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Abstract 
 

It has long been recognized that in order to understand the nature of mental processes, one must 

look at the brain which presumably lies at their origin. Mapping out relationship between the 

structure of the brain, the genetics of the individual, and their life history, is now thought to be 

essential to understand the development and state of the psyche. 

The systems of BDNF and serotonin have been shown both separately and in interactions to affect 

the development and individual predisposition to depression. In addition, researchers have 

demonstrated that altered signaling in pathways involving these molecules may affect the growth of 

the hippocampus or its subfields. This coincides with the observation that patients suffering from 

depression will also many times display lower hippocampal volumes than would be expected in 

healthy people. In this study, a novel segmentation protocol from the FreeSurfer software package 

has been used to assess the effect of a history of depression as well as selected candidate genes on 

the volumes of hippocampal subfields. Subjects with a history of clinically significant depression, as 

well as healthy controls, were brain-imaged by MRI and genotyped for polymorphic regions of the 

serotonin transporter- and BDNF- genes. Using FreeSurfer v6.0, the brain MRI-images were 

reconstructed and the hippocampi were segmented by the automatic segmentation protocol based 

on new ex-vivo data. Decreased volumes in depressed subjects were found for the granule cell layer 

of the dentate gyrus (left), the parasubiculum (left), and the molecular layer of the subiculum (left). 

The fimbrial volume was found to have increased bilaterally. There was no effect of the candidate 

genes on the hippocampal subfields or the whole hippocampi, and no evidence of the candidate 

genes predicting a past history of depressive illness was found. The BDNF genotypes displayed non-

Hardy-Weinberg characteristics leading to speculation about whether certain variants of the gene 

confer risk or advantage with respect to reproductive success. 

These results indicate that there might be characteristic changes the hippocampus that underlie, or 

result from, depressive illness. Mapping these volumetric differences out in individuals who suffer 

from the disease may eventually guide clinicians in choosing the correct therapy for this debilitating 

category of illness. 
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1. Introduction 
 
“Any man could, if he were so inclined, be the sculptor of his own brain.”  
― Santiago Ramón y Cajal 
 

A well-known principle in biology, and indeed in other disciplines such as physics and chemistry, is that 

structure drives function. From the folding of the intestines and lungs, to the intense branching of the 

circulatory system, to the most recent acquisition of the heavily convoluted and interconnected brain, 

structure is intrinsically bound to function. This primacy of structure becomes all the more evident 

when its integrity is lost, and the consequences present themselves in the form of disease. And so, a 

natural implication of this important principle is that assessing form will often provide one with clues 

to make an educated guess at function which can drive experimentation. The opposite must also be 

true; someone with knowledge of biology should by observing a function (or the loss thereof) be able 

to make predictions about what structural underpinnings may be its foundation (or have been lost). 

 

In the field of neuroscience, many examples of the importance of structure can be found, both when 

studying function and dysfunction. On the functional side, many of the properties of different neuronal 

populations can be attributed to such structural properties; they can vary in their degree of 

arborization, their tendency to form dendritic spines, or their reach into remote tissues. The isolating 

properties of myelin are largely structural, and they are fundamental to creating a nervous system that 

is both capable of rapid action and compaction. On the other hand, loss of structure such as the tissue 

destruction apparent in Alzheimer’s disease is characteristic and surely integral to the symptoms that 

we observe. Nervous system damage from trauma also shows us that when a structure loses 

components, there are often times a decline in the function that it is supposed to serve. 

 

 

 

                        

https://www.goodreads.com/author/show/415443.Santiago_Ram_n_y_Cajal
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Figure 1 & 2. Left: Macrostructural differences between a healthy brain and a brain severely 

damaged by Alzheimer’s Disease. The structural difference is conspicuous. (Wikimedia commons 

license). Right: A parcellated reconstruction of the cerebral cortex of a study participant, produced in 

FreeSurfer (http://freesurfer.net/.).  

 

Neuroplasticity is another essential principle in neuroscience, and it is intimately linked to structure. 

Much of what we believe accounts for neuroplasticity is found in structural changes, such as the growth 

or decay of functionally important processes of the cell body, or indeed the genesis and death of whole 

groups of cells. These changes and variations in the brain become visible to us through imaging 

methods, and one such imaging technique is showcased in the current thesis. Presented in this work 

is also a review of literature pointing to structural plasticity as being important for affective disorders, 

particularly depression. 

A major challenge in human neuroscience is to acquire data about brain structure and function on the 

level we are interested in, while at the same time minimizing the invasiveness and potential for damage 

in the individual we study. In animals, although managed by ethical rigor, we are presently able to 

perform methods which are too invasive for human studies. Animal work has led to landmark 

discoveries such as LTP1 in the hippocampus of rabbits, and the discoveries of Hubel and Wiesel2 in the 

visual cortex of cats. Both discoveries have made huge impacts in the field of neuroscience, and to 

some extent even affected clinical practice. This is a very important aspect of neuroscience, and our 

knowledge would not be what it is without these bodies of work. However, the animal literature can 

for the most part provide hints and clues towards human functioning, but the only way to ensure 

human relevance is to study the phenomenon of interest in humans. The present thesis outlines one 

such approach. 

 

Context of study 
 

The data in this thesis are based on two clinical projects being conducted by the Clinical Neuroscience 

Research Group at the Department of Psychology, University of Oslo (Clin.gov ID: NCT0265862, 

Clin.gov ID: NCT02931487). Both projects study depression but are split into a morphometric project 

and an intervention-based project. The purpose of the intervention project is to test an emerging 

method of attention training. This cognitive method is based on an attention bias towards negative 

stimuli observed in many people suffering from depression and other emotional illnesses3,4. The two 

related projects seek to unify many different types of data into a complex and multi-faceted model, 

including the biological data produced and discussed in this thesis. The following section seeks to 

describe the backdrop of the dataset as this is important for interpretation of biological and 

demographical data. 

 

Major Depressive Disorder is a heterogeneous clinical syndrome which typically affects mood and 

motivation in its sufferers in a negative manner. It may, or may not, include a number of other less 

specific symptoms such as loss of appetite, trouble sleeping, feelings of guilt and hopelessness, or 

indeed the very opposites5,6. A robust observation in MDD is the presence of a cognitive bias towards 

negative information and stimuli, shown clinically in a dot probe test which gauges response times 
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when facing stimuli of different emotional salience3,4,7, see also review by Disner et al.8. Unifying 

depressive states with biological models of mind is a great challenge, but many discoveries have 

been made that present possible paths forward.  

 

Several lines of evidence suggest brain structural changes associated with depression, but the evidence 
is also conflicting9,10 (see 1.2.1). Central to this thesis is the 2015 update of the Hippocampal Subfield 
Segmentation protocol of the popular FreeSurfer software package developed by Laboratory for 
Computational Neuroimaging at the Athinoula A. Martinos Center for Biomedical Imaging at 
Massachusetts General Hospital http://freesurfer.net/. The 2015 update is based on new ex-vivo data, 
and allows for more precise segmentation of the hippocampus11. Due to the nature of the clinical 
projects upon which this thesis is built, namely the study of depression, I attempt to contextualize the 
biology against this backdrop of depression research. Questions about depression are secondary to 
this thesis, but they are asked in order to connect an affective illness to its putative biological 
foundations. 
 

1.1 Structural imaging of the living brain 
 

1.1.1 Briefly on current methods 
 

Imaging the living brain in any animal is a challenge, and the difficulties are much larger in humans due 

to the risk and invasiveness of the most powerful methods. Still, the history of neuroimaging in humans 

dates back some 130 years to the earliest manuscripts of Angelo Mosso12 who became noted for 

observing pulsations on the brain surface of skull-breach patients. Although this is not a viable 

technique in routine imaging of humans today, it set a precedent for methods that are in use. 

Observations of metabolic indicators, such as blood flow, has been carried over to methods such as 

BOLD-fMRI and PET scans which are currently in use. Intrinsic imaging is an animal parallel which 

utilizes red light reflection to gauge activity of a brain region. Animal research allows for such 

permanent surgical interventions as craniotomies and mounting of viewing windows in the skull. Along 

with techniques of molecular biology, such as transfection and vector injection, many techniques 

become available in animals. For instance, two-photon calcium imaging can be used to visualize 

calcium fluxes in cells in deeper layers than what can be seen with conventional imaging techniques13. 

Imaging with classical fluorophores such as Green Fluorescent Protein (GFP) allows for great structural 

resolution in shallow regions of the living brain (such as the very outer layers of a rat cortex). Since 

these methods depend on craniotomies, transgenics, transfection, local injections, or a combination 

of invasive methods, they are not suited for living humans. For obvious reasons, research-based 

imaging of the human brain must leave the subject without trauma forcing us to turn to other methods. 

1.1.2 Magnetic Resonance Imaging 
 

In structural imaging of living human brains today, Nuclear Magnetic Resonance Imaging (MRI) is by 

far the most common. MRI utilizes the fact that protons align with magnetic fields based on the 

quantum property called spin. This aligning happens in one of two possible directions, depending on 

the spin of the proton. Each proton will align in the most energetically favorable way, and the protons 

in the field tend to be unevenly distributed between the two alignments. By using electromagnetic 
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stimulation at a specific frequency which depends on the strength of the magnetic field at a given 

position, all protons are given enough energy to be forced to align the same way for as long as they 

are excited by the energy. When the radio pulse ceases, the protons which are in an unfavorable 

alignment with the magnetic field will fall back to the favorable alignment, and in the process emit 

photons which form the basic signal for the MRI measurement. The number of protons within a given 

area of inspection determines the strength of the signal. Complex mathematical transformation and 

repeated measurements gives rise to sectional images composed of three-dimensional pixels called 

voxels. Hundreds of such sections together form a complete image of the brain, at spatial resolutions 

which are very high 14. The strength of the signal in any one voxel is determined by, among other things, 

the amount of water and fat within the area due to their characteristic proton densities. From this map 

of varying signal intensities emerge the manual and automatic methods of assessing brain structural 

integrity or the lack thereof. By manipulating the weighting of signal in the MRI scanner, different 

contrasts can be produced based on the purpose of the scan. MRI is a widely used clinical tool, not 

only for brain imaging but also for imaging of other soft tissue types. In clinical brain imaging, MRI can 

be used to show loss of grey or white matter, ventricular enlargement, signs of ischemia, abnormal cell 

clusters and tumors, and other structural properties of clinical significance. Due to its low degree of 

invasiveness, low potential for damage and high spatial resolution, it is among the most powerful 

methods for measuring the human brain both in the clinic and in research. 

 

1.1.3 FreeSurfer 

 

Figure 3. The FreeSurfer pipeline leading eventually to qualitative and quantitative output at the final 

stage. Adapted from http://freesurfer.net/ 

FreeSurfer (http://freesurfer.net/) is an open source software suite developed by the Laboratory for 

Computational Neuroimaging at the Athinoula A. Martinos Center for Biomedical imaging. The latest 

stable release was on January 27 2017. FreeSurfer contains a set of tools which performs a series of 
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complex mathematical and statistical operations as it runs an MRI image through a processing 

pipeline. The output from this reconstruction is a file containing information about the imaged brain 

which can be viewed in several interesting ways. The included software FreeView allows for visual 

inspection embellished with color maps of structures such as the amygdala, the ventricles, the 

subventricular zone, the hippocampus, the striatum and many other areas. In addition, it provides 

clear boundaries between gray and white matter, and allows for the calculation of such metrics as 

the thickness of the cerebral cortex (inner white matter to pial surface). Furthermore, the software 

can make three-dimensional reconstructions of the cortex which clearly show individual sulci and gyri 

and provides both a qualitative map of the brain surface as well as being an excellent educational 

tool. With the latest release of FreeSurfer (v6.0), a new atlas for segmenting the hippocampus has 

been developed11. This is discussed further in section 1.2.3. 2017-results for the keyword 

“Freesurfer” on https://www.ncbi.nlm.nih.gov/pubmed yields 191 results, showing that there is a 

body of literature published which utilizes this tool, yet it has important capabilities outside of 

hippocampus segmentation. 

 

1.2 The hippocampus 

 

Figure 4. Semitransparent model of human brain, the hippocampi are colored in red. a) Saggital view 

b) Rostral/Coronal view. Adapted under Wikimedia Commons License. 

The hippocampus is an allocortical brain structure located underneath the medial temporal lobe of the 

brain. It is shaped somewhat like a seahorse (genus hippocampus) and has been named accordingly. 

Mammals have two hippocampi, one located on each side of the brain, and they are considered part 

of an anatomical division of the brain called the limbic system. The limbic system is traditionally 

considered to deal with emotion, behavior, cognition and other higher functions present in humans 

but its exact functional boundaries are not obvious15. In the field of functional and anatomical 

neurobiology, the hippocampus has received more focus than most other regions of the brain. Findings 

range from the discovery of place cells by John O’Keefe16,17 to the discovery LTP by Tim Bliss and Terje 

Lømo1 and eventually the finding of grid cells18,19. One recurring theme throughout hippocampus 

research is the association with memory and learning, as well as its connection to mood and behavior. 

Perhaps the most cited clinical event in all of neuroscience is the story of patient Henry Molaison’s 

bilateral hippocampus removal (about 2/3 of each hippocampus) due to epilepsy and his subsequent 

inability to form new memories. The story serves as a testament to the memory forming importance 
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of the hippocampus20, but also provides interesting clues to the specific role of hippocampus in 

memory processes. Patient HM supposedly could recall events from before his surgery, and was able 

to learn physical skills such as playing tennis. He was, however, completely incapable of learning new 

names and faces for time spans longer than minutes or hours20. This hints at complex differences 

between short, and long-term memory, and the hippocampus’ role in these as well as storage and 

recall20. Many studies have shown specific increases in hippocampal activity during memory tasks using 

fMRI21,22. In addition to such cases as patient HM, a large body of evidence that points to the 

hippocampus as integral to memory formation is found in the animal literature. Classic experiments 

by John O’Keefe pointed out the hippocampus as a structure of spatial coding and mapmaking16, and 

particularly interesting were the place cells which displayed firing patterns that directly related to the 

position of the animal17. Replay of spatial memories during both sleep and wakefulness have been 

shown, and Karlsson & Frank elegantly showed that there is great spatial coherence in the order of 

place cell firing during replay23. Using a powerful method called optogenetics to silence cells in the CA1 

region in a contextual manner, Goshen et al.24 showed that fear memory acquisition and recall were 

both disrupted during inhibition of CA1 cells in mice. Despite these indications at the hippocampus’ 

importance in many forms of memories, the details of its contribution to memory formation and recall 

are still unclear, see Lee et al.25 for review. 

1.2.1 Imaging and segmenting the hippocampus 
 

The current method for measuring in-vivo hippocampal volumes is by using structural MRI images and 

either a manual or an automatic segmentation protocol. These methods are used to determine which 

pixels (voxels) in an image belong to the hippocampus, and both volumes and subfield segmentation 

can be performed according to anatomical atlases of the hippocampus. An article by Tae et al.26 from 

2008 compares manual segmentation and morphometry to that of the previous version of FreeSurfer, 

a popular tool for volumetrics. They found that a good overall agreement between manual and 

automated volumetric methods, yet the software estimated the total volume to be significantly larger. 

Fortunately, FreeSurfer and other similar softwares have been updated since 2008, and in 2015 Iglesias 

et al.11 (developers of FreeSurfer) developed a new atlas from ex-vivo data, showing more consistent 

results and more precise subfield segmentation. Two very important strengths of the automated 

methods is the lack of bias, and consistency across research projects; even if the automated methods 

are not entirely in agreement with manual ones, this helps eliminate inter-researcher inconsistencies. 

Subfield segmentation is currently subject to some controversy with regards to accuracy and 

generalizability, in particular for automated methods (see review by DeFlores27). One must also bear 

in mind that manual morphometrics of the hippocampus is very demanding on two important 

resources in research, namely time and skilled labor. Despite limitations, this is the level of detail about 

morphology and volumetrics that we can currently acquire by automatic methods in living humans. 

 

1.2.2 Hippocampal volumetrics in depression 
 

At the current level of knowledge about the biology of depression, there is little reason to believe that 

the plethora of possible symptoms stems from a single brain region. On the contrary, it seems more 

probable that several regions are involved and that different patients may or may not have overlapping 

alterations in brain functions. Still, the limbic system is a natural place to direct focus, and the 

hippocampus and amygdala have both been studied in this context. The amygdala will not be discussed 
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in any detail in this thesis, but the hippocampus is a focal point as well as the primary dependent 

variable for the statistical investigations. 

 

Being a region of high plasticity and the most well-known example of a brain structure with adult 

neurogenesis28-33 (in the dentate gyrus), it is not unreasonable to expect the hippocampus or some of 

its sub regions to undergo structural and volumetric changes throughout the life of an individual. There 

are many studies that point to hippocampal volume differences between individuals which cannot 

simply be ascribed to random variation34,35. Han et al. 36 found reduced volumes of several hippocampal 

subfields in medication-naïve, depressed female patients when comparing to healthy controls. A meta-

analysis by Cole et al. found a 4.0-4.5% average reduction in hippocampal volumes in patients with 

first period depression compared to healthy controls. Findings by Chen et al. indicate that groups 

considered to be predisposed yet without having developed the clinical disorder also have lowered 

hippocampal volumes bilaterally37. MacMaster et al.38 found reduced hippocampal volumes in both 

hippocampi in pediatric patients suffering from familial MDD compared to controls, yet no differences 

in amygdala size were found. Colle et al.39 found that Early Life Adversity (ELA) and MDD correlated 

with reduced hippocampal volumes in male in-patients. Some studies have investigated hippocampus 

volume in relation to therapeutic response. For instance, a study by MacQueen et al.40 found a positive 

correlation between posterior hippocampal volumes and remission from MDD during an 8-week 

period. Hayasaka et al. found increased hippocampal volume after 2-weeks of lateral repetitive 

Transcranial Magnetic Stimulation (rTMS) treatment in MDD patients, but only on the side 

stimulated10. The dentate gyrus shows promise as a region of volumetric plasticity with relation to 

depression due to a number of studies showing effects on neurogenesis and volume31-33. These 

examples point to the hippocampus as a region that may undergo volumetric differences and 

depression appears to be one of factors that can affect this variation. 

There are inconsistencies, however, which underline the need for further research. Several studies 

have failed to find any relationship between hippocampal volumes and depression41-43, and the effects 

in the previously cited research articles tend not to be very strong (a meta-analysis by Cole et al. reports 

4-4.5%44). Take note, that small effect size is to be expected in any system which is influenced by many 

different factors and the size of effects must be compared to what is normal in the field of study. Still, 

it warrants caution when interpreting results when studying depression and volumetrics in general as 

the actual cause of variation in hippocampal volume is very hard to pinpoint. In this thesis, I attempt 

to use information about some of the most studied genes in depression to provide an additional angle 

at what causes volumetric differences in the hippocampus. 
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1.3 Serotonin 

 

Figure 5. The biosynthesis of serotonin. The essential amino acid tryptophan goes through an 

oxidation step to 5-hydroxy-tryptophan prior to decarboxylation forming serotonin. A number of 

further syntheses are based on this pathway. Wikimedia Commons License. 

 

Serotonin (5-hydroxytryptamine) is a tryptophan-derived, small-molecule, monoamine 

neurotransmitter found mainly in the CNS, smooth muscle, blood platelets and the enteric nervous 

system45,46. The transmitter molecule is involved in a host of mechanisms ranging from aggression and 

feeding behavior to hemostasis, smooth muscle tone and consciousness (citations!). In the CNS, a 

cluster of brainstem nuclei called the raphe nuclei serve as the main origins of brain-wide serotonergic 

projections across animal groups 46-49. It is commonly accepted that fourteen receptors exist in seven 

different families named 5-HTT1-7
50, most of which are metabotropic receptors. This thesis does not 

discuss the role of receptors in depression or hippocampal morphology, but the reader should know 

of the complexity and ubiquity of the serotonin system and appreciate the potential for both system-

wide and local effects as a result of serotonin perturbation. There is also a literature on the 

neurotrophic effects of serotonin, and its role in brain structural plasticity in depression. The following 

sections review the findings that have made serotonin a popular topic in depression literature.  

 

1.3.1 SSRIs and the serotonin transporter 
 

The serotonin transporter (SERT) is a membrane-bound protein found in the presynaptic neuron and 

surrounding astrocytes. It is a sodium-dependent cotransporter that pumps serotonin from the 

synaptic cleft and back into the presynaptic neuron. This regulates the strength and duration of 

serotonin signaling through the management of synaptic concentrations of serotonin. The fate of 

serotonin molecules is either oxidation in mitochondria by Monoamine Oxidase A, or further pumping 

back into secretory vesicles51. Selective Serotonin Reuptake Inhibitors block the action of the serotonin 

transporter52,53, and are typically the first line of defense in drug-based interventions, examples are 

Prozac and Citalopram. However, the efficacy of these drugs is not clear cut54,55 and controversy 

remains in part due to severe side effects such as suicidal ideation seen in some, particularly young, 

patients56,57. An interesting and controversial point in the SSRI debate is the fact that SSRI interventions 

tend to produce their results after 2-4 weeks58, although their inhibitory action sets in within hours53. 

This indicates that the acute synaptic levels of serotonin alone do not account for the mood of the 

patient, but that some process of adaptation must take place.  The proposed mechanism of action, 
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which also accounts for the latency of onset, is a downregulation of 5HT1A inhibitory autoreceptors 

on postsynaptic neurons due to the increase in synaptic serotonin59,60. Downregulation of this receptor 

causes a decrease in inhibitory action and thus more electrical activity in secondary serotonergic 

neurons, which in turn is believed to account for the therapeutic effects of SSRIs and the latency of 

therapeutic response60,61. See also section 1.3.3 for discussion of how the delayed onset of SSRI 

therapeutic effects may be mediated by more long-term structural processes. Although SSRI 

treatments are in many cases ineffective, they are not the silver bullet that they may appear, and more 

powerful tools for specifying diagnoses will perhaps allow future clinicians to better know when an 

SSRI can be expected to be efficacious. Hieronymus et al. makes an argument for symptom-specific 

efficacy (mood) rather than a systemic improvement of all symptoms the patient experiences62. 

Despite controversies, SSRIs remain the most common and most widely accepted first-line drug 

interventions against common types of depression. 

 

 

 

1.3.2 The 5-HTT Long Polymorphic Region 
 

It is widely accepted that there is a degree of heritability to MDD63, and that gene-environment-

interactions are important factors in its development64-67. Although a number of candidate genes have 

been investigated68-70, the serotonin transporter promoter has received the most attention. A pivotal 

2003 cohort study by Caspi et al. showed a positive interaction between a genetic polymorphism and 

periods of life adversity with relation to depressive symptom scoring71. The cohort was followed from 

age 3 to age 26, and the study has set much precedence for the genetics of depression. The genetic 

variants described are contained in a repeating region in the promoter of the serotonin transporter 

gene which typically appears in a short or a long (43 bp longer) version64,72. Several sub-variants of 

have been also described73,74, but most studies have focused only on the difference between the long 

and short promoter. The short variant correlates with lower transcriptional efficiency75,76 and many 

studies argue for a relationship between 5-HTTLPR genotype and susceptibility to depression64,77,78 in 

particular as a result of life stress, rather than an absolute relationship between the genotype and 

developing depression in general. In the current thesis, I investigate the relationship between this 

polymorphism, a history of depression and hippocampal volumetry. 

 

1.3.3 Serotonin and hippocampal neurogenesis 
 

A role for 5-HT in brain structural processes is underpinned by a body of evidence points to a 

stimulatory effect of 5-HT on hippocampal neurogenesis. It has long been known that the hippocampus 

receives serotonergic projections79, but the implications of this anatomy were not clear. More recent 

evidence comes from observations of serotonin-perturbing drugs appearing to increase hippocampal 

neurogenesis in the dentate gyrus granule cells31,33. Moreover, Brezun and Daszuta demonstrated in 

rats that ablation of serotonergic projections from the RN to the hilus of the dentate gyrus has a 

suppressing effect on expression of neurogenesis markers. This effect was reversed by reinnervation, 

implying a role of serotonin in regulating the process of neurogenesis80. It has been suggested that the 

delay in antidepressant effect commonly seen in SSRI-treatment may be due to neurotrophic effects81, 
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although this remains controversial. Being one of the regions now available in the new hippocampus 

subfield segmentation protocol of FreeSurfer v6.0, effects of genotypes and depression history on the 

granule cell layer of the dentate gyrus is assessed in this thesis. 

 

1.4 Brain-Derived Neurotrophic Factor 
 

The Brain-Derived Neurotrophic Factor (BDNF) is a growth factor in the neurotrophin family. It shares 

structural similarities with the better-known Nerve Growth Factor (NGF)82, but is a distinct protein. It 

is widespread among animals and is found in all vertebrates83 BDNF is found all over the central 

nervous system as well as in the blood, heart, and periphery like most neurotrophins. It acts as a 27 

kDa dimer which is loaded into vesicles in the trans-Golgi network in preparation for activity-

dependent exocytosis. Tropomyosin Receptor Kinase B (TrkB) is its most well-studied target84,85, but it 

also binds to the Low-affinity Nerve Growth Factor Receptor (LNGFR or p75). The significance of its 

binding to LNGFR is currently not known, but p75 has been shown to be involved in apoptotic 

regulation86,87. BDNF has a range of functions in the development and maintenance of the vertebrate 

nervous system. Among its functions is the differentiation, growth, survival and even apoptosis of 

specific neuronal populations87-90 BDNF-knockout mice show high postnatal lethality and generalized 

deficiencies in sensory and motor divisions88  

Since BDNF is involved in the development of the brain, it is not surprising that behavioral findings 

have also been made. Many experiments have studied the behavioral effects of BDNF, often focusing 

on the modulation of the response to various types of stress91-94. Infusions of BDNF and rapid-release 

polymers have been shown to decrease immobility in rats in a forced swim test94. Several studies have 

demonstrated BDNF dynamics in striatal regions (here: Nucleus Accumbens and Ventral Tegmental 

Area) as a modulator of the response to chronic social defeat in mice91-93. Berton et al. also 

demonstrated how in vivo-knockouts of BDNF locally in the VTA affects the ability of mice to develop 

a social-aversion behavior that is normal after repeated social defeat, and how treatment with an SSRI 

had similar effects93. This suggests that social aversion is a behavior that is modulated by an interaction 

with BDNF in brain areas important in motivation93,95 (VTA, NA). This connection to learned behavior 

makes BDNF a good candidate for biological models of affective disorders resulting from life adversity 

(such as depression and schizophrenia).  

 

1.4.1 A functional polymorphism in the BDNF gene correlates with 

depression 
 

A Single Nucleotide Polymorphism (rs6265) in the protein-coding region of the BDNF gene has been 

the subject of many studies since its discovery. The gene variant contains a point mutation changing a 

guanine to an adenine altering the codon from GUG to AUG. Upon translation, this causes the Valine 

at position 66 of the BDNF protein to be changed into a Methionine. Studies suggest that the 

physiological effect of this mutation stems from altered release dynamics of the mutant protein96,97 

rather than altered levels of transcription or altered interactions with the TrkB-receptor. Chen et al.98 

reported no differences in transcription levels between val/val and met/met mice, but up ~30% less 

activity-dependent release of BDNF. The met allele has also been positively correlated with higher 
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depression scores99,100. The case of the rs6265 shows its complexity when comparing development of 

depression to treatment and remission. Colle et al.101 found that for SSRIs the val/val genotype patients 

responded better, whereas the val/met genotype patients experienced greater symptom relief from 

SNRI/TCA treatment. This provides a compelling argument for doing further research into personalizing 

medicine based on biological parameters in depression. However, the previously mentioned study can 

be contrasted by the findings of Yan et al.102 who saw a greater response to SSRI treatment and better 

remission rates in val/met carriers.  It should be mentioned that these findings were in an Asian 

demographic, and ethnogeographical effects cannot be ruled out. In addition to its link to depression 

in humans, anxiety models in animals also show this genetic variant as modulating98. Although not 

strictly related to rs6265 mutation, a separate line of evidence points to BDNF as important for the 

rapid-acting antidepressant effects of small doses of ketamine103-106 (2-(2-Chlorophenyl)-2-

(methylamino)cyclohexanone). This implies that antidepressant effects may in some cases rely on a 

functional BDNF system. The Val66Met genetic variant has also been correlated with reduced 

extinction of fear memories107 leading to speculation about whether the BDNF polymorphism alters 

the ability to learn from cues that signal safety. This could help explain why some patients with 

depression are more prone to experience remission, as they might be less plastic when it comes to 

shedding the stress of past experience. Although the allele produces 3 genotypes; val/val, val/met, and 

met/met, the val/met heterozygous phenotype has been of particular interest, as it is much more 

common than the met/met homozygous phenotype. The distribution between the Val allele and the 

Met allele varies depending on population, but European populations typically display about 80% Val 

alleles with a Met/Met genotype frequency around 4%. Importantly, implications for hippocampal 

function96,108,109 and volume96,110-112 has been shown in many studies, pointing to decreased volumes 

and decreased performance in hippocampus-dependent memory tasks in carriers of the met-allele. In 

the BDNF literature, this polymorphism has received much attention and it is also one of the most well-

known SNPs in depression literature (see review by Hosang et al.113). For controversies on the 

Val66Met effect on hippocampal volumes, see meta-analysis by Harrisberger et al. Note that most of 

the studies used 1.5T MRI imaging, and that none of the studies use the new ex-vivo atlas described 

by Iglesias et al.11. 

 

1.4.2 The BDNF and 5-HT systems interact 
 

There are indications of an interaction between the BDNF and serotonin-systems. This is perhaps not 

surprising in the direction of BDNF having an effect on serotonergic cells, but the opposite seems less 

obvious. A 1996 study by Mary J. Eaton and Scott R. Whittemore showed that not only did exposure 

to BDNF increase the lifetime of serotonergic cells in vitro, but grafts of serotonergic cells injected with 

a BDNF-expressing vector survive longer when implanted into the rat hippocampus and cortex.  Russo-

neustadt et al. showed that BDNF expression in the rat hippocampus increased when given an MAOI-

drug114. We must interpret this finding with care, as the MAOI (once classic drugs against depression) 

is not selective to what monoamines are broken down.  This means that dopamine and norepinephrine 

signaling might also have been enhanced. In another research project, the authors also tried blocking 

exercise- and antidepressant-induced BDNF-elevations by using specific inhibitors of serotonin 

receptors (5-HT1A and 5-HT2A/2C). Serotonin inhibition block antidepressant-induced BDNF increases, 

but not exercise-induced, pointing to subsystem interactions between 5-HT and BDNF. Mamounas et 

al. infused the frontoparietal cortex of rats with BDNF and observed a local sprouting of 5-HT axons. 

They also showed that a BDNF infusion protected 5-HT neurons from a selective toxin targeting 

serotonergic cells (p-chloroamphetamine)115. This indicates that an ineffective BDNF-system might 
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have downstream destabilizing effects on the serotonin-system, see also review by Mattson116. It is 

currently not a major model in the understanding of depression, but this interaction seems natural to 

assess in the current thesis as it uses data on the two most studied serotonin-, and BDNF-related genes 

with respect to depression. 

 

 

2. Aims of study 
 

The aim of this study is to use methods of molecular biology along with the FreeSurfer hippocampal 

subfield segmentation to investigate the relationship between a clinical history of affective disorder, 

two genetic factors, and the volumes of hippocampal sub regions. The regions of focus will be those 

previously not available in the 5.3 version of FreeSurfer (parasubiculum, HATA, Granule cell layer of 

the dentate gyrus and the molecular layer of the subiculum). 

2.1 Hypotheses 
 

Hypothesis 1: There will be a difference in distribution of BDNF rs6265 and/or 5-HTTLPR long/short 
variant across the subject groups “rMDD” and “Healthy control”. This is based on the body of literature 
that points to interactions between these polymorphisms, stress, and MDD. 
 
Hypothesis 2: The volumes of both hippocampi and hippocampal subfields will be smaller in the 

remitted group, this is in line with previous research38-40,117. In accordance with existing findings about 

subfields, the main effects are expected to be found in the CA1-CA4 (CA1, CA2/3, CA4 containing the 

polymorphic layer and molecular layer of DG) fields and the granule cell layer of the Dentate Gyrus31-

33,36,118. 

Hypothesis 3: There will be differences in hippocampal subfield volumes across the biological metrics 

BDNF genotype, gender and age. This approach is exploratory and conceptually driven. The following 

specific sub-hypotheses are being investigated: 

• Sub-hypothesis 1: BDNF genotype alone will produce an effect on subfield volumes 

• Sub-hypothesis 2: SERT genotype alone will produce an effect on subfield volumes 

• Sub-hypothesis 3: Interaction effects between the genotypes may produce additional 

volumetric effects. 

 

3. Materials and methods 
 

3.1 Recruitment of subjects 
 

Research subjects were recruited as part of two research projects conducted by the Clinical 

Neuroscience Research Group at the Department of Psychology, University of Oslo (Clin.gov ID: 
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NCT0265862, Clin.gov ID: NCT02931487). A total of four hundred and forty-three subjects were 

recruited and went through genotyping. The clinical design warranted a recruitment aimed at roughly 

70% women and 30% men. For the sake of this thesis, initial exclusion was made by removing all 

subjects that did not go through MRI-imaging. Additionally, any subject which failed to provide a DNA-

sample or for which genetic analyses failed was excluded. After a final exclusion, data from one-

hundred eighty subjects remitted from clinically significant depression were accepted. The clinical 

exclusion criteria were serious head trauma, depressive illness at the time of interview, structural 

abnormalities of the brain, and pregnancy at the time of scanning. In addition, seventy-seven healthy 

control subjects were recruited. Nine of these we excluded for the same reasons as mentioned above 

leading to the final demographical data summarized in table 1. 

Table 1. Demographics of subject groups. All tests are across subject group only. Gender 
distribution is tested with a Chi-square test, and group-wise age distributions are tested with an 
independent t-test for the whole groups (rMDD and control). 

 Remitted MDD Control Group difference P 

     
 Female Male Female Male   

       
N 123 57 45 22 No 0.861 

Mean age 40.5 41.0 37.7 42.8 No 0.406 

SD age 13.7 12.9 12.5 14.0 No 0.326 

  
 

     

N Total 180 67 247  

       
 
 
 

 

Figure 6. Gender distribution between the subject groups Healthy Controls (Control) and subjects 

remitted from Major Depressive Disorder (rMDD). The groups were found to have equal distributions 

in a Chi-square test. 
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3.2 DNA acquisition and isolation 
 

DNA was isolated from cheek epithelium using Isohelix SK-1S DNA Buccal Swabs. The research subjects 

were given instructions on proper procedure for the use of the swabs and provided the samples at 

their own leisure. The swabs were stored at room temperature according to the manufacturers 

guidelines along with a preserving silica pellet proprietary to Isohelix. 

The DNA isolation was performed using Qiagen DNA Mini Kits (Qiagen, Düsseldorf, Germany) according 

to the buccal swab protocol, and using Isohelix Buccal Swab DNA Isolation Kits (Isohelix, Kent, UK). The 

Qiagen kit utilizes a spin column to ensure high purity of the end product, but provide lower yields 

compared to the Isohelix kit. For reasons of availability, samples 1-41 and 205-229 were collected using 

Qiagen Mini, whereas 42-204 and 230-445 were collected using the Isohelix kit. This was deemed 

acceptable due to the nature of downstream applications of the isolated DNA. 

 

3.3 PCR of BDNF 
 

The BDNF gene was amplified in a block cycler from the isolated DNA using primers: 

forward 5′-ACTCTGGAGAGCGTGAATGG- 3′ 

reverse 5′-ACTACTGAGCATCACCCTGGA-3′ 

 

Ideal cycling conditions were after experimentation found to be: 

 

5 min initial denaturation (95 °C) 

1 min denaturation (95 °C) 

30 sec annealing (60 °C) 

1 min extension (72 °C) 

Repeat step 2-4 40 times 

10 min final extension (72 °C) 

Hold 4 °C. 

 

This yielded a 171 bp band from the coding region of the BDNF gene which was confirmed by using 

agarose gel electrophoresis in a 2% gel using a 1kb ladder from Thermo Scientific. 
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3.4 Genotyping of BDNF 
 

BDNF genotypes were established using restriction cutting with Eco72I (Thermo Fisher Scientific, 

Waltham, MA, USA) with the following conditions: 

Buffer and enzyme volumes according to manufacturer Thermo Fisher 

15 μl of PCR product 

12 hours of incubation at 37°C 

 

Subsequent separation in 2,5% agarose gel electrophoresis was performed at at 100V for 

approximately 2 hours using 1X TAE-buffer. Biotium GelRed™ (Biotium, Fremont, CA 94538, USA) was 

used for staining the agarose gel at a concentration of 4µl/50mL. A Thermo Scientific GeneRuler 50bp 

DNA Ladder (Thermo Fisher Scientific, Waltham, MA, USA.)  (bands: 1000, 900, 800, 700, 600, 500, 400, 

300, 250, 200, 150, 100, 50) was used to assess fragment size on each run. 

 

The two alleles have the following sequences, with the restriction site in green, and the mutated base 

in red, bold, in order to show the disruption of the restriction site. 

Val66 allele: 

ACTCTGGAGAGCGTGAATGGGCCCAAGGCAGGTTCAAGAGGCTTGACATCATTGGCTGACACTTTCGAACACG

TGATAGAAGAGCTGTTGGATGAGGACCAGAAAGTTCGGCCCAATGAAGAAAACAATAAGGACGCAGACTTGT

ACACGTCCAGGGTGATGCTCAGTAGT 

 

Met66 allele: 

ACTCTGGAGAGCGTGAATGGGCCCAAGGCAGGTTCAAGAGGCTTGACATCATTGGCTGACACTTTCGAACACA

TGATAGAAGAGCTGTTGGATGAGGACCAGAAAGTTCGGCCCAATGAAGAAAACAATAAGGACGCAGACTTGT

ACACGTCCAGGGTGATGCTCAGTAGT 

 

Restriction cutting of the Val66 allele produces two bands of 99 and 72 base pairs, whereas restriction 

cutting of the Met66 allele leaves the full 171 bp sequence intact. Genotypes were read as following: 

1 (strong) band at 171 bp – Homozygous Met66 

3 bands at 171, 99 and 72 bp – Heterozygous 

2 (strong) bands at 99 and 72 bp – Homozygous Val66 

 

Several samples had to be excluded due to difficulties reading from the gel even after several reruns. 
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Figure 7. Uncut band of 171 bp is highlighted in blue, indicating Met/Met genotype. Note weak band 

in well 6. Ladder: 1kb to 50bp. 

 

 

 

Figure 8. Banding characteristic of both strands cut is highlighted in green, indicating Val/Val genotype. 

Heterozygote profile is highlighted in red. Ladder: 1kb to 50bp. 
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Table 2. Distribution of the Val/Met alleles across the subject groups. 

 rMDD (n = 180) Control (n = 67) 

 Val/Val Val/Met Met/Met Val/Val Val/Met Met/Met 
       

N 114 53 13 50 14 3 

Fraction 63.3 % 29.4 % 7.2 % 74.6 % 21.0 % 4.4 % 

       

 Val/Val Val/Met Met/Met    

       

Total N 164 67 16    
Total fraction 66.4 % 27.1 % 6.5 %    

       

 

3.5 5-HTTLPR analysis 
 

In order to perform downstream restriction cutting analysis of a polymorphism in the long allele of the 

serotonin transporter, numerous attempts at regular PCR amplification of this GC-rich region were 

attempted. Being unsuccessful in this endeavor, we sought the aid of Marianne Kristiansen Kringen at 

the Center for Psychopharmacology at Diakonhjemmet. Using a TaqMan-method for analysis, they 

were able to provide us with the genotype for our research subjects. Unfortunately, the amount of 

PCR product in these samples was too low for downstream analysis with restriction enzymes and 

agarose gel electrophoresis disallowing the search for SNPs in the 5-HTTLPR. We were still able to 

distinguish between the canonical long and short alleles, however. 

 

 

 

Table 3. Distribution of the long/short alleles across subject groups 

 rMDD (n = 180) Control (n = 67) 

 S/S S/L L/L S/S S/L L/L 
       
N 27 96 57 14 31 22 

Fraction 15.0 % 53.3 % 31.7 % 20.9 % 46.3 % 32.8 % 

       

       

 S/S S/L L/L    

       
Total N 41 127 79    

Total fraction 16.6 % 51.4 % 32.0 %    
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3.6 MRI acquisition 
 

The images used for MRI analyses were generated using a 12-channel head coil on a Philips Ingenia 

3.0T (Philips, Amsterdam, Netherlands) scanner at the Intervention Centre at Oslo University Hospital. 

T1-weighted sequences were produced with the following parameters: 

• Repetition time (TR) 3000ms 

• Echo time (TE) 3.61 ms 

• Flip angle 8°  

• Acquisition duration 3 minutes and 16 seconds. 

 

The T1 files consisted of 184 transverse slices containing 1mm3 voxels. Manual elimination of obvious 

structural defects was performed by Luigi Maglanoc and Dani Beck to ensure that only suitable samples 

were run through the FreeSurfer pipeline. 

 

 

3.7 FreeSurfer reconstruction and hippocampal subfield segmentation 
 

T1 weighted scans of all brain volumes underwent the FreeSurfer V5.3 (http:// 

surfer.nmr.mgh.harvard.edu/) pipeline reconstruction in order to be available for downstream 

segmentation. This was tested both small scale in a private Ubuntu environment as a conceptual test 

of the software package with real data, but due to the computing power intensive process of 

reconstruction the full dataset was acquired by requesting access to the Abel Supercluster owned by 

the University of Oslo and the Norwegian metacentre for High Performance Computing (NOTUR), 

operated by Department for Research Computing at USIT, the University of Oslo IT-department 

(http://www.hpc.uio.no/). The actual uploading of raw data and bash-script to Abel was performed by 

Dani Beck and Luigi Maglanoc. 

 

The hippocampal subfield segmentation is an automated procedure available in FreeSurfer, and V6.0 

of this specific tool outputs twelve separate regions of the hippocampal formation as well as the whole 

hippocampus. This is done bilaterally, leading to twenty-seven unique metrics when total IntraCranial 

Volume (ICV) is included. All subfields and ICV are provided by the software in cubic millimeters (mm3). 

See the previous section on FreeSurfer and hippocampal segmentation for details on how the ex-vivo 

atlas for the procedure has been generated. In addition to providing quantitative volumetric data, the 

subfield segmentation can be displayed in the FreeView software which is part of FreeSurfer. This 

allows for visual inspection and gives a qualitative view of what FreeSurfer does. 
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Figure 9. Output of coronal view from FreeView. Hippocampal subfields are color coded. Fimbria and 

hippocampal tail subfields not shown. 

 

 

Figure 10. Saggital view produced in FreeView. Hippocampal subfields are color coded. Parasubiculum 

subfield is not shown. 
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Figure 11. Axial inferior-bound series. The image has intrinsic tilt which shows both hippocampi with a 

slight spatial displacement for a given section. 

 

 

Figure 12. Caudal-coronal view, rostrally bound series. Grey-white contrasts correspond to grey 

matter/white matter boundaries. The cerebellum and brain-stem structures (pons) can be seen 

inferiorly to the hippocampi. 

3.8 Statistical calculations 
 

Statistical calculations and production of graphs were carried out in Microsoft Excel or in IBM (Armonk, 

New York, USA) SPSS statistics processor. Unless otherwise specified, an alpha level of < 0.05 was 

considered significant for all analyses. Graphs were generated in GraphPad Prism (La Jolla, CA 92037, 

USA) unless otherwise specified. All analyses of covariance used ICV and age as covariates (rationale 

shown below) and were performed in IBM SPSS statistics processor. Chi-square and t-tests were 

performed in IBM SPSS statistics processor. Hypothesis 1 was tested with distribution statistics for 

genotypes and subject groups using Chi-square tests for distribution and to assess Hardy-Weinberg 

equilibria. Hypothesis 2 was tested using univariate and multivariate GLMs using covariates established 

in 4.1, see discussion for determination of α-levels.  
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4. Results 
 

4.1 Preliminary statistics and determination of covariates 
 

In order to determine covariates for downstream analyses, a linear regression for the sum of 
hippocampal volumes (right + left) as a function of ICV was run (R2 = 0.35, F(1, 245) = 132, p < 0.001) (see 
figure 15) implying a strong correlation. This was also true for both hippocampi separately ((Right 
hippocampus R2 = 0.38, F(1, 245) = 152, p < 0.001),(Left hippocampus R2 = 0.35, F(1, 245) = 133, p < 0.001)). 
Age alone did not have a significant effect on total hippocampal volumes (R2 = 0.008, F(1, 245) = 3.072, p 
= 0.08) but had a weak effect on the left hippocampus volume (R2 = 0.016, F(1, 245) = 4.899, p = 0.028). 
Based on these trend-level findings and previous literature (see review by De Flores et al.27), age was 
included as a covariate in later analyses. All these effects were linear with no deviation from linearity 
detected (Runs test, p>0.4 in all cases). Gender had a significant effect on total hippocampal volume 
of both hippocampi, but it did not survive correction for ICV in a GLM using ICV as a covariate (F(1, 245) = 
0.047, p = 0.828)(see figure 13). In other words, males had generally larger hippocampal volumes, but 
only due to their generally larger ICVs. Expressed as fraction of ICV, on the other hand, females had 
larger hippocampi (n.s) (see figure 14). Notably, analyzed without any covariates, neither of these 
measures (absolute hippocampus volume or fraction of ICV) differed between control and remitted 
groups. This finding led to the assumption that there is a basic volumetric difference as a function of 
gender which is in reality an effect of differences in ICV. In addition to age, ICV is thus included as a 
covariate in the following analyses of variance (Section 4.3). 

 

Figure 13. Total hippocampal volume in healthy controls (control) and subjects remitted from major 
depressive disorder (rMDD). Significance disappears when controlling for total intra-cranial volume 
(see Figure 14). Data presented as mean ± S.E.M. 
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Figure 14. Hippocampus (HC) volume in healthy controls (control) and subjects remitted from major 
depressive disorder (rMDD) as a percentage of total intra-cranial volume (ICV). Data presented as 
mean ± S.E.M. 

With exception of the hippocampal fissure (bilaterally), all subfields and each individual hippocampus 

displayed normal distribution at p > .200 using a Kolmogorov-Smirnov test of normality. For this 

reason, the hippocampal fissure was excluded from further analyses. Before further testing, bilateral 

symmetry of subfield volumes was assessed by way of a paired-samples t-test for all subfields across 

the two brain hemispheres. 

Table 4. Paired-samples t-test for hippocampal subfields and whole hippocampus across 
the entire dataset. Positive values indicate that the right subfield is larger, negative 
values (in italics) indicate that the left subfield is larger. 

 

       
Subfield   ∆Mean ± S.E.M. t (246) P Cohen’s d 

       
Whole hippocampus   86.52 ± 10.7 8.110 < 0.001 0.52 

       

CA1   27.87 ± 3.7 7.475 < 0.001 0.48 

CA2/3   24.64 ± 1.8 13.270 < 0.001 0.84 

CA4   16.55 ± 1.4 11.916 < 0.001 0.76 

DG GC   14.85 ± 2.7 9.096 < 0.001 0.58 

Subiculum   -5.01 ± 2.0 -2.463 0.014 -0.16 

Presubiculum   -18.89 ± 1.8 -18.89 < 0.001 -0.69 

Parasubiculum   -2.84 ± 0.7 - 3.865 < 0.001 -0.25 

ML subiculum   14.85 ± 2.7 5.543 < 0.001 0.35 

Hippocampal tail   5.08 ± 3.1 1.620 0.106 0.10 

Fimbria   8.51 ± 1.1 7.832 < 0.001 0.5 

HATA   0.49 ± 0.8 0.584 0.560 0.037 
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Figure 15. Linear regression of total hippocampal volumes over ICV. R2 = 0.348. Genders are labeled by 

color and shape (Females = Black dot, Males = grey square) in order to illustrate clustering and variance 

for the two groups. 

 

 

 

 

4.2 Population genetics: 5-HTTLPR/BDNF(Val66Met) and depression 
 

To test the power of the two genotypes with respect to predicting a history of depression, a series of 

distribution analyses were carried out. The two alleles for each of the genes were tested against the 

assumption of a Hardy-Weinberg equilibrium. This tests the actual distribution of alleles against a 

mathematical expectation in order to determine whether the population appears to be evolving with 

respect to the particular alleles. Central assumptions in the Hardy-Weinberg model are: 

• Random Mating 

• No mutation, migration or natural selection 

• No genetic drift 

• Infinitely large population size 

The allelic distribution for BDNF rs6265 for the whole dataset was found to significantly deviate from 

a Hardy-Weinberg equilibrium (p2+2pq+q2) in a Chi-square test (χ2 = 5.453, N = 247 df = 1, p < 0.025) 

(See discussion for implications). Within the subject groups “rMDD” and “healthy controls” this did not 

hold true and they displayed HW equilibrium ((χ2 = 3.553, N = 180, df = 1, p > 0.05) and (χ2 = 1.630, N 

= 67, df = 1, p > 0.1) respectively).  
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The 5-HTTLPR genotype was found to display HW equilibrium characteristics for the whole dataset (χ2 

= 0.701, N = 247 df = 1, p > 0.1). Within the two subject groups “rMDD” and “healthy controls”, 

evidence of HW equilibrium was also found ((χ2 = 1.699, N = 180, df = 1, p > 0.1) and (χ2 = 0.251, N = 

67, df = 1, p > 0.1) respectively). 

In order to test assumptions of genotype distribution as a specific predictor of having a history of 

depression (Hypothesis 1), a Chi-square test was run for each genotype against subject group. There 

were no significant differences in distribution of SERT long/short between the two groups (Pearson χ2 

= 1.517, N = 247, df = 2, p = .468) (figure 16). Similarly, Chi-square was run for the BDNF Val66Met SNP, 

but no significant effect of group was found (Pearson χ2 = 2.821, N = 247, df = 2, p = .244) (figure 17). 

 

 

Figure 16. Distributions of the three genotypes for the Serotonin Transporter promoter (L/L, S/L, S/S) 

displayed across the groups Healthy Controls (Control) and remitted from Major Depressive Disorder 

(rMDD). 
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Figure 17. Distributions of the three genotypes for the BDNF gene prodomain (Val/val, val/met, 

met/met) displayed across the groups Healthy Controls (Control) and remitted from Major 

Depressive Disorder (rMDD). 

 

 

 

 

4.3 Effects of depression history on subfield volumes 
 

The neurotrophic model of depression indicates that total hippocampal volumes may change in 

relation to the development of MDD. Hypothesis 2 was approached in three steps: comparison of total 

hippocampal (right, left and the sum of both) volumes across the rMDD and Controls groups, 

multivariate analysis to investigate whether specific subfields appear to be affected, and a series of 

univariate analyses covering all subfields separately.  

 

4.3.1 Group and gender effects on total hippocampal volume 
 

Analyses of the total hippocampal volume as well as the whole hippocampus on each side were 

performed as separate two-way ANCOVAS with the factors subject group and gender, using ICV and 

age as covariates. No significant effects were found across subject groups or genders, or in interactions 

between subject group and gender. Summary of results are found in table 5. 
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Table 5. Separate linear models testing for gender and subject group effects as well as interactions 
between gender and subject group. 

      F(1,245) P ηp2 

Left hippocampus         
         
Gender      0.124 0.726 0.001 
Subject group      0.405 0.525 0.002 
Gender * subject 
group 

      
0.402 

 
0.526 

 
0.002 

         
Right hippocampus         
         
Gender      0.026 0.873 >0.001 
Subject group      0.006 0.937 >0.001 
Gender * subject 
group 

      
0.882 

 
0.349 

 
0.004 

         
Total hippocampal 
volume 

        

         
Gender      0.181 0.671 0.001 
Subject group      0.097 0.755 >0.001 
Gender* subject 
group 

      
0.853 

 
0.357 

 
0.004 

         

 

To investigate subject group effects on subfields two separate factorial MANCOVAs were carried out; 

one for each hemisphere. The factors subject group and gender were used with ICV and age as 

covariates. For the left subfields, subject group showed a significant effect and gender showed trend-

level significance (P = 0.051). No interaction effect of gender and subject group was observed. In the 

right subfields, subject group showed a highly significant effect (p < 0.001) but no effect was evident 

for gender. No interaction effect of gender and subject group was observed.  

Table 6. Results of two multivariate GLMs for hippocampal subfields in each hemisphere. The F value for Pillai’s 
Trace was interpreted to test multivariate significance. 

   V F(11, 231) P ηp2 

Left subfields       

Gender   0.08 1.822 0.051 0.080 
Subject group   0.131 3.170 0.001 0.131 
Gender * subject group   0.038 0.827 0.613 0.038 

       
Right subfields       

Gender   0.043 0.938 0.505 0.043 
Subject group   0.139 3.401 <0.001 0.139 
Gender * subject group   0.025 0.529 0.882 0.025 
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Follow-up ANCOVAS were performed for subject group effects on subfield volume in each hemisphere 

using ICV and age as covariates. Results are summarized in Table 6 and Table 7. 

Table 7. Results of a Generalized Linear Model ran for 11 out of 12 hippocampal subfields in the left 
hemisphere. Volumes are given in mm3 ± S.D. 

Left subfields   rMDD Healthy Controls ANCOVA 

 (n = 180) (n = 67) F(1, 245) P ηp2 

      

Whole 
hippocampus 

 
3631.64 ± 375.6 

 
3643.65 ± 305.8 

 
0.097 

 
0.76 

 
<0.001 

      

CA1 681.53 ± 85.2 686.42 ± 67.9 0.221 0.64 0.008 

CA2/3 247.60 ± 34.2 247.69 ± 34.9 0.105 0.75 <0.001 

CA4 271.22 ± 33.7 277.31 ± 27.8 3.528 0.06 0.014 

DG GC 329.85 ± 40.8 336.95 ± 33.4 3.864 0.050 0.016 

Subiculum 450.52 ± 56.0 453.42 ± 49.2 0.489 0.46 0.002 

Presubiculum 337.66 ± 41.6 328.01 ± 37.2 1.664 0.2 0.007 

Parasubiculum 69.62 ± 11.7 72.84 ± 9.4 5.589 0.019 0.023 

ML subiculum 549.95 ± 58.0 563.33 ± 63.1 4.176 0.042 0.017 

Hippocampal 
tail 

550.47 ± 66.5 543.78 ± 54.8 0.322 0.6 0.001 

Fimbria 73.18 ± 20.1 66.53 ± 18.00 7.391 0.007 0.03 

HATA 68.59 ± 12.7 69.66 ± 10.8 0.902 0.34 0.004 
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Table 8. Results of a Generalized Linear Model ran for 11 out of 12 hippocampal subfields in the 
right hemisphere. Volumes are given in mm3 ± S.D. 

Right subfields rMDD Healthy Controls ANCOVA 

 (n = 180) (n = 67) F(1, 245) P ηp2 

      

Whole 
hippocampus 

 
3724.89 ± 392.3 

 
3712.09 ± 324.2 

 
0.006 

 
0.937 

 
<0.001 

      

CA1 712.32 ± 90.0 706.44 ± 77.7 0.306 0.58 0.001 

CA2/3 273.26 ± 33.8 268.95 ± 32.2 0.289 0.6 0.001 

CA4 288.53 ± 33.2 291.83 ± 30.3 1.237 0.27 0.005 

DG GC 345.43 ± 40.7 349.82 ± 37.5 1.702 0.19 0.011 

Subiculum 446.30 ± 57.1 446.27 ± 46.1 0.035 0.86 <0.001 

Presubiculum 318.51 ± 39.3 309.82 ± 32.3 2.756 0.1 0.011 

Parasubiculum 66.99 ± 11.1 69.43 ± 9.4 2.117 0.15 0.009 

ML subiculum 565.23 ± 64.2 577.05 ± 55.9 2.747 0.099 0.011 

Hippocampal 
tail 

555.82 ± 74.3 548.11 ± 62.9 0.625 0.43 0.003 

Fimbria 82.07 ± 20.8 74.03 ± 17.5 7.838 0.006 0.031 

HATA 69.97 ± 13.9 67.74 ± 12.1 1.489 0.224 0.006 

      

      
Except for the fimbria (see figure 18 & 19), all subfields display larger volumes in the control group. 
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Figure 18. Left fimbria volumes for groups Healthy Controls (Control) and subjects remitted from Major 

Depressive Disorder (rMDD). Bars represent mean ± S.E.M. An effect of gender seen on absolute 

volumes is not present when ICV is used as covariate. 

 

Figure 19. Right fimbria volumes for groups Healthy Controls (Control) and subjects remitted from 

Major Depressive Disorder (rMDD). Bars represent mean ± S.E.M. An effect of gender seen on absolute 

volumes is not present when ICV is used as covariate. 
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Figure 20. Left parasubiculum in groups Healthy Controls (Control) and subjects remitted from Major 

Depressive Disorder (rMDD). Covariates used were ICV and age. Bars represent mean ± S.E.M. 

 

 

Figure 21. Right parasubiculum in groups Healthy Controls (Control) and subjects remitted from Major 

Depressive Disorder (rMDD). Covariates used were ICV and age.  Bars represent mean ± S.E.M. 
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4.4 Biological metrics effects on subfield volumes 
 

4.4.1 Sub-hypotheses 1 and 2 
 

To test sub-hypothesis 1 and 2, a factorial MANCOVA was run for each hemisphere, testing for the 

effects of 5-HTTLPR genotype and BDNF rs6265 genotype for all eleven included subfields. ICV and age 

were included as covariates. Both tests met the criteria Box’s test of equality of covariance matrices. 

In addition to testing each individual genotype, interaction effects of the two genotypes were tested 

in the same multivariate model. The rationale for testing interactions between these genes comes 

from the fact that the serotonin and BDNF systems interact biologically (see Section 1.4.2). In addition, 

the findings in the hippocampus with relation to these systems (see Section 1.4.2 and 1.3.3) makes an 

effect in the hippocampus seem plausible. The rationale for splitting the analyses by hemisphere 

comes from the initial findings of a generally increased size of the right subfields which was consistent 

across gender and subject group. Evidence of simple genotype effects or interactions was not found in 

the multivariate model. Results are summarized in table 7. 

Table 9. Interpretation of Wilk’s Lambda for two factorial multivariate GLMs assessing the 11 
included subfields. Factors are BDNF and SERT genotypes and their interaction. Included as 
covariates are ICV and age. 

 
 V F df P ηp2 

Left hemisphere      
      
BDNF genotype .062 .661 22, 454 .877 .031 
SERT genotype .891 1.223 22, 454 .223 .056 
BDNF*SERT .825 1.013 44, 916 .451 .047 
      
Right hemisphere      
      
BDNF genotype .876 1.401 22, 454 .107 .064 
SERT genotype .919 .883 22, 454 .619 .041 
BDNF*SERT .837 .940 44, 916 .586 .044 
      
      

      
 

 

5. Discussion 
 

Support for Hypothesis 1 was not found during statistical investigations. No evidence of an uneven 

distribution of SERT or BDNF was found across the groups Healthy Controls and rMDD. Support of 

Hypothesis 2 was found with the observation that there are several subfields that appear to display 
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different volumes between the subject groups Healthy Controls and rMDD. Support for Hypothesis 3 

was not found, as no subfield volumetric effects were found as a function of the genotypes or their 

interactions. The following section discusses these claims in more detail. 

5.1 Hippocampal asymmetry 
 

During the preliminary analyses establishing covariates and mapping out the large-scale trends, right-

left asymmetry was discovered across the full dataset (see table 4). This applies both to the whole 

hippocampus and to most of the subfields except for the hippocampal tail and hippocampus-

amygdala-transition-area (HATA). If one were to make a multiple comparisons correction such as the 

Bonferroni correction (in this case modifying α to α = 0.0045), the p-value for the subiculum (p = 0.014) 

would no longer be significant. Due to the clear-cut significance values of the other 8 subfields (all 

surviving the most stringent correction) and the qualitative approach of this specific investigation, a 

multiple comparisons correction was deemed unnecessary to discuss the results. Hippocampal right-

left asymmetry is a common finding, and has been shown to be present even at the premature 

neonatal stage119. It is known from studies in the human amygdala120 and cerebral cortex121,122 that 

there is at least a partial functional lateralization of certain brain functions. Studies of split-brain 

patients, and studies of language production and understanding has also contributed to the notion of 

functional lateralization in the human brain. In the rat hippocampus, Sakaguchi and Sakurai found 

lateralization of ventral hippocampal function with respect to anxiety123 indicating right hemisphere 

dominance in high-anxiety situations. Quantification of asymmetry was not performed as part of the 

present study, but a possible prospect would be to see whether the structural asymmetry remained 

the same across groups of people with mental illnesses or specific genetics. Structural lateralization 

might be important for the development of, or protection against, depression. This data would be best 

paired with some functional data such as fMRI, which could shed light on the relationship between 

structural lateralization and functional lateralization in the hippocampus. 

 

5.2 Distribution of genotypes and HW disequilibrium 
 

The Hardy-Weinberg principle states that the allele and genotype frequencies of a population will 

remain constant in the absence of factors that select for one allele or genotype. Contained in the 

principle is a set of assumptions about such factors that must be met in order for the mathematical 

approach to provide a valid result. The BDNF rs6265 variant did not display Hardy-Weinberg 

proportions (see 4.2) which can be interpreted to mean that one or more of the assumptions have 

been violated. Allele distribution across gender showed uniformity which should compensate for a 

putative effect of the roughly 68% females in the dataset. Another important assumption is random 

mating, i.e. the genotype does not affect choice of partner. Homozygosity can be inflated by inbreeding 

and drive the population into non-equilibrium. No data provided in this thesis can address this 

question, and so genotype effects on mating stands as a possible contributor. Although BDNF genotype 

was not found to correlate with a history of depression, there is a literature which indicates that it may 

contribute to mood disorders39,99-101. That this in turn may affect reproductive success is entirely 

plausible, but without further investigations it is left entirely to speculation. Another speculative point 

is that some studies have found lowered BDNF-levels in the brains of suicide subjects124,125. A meta-

review found an increased risk of suicide as a function of the met-allele in ethnic sub-populations, but 

no overall increase in suicide risk126. A Hardy-Weinberg equilibrium assumes that genetic drift is 
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negligible. This assumption cannot be tested with these data, and so this assumption must also stand 

unchallenged. Being intrinsically random, we must expect genetic drift to also occur in human 

populations, although the degree varies with each gene and population depending on evolutionary 

pressure. Petryshen et al. studied the distribution of these alleles in a wide variety of populations and 

found that the Met allele is the most common in many Asian populations, slightly less common in 

European populations, and almost non-existent in many African populations127. This can either point 

to the origins of the mutation, or to an ecological criterion for its selection effect, i.e. it might be 

beneficial in one environment and not in another. In general, there is little to indicate dramatic effects 

of this SNP on reproductive success and natural selection, but a Hardy-Weinberg disequilibrium along 

with the rest of the literature warrants further research into this allelic variant (see section 5.3). 

 

5.3 Power of BDNF and SERT genotypes in predicting depression history 
 

Hypothesis 1 posits that the BDNF Val66Met SNP might be predictive of being diagnosed with 

depression throughout life. The same prediction is made for the L/S promoter variant alleles of the 5-

HTTLPR. As seen in section 4.2, there was no significant difference in distribution of these two 

genotypes between the rMDD and control groups. This implies that knowing an individual’s genotype 

for one of these genes carries no isolated predicting power towards whether they have suffered from 

MDD. Likelihood of having both “risk variants” across groups was tested post-hoc, but no trends in co-

distribution were observed (data not shown). Fan et al. found an increased rate of depression in a post-

earthquake population carrying the Val66Met genotype100. Since no detailed life-history data has been 

collected for the subjects used to generate this data, comparing them to people who have experience 

trauma is problematic. Ribeiro et al. found an association between the met-allele and depression in a 

Mexican-American subject group99. As outlined by Petryshen et al.127, distributions of this mutation 

vary across different populations. It is conceivable that another ethnic group may respond differently 

to a particular genetic variation, or that undocumented life-events account for an interaction effect 

that can lead to depression. Since such data lacks for both this study, and the one previously outlined, 

comparing them becomes difficult. Further data on life-histories would be needed, and would in 

general align much more with the general observation that depression and life-adversity are 

connected. 

To contain the scope of this thesis to biological data, quantitative information on the clinical depression 

syndrome has not been included. Such data has been collected, and the full dataset allows for 

quantitative analyses of depressive symptomology (Beck and Hamilton inventories) and its relation to 

genetics. The groups rMDD and control are meant to represent total of biological variables that 

separate those who develop depression from healthy people. This way of approaching the problem 

greatly reduces the power of the study by omitting many control variables that should have been 

investigated in a more biological approach to depression. Extra variables such as number of depressive 

episodes and severity of depressive episodes would aid in the formation of subgroups for a more 

specific investigation. Other measures of life stress such as glucocorticoid levels over time (see future 

prospects) could also provide data which would be meaningful in conjunction with these genetic data. 

A final problem with this approach is that the history of depression was not confirmed through medical 

records upon recruitment as the grouping is based on self-reporting.  

 



 

34 
 

5.4 Predictive power of depression history on hippocampal subfield 

volumes 
 

Table 5 shows that a multivariate GLM for gender and subject group failed to demonstrate any overall 

effects on hippocampal volumes. This was true for each separate hippocampus and the total volume 

of the two. A follow-up analysis of subfield effects in a multivariate GLM found strong evidence of an 

overall effect on subfields by subject group in each hemisphere (p ≤ 0.001). The test of the specific 

subfields through ANCOVA analyses provided one statistically significant effect for the right 

hippocampus (Fimbria), and statistically significant effects in four areas in the left hemisphere: Dentate 

gyrus molecular layer, parasubiculum, molecular layer of subiculum, and fimbria. The fimbria is the 

only subfield in which a bilateral effect of depression history was displayed. Additionally, the fimbria is 

on average larger in the rMDD group (figure 18 & 19), whereas the other subfields display the expected 

trend of volume decrease (exemplified in figure 20 & 21). In addition to the effects seen in the fimbria, 

several of the areas which are new to the FreeSurfer 6.0 segmentation protocol displayed statistically 

significant effects of subject group. These were the molecular layer of the subiculum, the granule cell 

layer of the dentate gyrus, and the parasubiculum. The molecular layer of the subiculum and the 

parasubiculum are regions about which very little is known, and any functional predictions from 

volume changes are speculative at best. Perhaps most interesting is the borderline finding of a 

significant group effect on the granule cell layer of the dentate gyrus. As reviewed in 1.3.3, there are 

reasons to believe that changes in the neurogenesis patterns of the GCDG might be involved in the 

etiology of depression31-33, see also review by Mahar61. This finding has strong conceptual roots, but 

the borderline significance level even before α-correction warrants caution.  

The seeming contradiction of no overall effects on hippocampal volumes, but effects in several 

subfields can partially be explained by the fact that two of the areas in which significant effects were 

demonstrated are very small. Fimbria (different on both sides) and parasubiculum (left side different 

across the two groups) are small, and their contribution to the overall variance in the whole 

hippocampus comparisons is small (Table 5). Their effect on pooled variance might not be enough to 

push the total variance to a level which is detectably different between the subject groups in a GLM. 

This underlines the necessity for doing the two different tests; the multivariate model for the whole 

hippocampi is less powerful but also more conservative and less likely to produce type 1 errors. 

Likewise, the multivariate test for overall subfield effects is more robust than the series of ANCOVAs, 

but provides less specific information and much less power. Doing a series of ANCOVAs intuitively 

inflates the risk of making a type 1 error, and there are several reasons why a multiple comparisons 

correction of α-level was not performed. First off, accepting the nominal values is part of getting a 

qualitative feedback about the viability of a new segmentation protocol which is to be explored further. 

Findings by Hayasaka and MacQueen10,40 show that hippocampus volumes appear plastic within a time 

span of weeks to months. This poses a challenge to the current dataset due to there being no control 

for how long ago any depressive episodes have taken place. The choice of hypotheses (all hypothesis 

2 tests) is a very likely source of error, and the original clinical study is not ideally designed to 

accommodate the hypotheses in this investigation. For instance, a formulating the hypothesis for only 

the areas novel to FreeSurfer v6.0 would make sense, but could dramatically alter the final α-level. 

Bonferroni correction is common for analyses like these 128,129 and would create an α-level of 0.0045. 

A more conceptually focused approach might have outlined the differences in only the 4 new subfields 

and thus experienced a much milder α-adjustment than these two 11-subfield hypotheses would. A 

final important point about omitting α-correction for this analysis is the idea of Disciplined analysis as 

outlined by Lemuel A Moyé130. The separate subfield analysis by ANCOVAs is part of the prospective 
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design and primary outcomes, and must thus be treated differently from post-hoc/exploratory 

approaches to extracting hypotheses from the data (see hypothesis 3). For this reason, the data for 

hypothesis 2 have been accepted at nominal values. In summary, these findings must be viewed with 

caution, and further investigations into FreeSurfer as a tool to answer questions like the ones asked in 

this thesis are necessary. See section 6 for suggestions of such approaches. 

 

5.5 Predictive power of genotypes on subfield volumes 
 

Summarized in table 9 are the results of two multivariate GLMs run for the BDNF genotypes and 5-

HTTLPR genotypes against all subfield volumes during an exploratory approach. This model revealed 

no effects of genotypes, and no interaction effects, on the subfield volumes. Follow-up ANCOVAs 

similarly produced no statistically significant effects (table not shown) even before a multiple 

comparisons correction. Failing to reject the null hypothesis indicates that the BDNF and 5-HTTLPR 

genotypes do not predict hippocampal subfield volume differences across the whole of the dataset. As 

with many exploratory hypotheses, there was a speculative background for hypothesizing that there 

would be an effect on this level. The rationale for the hypothesis was the documented relationship 

between BDNF/SERT systems and depression on the one hand, and these systems and neurotrophic 

effects on the other. 

This approach, being exploratory and not prospectively defined, has a number of problems. Firstly, it 

has not emerged from the literature that the BDNF SNP or the SERT polymorphism exert their effects 

through the hippocampus and so the hypothesis speculative. For BDNF specifically, the allelic variation 

appears to correlate with altered activity-dependent-release dynamics97, which may or may not 

coincide with any effects BDNF might have in the hippocampus108,111. As a general principle in 

candidate gene studies and central in biological teachings about mutations; single-nucleotide-

polymorphisms and other small genetic changes are likely to produce small effects on higher 

organizational levels. This is, of course, not always the case, but canonical examples such as the 

hemoglobin-gene substitution responsible for sickle cell anemia are rare. In an age where genetic 

mapping is becoming more and more accessible, the zeitgeist of GWAS studies is ever more present 

and relevant. With genome-wide approaches available, candidate gene studies can appear akin to 

gambling unless there is a serious precedent for studying these specific genes. Finally, a statistical 

approach to this type of exploration requires great rigor and care. 

 

 

6. Conclusions and future perspectives 
 

There appears to be little power in the different genotypes for BDNF Val66Met and 5-HTTLPR L/S when 

it comes to predicting an individual’s likelihood of having a history of clinically significant Major 

Depressive Disorder unless paired with hitherto unknown data. A history of depression, however, 

appears alongside volumetric characteristics in certain hippocampal subfields which are not present in 

a demographic with no such history. To my knowledge, this effect is observed for the first time with 

the novel segmentation protocol found in FreeSurfer v6.0 on this dataset. No evidence of BDNF 

Val66Met or 5-HTTLPR L/S effects on hippocampal subfield volumes was found. 
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A natural next step is to add clinical and biological data on life stress and adversity in conjunction with 

quantitative data on the depression syndrome to produce more specific predictions about subfield 

volumetrics. The full dataset contains a cortisol metric designed to investigate the effect of depression 

on the Cortisol Awakening Response, as well as Beck and Hamilton inventories on depression 

symptoms and a medication status/history of each subject. These were left out for the sake of limiting 

the scope of the investigations to the genetical and life-history data which were initially the most 

relevant. fMRI data has also been collected and could provide further information on the implications 

of subfield changes. It seems reasonable to believe that hippocampal subfield changes may result in 

altered activity-patterns, and this could be approached with fMRI. In addition to the new hippocampal 

subfield segmentation protocol, FreeSurfer can also make heatmaps of cortical thickness for large 

datasets, and it can be used to do longitudinal studies on hippocampal development. Both of these 

methods may offer additional information upon which to base future studies.  

At the time of writing this thesis, MRI remains the most powerful non-invasive technique for making 

structural assessments of the living brain in human beings. The 6.0 version of the FreeSurfer software 

suit shows promise as a means of investigating volumetric differences in the hippocampus and its 

subfields. Further studies into the effects of biological and environmental factors that affect brain 

structure will surely be aided by this powerful tool. 
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