression model. Two strains were compared, congenital helpless rats (cLH) and 

congenital non-helpless rats (cNLH). Additionally, the hippocampus was analyzed as a positive 

control, and the primary motor and somatosensory cortices as a negative controls. 

Surprisingly, the main difference between the two strains was found in the primary motor 

cortex. Here, a higher concentration of PSD95 was measured in cLH animals compared to 

cNLH. This increased concentration might be linked to a symptom of depressive disorders, 

namely psychomotor retardation. 

  



4 
 

1 INTRODUCTION........................................................................................................................................ 6 

1.1 DEPRESSION IN HUMANS ..................................................................................................................................... 6 

1.2 THE ANTERIOR CINGULATE CORTEX ........................................................................................................................ 7 

1.3 RODENT DEPRESSION MODEL: CONGENITAL LEARNED HELPLESSNESS .......................................................................... 10 

1.4 THE NEUROPLASTICITY HYPOTHESIS ...................................................................................................................... 12 

1.5 PROTEINS OF INTEREST ...................................................................................................................................... 16 

1.6 AIMS ............................................................................................................................................................. 17 

2 MATERIAL AND METHODS........................................................................................................................... 18 

2.1 ANIMALS ........................................................................................................................................................ 18 

2.2 LEARNED HELPLESSNESS PROCEDURE ................................................................................................................... 18 

2.3 DISSECTION OF REGIONS OF INTEREST (ROI) ......................................................................................................... 20 

2.4 SAMPLE PREPARATION ...................................................................................................................................... 21 

2.5 IMMUNOBLOTTING ........................................................................................................................................... 22 

2.6 STRIPPING OF MEMBRANES ................................................................................................................................ 25 

2.7 ANTIBODIES .................................................................................................................................................... 25 

2.8 BLOT DESIGN ................................................................................................................................................... 26 

2.9 ANALYSIS........................................................................................................................................................ 26 

2.10 STATISTICS .................................................................................................................................................... 27 

2.11 LINEARITY OF PROTEIN CONCENTRATION AND SIGNAL DETECTION ............................................................................. 27 

3 RESULTS ...................................................................................................................................................... 28 

3.1 LATENCIES OF LEARNED HELPLESSNESS PROCEDURE ................................................................................................. 28 

3.2 MAIN FINDINGS ............................................................................................................................................... 29 

3.3 FINDINGS FROM ROI DIFFERENCES ...................................................................................................................... 31 

3.4 TOTAL PROTEIN CONCENTRATION – SIGNAL INTENSITY RELATION OF ANTIBODIES........................................................... 32 

4 DISCUSSION ................................................................................................................................................. 34 

4.1 FINDINGS ....................................................................................................................................................... 34 

PSD95 in the motor cortex ............................................................................................................................ 34 

Other proteins in the primary motor cortex ................................................................................................. 36 

GluA1/GluA2 ratio in the somatosensory cortex .......................................................................................... 36 

NR2A trend in the cingulate cortex .............................................................................................................. 38 

4.2 LIMITATIONS ................................................................................................................................................... 40 

4.3 EVALUATING FINDINGS ...................................................................................................................................... 45 

5 CONCLUSION ............................................................................................................................................... 46 

6 APPENDIX .................................................................................................................................................... 47 

APPENDIX A ......................................................................................................................................................... 47 

APPENDIX B .......................................................................................................................................................... 50 

APPENDIX C .......................................................................................................................................................... 60 

7 REFERENCES ................................................................................................................................................ 64 

  



5 
 

Abbreviations 

ACC anterior cingulate cortex 
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C cingulate cortex 
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S1 primary somatosensory cortex 

SNAP25 Synaptosomal-associated protein 25 

SNARE Soluble NSF Attachment Protein Receptors 

TMS transcranial magnetic stimulation 

vACC ventral anterior cingulate cortex 

VAMP2 Vesicle-associated membrane protein 2  

VGLUT vesicular glutamate receptor 
 

vmPFC ventromedial prefrontal cortex 
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1 Introduction 

1.1 Depression in humans 

Depression is the leading cause of disability worldwide7. The one-year prevalence of 

depression alone is 3.2 %8, while the lifetime prevalence is estimated at 16.2 %9. Depression 

is often comorbid with other diseases like Parkinson’s disease10, Alzheimer’s disease11, 

diabetes12 and anxiety8, 13. Its heritability is estimated to be 37 %14. Treatment outcome is still 

poor9. Diagnosing depression, and its severity, has to be based on personal interviews and 

questionnaires15. 

Symptoms of depression 

Depression is seen as a disorder, as it is expressed in multiple ways and can have different 

causes15. Symptoms of a major depressive episode are depressed mood, loss of interest or 

pleasure in almost all activities (anhedonia), weight loss or gain, insomnia or hypersomnia, 

psychomotor agitation or retardation, fatigue or loss of energy, feelings of worthlessness or 

inappropriate guilt, concentration difficulties and suicidal thoughts. When diagnosing a person 

with a major depressive episode at least five of these symptoms have to apply, while one of 

the symptoms has to be anhedonia or depressed mood16. However, some of the behavioral 

symptoms used to define a major depressive episode are opposing, as weight loss or weight 

gain are both included. Biological markers for depressive disorders could help to diagnose 

depression more quickly and make the identification of different subtypes more precise than 

what is possible when relying on behavioral symptoms alone. To investigate depression, brain 

imaging techniques, like functional magnetic resonance imaging (fMRI) and positron emission 

tomography (PET), are commonly used. Differences between depressed and healthy subjects 

can often be seen during resting state, when analyzing functional connectivity. 

The resting-state network in depression 

The most easily accessible brain data about depressive patients are fMRI studies, which often 

focus on network changes, especially in resting state functional connectivity (FC). Some 

progress has already been made in diagnosing major depressive disorder (MDD) with the help 

of an FC analysis by measuring resting state activity17, 18. Regions consistently implicated in the 

resting-state network are the posterior cingulate cortex/retrosplenial cortex (PCC/Rsp), the 

ventromedial prefrontal cortex (vmPFC) and the hippocampal formation19. The ventral 

anterior cingulate cortex (ACC) is also often activated during resting-state, but its connectivity 

with other regions does not resemble the functional connectivity network of the resting state 

network as well as the PCC does20. In general, an increase in FC within the resting-state 

network is observable in MDD patients compared to controls21, 22, which is also more static 

over time23.  
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The FC between the ACC and the medial temporal lobe is increased in MDD patients and 

correlates with symptom severity24. The left ACC also shows a higher FC with the dorsolateral 

prefrontal cortex (dlPFC) 25, the strength of which is positively correlated with depressive 

symptom severity as well26. Decreased regional blood flow in depressed patients was 

measured at resting state in the right ACC27. While treatment of MDD normalizes FC of the 

PCC, the more anterior parts of the resting-state network, including the ACC, fail to normalize 

in their connectivity.28 Next, I will review the ACC’s implied function and structural 

connections to understand what its altered activity and functional connectivity implicates for 

depression. 

1.2 The anterior cingulate cortex 

Paxino divides the anterior part of the cingulate cortex in rats into infralimbic, prelimbic and 

limbic (Cg1 and Cg2) regions29. It comprises Brodmann Area 32, 24a, 24b and 2530. In more 

recent studies, Cg1 and Cg2 are called dorsal ACC (dACC) and ventral ACC (vACC, fig. 1.1)31. In 

MDD patients, the ACC shows decreased volume compared with healthy controls32 and a 

decrease in cortical thickness of the rostral ACC33. Lesions of the rostral ACC also lead to 

depressive-like behavior in rats34. 

Functions of the ACC 

The functions of the ACC are numerous: This region has been implicated in movement 

planning, decision making and memory35. Stimulation of the ACC in humans can lead to 

execution of more or less complex movements and different emotions36. Removal of the ACC 

can result in a reduction of the subjective feeling of pain in patients with chronic pain 

disorder37. In psychiatric patients, cingulectomy resulted most of the time in a reduction of 

anxiety and obsessiveness. Two patients also showed less interest in challenging literature, 

while before the surgery both had been interested readers38. In the light of hallmarks of 

depression, this could point towards the ACC being involved in hedonic behavior and 

motivation35. Depressive patients also show impairments in decision making39, in which the 

ACC seems to be implicated as well40.  

The ACC is particularly implicated in decisions based on effort-reward ratio41 and made by free 

will42. A study compared effort-reward choices in a T-maze before and after a lesion of the 

mPFC that included the regions Cg1 and Cg2. Before lesion, rats had mostly chosen the arm 

with the high effort and high reward. After the lesion, the rats changed their behavior and 

chose the low-effort-low-reward arm. When increasing the reward difference between the 

two choices and decreasing the effort, lesioned rats started to opt for the high reward again, 

although effort was still higher compared to the low-reward arm41, thus showing that rats still 

were able to make an effort, but the reward for the same effort had to be increased. Hence, 
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the rat needed more motivation (the reward) to make the same effort, after the lesioning 

compared to before.  

The ACC projects and receives projections from numerous brain regions43, 44. In the following, 

a short overview is given of the regions investigated in this thesis.  

Connections between ACC, hippocampus and primary cortices 

Structural connectivity has been analyzed in detail in rodents. The ACC has reciprocal 

connections to the medial agranular frontal cortex, which includes the primary motor cortex, 

but also parts of the secondary motor cortex44. More precisely, The ACC projects to forelimb 

and orofacial regions of the primary motor cortex45. The ACC receives projections from the 

secondary somatosensory cortex, but no direct input from the primary somatosensory cortex. 

A study also found afferents to the ACC from the CA1 (cornu ammonis) of the hippocampus44.  

Direct projections from the ACC to the hippocampal formation are not present. ACC projects 

mainly to subiculum and entorhinal cortex (EC). In the EC, most of the cingulate fibers 

terminate in deep layers, which also receive input from the hippocampal formation and 

project to neocortical and subcortical regions, in turn46.  

 

Figure 1.1 Mid-sagittal view of the rat brain. Brain stem and cerebellum have been removed.  Regions 

of the cingulate and retrosplenial cortex are marked. ac = anterior commissure, ACd= dorsal cingulate 

cortex (= dACC, Cg1), ACv =  ventral cingulate cortex (= vACC, Cg2), cc = corpus callosum, fx = fornix, 

hipp = hippocampus, IL=infralimbic cortex, PL= pre-limbic cortex, , RSd = dorsal retrosplenial cortex, Rsv 

= ventral retrosplenial cortex (Scale bar 1 mm; retrieved from 47). 
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Division of the ACC 

The ventral part of the ACC projects to the nucleus accumbens, periaqueductal gray and 

amygdala, while also receiving projections from the basolateral amygdala and the lateral 

hypothalamus35, 43, 48. Therefore, the ventral part is assumed to be more involved in affective 

functions. The dACC on the other hand is assumed to be more involved in cognitive functions. 

It has reciprocal connections with motor areas, the PFC and the striatum, and receives 

projections from the parietal cortex and midline thalamic nuclei35, 48. The sub-regions of the 

ACC are intrinsically connected, and project to the PCC47.  

 

Structural connectivity analyses are often done with injections of viruses. It would be unethical 

to do this in humans. The same holds true for stressing human subjects until they shows 

depression-like symptoms. Therefore, rats were used, as a model for depression. In the next 

section I will discuss the specifics of this model.  
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1.3 Rodent depression model: Congenital learned helplessness 

There are several models of depression in animals. The congenital learned helplessness 

paradigm uses inescapable random shocks, which are applied to the animal from a metal grid 

floor, mostly rats or mice. To assess whether the rodent is helpless after the procedure, it is 

put back in the cage after 24 h. This time, the rodent has the possibility to end the shock by 

pressing a lever. In general, the animal is considered helpless if it does not press the lever in 

time to escape the shock. If the animal presses the lever quickly for a specific number of trials, 

it is considered resilient or non-helpless49. Mating the helpless rats with each other, as well as 

the non -helpless rats, for several generations, resulted in two strains: one which is more stress 

susceptible (congenital learned helpless = cLH) and one which is more stress resilient 

(congenital non-learned helpless = cNLH)50. They have been compared in several depression 

and anxiety tests to validate whether they can be used as a model for depression. 

Testing anhedonia 

Postulating that a rodent has a depressive disorder is not possible. However, depression 

symptoms can be deduced from behavioral tests. To test anhedonia, a central symptom of 

MDD, an animal’s preference for sucrose over water is assessed. A control animal would prefer 

sucrose over water, as drinking a sucrose solution is more enjoyable than drinking water. 

Another sucrose test is how much effort an animal would make to get a pleasurable reward. 

In a progressive reward schedule animals have to press a lever to obtain a reward. The number 

of lever presses needed to obtain a reward increases over time. The final ratio of the number 

of lever presses and the amount of reward obtained is compared. The ratio was lower for cLH 

than cNLH rats, indicating that cLH rats gave up earlier than cNLH. With a fixed ratio schedule, 

where one drop of sucrose was given for each lever press, the number of lever presses was 

similar between the groups. Moreover, all rats had a reduction of 10 % in body weight prior 

to the experiments51. Food deprivation seems to be necessary for showing a significant 

difference between rats with depression-like symptoms and control rats in saccharin intake52. 

This makes it questionable, whether a lower ratio value represents anhedonic tendencies at 

all or whether this is a motivational issue. However, motivational deficits, called anergia, are 

also a key symptom of depression. 
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Classifying the depressive disorder 

For the aforementioned study, rats showed depression symptoms, although no inescapable 

shock was applied. Showing symptoms without a stressor, resembles a model of chronic mild 

depression rather than major depressive disorder51, 53. However, increased resting-state 

network activity has also been found in patients with chronic mild depression, while 

antidepressant treatment could normalize the connectivity54. As this seems to be a consistent 

finding in depression it is worth looking at the resting-state network activity in rats, and 

changes in functional connectivity in the learned helpless model of depression. 

Resting-state network activity in rats 

In anesthetized rats a network resembling the human resting-state network has been found. 

Structures included the ACC, PCC, and hippocampal formation, as well as other regions implied 

in the human resting-state network. However, contrary to findings in humans19, the whole of 

the cingulate cortex was active in rats, including the medial part55. Another study, 

investigating the resting-state network in rats, took the time to habituate the animal to the 

fMRI machine and measured FC at resting state in awake animals. They used the ACC as a seed 

region and found that it was functionally connected to the retrosplenial cortex, parietal cortex, 

temporal association cortex and hippocampus, while no activity in the medial part of the 

cingulate cortex was found56. Thus, a similar resting-state network seems to be present in rats. 

It can therefore be investigated whether animals with depression-like behavior show the same 

changes as patients with MDD. 

Resting-state network activity in rat depression models 

In a genetic animal model of depression, alterations in connectivity were found, resembling 

those found in MDD patients. FC analyses showed a higher FC of the hippocampus with the 

left frontal association cortex/dorsolateral orbital cortex, while decreased connectivity was 

found with the cingulate cortex (Cg1/Cg2)57. In cLH rats, connectivity in the hippocampal-

frontal cortex network is enhanced. Cg1 showed lower connectivity with visceral motor 

structures, while Cg2 showed increased FC with the secondary motor cortex58. Changes in FC 

of the resting-state network are a consistent phenomenon in depressive patients, thus making 

it necessary to ensure that animal models of depression show a similar change. This will also 

make it easier to establish whether drugs tested for their anti-depressant effect in animal 

models will also work in humans. But to understand the changes seen in FC and how to 

normalize them, more knowledge about the molecular changes in depression are needed, as 

well as knowledge about how these changes might underlie depressive symptoms. 
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1.4 The neuroplasticity hypothesis 

Iproniazid and imipramine were the first anti-depressants to be discovered. As these drugs 

manipulate the serotonergic and dopaminergic system in the brain, research on depression  

focused primarily on these systems, although treatment success remained poor59. New 

hypotheses have emerged, one of them being neuroplasticity hypothesis60. Naturally, changes 

in the depressed brain are not just restricted to serotonergic and dopaminergic neuronal 

populations and synapses. Changes in the glutamatergic system, which entails the majority of 

excitatory synapses in the brain, have been found consistently, as well61, 62. This change in 

synaptic plasticity can be a result of long-term potentiation (LTP), long-term depression (LTD; 

s. fig. 1.2) or homeostatic plasticity (s. fig. 1.3). There are, however, many other ways of 

changing a neuron’s functioning and activity.  

First, changes in humans with depressive disorders will be discussed. Then, congenital learned 

helpless rats as well as other learned helplessness models of depression will be discussed with 

a focus on glutamatergic changes.  

Glutamatergic synapses in the ACC of humans 

Glutamate serum levels are higher in depressed patients compared to healthy participants63, 

64, while treatment with anti-depressants decreases glutamate levels in serum65.  

However, the picture looks different in the ACC. Here, a decrease in glutamate levels has been 

shown in several studies66, 67. Another study, investigating expression levels of several proteins 

involved in glutamate signaling found decreased levels of post-synaptic density 95 (PSD95), a 

postsynaptic anchoring protein at excitatory synapses, in the ACC68. This decrease could be a 

result of a decrease in neuronal number in depression. However, studies about neuronal 

number are inconsistent. A post-mortem study found a decrease in density of pyramidal 

neurons in layer Vb of the ACC, while size was increased in layers V and VI69. Other studies 

found an increase in the number of neurons in layer 5, but with smaller somata70, or no 

significant change in neuronal number71. The decrease in glutamatergic proteins could be due 

to a decrease in synaptic strength. Expression levels of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) subunits did not differ in MDD patients compared 

with controls68, and increased AMPAR binding has been found in the ACC of depressed 

patients72. In summary, the ACC in depression is still an incomplete picture.  
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B 

Figure 1.2 (left side) LTD results in long-lasting weakening of synaptic connections. LTD can be 

induced artificially by long but low frequency stimulation (1-3 Hz for 5-15 minutes) of the 

presynaptic terminals. Stimulation of the presynaptic terminal, resembles action potentials arriving 

at the presynaptic terminal. This leads to an influx of calcium into the presynaptic terminal, which 

in turn, leads to exocytosis of presynaptic vesicles. Vesicles of glutamatergic neurons contain 

glutamate, which will be released into the synaptic cleft and can now bind to post-synaptic 

glutamate receptors. This leads to an influx of sodium through AMPARs, and of small amounts of 

calcium into the cell at the post-synaptic membrane due to NMDARs, which are not entirely blocked 

by magnesium1. Therefore, a small amount of calcium can pass the membrane through the 

NMDARs. Low calcium levels activate a phosphatase, calcineurin. Calcineurin has a relatively high 

affinity for calcium. Protein phosphatase 1 (PP1) is also activated due to a low influx of calcium. 

Both phosphatases can de-phosphorylate AMPAR subunits. This leads to a decrease in receptor 

conductance and AMPAR density at the post-synaptic membrane. AMPAR density at the post-

synaptic membrane determines synaptic strength. A reduction in AMPARs therefore leads to 

weakening of the synapse2, 3. (right side) LTP on the other hand results in a strengthening of 

synapses. At resting potential of the post-synaptic membrane, NMDARs are blocked by magnesium. 

Binding of glutamate alone will not open NMDARs. However, depolarization of the membrane leads 

to release of the magnesium ion. If the depolarization of the post-synaptic membrane sustains, 

while enough glutamate is in the synaptic cleft, and can bind to NMDARs, NMDARs will open. 

NMDAR are calcium permeable. Opening of NMDARs will result in an increase in intracellular 

calcium concentration at the post-synaptic site. The rise of the calcium level activates calmodulin 

and subsequently calcium/calmodulin-dependent (CaM) kinase II. CaMKII phosphorylates AMPAR, 

leading to a higher density of AMPAR at the post-synaptic membrane as well as a higher 

permeability to sodium of those receptors. This is an immediate strengthening of the synaptic 

connection5, 6.( AMPAR = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR 

= N-methyl-D-aspartate receptor)(figure retrieved from 5). 
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Glutamatergic synapses in the hippocampus of humans 

In the hippocampus, lower Glx (glutamate + glutamine) levels are associated with MDD73, 

while administration of ketamine, an NMDAR antagonist, leads to an increase in glutamate 

concentration74. In the dentate gyrus (DG) and CA1, a decrease in pre-synaptic proteins has 

been found, including synaptosomal-associated protein 25 (SNAP25), which is involved in 

exocytosis of presynaptic vesicles75. GluA1 and GluA4, subunits of AMPARs, were 

downregulated as well61. Besides the decrease in AMPAR subunits, NMDAR subunits also 

seem to be implicated. A study found hypermethylation of the gene body encoding NR2A in 

the hippocampus76, which in general would result in a higher expression level of the gene77. 

Incorporation of NR2A containing NMDAR leads to a higher peak currency, while shortening 

the opening period of the receptor78. This would alter neuronal activity. Gene expression of 

glial glutamate transporters (EAAT1 and EAAT2; EAAT = excitatory amino acid transporter), 

important for uptake of glutamate from the synaptic cleft, are decreased in the hippocampus, 

while expression of a vesicular glutamate transporter (VGLUT) was upregulated in MDD62.  

The mentioned findings show that glutamate signaling seems to be disturbed in MDD patients 

in both the ACC and the hippocampus. Several of these findings can also be detected in rat 

Fig. 1.3 Homeostatic plasticity is a process for maintaining the overall activity of a neuron or a 

network. Synaptic scaling is a form of homeostatic plasticity. It is described as an up or down scaling 

of neuronal connections to stabilize firing of the neuron. Synapses that were strengthened due to 

LTP are more likely to be depolarized again, thus resulting in further strengthening of the synapse. 

This would eventually lead to a rigid network of neuronal connections, unable to adjust to new 

input. Another issue is the false correlation of unrelated events. The ease with which a weak 

presynaptic terminal can lead to a strong response in the post-synaptic neuron will lead to a 

strengthening of the pre-synapse as well, although the incoming signal was weak. To avoid this, 

neurons seem to be able to find their way back to a ‘default’ firing rate.4 (figure retrieved from 4) 
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models of depression. Several animal models of depression have been employed. As 

congenital learned helpless (cLH) and non-learned helpless (cNLH) rats were used in this 

thesis, the focus will be on this model. Findings in other learned helplessness models will be 

discussed as well. The ACC in congenital learned helpless rats in regard to glutamatergic 

changes has rarely been investigated. Therefore, studies discussed here are mostly limited to 

the hippocampus. 

Changes in congenital learned helpless rats 

A study found decreased absolute glutamate concentrations in the hippocampus of cLH79, 

which is in compliance with findings in human depression73. A decrease in synaptic vesicle 

proteins complexin I and II was found, which are important for pre-synaptic vesicle release 

into the synaptic cleft80, similar to SNAP25, which is downregulated in human depression61. 

No change in the ACC has been found80. Another study found a reduced expression of EAAT1 

and EAAT5, which are glutamate transporters at astrocytes, in the hippocampus and cerebral 

cortex81, which might result in the decreased glutamate uptake observed82. In other 

depression models, which show helplessness, similar changes can be observed. 

Changes in other learned helpless models of depression  

Another animal model for depression uses chronic unpredictable mild stress (CUMS). After a 

CUMS paradigm, rats showed depressive behavior. Expression of EAAT2 and EAAT3 was 

decreased in the hippocampus, but glutamate concentration was increased in the 

hippocampus. Ketamine administration led to an increase in EAAT2 and EAAT3 expression and 

a decrease in glutamate concentration in the hippocampus, while decreasing depression-like 

symptoms83. The increased glutamate concentration in the hippocampus of rats with 

depression-like symptoms is contradictory to what is found in humans73, 74. AMPARs and 

NMDARs seem to undergo changes as well, although, they do not manifest as simple down-

regulations, but rather changes in subunit composition. Flinders Sensitive Line (FSL) rats 

showed a lower ratio of NR2A/NR2B in hippocampal post-synaptic fractions compared to 

Flinders Resistant Line (FRL) rats, as well as a lower GluA2/GluA3 ratio. Expression of individual 

GluA1, GluA2 and GluA3 subunits showed no change between the two strains84.  

FSL and FRL rats resemble the same principle as the congenital helpless and non-helpless rats 

used here. They focus on differences that can be observed between resilient and susceptible 

rats, rather than rats that underwent a stressful paradigm to develop depression-like 

symptoms and rats that did not. This sets more focus on the specific differences observed in 

resilient and susceptible rats, and cancels out the influence of stress alone. 

Here, cLH and cNLH rats are used. The relative concentrations of several proteins have been 

measured in this project: NMDAR subunits NR1, NR2A, NR2B, the AMPAR subunits GluA1 and 
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GluA2, as well as PSD95, and vesicle-associated membrane protein 2 (VAMP2). In the following 

section, I will present a short overview of these proteins. 

1.5 Proteins of interest 

AMPARs 

AMPARs are sodium permeable, upon binding of glutamate. AMPARs consist of different 

combinations of four different subunits: GluA1, GluA2, GluA3 and GluA4. In the cortex, GluA2 

has a higher expression level than GluA1. Antibody binding to GluA2/3 is also higher than to 

GluA185. During development a switch from GluA2-lacking to GluA2-containing AMPARs 

occurs. This is important, because GluA2-lacking AMPAR are calcium permeable86 and can thus 

contribute to LTP and LTD at synapses87.  

NMDARs 

NMDARs are both sodium and calcium permeable88 and can consist of different subunits, NR1, 

NR2 and NR389, 90. NR1 has to be present in the NMDAR. In addition, NR2 or NR3 subunits form 

one tetramer together with one or two NR1 subunits91. NR1 is broadly distributed, while the 

other subunits have distinct localizations in the brain and during development. NR2B starts 

being expressed prenatally and peaks postnatally, while NR2A expression starts around 

birth92. NMDARs with NR2B subunits are especially abundant at growth cones and thus might 

be important for the elongation of neurons93. NR2B and NR2A are both found in the cortex 

and hippocampus94, 95, although NR2B to a lesser extent96. Higher NR2A levels in cortical 

neurons lead to shorter, but stronger excitatory post-synaptic currents (EPSCs)78, 97. The ratio 

of NR2A to NR2B might therefore be implicated in regulating the threshold for changes in 

synaptic strength98.  

PSD95 

PSD95 is an anchoring protein located at spines99-101. It anchors NR2 subunits of the 

NMDAR101, as well as AMPARs indirectly102, 103, and may help clustering receptors at the post-

synaptic density104. Moreover, PSD95 is implied in synaptic plasticity105. 

VAMP2 

Vesicle-associated membrane protein 2 (VAMP2) is part of the soluble NSF attachment protein 

receptors (SNARE) complex75. It is assumed to be involved in the fusion of vesicles at the 

presynaptic terminal with the pre-synaptic membrane to release neurotransmitters into the 

synaptic cleft106. Additionally, VAMP2 has been found at the post-synapse, and is involved in 

AMPAR trafficking in post - synaptic spines107. The SNARE complex might also be involved in 

neural growth, at the growth cone108.  
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1.6 Aims 

The biological differences underlying resilience and susceptibility to stress are still poorly 

understood. Functional imaging studies show that the ACC seems to be implicated in 

depression. The neuroplasticity hypothesis states that glutamatergic synapses are affected in 

depression. Therefore, relative protein concentrations of congenital learned helpless rats and 

congenital non-learned helpless rats have been compared in this project, using western blot. 

The proteins analyzed are constituents of glutamatergic synapses (NR1, NR2A, NR2B, GluA1, 

GluA2, PSD95 and VAMP2). Regions analyzed were the cingulate cortex (Cg1 and Cg2 in 

Paxinos’ rat brain atlas29), hippocampus, primary motor cortex and primary somatosensory 

cortex. The hypotheses are: 

1) Differences in synaptic protein concentrations are expected in the cingulate cortex 

and hippocampus between cLH and cNLH. 

2) No difference in protein concentrations is expected in the primary cortices. 
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2 Material and Methods 

2.1 Animals 

Ten male Sprague-Dawley rats (Janvier France), weighing between 200 and 240 g, were 

housed in 38 x 20 x 59 cm plastic cages. Up to four animals were housed in one cage at 22°C 

with a 12 hour light-dark rhythm. Food and water were supplied ad libidum. Animals were 

handled in accordance with the European Communities Council Directive of 24th November, 

1986. The experimental procedure was approved by Regierungspraesidium Karlsruhe.  

2.2 Learned Helplessness Procedure 

Rats underwent the learned helplessness procedure, using the Operant Behavior System 

Mannheim Type 259900 (TSE, Saalburgstrasse 157, D-61350 Bad Homburg, Germany). The 

Operant Behavior System consisted of an operant conditioning chamber, to which electrical 

current could be applied. The walls were made of steel with one Plexiglas front covered by a 

metal grid to make observation possible. The floor was covered with rods (6mm diameter) 

every 20 mm. During the first session, the rat was exposed to inescapable random foot shocks 

(8 mA). Shocks and inter-shock intervals were of variable duration (5-15 sec) and were applied 

randomly by a computer. The session lasted for 40 min and the total shock period was 20 min. 

24 hours later, rats were put into the same cage but with a lever, as well as a lamp located 

over the lever. A pulsating current (0.8 mA, 200 ms) was applied for 60 sec. The light over the 

lever was turned on during the shock periods. Fifteen shocks were applied, each followed by 

a pause of 24 seconds. Pressing the lever stopped the current prematurely. Failing to press 

the lever more than ten out of 15 times was considered as helpless behavior. A rat failing to 

press the lever less than five times was considered as resilient. The helpless rats and the 

resilient rats have been bred separately for 40 generations.  The ten rats used for this project, 

were only put in the box with the lever and light, and therefore could escape the electrical 

shock by pressing the lever (fig. 2.1). Five of the ten rats were considered as resilient, pressing 

the lever more than ten times. Four rats failed to press the lever more than ten times and 

were considered as helpless. One rat failing to press the lever nine times was nonetheless 

included in the helpless group. Latencies for each trial and rat were measured. The described 

procedure was conducted by Barbara Vollmayr and colleagues in Mannheim. 
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Figure 2.1 Learned helplessness procedure done in Mannheim. Animals were put into a chamber, 

in which they were exposed to inescapable random foot shocks. After this, the animals were put 

in the same cage, this time including a lever to stop the foot shock. Depending on the number of 

failed trials, animals were divided into two groups, and inbred for at least 40 generations. The 

animals used here, have been exposed to foot shocks, they could escape from, and depending on 

their number of failed trials, divided up into helpless and resilient rats. 
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2.3 Dissection of Regions of Interest (ROI) 

Rats were anaesthetized with Equithesin (0.4 ml/100 g body weight) and decapitated with a 

guillotine, approximately eleven months after the stress procedure. After removing the brain 

from the cranium, the ROIs were carefully dissected. ROIs included the primary 

somatosensory cortex (S1), primary motor cortex (M1), cingulate cortex (C) and hippocampus 

(H) of both hemispheres. A 3D rat brain atlas109 with marked ROIs was used for orientation. 

The areas have been marked with the help of ITK-SNAP (3.0) and Paxinos’ rat brain atlas29  by 

Laura Marian Valencia Pesqueira (fig. 2.2). Each sample contained ROIs of both hemispheres 

of either S1, M1, C or H of one rat. In total 40 samples (10 animals, 4 ROIs) were collected and 

stored at -80 °C for two years. The described procedure was conducted by Svend Davanger in 

Mannheim. 
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Figure 2.2 3D atlas of a rat brain with the marked ROIs, cingulate cortex (light pink), primary motor cortex 

(orange) and primary somatosensory cortex (green). Taken from Laura Marian Valencia Pesqueira’s master’s 

thesis, fig.5.2. (110). 

 

2.4 Sample Preparation 

The ROI samples were homogenized in 1.2 ml ice cold 4 mM Hepes-buffered sucrose (0.32 

mM sucrose, pH 7.36) and protease inhibitor cocktail (cOmplete ULTRA Tablets, Mini, 

EASYpack, Roche, 05 892 970 001) with nine strokes in a 2 cm3 tissue grinder (VWR 432-0208) 

on ice. All subsequent steps were carried out at 4 °C and samples were kept on ice. The 

homogenate was centrifuged at 1 060g (Eppendorf centrifuge, 5417C) for 15 minutes. The 

supernatant S1 was collected while the pellet P1 was resuspended in 0.3 ml of buffer and 
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centrifuged at 1060g for 15 minutes. The supernatant was collected again and added to S1. 

P1 was resuspended in 0.3 ml of buffer and stored. S1’ was then centrifuged at 11 700g for 15 

minutes and the supernatant S2 was removed. The pellet P2 was washed (resuspended in 0.3 

ml buffer, centrifuged at 11 700 g, the supernatant was removed) and then resuspended in 

0.3 ml buffer. P2’ was the washed crude synaptosomal fraction (fig. 2.3). The protein 

concentrations were measured with a Bradford Protein Assay from BioRad (see Appendix A.1). 

 

Figure 2.3 Preparation of washed crude synaptosomal fraction P2’.  

2.5 Immunoblotting 

A mixture of SDS-containing loading buffer (5.25 % sodium dodecyl sulfate w/v) and the crude 

synaptosomal fractions was incubated at 70 °C for 20 minutes. Fifteen microliters of the 

mixtures (4 μg protein, 1:6 loading buffer) were loaded into the wells of the gel (4–20 % 

Criterion™ TGX™ Precast Midi Protein Gel, 26 well, 15 µl #5671095). Empty wells were loaded 

with 7.5 μl Precision Plus Protein Dual Color Standard (BioRad, 161-0374). The gel was run at 

180 V for 50 minutes in Læmli buffer (250 mM Trizma base, 1.92 M glycine, 1 % w/v SDS; pH 

= 8.3). After the electrophoresis, the gel was adjusted to the Towbin buffer (250 mM Trizma 

base, 1.92 M glycine, pH = 8.3) for 10 minutes. For semi-dry blotting the Trans-Blot® 

Turbo™Blotting System (BioRad 1704150) was used. The blotting sandwich was constructed 

as follows: One sheet of precut extra thick blot filter paper (BioRad, 1703969) was soaked in 

Towbin buffer containing 20% v/v methanol and put into the cast. The PVDF membrane  
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(BioRad Immun-Blot® Low Fluorescence PVDF membrane, 1620264) was cut into size and 

soaked in pure methanol for 30 seconds. Subsequently, the membrane was soaked in Towbin 

Figure 2.4 Gel electrophresis and blotting 
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buffer with 20 % methanol for one minute. The gel was layered on top of the membrane. Air 

bubbles were pressed out carefully with a roller. On top of the gel another extra thick filter 

paper soaked in buffer containing 20 % methanol was layered. After putting on the lid, the 

cast was put into the Trans-Blot® Turbo™ (Program: 25 minutes, maximal 2.0 Ampère, 

Figure 2.5 Incubation, washing, and preparing the membrane for taking images
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constant 25 Volt). After blotting, the membrane was reactivated with methanol. The PVDF 

membrane was then incubated in 5 % skim milk in TBST buffer (0.4 M Trizma base, 2.74 M 

NaCl, 10 % v/v Tween, pH = 7.6) for 30 minutes and subsequently washed quickly four times. 

After washing, the membrane was incubated in TBST buffer with the primary antibody 

overnight (12-24 h) at 4 °C in 15 ml tubes (VWR, 89401-566). The next day the PVDF membrane 

was transferred into new tubes with TBST buffer and washed four times for 10-15 minutes as 

well as quickly washed in between the washing steps. Incubation with secondary antibodies 

in 1 % skim milk TBST for one hour at room temperature followed. The membrane was washed 

as described before. H2O2 and luminol (Super Signal West Pico Chemiluminescent Substrate, 

Thermo Fisher, 34078) were mixed in a one-to-one ratio and applied to the membrane for 4 

minutes before the membrane was put between two plastic foils and the remaining liquid was 

pressed out with a roller (fig. 2.5). The membrane was immediately scanned with the BioRad 

ChemiDoc (BioRad ChemiDoc Touch Imaging System, chemiluminescence, exposure time: 10-

2000 seconds). The blot was exposed until the bands became saturated. The image before 

saturation was chosen for analysis. All samples were run four times for each antibody.  

2.6 Stripping of membranes 

Some membranes have been stripped and reincubated with another antibody (C and H of 

PSD95). For this, the needed membrane stripes, which correspond to the molecular weight of 

PSD95, were incubated in stripping buffer (pH = 6.8) for 40 min at approximately 50 °C. 

Membranes were washed three times within 1 h. Afterwards, a 1:1 mixture of luminol and 

H2O2 was applied as described above. Images were taken with an exposure time of 2000 sec, 

to check for binding residues of antibodies. If binding was detected, membranes were 

incubated at 50 °C in stripping buffer for another 30 minutes. If no binding was detected, 

membranes were shortly reactivated in methanol and incubated in the needed primary 

antibody solution. It was proceeded as described above. 

2.7 Antibodies 

For primary incubation anti-NMDAR2A (Abcam), anti-NMDAR2B (Abcam), anti-GluA1 

(Abcam), anti-GluA2 (extracellular) (Alomone labs), anti-NMDAR1 (Abcam), anti-GluN1 

(Abcam), anti-PSD95 (Abcam), anti-VAMP2 (Abcam), anti-Actin (Millipore) and anti-Histone 

H3 (CST) antibodies were used. Anti-histone antibodies were kindly provided by Mahmood 

Reza Amiry-Moghaddam and Nadia Skauli. For secondary incubation anti-rabbit (Thermo) and 

anti-mouse (Thermo Fisher) antibodies were used. (For details, A.2.) 
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2.8 Blot design 

Each gel was loaded with the same ten samples twice. Thus, two replicates for one of the four 

areas were run on one blot. The empty wells were loaded with protein standard. The order of 

samples was changed for several blots in order to control for differences in staining due to 

different locations of the sample. For incubation, the blot was cut horizontally (to enable 

incubation in different antibody solutions, due to their difference in molecular weight and so 

different location on the blot) and vertically (to ensure equal incubation condition for the 

whole strip) (fig. 2.6). 

 

Figure 2.6 Blot design. Loading of the gel for all ten samples of one area and cutting of the membrane for optimal 

incubation. Wells with protein standard show molecular weight lines, indicated by the blue and red lines. This blot 

had to be run two times, to yield the four runs for one protein in one of the areas. 

2.9 Analysis 

The images were cut, resulting in single images for each antibody of the blot. The images were 

analyzed using Image Lab (version 5.2.1, fig. A.3). A multichannel image was created, one of 

the channels being the image of actin. Lanes were generated manually, and bands, which 

matched the molecular weight of the protein, were detected semi-manually. For blots with 

high background, the automatic background subtraction was increased. The lane profile of 

each band was inspected and, if necessary, its boundaries were adjusted manually. By clicking 

on the normalization button, the actin image could be chosen as housekeeping protein bands, 

using them as the normalization channel. The normalized values could subsequently be 

exported as an Excel table. As outlined before, ten samples were run twice on two blots (so 

two times the blot, illustrated in fig. 2.6), resulting in four replicates. The three best runs were 

chosen for analysis. Criteria for this were sufficient signal (i.e., blots that showed stronger 

binding of the antibody were chosen over blots that showed weak binding), low background 

signal and crisp single bands (A.4). This was done before the closer analysis and statistical tests 

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

NMDAR2A or NMDAR2B

NMDAR1, GluA1, GluA2 or PSD95

Actin

VAMP

NMDAR2A or NMDAR2B

NMDAR1, GluA1, GluA2 or PSD95

Actin

VAMP

 Protein Standard                                          

 Helpless animal samples (from C,H,M or S)

 Resilient animal samples (from C,H,M or S)

 Cutting lines 
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to avoid bias. Some deviations in overall staining of the different replicates became obvious. 

Thus, the measured values were normalized to sample 1 of each replicate using Matlab 

R2015b. Sample 1 was selected, as it had the smallest standard deviation over all 

measurements for every protein. This was calculated using Matlab. 

2.10 Statistics 

The mean of the three measurements of the bands were calculated for each sample and each 

protein using Matlab R2015b. Ratios of the mean of GluA1/GluA2 and NMDAR2A/NMDAR2B 

were calculated using Excel. A Shapiro-Wilk test was conducted to test for normality 

separately for each group for every protein and every area. When possible, a two-tailed 

independent samples t-test was conducted, otherwise the independent samples Mann-

Whitney U test was conducted, also two-tailed. The exact significance was used, as sample 

size was small. Differences of relative protein concentrations between the ROIs were 

calculated using Matlab and analyzed with a non-parametric Mann-Whitney U test, as data 

were not normally distributed. In addition, the latency values from the behavioral tests were 

analyzed. Because the data were normally distributed in the helpless and the resilient group, 

a repeated two-way ANOVA was conducted. These tests were conducted with IBM SPSS 

Statistics (Version 24).  

2.11 Linearity of protein concentration and signal detection 

For each antibody the linearity of its signal towards the protein concentration in each well was 

determined. Wells were loaded with 2, 3, 4, 5 and 7.5 μg of synaptosomal fraction of whole 

rat brain, provided by Suleman Hussain. The following procedure of gel electrophoresis and 

blotting was the same as described before. The measured values of each concentration were 

plotted with Excel. Only one run was carried out for each antibody. Kendall’s tau and Pearson 

correlation coefficients were calculated for each antibody and its concentration, as well as 

each antibody and the actin antibody binding intensity. This was done with IBM SPSS Statistics 

(Version 24). 
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3 Results 

3.1 Latencies of learned helplessness procedure 

Latencies differed significantly between the resilient rats, and the helpless rats as seen in a 

two-way repeated measurement ANOVA (F (1.7) = 11.803, p=0.011, mean (helpless) = 42.63, 

mean (resilient) = 6.82, fig. 3.1; for raw data see Appendix B.1).  

 

Figure 3.1 Averaged latencies over 15 trials of helpless (1 - 5) and resilient (6 - 10) animals. All helpless animals, 

except for rat 3, failed the behavioral test at least 10 times. Rat 3 failed 9 times. All resilient animals failed less 

than 5 times out of fifteen. Mean ± 2SE is shown. 
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3.2 Main findings 

In the motor cortex, the PSD95 protein concentration was significantly lower in resilient (Mdn 

= 3) animals compared to helpless (Mdn = 8) ones (U = 0, z = -2.611, p = 0.008) (fig. 3.2; see 

Appendix B.2 for blot). In the somatosensory cortex, the GluR1/GluR2 ratio was significantly 

lower in resilient (Mdn = 3.4) compared to helpless (Mdn = 7.6) animals (U = 2, z = -2.193, p = 

0.032) (fig. 3.3; see Appendix B.2-6). 

 

In the cingulate cortex, a trend of a lower protein level of NMDAR2A was found in resilient 

(Mdn = 3.4) compared to helpless (Mdn = 7.6) animals (U = 3, z = -1.984, p = 0.056) (fig. 3.4; 

see Appendix B.6). All results, including the non-significant ones, are stated in the appendix 

(B.7, B.8, B.9).  

 

 

 

Figure 3.2 Mean of relative protein concentration of PSD95 in the primary motor cortex of helpless and resilient 

rats. There was a significant higher relative concentration of PSD95 in the primary motor cortex of helpless

animals compared to resilient animals. Data are shown as mean ± 2 SE.  
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Figure 3.3 Mean of relative protein concentration ratio of GluA1/GluA2 in the primary somatosensory cortex of 

helpless and resilient rats. There was a significant higher GluA1/GluA2 ratio in the primary somatosensory cortex 

of helpless animals compared to resilient animals. Data are shown as mean ± 2 SE.  

Figure 3.4 Mean of relative protein concentration of NR2A in the cingulate cortex of helpless and resilient rats. 

There was a trend of higher relative concentration of NR2A in the cortex of helpless animals compared to resilient 

animals. Data are shown as mean ± 2 SE.  
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3.3 Findings from ROI differences 

The analysis of differences between ROIs, showed that the PSD95 concentration difference 

between the primary cortex and the hippocampus in helpless rats (Mdn = 3) is significantly 

different from the ones of resilient rats (Mdn = 8; U = 25, z = 2.611, p = 0.008). The PSD95 

concentration was higher in the primary motor cortex compared to the hippocampus in 

helpless rats. In resilient rats, the PSD95 concentration was lower in the primary motor cortex 

than the hippocampus. The PSD95 concentration was also higher in the primary motor cortex 

in helpless rats (Mdn = 7.6) compared to resilient ones (Mdn = 3.4) when compared to the 

somatosensory cortex (U = 2; z = -2.193; p = 0.032). GluA2 concentration differences between 

primary motor and primary somatosensory cortex differed significantly between resilient 

(Mdn = 3.2) and helpless rats (Mdn = 7.8; U = 1, z = -2.402, p = 0.016) (fig. 3.5). The 

concentration of GluA2 in the primary somatosensory cortex was higher in the helpless group 

compared to the resilient group (see Appendix Table B.10 for all results). 

Figure 3.5 Bar plot shows differences in relative protein concentration of GluA2 between primary 

motor cortex and primary somatosensory cortex (blue), and the differences of PSD95 between 

hippocampus and primary motor cortex (green), and primary motor cortex and primary 

somatosensory cortex (grey). Bar shows mean ± 2SE. 
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3.4 Total protein concentration – signal intensity relation of 

antibodies 

Actin, GluA1 and NR2B antibodies began to saturate at 5 μg. Other antibodies approximately 

followed linearity with single outliers (fig. 3.6). Pearson’s correlations showed that the protein 

concentration correlated well with signal intensity for all antibodies. The protein 

concentration/signal intensity relation of the actin antibody correlated worse with that of 

NR2A and GluA2, than other antibodies, and the one-tailed significance level is not reached. 

The data were not normally distributed, though, so whether the correlations, calculated by 

the Pearson’s correlation test were significant can actually not be concluded from this test. 

The non-parametric Kendall’s tau test showed significant correlations for all antibodies (tab. 

3.1). 

 

 

Figure 3.6 Relation of signal intensity of antibody binding, and protein concentration in the well. Points are 

connected for illustration of the dynamic, the curve does not resemble a trendline.   
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Table 3.1 Pearson Correlation and significance values for a 1-tailed bivariate Pearson’s correlation, and Kendall’s 

tau correlation coefficient. (* p < 0.05; ** p < 0.001)(Conc. = concentration). 

Pearson  NR2A NR2B GluA1 GluA2 NR1 PSD95 VAMP Actin 

Conc. Pearson Correlation 0.815* 0.862* 0.815* 0.931* 0.933* 0.949** 0.996** 0.830* 

  Sig. (1-tailed) 0.047 0.030 0.047 0.011 0.010 0.007 0.000 0.041 

Actin Pearson Correlation 0.724 0.977** 0.934* 0.792 0.913* 0.950** 0.854* 1.000 

 Sig. (1-tailed) 0.083 0.002 0.010 0.055 0.015 0.007 0.033  

          

          
Kendall’s 

tau  NR2A NR2B GluA1 GluA2 NR1 PSD95 VAMP Actin 

Conc. 

Correlation 

Coefficient 

0.800

* 

1.000*

* 

0.800

* 

0.800

* 

1.000*

* 

1.000*

* 

1.000*

* 

1.000*

* 

  Sig. (1-tailed) 0.025 0.000 0.025 0.025 0.000 0.000 0.000 0.000 

Actin 

Correlation 

Coefficient 

0.800

* 

1.000*

* 

0.800

* 

0.800

* 

1.000*

* 

1.000*

* 

1.000*

* 1.000 

 Sig. (1-tailed) 0.025 0.000 0.025 0.025 0.000 0.000 0.000 0.000 
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4 Discussion 

The main findings of this thesis are as follows: Congenital helpless rats showed significant 

differences of relative protein concentrations in the primary motor cortex and primary 

somatosensory cortex compared to congenital non-helpless rats. Although not significant, a 

trend was also present in the cingulate cortex. In the following sections, the possible 

implications of these differences are discussed, followed by assessing the limitations of the 

current study. 

 

4.1 Findings 

PSD95 in the motor cortex 

In this thesis, a significantly higher concentration of PSD95 has been found in the primary 

motor cortex of helpless rats compared to non-helpless rats. This might be linked to the 

motoric activity of the animal. In a social stress depression model in mice a decrease of motor 

activity was found111. Another mouse depression model, using light deprivation, found 

decreased connectivity in the motor cortex, while synapse strength increased112. The light 

deprivation model of depression also shows impairment of locomotor activity112. How 

synaptic proteins differed has not been investigated. Synaptic changes in the primary motor 

cortex in animal models of depression are rarely investigated in general. Hence, how 

upregulation of PSD95 in the primary motor cortex affects behavior is not known.  

PSD95 at synapses. The function of PSD95 at synaptic sites has mainly been investigated at 

hippocampal synapses. In this region, PSD95 is important for the delivery of AMPAR to post-

synaptic membranes and LTP induction102. PSD95 is implied in anchoring AMPARs103, and 

binds to NR2 subunits of NMDARs100, 101 and voltage-gated potassium channels99. Mutation of 

NMDAR and AMPAR binding sites of PSD95 resulted in increased anxiety-like behavior and 

hypoactivity in a novel environment113. This shows that PSD95 can alter behavior due to its 

anchoring function for glutamate receptors. However, no difference in AMPAR or NMDAR 

subunit concentration has been found in addition to the PSD95 increase. Reasons for this 

could be that the increase of AMPARs and NMDARs separately are not as easily detectable 

with the western blot technique. Besides its anchoring function, PSD95 is also necessary for 

regulation of plasticity.  

PSD95 has regulatory functions. Mutation of binding sites, which are not implicated in 

NMDAR or AMPAR binding, lead to an impairment of LTD and a high increase in LTP in the 

hippocampus of rats. NMDAR-currents at the post-synapse did not differ, neither did NMDAR 

expression. This points to a regulatory property of PSD95105, at least at hippocampal synapses.  
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Overexpression of PSD95. PSD95 overexpression in pyramidal neurons of the rat cortex leads 

to increased AMPAR-mediated EPSCs and a higher probability for LTD. This increase in AMPAR-

mediated EPSCs is due to an increase in synapse number, and not an increase in receptor 

number114. PSD95 is also important for the balance of inhibitory and excitatory synapses. A 

study found that overexpression of PSD95 leads to an increase in the number and strength of 

excitatory synapses115. The heightened concentration of PSD95 in the primary motor cortex 

of helpless rats could indicate an increased number and strength of excitatory synapses. 

Excitatory activity of the motor cortex. A short-term increase in synapses116, and 

strengthening of synaptic connections117, has been detected after learning of new motor skills. 

How long-lasting increases of excitability influence motor cortex functioning and behavior in 

depressive disorders is less well established. Findings of transcranial magnetic stimulation 

(TMS) studies in depressed subjects show asymmetric excitability of the motor cortices of the 

two hemispheres118, as well as a decrease in interaction between the two hemispheres119. 

However, in this thesis the two motor hemispheres have been pooled. Therefore, no 

conclusions can be drawn about hemispheric differences. Nevertheless, the findings of the 

TMS studies underscore the global changes within the brain in depression, and an influence 

of the disorder on the motor cortex. 

The motor cortex in depressed patients. In depressed patients, post-exercise facilitation is 

decreased120, possibly pointing towards an inability to strengthen synaptic connections 

further121. Moreover, a reduction of LTP-like plasticity was found when using a paired 

association stimulation protocol122, 123. Additionally, a shorter cortical silent period at the 

motor cortex of MDD patients has been measured, which is a sign of less inhibitory activity in 

the network124. In atypical depression, a reduction of inhibition in the motor cortex was found 

as well125. Summarizing these findings, it seems probable, that helpless rats have a higher 

number of synapses and/or greater strengthening of those, resulting in more excitatory 

activity in the motor cortex. This is either accompanied by, or a result of, less inhibition. 

Synapses are, as a result, unable to strengthen themselves further. However, the 

consequences of this are uncertain. 

Locomotion of depressed patients. Depressed patients show diminished strength and a 

different gait than controls126. Whether this is a direct result of changes in the primary motor 

cortex is questionable. It is often proposed that the decrease in motivation, accompanying 

depressed patients127, underlies this decrease in strength. Motor deficits, called psychomotor 

retardation, and anhedonia are correlated and it is therefore difficult to distinguish between 

the two128-130. However, this has been attempted, finding assumingly solely sensorimotor 

impairments, which are probably only marginally influenced by the motivational drive of the 

patient131.  
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Locomotion of depressive-like rats. The Wistar-Kyoto rat, a depression model which shows 

learned helplessness, is symptomized by psychomotor retardation132. PSD95 differences in the 

Wistar-Kyoto rat have not been studied in the motor cortex, but a significantly higher 

concentration of neuroligin1, which binds to PSD95133, has been found in the motor cortex of 

these rats134. However, congenital learned helpless rats, from the same research group as the 

rats used here, did not show any hypoactivity in the open field test. On the contrary, at the 

beginning of the session, locomotion was increased compared to control51. It would be 

interesting to test the cLH rats for other motoric abilities, to check more specifically for signs 

of psychomotor retardation, one of the symptoms of major depressive episodes. 

A possible mechanism. The increased concentration of PSD95, and the assumingly increased 

strength of synapses, might be an impairment in the down-scaling of the synaptic input, by 

homeostatic plasticity mechanisms. Artificial stimulation of neurons in the motor cortex 

results in an upregulation of GABARs three weeks after stimulation135. This might be a natural 

mechanism to down-scale synaptic strength and might be impaired in helpless animals. 

Other proteins in the primary motor cortex 

Concentrations between the two groups have been normalized to different regions to cancel 

out any individual differences in the whole brain. Compared to the primary somatosensory 

cortex and the hippocampus, PSD95 concentration in the motor cortex was significantly higher 

in the helpless group compared to the resilient one. Therefore, this result seems quite robust. 

GluA2 concentration in the motor cortex normalized to the somatosensory cortex showed a 

higher concentration in the helpless group as well.  This is supported by the overall small trend 

of GluA2 concentration being higher in the primary motor cortex of the helpless animals.  

GluA2 in synaptic plasticity. GluA2 is mostly found at excitatory synapses in the motor 

cortex136. AMPARs are anchored indirectly by PSD95103. Consequently, the increased 

concentration of PSD95 and the one of GluA2 might be causally connected. GluA2 knock-out 

in mice results in locomotor abnormalities. They showed both increased locomotion, and 

stayed still for an increased amount of time. The overall strength of muscles was not 

altered137. This implicates the GluA2 subunit in motor behavior. Overexpression of GluA2 in 

the hippocampus leads to an increase in spine size and spine density138. The increased 

concentration of GluA2 might therefor be linked to an increase in synaptic strength and 

number, as proposed above. 

GluA1/GluA2 ratio in the somatosensory cortex 

A significantly higher GluA1/GluA2 ratio has been measured in the somatosensory cortex of 

helpless rats compared to non-helpless rats. Studies found an involvement of AMPARs in 

depressive disorder in several brain areas61, 139. However, a study investigating resilience and 
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vulnerability in a chronic social stress model found the opposite, a lower GluA1/GluA2 ratio, 

in vulnerable rats, and an overall higher AMPAR density140. In this study, only the hippocampus 

was investigated, not the somatosensory cortex. A brain wide deletion of the GluR1 subunit 

results in a depressive-like phenotype with increased helplessness141, and a more anhedonic 

response towards sucrose142. Another study deleting the GluR1 subunit found no increase in 

anxiety-related behavior143.  

AMPAR and depression. Treatment with anti-depressants leads to an increase in AMPAR 

subunits in the frontal cortex and hippocampus144. An AMPAR potentiator helped to reduce 

some symptoms of depression in rats, such as immobility in the tail suspension test and weight 

loss, but an anxiety test and the sucrose preference test showed no difference140. However, it 

is not only the amount of AMPARs that can change single cell and network properties; the 

subunit composition of AMPARs also plays an important role for a neuron’s 

electrophysiological properties, and thus for its excitability as well.  

AMPAR and plasticity. GluA2-lacking AMPAR are calcium permeable145. Knock-out of GluA2 

leads to an increase in LTP in the hippocampus146 and a number of behavioral abnormalities, 

such as motor and learning deficits137. The authors of the study conclude that these deficits 

are due to the higher excitability in the brain. As there is a higher GluA1/GluA2 ratio in helpless 

rats, this would point to a decrease in excitatory activity in the somatosensory cortex in 

helpless animals.   

The somatosensory cortex in learned helpless animals. The somatosensory cortex is not often 

investigated in depression research. In this project, no difference was expected, as this area 

was supposed to serve as a control. However, a study that also used the somatosensory cortex 

as a control found a smaller density of PSD95 in the somatosensory cortex of learned helpless 

rats compared to naïve rats147, underscoring that changes in the primary somatosensory 

cortex can occur in helpless rats. Additionally, a decreased concentration of PSD95 in helpless 

rats might reflect a decrease in excitatory activity in the somatosensory cortex. 

The somatosensory cortex in depressed patients. Similarly to rats, the human somatosensory 

cortex has not been the center of attention in research of depression. There are no obvious 

differences in the number of neurons and glial cells in the somatosensory cortex between 

depressed patients and controls71. However, increased internal connectivity has been found 

in the somatosensory cortex of late life depressed people148 and a decrease in 

interhemispheric connectivity has been found in the sensory system149. Depressed patients 

with anxiety have shown more gray matter volume in the primary somatosensory compared 

to control150. Thus, together with the presented findings, the role of the somatosensory cortex 

involvement in depression is inconclusive. 
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NR2A trend in the cingulate cortex 

A trend of a higher concentration of the NMDAR subunit NR2A was found in the helpless rats 

compared to the non-helpless rats in the cingulate cortex. This is in accordance with a study 

showing a decrease in anxiety- and depressive-related behavior in NR2A knock-out mice151. 

Whether this decrease in anxiety and depressive behavior is due to changes in the cingulate 

cortex is, however, unclear.  

NR2A in animals with depression-like symptoms. In accordance with resilient animals having 

lower levels of NR2A in the cingulate cortex, functional uncoupling of NR2A from PSD95 in the 

PFC of rats maternally separated led to a decrease in anxiety152, which is highly comorbid with 

depression8, 13. Contrary to these findings, a decrease in the NR2A subunit concentration was 

found in prenatally stressed rats. However, the whole of the PFC and the hippocampus have 

been investigated153, 154. Although NR2A subunit concentrations are downregulated in some 

areas of the brain in animals with depression-like symptoms, a complete knock-out of NR2A 

helps to avert depression-like symptoms. How NR2A upregulation in the cingulate cortex 

affects behavior is not known, but a study has investigated overexpression in forebrain 

regions.  

Memory function in depression. Overexpression of NR2A in forebrain regions, including most 

likely the anterior parts of the cingulate cortex, impairs social recognition, olfactory 

memory155, and long-term memory156. However, patients with MDD do not show strong 

impairments of memory function, especially not long-term memory. Impairments measured 

are more often attributed to attention deficits and lack of motivation157. In congenital helpless 

rats, learning deficits are not observed51. A lesion of the ACC alone does not impair spatial 

memory performance158, nor discrimination learning in rats159. The observed impairments in 

memory function might therefore stem from other forebrain regions, not necessarily the ACC. 

Nevertheless, NR2A is implicated in behavioral mechanisms, and changes in its concentration 

can alter brain functioning. 

NR2A and information processing. In general, an increase in NR2A could either be due to an 

increase in NMDARs, or a different subunit composition of NMDARs in helpless animals. 

Because no significant difference was detected in NR1 concentrations, a change in subunit 

composition seems more plausible. NMDARs with different subunit compositions have 

different electrophysiological characteristics. Higher NR2A levels in cortical neurons lead to 

shorter, but stronger EPSCs78. This decreases the neuron’s ability for temporal integration of 

incoming signals160. A higher concentration of NR2A, as measured here, might therefore alter 

information processing within the ACC.  
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Connectivity and function of the ACC. The ACC receives input from both the posterior parietal 

cortex (PPC) and the dlPFC. Interestingly, they project in alternating columns to the layers of 

the ACC161. An impairment in temporal integration of signals might therefore impair 

integration of information from the PPC, implicated in spatial perception of oneself, and the 

dlPFC, implicated in working memory. Considering the ACC’s role in decision making, problems 

in integrating internal and external information could contribute to the increased decision 

latencies found in depressed patients162. Another connection of the ACC is the one projecting 

to motor areas44. The dACC is implicated in action initiation163, and a positive correlation 

between the activity of the dACC and psychometric retardation has been found in depressed 

patients164. Hence, increased NR2A levels in the ACC might contribute to the symptom of 

psychomotor retardation. 

The discussed findings implicate glutamatergic synapses in the primary motor cortex, 

somatosensory cortex and possibly the cingulate cortex in depression. This interpretation is 

discussed in the next section with regards to limitations in the study design and methodology. 
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4.2 Limitations 

4.2.1 Study design 

Learned helplessness procedure 

Research on learned helplessness is commonly done with animals. However, using an animal 

model presents some issues that will now be discussed. Depression in humans is defined in 

very broad terms and characteristics of depression include contrary symptoms, such as weight 

loss and weight gain. Because the disease pattern of depressive disorders is not very coherent, 

applying such a diagnosis to an animal is problematic, especially as the main symptoms, 

depressed mood and anhedonia, are difficult to test for in animals. Sucrose tests with animals, 

which underwent weight loss beforehand, are suboptimal to prove anhedonic behavior in 

rodents. Nevertheless, cLH rats show other symptoms of depression and biological changes 

similar to those found in humans50. 

The rats used for this project were only tested for their helplessness and based on these 

results, divided into two groups. Although other symptoms of depression could have been 

present, this was not assessed. Taking into account that these animals also have a genetic 

background, which is more stress resilient or more stress susceptible as they were bred for at 

least 40 generations, the probability for the rats having other symptoms of depression is high. 

Nevertheless, it would have been preferable to test for anhedonia in all animals used in this 

project to support the assumption that the rats can be regarded as modelling depression. 

Another drawback of the current study was that the criteria of helplessness was not fulfilled 

for one of the rats. The cut-off for helpless animals was set to failing to press the lever for 

more than 10 out of 15 times, while one of the rats put into the helpless group (rat number 3) 

failed only 9 out of 15 times. Although it is only a slight deviation, it might have increased 

variability in the helpless group. To test this, the standard deviation of the helpless group has 

been calculated several times, each time removing one of the samples and calculating the 

change in standard deviation compared to all of the samples included. Removing sample 3 

from standard deviation calculations, decreased the standard deviation in the cingulate cortex 

by around 12 %, and in the hippocampus by around 11 %. Compared to the removal of other 

samples, these values did not stand out. An increase in variability due to rat 3’s insufficient 

compliance with the criteria is therefore less likely (see Appendix C.1 for details).  

Missing control group 

All rats used in this project underwent the learned helplessness procedure, meaning 

inescapable random foot shocks were applied to all of them. Because all animals were exposed 

to stress, changes in the brain due to the stress cannot be investigated here, and have not 

been in the focus of this study. Rather, the different coping mechanisms of the animals, and 
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the underlying neurological changes are of interest. Not all humans exposed to extreme stress 

will develop depression, just as not all rats undergoing the learned helplessness procedure will 

develop depressive symptoms. Stress itself has been shown to lead to synaptic changes in 

different brain areas165-168, but the question is, whether synapses change differently in 

helpless compared to non-helpless animals. Additionally, prior to the stress procedure, the 

neurological architecture might already show differences between the two groups. As another 

study stated140, resilience and susceptibility to stress can be seen as a strain, and control 

animals cannot be checked for this. Many studies investigating depression in animal models 

compare ‘depressed’ animals with controls. It is therefore difficult to distinguish changes due 

to stress in general and changes due to a depressive syndrome. Here, control animals have 

not been included as no information would be gained regarding stress resilience and 

susceptibility. 

Diversity of the cingulate cortex 

The ACC has been in focus for this thesis, but significant differences in protein concentrations 

in this region could not be found. The reason for this could be that there are no differences to 

be found, or at least not for the proteins tested. However, the ACC shows changes in functional 

connectivity as well as regional blood flow in imaging studies. Glutamatergic synapses are 

highly abundant in the cortex169, and changes in PSD95, an anchoring protein at excitatory 

synapses, have been found in depressed patients68. However, it might be helpful to look at 

the sub-regions of the cingulate cortex in more detail in further experiments due to their 

diversity. The Cg1 and Cg2, which were dissected for the study, correspond to Brodmann area 

24a and 24b. Distinctions between the caudal and the rostral part of these areas have been 

found. Therefore, the caudal part, 24a’ and 24b’, are now considered as being part of the 

midcingulate cortex, while 24a and 24b are considered as part of the ACC. In addition, a dorsal 

and a ventral distinction of the ACC has been found, with distinct connections and functions. 

Using sub-regions of the ACC for western blots could make it easier to detect differences. 

Ventral and dorsal hippocampus 

No differences in the hippocampus have been found between the resilient and susceptible 

rats. The same logic applies here as for the ACC. In a study comparing resilient with stress 

susceptible mice, changes in AMPAR subunits in the hippocampus have been found. The stress 

paradigm consisted of social stress in mice, not inescapable random shocks in rats. Another 

difference was how the mice were divided into the groups. As opposed to using a behavioral 

test, corticosterone levels have been measured. Mice with persistent high corticosterone 

levels in the morning, five weeks after the stress procedure, were considered as stress 

susceptible animals. Mice with baseline corticosteroid levels were, on the other hand, viewed 

as stress resilient140. This approach makes sure that some neurobiological changes took place, 
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but whether this is a better indicator for a depressive disorder is questionable. In the 

mentioned study, hippocampal areas (CA1, CA2, CA3, DG) were tested separately, opposed to 

the whole hippocampus, as hippocampal subareas often respond differently to stress. The 

same is true for the ventral-dorsal axis of the hippocampus. Under normal conditions, the 

probability for LTP is higher in the dorsal part of the hippocampus, which is more associated 

with cognition, than in the ventral part, which is more associated with emotions. Acute stress 

exposure facilitates LTP in the ventral hippocampus, while decreasing the probability of LTP in 

the dorsal part170. If the hippocampus reacts differently in different regions to stress, 

depression might also manifest itself differently along the ventral-dorsal axis.  

 

4.2.1 Methodology 

Sample preparation 

The protein yield was very low in most of the samples. This could be due to hand 

homogenization, which results in relatively inefficient protein yield, when compared to other 

methods171. In addition, protein concentrations varied considerably across samples (see 

Appendix C.2). The high variability of protein concentrations of the different samples, despite 

being adjusted according to the measured values of the Bradford protein assay, made it 

difficult to find the best antibody concentration. While some of the samples show almost 

oversaturation, others are very weak, and have a decreased signal-to-noise ratio.  

In other studies, tissue of small areas of one experimental group are sometimes pooled, to 

yield a higher protein concentration. The drawback of this is a loss of information, as the 

variability within each group cannot be detected. Running the samples of each rat separately 

proved to be very important here as the variability in concentration of tested proteins within 

each group was so high. It should be noted, that the inability to detect a difference between 

the two groups was not due to overall similar concentrations, but were due to the differences 

in concentrations found between each of the samples. Pooling the samples might therefore 

have led to a loss of information. 

To load the wells of the gels with the same amount of protein, protein concentrations of the 

40 samples were measured with a Bradford protein assay. The absolute protein concentration 

was considered as the average of two measurements. Thus, all measurements could be done 

on the same titer plate and calculated with the same standard curve. Still, more replicates of 

measurement would have improved accuracy of the calculated protein concentrations.  
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Actin as a loading control 

To ensure that an actual difference in the concentration of a specific protein is being detected, 

and not the loaded amount of sample, loading controls are a necessity in western blots. Here, 

anti-actin antibodies were used. Actin is a so-called housekeeping gene (HKG), being abundant 

and assumedly stable for different tissues and conditions. It is therefore commonly used as a 

loading control in western blot.  

However, it has been shown that there is a high variability in actin concentration in different 

tissues172, and between different brain regions173. The actin concentration differs during 

development and in different experimental conditions173. β-tubulin, another common loading 

control, shows different concentrations in post-mortem samples of schizophrenic patients, 

most notably in the ACC174. Therefore, changes in cytoskeletal structures in mood disorders 

are possible. However, a post-mortem study in schizophrenia found no significant difference 

of actin in the ACC, dlPFC, hippocampus and primary visual cortex175. In depressed human 

patients, blood plasma analysis showed no significant difference in actin concentration 

compared to controls176. Whether there is a change in protein levels within the brain has not 

been established. 

When compared with other, common loading controls, actin proved to be one of the most 

stable ones177, especially in hippocampal and striatal tissue178. Conversely, in a study analyzing 

the accuracy and precision of several different loading controls for quantitative polymerase 

chain reaction (qPCR), actin performed as one of the worst, together with other common 

loading controls. The expression level of actin had one of the highest variabilities, and when 

analyzing measurements, different significant results were obtained, depending on which 

loading control was used for normalization179. In qPCR, expression levels are of interest, not 

the actual protein levels, so translatability to western blots is questionable. Nevertheless, 

western blot studies have found a high coefficient of variation with actin-binding, and a low 

coefficient of correlation with the actual protein concentration180. Analyzes showed a high 

variability of actin binding in this thesis, as well (see Appendix C.3) 

Other questions concerning loading controls, are when the signal saturates and how long the 

linear range of the housekeeping protein is. Actin is very abundant, while proteins of interest 

like PSD95 are less abundant. Thus, the linear range of the two, might not be around the same 

total protein load. Depending on the type of tissue, different ranges of linearity have been 

found. The cytosolic fraction of HzAm1 cells (which are cells from the cotton bollworm, 

Helicoverpa zea) had a linearity range of actin between 0.7 and 1.9 μg of total protein181. 

Monoclonal β-actin antibody-binding to the cytosolic fraction breast cancer cells saturated at 

0.47 μg of total protein182.  
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For this study, the linearity of protein concentration and signal intensity for each antibody has 

been determined as well. Actin seems to become saturated at 4 μg. It has to be taken into 

consideration that the graph (fig. 3.6) only depicts values of one measurement, so no 

replicates have been done. Additionally, due to a limitation in sample volume, the original 

samples have not been used for this analysis. Instead, practice material consisting of the 

synaptosomal fraction of whole rat brains was used.  

The issue of normalization 

Incubating the membrane in separate tubes was necessary to ensure an accessibility of the 

membrane for the antibody solution. Although membrane stripes have been treated the same 

way, with the same antibody solutions, the same washing procedure and the same exposure 

time, overall staining differences were evident. All measured values have therefore been 

normalized to sample 1 on the same membrane stripe. Sample 1 was chosen as it showed 

strong staining and the smallest standard deviation, though it has to be noted that too high 

measurements outside the linear range can increase variability after normalization as well. 

Fixed point normalization increases specificity, but decreases sensitivity. This increases the 

number of false negatives183. 
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4.3 Evaluating findings 

Differences have been found in several areas of the helpless rats compared to resilient rats. 

Whether these results are valid has to be considered in more depth. The blots obtained for 

the significant results and for the trend show some flaws, which could alter the mean in each 

group. Especially, GluA1 staining of the S1 samples is highly irregular, and results for the 

difference in GluA1/GluA2 ratio of S1 should therefore not be relied on. The correlation of 

GluA2 and actin was relatively low as well, thus making it more probable that normalization 

skewed the relative protein concentration. The same is true for the correlation between NR2A 

and actin. Hence, the NR2A trend within the cingulate cortex should be considered carefully. 

The third run shows a difference in the staining pattern of actin, which could increase the 

relative concentration in the helpless group, and decrease the one in the resilient group. In 

general, actin showed very weak staining, and as the signal-to-noise ratio decreases with 

weaker staining, variability increases183. For PSD95 in the motor cortex, actin staining is strong, 

but might be oversaturated. However, when normalizing the PSD95 concentration to other 

regions of interest, such as the somatosensory cortex and hippocampus, a significantly higher 

concentration in cLH compared to cNLH rats was still obtained.  
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5 Conclusion 

In this project, increased concentrations of PSD95 in the primary motor cortex of an animal 

model of depression have been found. This change might underlie the depression symptom 

of psychomotor retardation found in depressed humans. A mechanism that could have led to 

this increased concentration is an impairment of synaptic scaling. A trend of increased NMDAR 

subunit NR2A concentration in the Cg1 and Cg2 region of the rat has been found as well. 

Considering the connectivity between these two regions, a causal relation between these two 

results might exist, but awaits to be tested. 
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6 Appendix 

Appendix A 

A.1 Bradford Protein Assay 

A protein BSA (bovine serum albumin) standard with known concentration was diluted 1:2 with 

distilled water in five steps for the protein standard curve. Samples were diluted 1:10 with distilled 

water. Ten μl of each standard and sample as well as a blank were pipetted into the wells of a 96 well 

microplate, as shown in tab. 5.1. A mixture of 250 μl Solution A and 5 μl Solution S was prepared. In 

each well, 25 μl of the mixture was added. Subsequently, 200 μl of Solution B was added in each well 

with a mulitpipet. The microplate was mixed on a plate rocker for 15 minutes and bubbles were 

destroyed with pipet tips. Absorbance was measured at 750nm. The blank was subtracted from each 

measurement and the average was calculated for each standard and sample. A linear trendline was 

generated using the standard protein concentrations and the measured absorption after subtraction 

of the blank (fig. 5.2). The formula of the linear trendline was used for calculating the protein 

concentration of the samples. This was done in Excel. 

Table 6.2 Pipetting of standards and samples into the wells. Standard 2 was a dilution of Standard 1 with an equal 

part of water, Standard 3 a dilution of Standard 2 with an equal part of water, etc. S1 = Crude synaptosomal 

fraction of somatosensory cortex of rat 1, M = Motor cortex, H = Hippocampus, C = Cingulate Cortex; 1-10: rats 

(1-5 helpless, 6-10 resilient). 

 

 

Figure 6.1 Plot of the standard curve with linear trendline, formula for trendline and R² of the Bradford Protein 

Assay. Absorbance was measured at 750nm. Absorbance values were subtracted by blank, mean of subtracted 

absorbance was plotted against known protein concentration. 

1 2 3 4 5 6 7 8 9 10 11 12

A Blank Blank S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

B Standard 1 Standard 1 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

C Standard 2 Standard 2 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

D Standard 3 Standard 3 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

E Standard 4 Standard 4 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10

F Standard 5 Standard 5 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10

G Standard 5 Standard 6 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

H Standard 6 Standard 6 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

y = 0.1676x + 0.0022

R² = 0.9957
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A.2 Details of antibodies used. Mol.w. = molecular weight (in kilodalton). 

A.3 Image Lab software. Red channel (upper left corner) is actin and chosen as normalization channel. 

 

Protein Type Dilution Mol.w. Producer Product# Lot# 

NMDAR2A Rabbit 

monoclonal 

1:500 165 Abcam ab133265 GR88453-12 

NMDAR2B Rabbit 

polyclonal 

1:1 500 166 Abcam ab65783 GR310911-1 

GluA1 Rabbit 

polyclonal 

1:1 000 102 Abcam ab31232 GR231799-1 

GluA2 Rabbit 

polyclonal 

1:1 000 100 Alomone labs AGC-005 AN0302 

NMDAR1 Rabbit 

monoclonal 

1:1 000 105 Abcam ab109182 GR207980-19 

PSD95 Rabbit 

polyclonal 

1:1 000 95 Abcam ab18258 GR295786-1 

Actin Mouse 

monoclonal 

1:1 000 43 Millipore MAB1501 25088783 

VAMP2 Rabbit 

polyclonal 

1:1 000 000 19 Abcam ab3347 GR280715-3 

Histone H3 Rabbit 

monoclonal 

1:5 000 17 Cell Signaling 

Technology 

4499 9 

anti-rabbit 

peroxidase 

conjugated 

Goat 

polyclonal 

1:15 000 --------- Thermo Fisher 31460 SA245916 

anti-mouse 

peroxidase 

conjugated 

Goat 

polyclonal 

1:20 000 --------- Thermo Fisher 31430 SA245916 
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A.4 Examples of selection of the best three runs. Red boxes indicate which run was kicked out.  A run 

2 is weaker than the other three. B Unstable staining and different staining of the different runs. 

Redo of 4 runs. C weak staining, and different staining pattern. D slightly oversaturated. 

A B 

C D 
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Appendix B 

B.1 Latencies of learned helpless test in seconds. Each column is a different animal (1-5 helpless, 6-10 

resilient). Provided by Barbara Vollmayr. 

 
1 2 3 4 5 6 7 8 9 10 

Trial 1 2.1 45.8 5.8 3.5 17.2 8.1 12.2 17.3 5.1 20.8 

Trial 2 1.7 60 60 8.9 24.3 0.6 16.3 14.9 2.1 28.4 

Trial 3 4.9 60 32.1 7.8 60 1.5 4.5 0.7 10.6 1.9 

Trial 4 60 60 0.5 55.7 60 2 21.9 12.9 0.3 7.8 

Trial 5 60 23 21.9 60 54 0.1 0.9 3.3 11.8 5.6 

Trial 6 53.5 9.6 15 60 60 8.7 19.2 5.4 0.5 2.1 

Trial 7 60 47.4 40.8 60 23.2 1 19.5 10.5 0.5 0.2 

Trial 8 60 60 29.8 60 26.4 0.2 15.3 8.4 0.8 6.8 

Trial 9 10.5 60 5.2 60 60 3.2 3.2 3.7 11.9 1.3 

Trial 10 60 60 22.5 60 60 12.6 6.7 0.8 7.3 1.2 

Trial 11 60 60 60 60 60 25.1 2 1.8 25.5 9.3 

Trial 12 60 60 42.1 44.9 60 7.9 3.7 6.5 2.1 15.2 

Trial 13 60 60 0.4 14.7 15.7 10.5 3.8 6.9 1.5 0.8 

Trial 14 60 60 27.7 60 55.3 4 7.8 0.3 4.3 0.3 

Trial 15 60 60 17.5 60 45.8 0.8 0.4 4.5 3.4 0.6 

Sum Latency 672.7 785.8 381.3 675.5 681.9 86.3 137.4 97.9 87.7 102.3 

Failed trials 11 14 9 11 13 1 1 0 1 2 
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B.2 Bar plot shows relative PSD95 protein concentrations in the primary 

motor cortex. (1-5: helpless; 6-10: resilient). Error bars show mean of the 

three runs ± 2 SE. Images below show the three separate runs, indicated as 

boxes. The first is from a separate blot, the last two from the same one, but 

they were incubated separately. The first stripe in each box is PSD95 

antibody binding, the second stripe is actin binding. The binding pattern is 

relatively equal, and actin bands are strong. (Exposure time: 172.270 sec) 
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B.3 Bar plot shows relative GluA1 protein concentrations in the primary 

somatosensory cortex. (1-5: helpless; 6-10: resilient). Error bars show mean 

of the three runs ± 2 SE. Images below show the three separate runs, 

indicated as boxes. The first two are from the same blot, but incubated 

separately, while the third box is from another blot. The first stripe in each 

box is GluA1 antibody binding, the second stripe is actin binding. Binding of 

actin is weak, and unsteady across blots. (Exposure time: 341.659 sec) 
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B.4 Bar plot shows relative GluA2 protein concentrations in the primary 

somatosensory cortex. (1-5: helpless; 6-10: resilient). Error bars show mean 

of the three runs ± 2 SE. Images below show the three separate runs, 

indicated as boxes. The first box is from a separate blot, the other two boxes 

are from the same blot, but incubated separately. The first stripe in each 

box is GluA2 antibody binding, the second stripe is actin binding. The 

binding pattern of actin is unsteady across blots. In the last blot, sample 9 

is oversaturated. (Exposure time: 254.096 sec) 
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B.5 Bar plot shows GluA1/GluA2 ratio of primary somatosensory cortex samples. (1-

5: helpless; 6-10: resilient). Error bars show mean ± 2 SE.  
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B.6 Bar plot shows relative NR2A protein concentrations in the cingulate 

cortex. (1-5: helpless; 6-10: resilient). Error bars show mean of the three 

runs ± 2 SE. Images below show the three separate runs, indicated as boxes.  

The first two are from the same blot, but were incubated separately. The 

first stripe in each box is NR2A antibody binding, the second stripe is actin 

binding. Note the different binding pattern of actin for the last run. 

(Exposure time: 213.178 sec) 
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B.7 Non-significant results of statistical analysis using the means of three measurements. Samples of 

helpless (n=5) and resilient (n=5) animals, of each area separately, were analyzed for each protein and 

several ratios of proteins were analyzed. h=helpless, r=resilient, mdn=median. P = exact significance of 

Mann-Whitney U test 

Area Protein h (mdn) r (mdn) U z p 

Cingulate NMDAR2A 7.4 3.6 3 -1.984 0.056 

Cingulate NMDAR2B 5.4 5.6 13  1.104 1.000 

Cingulate NMDAR1 5.6 5.4 12 -0.104 1.000 

Cingulate GluA1 4.6 6.4 17  0.940 0.421 

Cingulate GluA2 6.6 4.4 7 -1.149 0.310 

Cingulate PSD95 6.8 4.2 6 -1.358 0.222 

Cingulate VAMP 4.2 6.8 19  1.358 0.222 

Cingulate GluA1/GluA2 4 7 20  1.567 0.151 

Cingulate NMDAR2A/NMDAR2B 7.2 3.8 4 -1.776 0.095 

Hippocampus NMDAR2A 6.8 5.2 11 -0.313 0.841 

Hippocampus NMDAR2B 6.6 4.4 7 -1.149 0.310 

Hippocampus NMDAR1 4.8 6.2 16  0.731 0.548 

Hippocampus GluA1 5.8 5.2 11 -0.313 0.841 

Hippocampus GluA2 6.8 4.2 6 -1.358 0.222 

Hippocampus PSD95 5.4 5.6 13  0.104 1.000 

Hippocampus VAMP 5.4 5.6 13  0.104 1.000 

Hippocampus GluA1/GluA2 5 6 15  0.522 0.690 

Hippocampus NMDAR2A/NMDAR2B 5.8 5.2 11 -0.313 0.841 

Motor* NMDAR2A* 0.9092* 0.8993* t(7.997)=0.018*  0.986* 

Motor NMDAR2B 5 6 15  0.522 0.690 

Motor NMDAR1 4.4 6.6 18  1.149 0.310 

Motor GluA1 5.2 5.8 14  0.313 0.841 

Motor GluA2 7.2 3.8 4 -1.776 0.095 

Motor PSD95 8 3 0 -2.611 0.008 

Motor VAMP 4.2 6.8 19  1.358 0.222 

Motor GluA1/GluA2 4.6 6.4 17  0.940 0.421 

Motor NMDAR2A/NMDAR2B 5.4 5.6 13  0.104 1.000 

Somatosensory NMDAR2A 6 5 10 -0.522 0.690 

Somatosensory NMDAR2B 6.8 4.2 6 -1.358 0.222 

Somatosensory NMDAR1 5 6 10  0.522 0.690 

Somatosensory GluA1 6.4 4.6 10 -0.940 0.421 

Somatosensory GluA2 4.4 6.6 18  1.149 0.310 

Somatosensory PSD95 5.8 5.2 11 -0.313 0.841 

Somatosensory VAMP 4.6 6.4 17  0.940 0.421 

Somatosensory GluA1/GluA2 7.6 3.4 2 -2.193 0.032 

Somatosensory NMDAR2A/NMDAR2B 5.8 5.2 11 -0.313 0.841 
*Samples of each group (helpless, resilient) were normally distributed. Values show results of an independent samples t-test, 

two-tailed 
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 B.8 Bar plots of all results except ratios. Bars show mean ± 2SE 

B.9 Bar plots of all results except ratios. Bars show mean ± 2SE 
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B.10 All results of statistical analysis of differences between regions of interest. h=helpless, r=resilient, 

mdn=median. P = exact significance of Mann-Whitney U test. 

Protein Area ratio h (mdn) r (mdn) U z p 

NR2A C/H 6.6 4.4 7 -1.149 0.31 

NR2A C/M1 7.2 3.8 4 -1.776 0.095 

NR2A C/S1 6.2 4.8 9 -0.731 0.548 

NR2A H/M1 6.6 4.4 12 -0.104 1 

NR2A H/S1 5 6 15 0.522 0.69 

NR2A M1/S1 5.4 5.6 13 0.104 1 

NR2B C/H 4.2 6.8 19 1.358 0.222 

NR2B C/M1 6 5 10 -0.522 0.69 

NR2B C/S1 4.2 6.8 19 1.358 0.222 

NR2B H/M1 6.8 4.2 6 -1.358 0.222 

NR2B H/S1 4.8 6.2 16 0.731 0.548 

NR2B M1/S1 3.6 7.4 22 1.984 0.056 

NR1 C/H 6.6 4.4 7 -1.149 0.31 

NR1 C/M1 6.4 4.6 8 -0.94 0.421 

NR1 C/S1 6.4 4.6 8 -0.94 0.421 

NR1 H/M1 5.2 5.8 14 0.313 0.841 

NR1 H/S1 5.8 5.2 11 -0.313 0.841 

NR1 M1/S1 5.4 5.6 13 0.104 1 

GluA1 C/H 4.8 6.2 16 0.731 0.548 

GluA1 C/M1 6.6 4.4 12 -0.104 1 

GluA1 C/S1 4.8 6.2 16 0.731 0.548 

GluA1 H/M1 6.6 4.4 12 -0.104 1 

GluA1 H/S1 5.2 5.8 14 0.313 0.841 

GluA1 M1/S1 4.8 6.2 16 0.731 0.548 

GluA2 C/H 6.2 4.8 9 -0.731 0.548 

GluA2 C/M1 6.6 4.4 12 -0.104 1 

GluA2 C/S1 7 4 5 -1.567 0.151 

GluA2 H/M1 4.8 6.2 16 0.731 0.548 

GluA2 H/S1 6.8 4.2 6 -1.358 0.222 

GluA2 M1/S1 8 3 8 -2.611 0.008 

PSD95 C/H 6.8 4.2 6 -1.358 0.222 

PSD95 C/M1 4.8 6.2 16 0.731 0.548 

PSD95 C/S1 6.2 4.8 9 -0.731 0.548 

PSD95 H/M1 3 8 25 2.611 0.008 

PSD95 H/S1 6.6 4.4 12 -0.104 1 

PSD95 M1/S1 7.6 3.4 2 -2.193 0.032 

VAMP C/H 5.4 5.6 13 0.104 1 

VAMP C/M1 5 6 15 0.522 0.69 

VAMP C/S1 5 6 15 0.522 0.69 

VAMP H/M1 5.6 5.4 12 -0.104 1 

VAMP H/S1 6.4 4.6 8 -0.94 0.421 
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VAMP M1/S1 5.4 5.6 13 0.104 1 

NR2A/NR2B C/H 7 4 5 -1.567 0.151 

NR2A/NR2B C/M1 7.2 3.8 4 -1.776 0.095 

NR2A/NR2B C/S1 6 5 10 -0.522 0.69 

NR2A/NR2B H/M1 5.8 5.2 11 -0.313 0.841 

NR2A/NR2B H/S1 5.4 5.6 13 0.104 1 

NR2A/NR2B M1/S1 5.6 5.4 12 -0.104 1 

GluA1/GluA2 C/H 4.4 6.6 18 1.149 0.31 

GluA1/GluA3 C/M1 5.8 5.2 11 -0.313 0.841 

GluA1/GluA4 C/S1 4 7 20 1.567 0.151 

GluA1/GluA5 H/M1 6.2 4.8 9 -0.731 0.548 

GluA1/GluA6 H/S1 4 7 20 1.567 0.151 

GluA1/GluA7 M1/S1 3.8 7.2 21 1.776 0.095 
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Appendix C  

 

C.1 Does sample 3 make the helpless group data more variable? 

One of the rats did not meet the requirements for helplessness, failing the test only 9 times, 

while the criteria was more than 10 times. Nevertheless the rat was added to the helpless 

group for increasing the sample size. To determine whether this increased the variability of 

the results, the standard deviation for all samples of the helpless groups in each area were 

calculated. Additionally, the standard deviation of all samples except one of them were 

calculated as well. For example, the standard deviation of samples 2-5 were calculated. This 

standard deviation was then compared to the standard deviation of all samples, by subtracting 

the standard deviation of all samples except sample 1 from the one of all samples. The 

percentual decrease of the standard deviation was then calculated.  

C.1 Percentual decrease of the standard deviation of the samples of helpless animals (sample 1-5), if 

one of the samples is taken out. E.g., Missing 1 row values show percental decrease of standard 

deviation, if sample 1 is not taken into the calculation, compared to, if all samples are taken into the 

calculation.  

 Cingulate cortex Hippocampus 

Primary 

somatosensory 

cortex 

Primary motor 

cortex All 

Missing 1 1.92 -8.60 -3.73 -7.61 -5.33 

Missing 2 -1.77 -7.83 -1.70 29.27 4.37 

Missing 3 12.06 11.33 -5.86 -4.31 0.73 

Missing 4 -3.55 16.53 4.27 1.59 5.90 

Missing 5 -0.49 -1.93 14.14 -0.60 4.92 
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A B 

C D 

C.2 Protein concentrations of samples. Note the relatively high variation in concentration, and the high standard 

deviation of the measurements. (helpless: 1-5; resilient: 6-10) Mean of two measurements ± 2 SE is shown. 



  

C.3 The mean of the measured relative actin concentration of all western blots is plotted. Note the 

high standard deviation of the measurements. (helpless: 1-5; resilient: 6-10) Mean of two 

measurements ± 2 SE is shown. 
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Buffers and Solutions used 

10x Læmli buffer 

To 800 ml of dH₂O add: 

30.3 g Trizma® base (T1503 Sigma-Aldrich) 

144.1 g Glycine (G8898 Sigma-Aldrich) 

10.0 g SDS (Sodium Dodecyl Sulfat ???) 

Add dH₂O to a final volume of 1000 ml. 

pH should be 8.3-8.9 without adjustment. 

Stored at 4 ⁰C. 

 

10x Towbin buffer 

To 800 ml of dH₂O add: 

30.3 g Trizma® base (T1503 Sigma-Aldrich) 

144.1 g Glycine (G8898 Sigma-Aldrich) 

Add dH₂O to a final volume of 1000 ml. 

pH should be 8.3-8.9 without adjustment. 

Stored at 4 ⁰C. 

 

20x Tris-buffered saline (TBS) 

48.5 g Trizma® base (T1503 Sigma-Aldrich) 

160.1 g NaCl (Natrium Chloride; S7653 

Sigma-Aldrich) 

Adjust pH to 7.6 with concentrated HCl 

(Hydrochloric acid; 20252.290 VWR 

Chemicals). 

Add dH₂O to a final volume of 1000 ml. 

 

 

Tween Tris-buffered saline (TBST) 

400 ml 20x TBS buffer 

40 ml 10% v/v Tween (P2287 Sigma-

Aldrich) 

7560 ml dH₂O 

 

 

Tris-HCl 1.5 M 

To 170 ml of dH₂O add: 

36.3 g Trizma® base (T1503 Sigma-Aldrich) 

Adjust pH to 6.8 with concentrated HCl 

(Hydrochloric acid; 20252.290 VWR 

Chemicals) at room temperature. Add 

dH₂O to a final volume of 200 ml. 

 

6x Loading buffer 

3.6 ml dH₂O 

1.6 ml Tris-HCl 1.5 M  (pH 6.8) 

0.42 g SDS (Sodium Dodecyl Sulfat; L3771 

Simga-Aldrich) 

2.4 ml Glycerol  (G5561 Sigma-Aldrich) 

0.4 ml 2-mercaptoethanol (M7154 Sigma-

Aldrich) 

Trace amount of bromphenol blue-xylene 

cyanole dye solution (B3269 Sigma-Aldrich) 
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