
 

 

 Aus der Abteilung für Neuroanatomie 

(Leiter: Univ.-Prof. Dr. Oliver von Bohlen und Halbach) 

des Instituts für Anatomie und Zellbiologie 

(Direktor: Univ.-Prof. Dr. Karlhans Endlich) 

der Universitätsmedizin der Universität Greifswald 

 

 Possible alterations of synaptic plasticity within different 

amygdaloid nuclei of alcohol dependent rats 

 

Inaugural – Dissertation 

zur 

Erlangung des akademischen 

Grades 

 Doktor der Medizin  

(Dr. med.) 

der  

Universitätsmedizin 

der Universität Greifswald 

2022 

 

        

 

      

 

      Vorgelegt von: Britta Marie Kerkhoff 

      Geboren am:  30.07.1991 

      In:   Lippstadt 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:    Prof. Dr. Karlhans Endlich 

 

1. Gutachter:  Prof. Dr. Oliver von Bohlen und Halbach, Greifswald 

2. Gutachter:   Prof. Dr. Lars Fester, Erlangen 

 

 

Ort, Raum:  Hörsaal Anatomie und Zellbiologie, Friedrich-Loeffler-

Strasse 23c, 17489 Greifswald 

 

Tag der Disputation: 17.08.2022  



 

 

       

 

 

 

 

 

 

 

 

 

 

 

“The Brain is wider than the sky.”  

 

– Emily E. Dickinson 

(1830 – 1886) 

American poet 

 

 





 

 

Table of Contents 

 

List of Figures and Tables ........................................................................................ I 

List of Abbreviations ................................................................................................ II 

1 Introduction ........................................................................................................ 1 

1.1 Neuronal plasticity ...................................................................................... 1 

1.1.1 The synapse and its morphology ...................................................................... 1 

1.1.2 Signalling in chemical synapses ....................................................................... 2 

1.1.3 Dendritic spines ................................................................................................ 3 

1.1.4 Synaptic plasticity ............................................................................................. 5 

1.2 The amygdala and its function ................................................................... 6 

1.3 Neuronal connectivity of the amygdala ..................................................... 7 

1.3.1 Localisation, anatomy and categorization ......................................................... 7 

1.3.2 The amygdaloid nuclei ..................................................................................... 9 

1.3.3 Interconnections of the amygdaloid nuclei ........................................................ 9 

1.3.4 Afferent and efferent amygdaloid connections in horizontal slice preparations 10 

1.4 The amygdala and reward ........................................................................ 12 

1.5 Chronic alcoholism ................................................................................... 12 

1.6 Research objectives .................................................................................. 14 

2 Materials and methods .................................................................................... 16 

2.1 Rat model ................................................................................................... 16 

2.1.1 Experimental Animals......................................................................................16 

2.1.2 Induction of the postdependent state in rats ....................................................16 

2.1.3 Behavioural outcome of the postdependent state ............................................19 

2.2 Extraction and storage of material ........................................................... 19 

2.3 Golgi Impregnation .................................................................................... 20 

2.4 Microscopic and further analysis............................................................. 21 

2.5 Lists of chemicals, equipment and software .......................................... 23 

2.5.1 Chemicals .......................................................................................................23 

2.5.2 Equipment .......................................................................................................23 

2.5.3 Software ..........................................................................................................24 



 

 

2.6 Statistical analysis .................................................................................... 24 

3 Results .............................................................................................................. 26 

3.1 The medial amygdaloid nucleus .............................................................. 27 

3.1.1 Spine densities of the medial nucleus .............................................................27 

3.1.2 Spine lengths of the medial nucleus ................................................................27 

3.2 The central amygdaloid nucleus .............................................................. 28 

3.2.1 Spine densities of the central nucleus .............................................................28 

3.2.2 Spine lengths of the central nucleus ................................................................29 

3.3 The basolateral amygdaloid nucleus ....................................................... 29 

3.3.1 Spine densities of the basolateral nucleus .......................................................29 

3.3.2 Spine lengths of the basolateral amygdaloid nucleus ......................................30 

3.4 The lateral amygdaloid nucleus ............................................................... 31 

3.4.1 Spine densities of the lateral nucleus ..............................................................31 

3.4.2 Spine lengths of the lateral nucleus .................................................................31 

4 Analysis and conclusions ............................................................................... 33 

4.1 Dynamics of synapses .............................................................................. 33 

4.2 Challenges of the applied methods ......................................................... 34 

4.2.1 Ethanol inhalation ............................................................................................35 

4.2.2 Forced exposure and individual alcohol preferences .......................................35 

4.2.3 Heterogeneity of neuronal cells within the amygdala .......................................35 

4.3 Physiological alterations .......................................................................... 36 

4.4 Comparison with existing studies ........................................................... 37 

4.5 Influence of drugs and medication on synaptic plasticity ..................... 38 

4.6 Prospects ................................................................................................... 39 

5 Abstract ............................................................................................................ 40 

6 References ........................................................................................................ 42 

7 Appendices ....................................................................................................... 56 

7.1 Statutory declaration ................................................................................. 56 

7.2 Curriculum vitae ........................................................................................ 57 



I 

 

List of Figures and Tables 

 

Figure 1: Axo-dendritic synapse and the functional anatomy of a chemical synapse . 3 

Figure 2: Dendritic spine types ................................................................................... 4 

Figure 3: Amygdaloid nuclei and their location within the temporal lobe. ................... 8 

Figure 4: Afferent and efferent amygdaloid connections in horizontal slice 

preparations .............................................................................................................. 11 

Figure 5: The postdependent state in rats (Meinhardt and Sommer 2015) .............. 18 

Figure 6: Golgi Impregnation .................................................................................... 21 

Figure 7: Dendrite with spines .................................................................................. 22 

Figure 8: Results of the spine densities within the MeA ........................................... 27 

Figure 9: Results of the spine lengths within the MeA .............................................. 28 

Figure 10: Results of the spine densities within the CeA .......................................... 28 

Figure 11: Results of the spine lengths within the CeA ............................................ 29 

Figure 12: Results of the spine densities within the BLA .......................................... 30 

Figure 13: Results of the spine lengths within the BLA ............................................. 30 

Figure 14: Results of the spine densities within the LA ............................................ 31 

Figure 15: Results of the spine lengths within the LA ............................................... 32



II 

 

 

List of Abbreviations 

Ad libitum  Lat.: at one’s pleasure 

AIDS   Acquired immune deficiency syndrome 

AP   Action potential 

BAC   Blood alcohol concentration 

BL   Baseline 

BLA   Basolateral amygdaloid nucleus 

Ca²+   Calcium ion 

CA1   Region of the hippocampus, cornu ammonis 1 

CA3   Region of the hippocampus, cornu ammonis 3 

CeA   Central amygdaloid nucleus 

°C   Degree Celsius 

ec   External capsule 

EtOH   Ethanol 

g   Gram 

GABA   Gamma-aminobutyric acid 

HIV   Human immunodeficiency virus 

kg   Kilogram 

LA   Lateral amygdaloid nucleus 

LORR   Loss of righting reflex 

m    Metre 

ml   Millilitre   

mm   Millimetre 

min   Minutes 

MeA   Medial amygdaloid nucleus 

µl   Microliter 

µm   Micrometre 

µm³   Cubic micrometre 

nm   Nanometre 

opt   Optic tract 

PFA   Paraformaldehyde 

pir   Piriform cortex 

PSD   Post synaptic density 

p-value  Probability value 

SEM   Standard error of mean 

SS   Swim stress 

%   Percent



1  I  Introduction 

 

1 Introduction 

1.1 Neuronal plasticity 

1.1.1 The synapse and its morphology 

The word synapse derives from the greek word συνάψις, synapsis, meaning 

conjuction. Located within the nervous system, a synapse is a junction that allows 

neurons to pass a signal, either chemically or electrically, between each other and 

thereby enables the neurons to communicate (Jacobson and Marcus 2011). 

Electrical synapses can especially be found in the early postnatal days during the 

mammalian brain development but then decline (Montoro and Yuste 2004) and 

hence remain exclusive to only some cell types (Pereda 2014). We will thereby focus 

on the more common synaptic type: the chemical synapse. 

With the development of the electron microscope an accurate description of the 

synapse and its morphology has been provided. Chemical synapses allow a 

unidirectional flow of information. The synapse consists of a neuron with its 

presynaptic part, a synaptic cleft and a postsynaptic part of the connecting neuron 

(Figure 1). Presynaptic sides are usually broadenings either at the terminal end of the 

axon (boutons terminaux) or within the course of the axon (boutons en passage). The 

presynaptic neuron incorporates organelles like mitochondria and the smooth 

endoplasmatic reticulum as well as synaptic vesicles containing neurotransmitter 

(Huggenberger et al. 2017). There are excitatory neurotransmitters, including 

glutamate and acetylcholine, and inhibitory neurotransmitters like gamma-

aminobutyric acid (GABA) and histamine. Additionally numerous other 

neurotransmitter can be found (Jacobson and Marcus 2011). Within one presynaptic 

cell, diverse neurotransmitters and neuropeptides can coexist and be released in 

variable compositions, allowing the synapse to modulate due to functional 

requirements. Near the presynaptic surface, the vesicles are concentrated in a so-

called active zone. 

The synaptic cleft measures circa 20 nm and can be filled with finely granulated 

material. The post synaptic membrane is hallmarked by a concentration of 

neurotransmitter activated receptors, with other specific proteins anchoring those 

receptors, and is named post synaptic density (PSD).  

Due to ultrastructural features, two types of synapses can be distinguished. The type-

1-synapses are also called asymmetric or excitatory synapses and are characterized  
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by a prominent PSD, a wide synaptic cleft and round synaptic vesicles. Type-2- 

synapses can also be called symmetric or inhibitory synapses and possess a pre- 

and post-synaptic area of about the same density, a narrow synaptic cleft and 

flattened synaptic vesicles. The most common synapses connect axons to dendrites 

(Figure 1, Illustration A). Nevertheless there is existing a variety of connections such 

as axon to cell-body, axon to axon or even dendrite to dendrite synapses 

(Huggenberger et al. 2017).  

 

1.1.2 Signalling in chemical synapses 

The synaptic transmission from the presynaptic neuron to the postsynaptic neuron is 

realized by a sequence of events, which will be described very briefly in the following 

section (Figure 1, Illustration B). 

First an action potential (AP) runs through the terminal of the synaptic neuron and 

thereby initiates the process of transmission. The arrival of the action potential leads 

to a change of the membrane potential and causes an opening of voltage-gated 

calcium channels (Ca²+) located in the presynaptic membrane. Dependent on the 

influx of Ca²+, the vesicles fuse with the presynaptic membrane and 

neurotransmitters are released into the synaptic cleft by exocytosis. The transmitters 

then diffuse across the synaptic cleft and bind to receptor molecules within the 

postsynaptic membrane. The linking of neurotransmitters to the receptors allows 

channels in the postsynaptic density to open or close and hence alters the ability of 

ions to flow in or out of the cell. As a result, a change in conductance is made and 

thereby the likelihood of the postsynaptic neuron to fire an action potential itself 

(Purves et al. 2001).  
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Figure 1: Axo-dendritic synapse and the functional anatomy of a chemical synapse 

Illustration A shows two neurons connecting via an axo-dendritic synapse.  Illustration B focusses on 

the chemical synapse itself and displays the anatomical key features for synaptic transmission (own 

presentation). 

  

1.1.3 Dendritic spines 

The Spanish anatomist and Nobel laureate in the category of physiology or medicine 

(1906) Santiago Ramón y Cajal discovered the structure of dendritic spines in 1888. 

While investigating the surface of purkinje cells, he discovered that the terminal 

dendrites of the cell featured small protrusions (Ramón y Cajal, S. F. 1888). Later 

Cajal hypothesized that dendritic spines might serve to enlarge the surface of the 

dendrite in order to obtain the enormous amount of neuronal connections in the brain 

(Ramón y Cajal, S. F. 1899, 1899; Yuste 2015). 

Nowadays the development of high resolution microscopy techniques made it 

possible to partly reveal the mechanisms underlying dendritic spine morphology. 

Generally, dendritic spines measure 1-3 µm in length and 0,01-0.8 µm³ in volume. 

The spine consists of a typical round shaped head receiving the excitatory synaptic 

input, following a thinner spine neck structure arising from the dendritic shaft (Harris 

and Spacek 2016). However, it has become obvious that neurons express a 

tremendous variety of dendritic spine subtypes in terms of their morphological and 

physiological features (Figure 2).    
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The morphology of the dendritic spines also changes during their maturation and 

development of the nervous system. Immature dendritic spines seem to possess a 

long filopodia-like morphology, measuring more than 2 µm in length. On top, these 

young spines have no notable head apparatus and contain only few organelles. 

Within minutes of chemical stimulation these immature, or transient, dendritic spines 

have the capacity to retract or extend and are therefore highly dynamic (Fischer et al. 

1998; Harris 1999). It takes increased synaptic input to convert immature spines into 

mature and hence stable spines, which are thought to have an increased head 

diameter relative to that of the spine neck (often referred to as ‘mushroom’ spines) 

and they can also be branched (Bourne and Harris 2007). Nevertheless, caution 

must be taken when approaching the spine morphology and their dynamics with 

these classifications. Some dendritic spines are naturally sessile and do not possess 

a neck apparatus (so called ‘stubby’ spines). Others maintain a rather narrow 

diameter and are called ‘thin spines’. In addition, other morphological spine 

appearances than the simple dendritic spine can be found but those tend to be far 

less common (Harris and Spacek 2016).  

As the classic morphological spine occurrences, that are mentioned above, have the 

tendency to alter rapidly (Maletic-Savatic et al. 1999; Arellano et al. 2007), no 

conclusions solely on the morphology of the spines will be made in this thesis. 

 

Figure 2: Dendritic spine types 

Schematic illustration displaying the morphology and hence categorisation of the five most common 

dendritic spine types. Own presentation, modified from (Hering and Sheng 2001). 
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1.1.4 Synaptic plasticity 

In 1949, the Canadian psychologist Donald Hebb first proposed the theory that 

synapses have the ability to change depending on how active or inactive they had 

been (Hebb 1949). Today we know, the nervous system is far from static as it adjusts 

to new information and can be reshaped by experience. Those adaptions occur at 

the synapse and more precisely through the alteration of dendritic spines. 

The development of spines, and thus an increase in the surfaces area of the 

dendrite, allows the neuron to increase its capacity to obtain more synaptic input. 

Further hypothesized functions of the dendritic spines have been suggested, yet 

there is no consensus of the full purpose of dendritic spines. They are assumed to 

regulate the effectiveness of single synapses at their pre- and postsynaptic levels 

and seem to upgrade the computational capacity of neurons. Moreover, dendritic 

spines appear to play an important role in the compartmentalization of the 

biochemical signalling at the postsynapse (Lee et al. 2012; Koch and Zador 1993; 

Crick 1982; Shepherd 1996; Yuste 2011). It seems that the higher the density of 

spines, the higher the degree of connectivity between those neurons (Fiala et al. 

2002). 

Studies have shown that an activation of a neuron increases its density of dendritic 

spines. This leads to the conclusion that these morphological alterations in synaptic 

spines density pose an anatomical correlate to the increased synaptic efficiency of a 

neuron (Moser et al. 1994).  

Pathological changes in spines can either be pathologies of distribution, meaning 

increases or decreases of spine densities, or alterations in the spine morphology. A 

loss of spines often correlates with a profound decline of axonal input. A permanent 

spine loss can be found in various forms of mental retardation. An increase in the 

density of dendritic spines occurs very seldomly due to diseases but is more often 

seen during normal neuronal development. Morphologically distorted spines are often 

elongated and resemble the morphology of filopodia-like spines that naturally occur 

during the early developmental state of neurons. It is suggested that these 

morphological distortions are a result of deafferentiation. The affected spines might 

elongate in order to reach neurons that are farther away. These morphological 

changes can also often be found in patients with forms of mental retardation (Fiala et 

al. 2002).  
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In general, abnormalities of dendritic spines are associated with numerous diseases 

of the human brain. These include mental retardation (Newey et al. 2005) as well as 

neurodegenerative diseases (Fiala et al. 2002). 

 

1.2 The amygdala and its function 

The amygdala (derived from the greek word ἀμυγδαλή, amygdalē, 'Almond'), also 

called corpus amygdaloideum, is an almond-shaped structure located deep in the 

pole of the medial temporal lobes of the human brain. It consists of a collection of 

heterogeneous nuclei and can be found in the brain of complex vertebrates, such as 

the humans (Swanson and Petrovich 1998). 

When in 1888 a bilateral ablation of the temporal lobe of a rhesus monkey Macaca 

mulatta was performed by Brown and Schäfer and later on by Klüver and Bucy, a 

remarkable change in the animals’ behaviour was reported. The animals were still in 

the possession of their senses, though no longer able to understand and process 

environmental stimuli. Moreover, the animals showed reduced fear and aggression 

behaviour (Klüver and Bucy 1937; Brown and Schäfer 1888). We know nowadays, 

that these lesion effects were blended with characteristics we attribute to other brain 

regions than the amygdala. Nevertheless, these experiments were the first to show 

the importance of the temporal lobe and the amygdala’s feature to connect stimuli 

with emotional significance.  

Following these early experiments, studies of amygdala lesions were intensified and 

revealed exceptional impairments in the recognition of fearful stimuli, both in rodents 

(LeDoux et al. 1990; Blanchard and Blanchard 1972), as well as in humans 

(Anderson and Phelps 2001; Adolphs et al. 1994). Studies display, that the amygdala 

plays a fundamental role in emotional and behavioural processing and has shown to 

be an essential compound of the regulation of learning as well as the forming and 

updating of memory (Salzman and Fusi 2010; Gloor 1997; Phelps and LeDoux 2005; 

Clugnet and LeDoux 1990).  

The amygdala itself is affiliated to the limbic system, which can be divided into two 

major divisions. One of them is the paleocortical limbic division, consisting of the 

amygdala and the orbitofrontal cortex, and is regulating the implicit integration of 

affects, urges and object associations. The other is the archicortical limbic division, 

containing the hippocampus and the cingulate cortex. Explicit sensory processing, 

attentional control and encoding are the main functions of this division. Both divisions 
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function in accordance to each other in order to combine thoughts, feelings and 

actions (Mega et al. 1997; McLachlan 2009). 

 

1.3 Neuronal connectivity of the amygdala 

1.3.1 Localisation, anatomy and categorization 

Located in the ventral, anteromedial part of the mammalian temporal lobe (Figure 3), 

the amygdala is structurally diverse and incorporates multiple partly interconnected 

nuclei. It is therefore often referred to as the amygdaloid complex (Sah et al. 2003). 

Most anatomical studies and their data describing the architectural structure of the 

amygdala and its anatomical associations were collected on the brains of rats 

(McDonald 1998; Pitkänen et al. 2000; Ricardo and Koh 1978). In this thesis I will 

therefore also focus on the amygdaloid anatomy, connectivity and alterations in rat 

brains. 

The amygdala can be classified according to various schemas. Pitkanen organized 

the amygdaloid complex into 3 major divisions and 13 nuclei with subnuclei that are 

featuring extensive inter- and intranuclear connections (Pitkänen et al. 1997). A 

distinction is made due to cytoarchitectonics, histochemistry and their connectivity 

(Pitkänen 2000; Krettek and Price 1978). 
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Figure 3: Amygdaloid nuclei and their location within the temporal lobe. 

The amygdaloid nuclei focused on in this research project and their location within the temporal lobe. 

This image was captured from one of the rats analysed within this project using an Olympus 

microscope with a 4x magnification (Golgi impregnation). 

BLA: basolateral amygdaloid nucleus, CeA: central amygdaloid nucleus, ec: external capsule, LA: 

lateral amygdaloid nucleus, MeA: medial amygdaloid nucleus, opt: optic tract, pir: piriform cortex 

(own presentation) 
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1.3.2 The amygdaloid nuclei  

The amygdaloid nuclei can be divided into three main groups (Sah et al. 2003). In the 

following, I will specifically focus on two of the groups, the basolateral complex and 

the centromedial complex, as these are functionally the best comprehended.  

The basolateral group, also called the deep group or the basolateral complex, 

involves the lateral nucleus (LA), the basolateral nucleus (BLA) and the accessory 

basal nucleus. The LA can be found in the dorsal part of the amygdala and borders 

on the basolateral nucleus ventrally. It is adjacent to the external capsule laterally 

and abuts the central nucleus medially. The BLA is hence located ventrally to the LA. 

The centromedial group is also called the centromedial complex and is located in the 

dorsomedial part of the amygdala and is subdivided, amongst others, in the central 

(CeA) and the medial (MeA) nucleus. The CeA can be found in the rostral part of the 

amygdala and is laterally adjacent to the basolateral complex. Dorsally the CeA 

borders on the globus pallidus and medially on the stria terminalis. The MeA abuts 

medially upon the optic tract (Sah et al. 2003).   

Nevertheless, there are many authors suggesting different functional and anatomical 

classifications than depicted above (Swanson 2000; Swanson and Petrovich 1998). 

 

1.3.3 Interconnections of the amygdaloid nuclei 

Studies using tract tracing have led to the conclusion that the amygdaloid nuclei are 

extensively connected intra- and internuclearily (Pitkänen et al. 1997; Krettek and 

Price 1978). These studies show that an input of sensory information to the 

amygdala is primarily processed in the basolateral nuclei, especially the LA. The 

information then proceeds from lateral to medial through the basolateral complex and 

subsequently enters the centromedial nuclei, which seem to serve as an output 

station. It is suggested that within the LA, an integration of the sensory input with an 

evaluation of past experiences might take place. The LA itself is also connected 

reciprocally with the cortex (Pitkänen et al. 1995). Nearly all amygdaloid nuclei, 

except from the CeA (Jolkkonen and Pitkänen 1998) have reciprocal projections with 

the LA (Savander et al. 1997; Savander et al. 1996).  

Yet the medial amygdaloid nucleus only has constant reciprocal projections with the 

LA. Neurones of the MeA play a key role concerning instincts, regulating 

reproductive, social and defensive behaviour (Niimi et al. 2012).  
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The BLA receives strong inputs from the cortex too and has its largest projection to 

the central nucleus. In this projection, the BLA seems to be controlling the output of 

information that is leaving the amygdala through the CeA (Pare et al. 1995). 

The CeA obtains inputs from nearly all other amygdaloid nuclei and the cortex, but 

sending very little information back to them. In fact, the central nucleus can be seen 

as a major output station of the amygdala (Jolkkonen and Pitkänen 1998). 

In summary, the amygdaloid nuclei can thus be classified into two major groups. The 

basolateral complex can functionally be approached as a calculating and integrative 

unit. The centromedial complex can be seen as a unit of execution. 

 

1.3.4 Afferent and efferent amygdaloid connections in horizontal slice 

preparations 

The amygdala is not only anatomically incorporated into the temporal lobe, but most 

notably functionally. As the temporal lobe of the mammalian brain is composed of the 

hippocampus, the amygdaloid complex and cortical areas like the entorhinal and 

perirhinal cortex, there is strong evidence that these structures interconnect and 

functionally interact with each other by reciprocal pathways (van Hoesen et al. 1975; 

Steward 1976; Shi and Cassell 1999; Stoop and Pralong 2000).  

However in terms of examining the connectivity, it is not possible to obtain a coronary 

brain slice preparation containing all of the above stated structures within the 

temporal lobe due to the anatomical disposition. Alternatively, horizontal in-vitro slice 

preparations have enabled electrophysiological studies to preserve preparation 

planes that display multiple structures and hence offers the chance to study 

combined network effects (Boulton et al. 1992; von Bohlen Und Halbach and 

Albrecht 1998). To then investigate the connectivity of the structures, fluorescent 

tracers can be used (von Bohlen Und Halbach and Albrecht 2002). 

Figure 4 tries to display a simplified approach of the extremely complex circuitry both 

amongst the amygdaloid nuclei as well as the amygdaloid afferents and efferents 

(modified from (von Bohlen Und Halbach and Albrecht 2002). 
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Figure 4: Afferent and efferent amygdaloid connections in horizontal slice preparations 

Illustration of the complex interconnections between the cortex, the hippocampus and the amygdala 

that have been found in horizontal slice preparations. Own presentation based on (von Bohlen Und 

Halbach and Albrecht 2002). 

 

The perirhinal and entorhinal cortices are of special interest in terms of 

understanding the mechanisms underlying the amygdaloid network. Being involved in 

the perception of vision and memory, the perirhinal cortex plays in important role in 

the recognition and hence identification of environmental stimuli (Murray et al. 2007). 

The perirhinal cortex interacts bidirectionally with the entorhinal cortex and the LA 

and furthermore unidirectionally to the BLA and the hippocampus. The entorhinal 

cortex can be seen as a hub linking the networks for navigation, perception of time 

and memory between the neocortex and the hippocampus (Fyhn et al. 2004; Tsao et 

al. 2018), yet also projecting to the amygdaloid nuclei.  

The hippocampus is, like the amygdala, part of the limbic system and is irreplaceable 

for the consolidation of information and the formation and recall of memories. It 

consolidates short-term memory into long-term memory (Eichenbaum 1993; 

Sutherland et al. 2001) and thus enables spatial cognition and navigation (Morris et 

al. 1982). The hippocampus also plays an important role in the detection of novel 

environmental stimuli (VanElzakker et al. 2008). The CA1 region of the hippocampus 
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and the LA are heavily interconnected, hence providing hippocampal input to almost 

all amygdaloid nuclei.  

 

1.4 The amygdala and reward 

It is widely accepted that the amygdala has a tremendous role in the processing of 

emotions and notably in the stimulus-reward learning and emotional decision-making.  

In order to perform its reward related functions, the amygdaloid complex interacts 

with numerous cortical and subcortical structures. Those structures include the 

nucleus accumbens (which is part of the striatum), the dopaminergic system in the 

midbrain (substantia nigra and the ventral tegmental area), the cholinergic system in 

the basal forebrain and the prefrontal cortex (especially with its medial and orbital 

parts) (Baxter and Murray 2002).  

The amygdala hence ascertains that affective signals are taken into account within 

the decision-making process (Murray 2007). 

 

1.5 Chronic alcoholism 

Alcoholism, or also called alcohol dependency, is a drug addiction and therefore a 

disorder seeking alcohol in a chronically relapsing manner. Alcohol dependency can 

be characterized by a combination of attributes. Patients are under compulsion to 

obtain alcohol and suffer from a loss of control due to its intake. Moreover, 

alcoholism is defined by the formation of a negative emotional state such as anxiety, 

dysphoria and many others. When an access to alcohol is discontinued or reduced, 

patients develop a motivational withdrawal or abstinence syndrome (Koob 2014).  

The symptoms of alcohol withdrawal can range in the severity of their emergence.  

Minor symptoms include insomnia and tremulousness, whereas a distinctive form of 

alcohol withdrawal can lead to severe complications including the occurrence of 

seizures and a delirium tremens (Bayard et al. 2004). 

Studies have shown that the development of alcoholism is associated with both 

environmental as well as genetic factors. Both components seem to be almost 

equally important in the pathogenesis of the disease (Enoch 2006). The vulnerability 

due to genetic factors probably derives from genes effecting neurotransmitter 

systems (especially dopamine and GABA) and genes intervening in signalling 

transduction pathways of the mesolimbic dopamine reward pathway (Enoch 2003). 
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Moreover an influence in the stress response system can be seen (Enoch 2007). 

Environmental influences that lead to an increased risk in the development of 

alcoholism are numerous and complex. For example, the age at which a person 

starts to consume alcohol is associated with an increased risk for lifetime alcoholism 

(Grant and Dawson 1998). Strong alcohol intake during adolescence can damage 

the development and function of the brain. The efficiency of learning and memory 

developing is in particular impaired (Bellis et al. 2000; Hiller-Sturmhöfel and 

Swartzwelder 2005). Circumstances such as peer pressure, the access to alcohol 

and educational background can have an influence on when a person starts to 

consume alcohol (Bonomo et al. 2004). Other reasons for an enhanced vulnerability 

to addiction are severe stressors during childhood as well as emotional, physical and 

sexual abuse (Enoch 2006). 

In order to treat alcohol dependency it is crucial to understand the mechanisms 

underlying addictive processes. Nevertheless not all dimensions in the 

multicomponent nature of alcoholism have been fully understood yet. Alcohol has the 

ability to alter neurotransmission systems such as the glutamatergic, the 

serotonergic, the dopaminergic, the GABAergic and the opioidergic pathways 

(Deutschenbaur and Walter 2014). This leads to the conclusion that due to alcohol 

dependency an impairment of the motivation-reward system, the affect regulation 

and the behavioural inhibition occurs (Goodman 2008).   

As Alcoholism is a complex disorder, psychological, pharmacological and combined 

approaches exist in its treatment. Pharmacological therapy options often include the 

active pharmaceutical ingredients naltrexone and acamprosate (Garbutt et al. 1999). 

Naltrexone is a competitive antagonist for opioid receptors and thereby blocks the 

impact of endorphins and opioids. In doing so, naltrexone decreases the pleasurable 

effects of alcohol consumption (Soyka and Rösner 2008), hence reducing the 

frequency of alcohol consumption as well as the risk of relapsing to strong alcohol 

intake. However, studies pointed out that naltrexone does not enhance abstinence of 

the alcohol dependent patients (Garbutt et al. 1999). The impact of acamprosate is 

reintegrating a normal activity level of the glutamatergic neurotransmission (Mason 

and Heyser 2010). It thereby also reduces the frequency of alcohol drinking (Garbutt 

et al. 1999) and shows to support consistent abstinence (Rösner et al. 2010). 

Psychological treatment approaches are versatile and can include cognitive-

behavioural therapy, both individual and group therapy (Marques and Formigoni 

2001), and motivational interviewing (Brown and Miller 1993). 
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In 2007 Heilig and Koob described a so called “postdependent state”. In this 

condition, behavioural and neuroadaptive alterations are induced as one becomes 

dependent on alcohol intake. In the postdependent state, these consequences are 

preserved for an expanded time period even in the absence of alcohol (Heilig and 

Koob 2007). 

 

1.6 Research objectives 

In 2014, the World Health Organisation stated that approximately 3.3 million deaths 

result from alcohol consumption globally each year. Having said that, 5.9% of all 

deaths worldwide are assignable to an intake of alcohol. In comparison, 2.8% of all 

deaths each year are attributable to HIV/AIDS, 1.7% to tuberculosis and 0.9% to 

violence (World Health Organization 2014).  

These numbers show the tremendous importance in properly treating and ideally 

curing patients that suffer from alcohol dependency. In order to do so, it is important 

to fully understand the mechanisms underlying this multi component disease. Bio-

medically, the influence of alcohol on synaptic plasticity is firmly in focus and various 

results have been observed in recent studies.  In post mortal examinations of human 

brains of former alcohol addicts, alterations in the morphology of neurons were 

found. The amounts of dendritic spines on cortical pyramidal neurons were 

significantly reduced compared to an age matched control group (Ferrer et al. 1986). 

A loss of spines due to chronic alcohol consumption has been most usually found in 

the neocortical and hippocampal pyramidal cells, in humans as well as in rats (Ferrer 

et al. 1986; Tavares et al. 1983; Walker et al. 1981). Furthermore some studies have 

observed an enlargement and elongation of spines (Tavares et al. 1983; Wenisch et 

al. 1998), a shortening of spines (Lescaudron et al. 1989) or an increased spine 

density due to chronic alcohol intake (Ferrer et al. 1989). Other studies showed no 

significant change in synaptic plasticity (Cadete-Leite et al. 1988; Cadete-Leite et al. 

1990).  

Significant changes in synaptic plasticity have also been observed due to addictive 

drugs other than ethanol. An increase of the spine density and a hypertrophy of 

dendrites were reported in the nucleus accumbens and in pyramidal neurons of the 

prefrontal cortex of rats after an exposure to the stimulating substances cocaine and 

amphetamine (Robinson and Kolb 1999a). However, repeated exposure to the opioid 
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morphine causes a decrease of the number of dendritic spines on those very same 

neurons (Robinson and Kolb 1999b).  

An alteration of spine densities in the medial prefrontal cortex and the nucleus 

accumbens due to chronic intermittent exposure to alcohol have also been seen in 

previous analysations of the very same experimental animals that have been used in 

this project (vide 2.1). Here, significantly higher spine densities were found in the 

medial prefrontal cortex of alcohol dependent rats compared to a control group, 

whereas within the nucleus accumbens the spine density of alcohol dependent rats 

was significantly lower compared to those of control group (Meinhardt et al. 2021). 

These observations raise the question whether such alterations in synaptic plasticity 

can also be observed in other regions of the brain as a result of chronic alcohol 

consumption. The amygdala, as part of the limbic system and heavily interconnected 

with cortical and hippocampal neurons, is known to contribute to the processing of 

emotional responses, learning and decision making and is therefore of special 

interest when trying to understand the neurobiology and pathophysiology that lead to 

the emergence and up keeping of an alcohol addiction. In this thesis a closer look 

has been taken at possible alterations in synaptic plasticity within different 

amygdaloid nuclei by the help of a rat model. A morphological comparison of the 

spine length as well as the spine density of alcohol dependent rats which were put 

into the postdependent state with a comparable control group has been made. This 

thesis shall evaluate the hypothesis that differences in synaptic plasticity between 

these two groups do occur, as presumed by previous studies and the alterations in 

behavioural outcome of our analysed laboratory animals (vide 2.1.3).  
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2 Materials and methods  

The Rat model and the postdependent state were induced by Dr. Marcus W. 

Meinhardt and Prof. Dr. Wolfgang H. Sommer from the Central Institute of Mental 

Health, Medical Faculty Mannheim, University of Heidelberg, in Germany. The 

adjacent post-mortem brain preparation with Golgi impregnation has then been 

performed by members of the neuroanatomy group of the Institute for Anatomy and 

Cell biology in Greifswald, Germany. The microscopic and further analysation within 

the amygdaloid nuclei has then been operated by myself.  

 

2.1 Rat model 

2.1.1 Experimental Animals 

The experimental animals used within this research project were male Wistar rats. 

Both, the control group as well as the ethanol group consisted of 5 animals each.  

During the experimental phase, four animals were housed in one cage under a 12 

hour light phase/ dark phase cycle and were fed with food and water ad libitum. The 

entire behavioural testing had taken place during the dark phase of the day, carried 

out 5 days per week.   

2.1.2 Induction of the postdependent state in rats 

The experimental rats were housed in chambers made of glass and steel, measuring 

1x1x1m (Figure 5, upper section, first image). The airflow within the chambers was 

constant at 18l/m. For a period of seven weeks the experimental rats were exposed 

to five intoxication cycles every day. The intoxication cycles were generated through 

phases of alcohol vapour for about 14 to 16 hours and phases of withdrawal. During 

this time of alcohol exposure, about 20µl blood was sampled from the lateral tail vein 

of the rats twice per week. The results showed that the blood alcohol stayed at a 

constant level throughout the entire time. (Figure 5, upper section, middle image)  

After the seven week duration of alcohol exposition, those rats that were exposed to 

alcohol featured signs of withdrawal only 8 hours after intoxication, in comparison to 

a control group. To quantify the extent of withdrawal, a complex somatic score 

comparing behavioural withdrawal signs was used. Those signs included an 

increased irritability to touch, a body tremor, an increased rigidity of the rats’ tail and 

a ventromedial limb retraction, when a rat was lifted into the air. Each of these signs 
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was scored according to its extent of occurrence with either 0 (absent), 1 (moderate) 

or 2 (severe) points. Those rats that were exposed to alcohol rated an average of 5 

points, whereas the control group only scored an average of 1 point (Figure 5, upper 

section, third image).  

The experimental rats then remained in their cages for a period of 2 to 3 weeks of 

alcohol abstinence. After this time, an alteration in the rats’ behaviour had been 

monitored, hence inducing the postdependent state.  
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Figure 5: The postdependent state in rats (Meinhardt and Sommer 2015) 

This figure shows the method (upper section) and key behavioural outcome (lower section) of the 

postdependent state in rats. BAC: blood alcohol concentration, BL: baseline, SEM: standard error of 

the mean, SS: swim stress 
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2.1.3 Behavioural outcome of the postdependent state  

After having induced a postdependent state in the rats, the animals showed multiple 

alterations in their behaviour. Figure 5 from (Meinhardt and Sommer 2015) displays 

an overview of the method leading to the postdependent state in rats (upper section) 

and a summary of the behavioural alterations associated with it (lower section). 

In observing the loss of the righting reflex, the postdependent rats showed distinct 

signs of pharmacological tolerance to alcohol. Furthermore, the postdependent rats 

also show an excessive ethanol intake in the two bottle free choice experiment as 

well as in the operant self-administration of alcohol. Over time, it came to an 

excessively increased voluntary intake of alcohol within the group of the 

postdependent rats. Not only did the postdependent rats preferably consume the 

solution containing alcohol, but moreover did the rodents highly increase the number 

of lever presses to obtain the alcohol-saccharine solution (Meinhardt and Sommer 

2015; Meinhardt et al. 2013). Having said that these alterations have only been found 

in those rats that had been exposed to alcohol for a duration of seven weeks. On top, 

with the use of a progressive ratio reinforcement schedule, postdependent rats 

showed an increased motivation in seeking alcohol.   

One of the key features of the postdependent state in rats is an alteration in handling 

and reacting to stressors. Hypersensitivity to stress amongst the postdependent rats 

can be observed and even mild stressors lead to an increased voluntary ethanol 

consumption afterwards.  

Furthermore, the postdependent rats showed signs of a loss of behavioural control. 

In operant self- administration sessions the postdependent rats showed a higher 

persistency in lever presses during non-rewarded periods, and therefore a higher 

non-rewarded/rewarded lever press ratio than the control group (Meinhardt and 

Sommer 2015). 

 

2.2 Extraction and storage of material 

The decapitation of the rats took place between 11 pm and 3 am within their inactive 

phase. The brains were then extracted and shock frozen in -40 °C isopentane. 

Afterwards the tissue was fixed in 4 % paraformaldehyde (PFA), which was dissolved 

in PBS, for at least three days and stored by -70 °C until usage.  
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2.3 Golgi Impregnation 

The so called Golgi method is a silver impregnation, which is used in order to 

visualize nervous cells under a light microscope (Figure 6).  

Exclusively the right hemisphere of the rats‘ brains had then been designated to be 

stained with the Golgi method. The brain stem and the cerebellum were removed by 

a blade and the remaining brain was briefly washed in aqua bidest. 

Fixation and impregnation of the brains were performed according to the Golgi-Cox 

protocol, using the FD Rapid GolgiStain reagents. 

Afterwards the brain hemispheres were placed in 5 ml of solution A and 5 ml of 

solution B each and adjacently stored within darkness and at room temperature for 

the following 14 days. Subsequently, the hemisphere were set in 10 ml of solution C 

and then stored within darkness at 4 °C. 

Using a Vibratom (Leica VT1000S), coronary slices measuring 120 µm had been 

prepared. The slices were then stored in a basin containing solution C. The slices 

were removed from the basin and placed upon six gelantinous object plates 

measuring 76 mm x 26 mm. For one night, those object plates had then been left 

under the fume hood to dry in darkness and at room temperature.  

Obeying the manufacturer’s instructions, the slices were dehydrated in ascending 

alcohol solutions and hence stained in equal parts of solution D and E. The brain 

slices had then been covered using Merckoglass and stored in darkness at a 

temperature of 4 °C.  
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Figure 6: Golgi Impregnation 

Nervous tissue visualized under a light microscope by the Golgi impregnation method with a 

magnification x20. This image shows several nervous cell bodies and dendritic arborisation extruding 

from them (own image). 

 

2.4 Microscopic and further analysis 

To analyse the rats’ brain slices and hence the spine length and density within the 

amygdaloid nuclei, the microscope Axioplan 2 imaging by Zeiss has been used. The 

microscope was equipped with a corresponding camera, AxioCam Hrc also by Zeiss. 

In order to be able to capture an entire dendrite and therefore also focus on 

distances in the depth of brain slice (z-axis), the microscope was additionally 

equipped with a motor-operated desk by Märzhäuser. 

As a lead orientation and navigation to locate the right nuclei within the slices, the 

Atlas The Rat Brain in Stereotaxic Coordinates by George Paxinos and Charles 

Watson (2nd Edition) has been used. Only those neurons whose cell bodies have 

been clearly located in the designated areas were subject to analysis.  

Figure 6 shows an exemplary microscopic image of a rat’s dendrite. 

Images of the selected dendrites and their spines were then taken by the computer 

software AxioVision (Zeiss). Given that the microscope is only able to focus on a very 
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limited and short part of the dendrite, it was necessary to record multiple photo shots 

to display the entire branch in optimal image sharpness. Hereby numerous photos 

were taken in an interval of 0.25 µm each (z-axis). 

The computer software Neurolucida (MBF Bioscience) enabled to fuse the single 

images to an entity and to thereby show an entire dendritic branch and its spines in 

optimal image sharpness. By using Neurolucida, the course of the dendritic branch 

and the position and length of its spines were manually copied and then 

reconstructed into a three-dimensional model.  

The three-dimensional models had then been entered into the software programm 

NeuroExplorer (MBF Bioscience) to calculate the exact length of the dendritic branch 

and its spine density.  

By using this method of analysis, both, dendritic branches and spines of the control 

group as well as of the ethanol group were examined within the four amygdaloid 

nuclei of interest. Within the control group, a total of 452 dendritic branches 

possessing 33 717 spines have been studied. A total of 455 dendritic branches 

possessing 31 986 spines were analysed within the ethanol group. 

 

 

Figure 7: Dendrite with spines 
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Microscopic image of an exemplary rat’s dendrite with numerous spines evolving from it. The image 

was captured with a microscope by Olympus and magnification x100 using oil. (Own image) 

 

2.5 Lists of chemicals, equipment and software 

2.5.1 Chemicals 

Chemical Concentration  Manufacturer 

Aqua bidest - Selfmade 

Ethanol Different concentrations 
Th. Geyer GmbH&Co.KG 
71272 Renningen 
Germany 

FD Rapid GolgiStain Kit - 
FD Neuro Technologies 
Ellicott City, MD 21041, USA 

Gelatine - 
Serva Electrophoresis GmbH 
69115 Heidelberg 
Germany 

Isopentane - 
Carl Roth GmbH & Co. KG 
76185 Karlsruhe 
Germany 

PBS - Selfmade 

PFA 4% Selfmade 

Xylol 

- Avantor Performance 
Materials B. V. 
7418 AM Deventer 
Netherlands 

 

2.5.2 Equipment  

Equipment  Type  Manufacturer 

Atlas “The Rat Brain in 
Stereotaxic Coordinates” 
By George Paxinos and 
Charles Watson 
ISBN-10:0125476213 

2nd Edition 

Academic Press 
Elsevier Inc. 
Cambridge, MA 02139 
USA 

Immersion oil Immersol 518 C 
Carl Zeiss AG 
07745 Jena 
Germany 

Merckoglass - 
Merck KGaA 
64293 Darmstadt 
Germany 

Microscope (Olympus) BX 63 Olympus Europa SE & Co 
KG 
20097 Hamburg 
Germany 

Microscopic camera 
(Olympus) 

DP 80 
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Microscope (Zeiss) Axioplan2 Imaging Carl Zeiss Microscopy GmbH 
07745 Jena 
Germany Microscopic camera (Zeiss) AxioCam HRc 

Microscope motorised table  EK 32 75x56 

Märzhäuser Wetzlar GmbH & 
Co. KG 
35579 Wetzlar 
Germany 

Object plates SuperFrost Plus 
R. Langenbrink GmbH 
79312 Emmendingen 
Germany 

Thermostat - 
VWR International GmbH 
64295 Darmstadt 
Germany 

Vibratome VT 1000S 
Leica Biosystems GmbH 
69226 Nussloch 
Germany 

 

2.5.3 Software 

Software Version Type Manufacturer 

AxioVision 4 
Image 
Acquisition 

Carl Zeiss AG 
73446 Oberkochen 
Germany 

Citavi 6.4.0.35 
Reference 
Management 

Swiss Academic Software 
GmbH 
8820 Wädenswill 
Switzerland 

Graph Pad Prism 6 
Statistical 
analysis 

GraphPad Software 
La Jolla, CA 92037 
USA 

Inkscape 0.92.5 
Vector graphics 
editor 

Canonical Group Limited 
London SE1 0SU 
United Kingdom 

Microsoft Office Word 
2010 

14 Word processor 

Microsoft Corporation 
Redmond, WA 98052-
6399 
USA 

Neurolucida 9 
Reconstruction 
of dendrites MBF Bioscience 

Williston, VT 05495 
USA NeuroExplorer 9 

Analysis of 
reconstructions 

 

2.6 Statistical analysis 

The statistical analysis was performed with the software Prism 6.0 by GraphPad Inc. 

(GraphPad Software, USA). The unpaired t-test was chosen to analyse statistical 
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significance. The level of significance was chosen at 5%. Results that are statistically 

significant were marked with an asterisk. The graphs show the mean value of the 

data and the standard error of the mean.   
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3 Results 

The aim of this thesis was to analyse a possible influence of alcohol dependency on 

cognition by the help of a rat model. Previously performed experiments with the 

laboratory animals showed extensive alterations in behaviour of the rats of the 

ethanol group, suggesting that these changes might also show in a morphological 

correlate. Thereby alterations on microscopic basis were of special interest. Subject 

of research were the dendritic spine density and the spine length within different 

amygdaloid nuclei due to alcoholism and their comparison with a control group.  

In order to obtain the spine density, the number of dendritic spines per dendritic 

section was analysed, showing the relative spine number in relation to 1 µm of 

dendritic length. The length of the spine was measured from top to the bottom of the 

spine where it merges into the dendrite.  

In total, five animals of the control- and the ethanol group each were analysed. Within 

each laboratory animal and each amygdaloid region ca. 23 dendrites were subject of 

analysis, leading to a combined analysation of about 220 dendrites per brain region.  

Overall 907 dendrites with a total of 65703 spines distributed on four amygdaloid 

regions, the medial, the central, the basolateral and the lateral region of both the 

ethanol- and the control group had been subject of research in this thesis. 
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3.1 The medial amygdaloid nucleus 

3.1.1 Spine densities of the medial nucleus 

In the medial amygdaloid nucleus, the mean density of the control group is 1.072 

(1/µm), whereas the mean density of the ethanol group is 1.030 (1/µm). This 

comparison of the spine densities of the ethanol- and the control group showed a p- 

value of 0.335 in the unpaired t-test and hence no significant difference in the medial 

nuclei (Figure 8). 

                  

Figure 8: Results of the spine densities within the MeA 

  

3.1.2 Spine lengths of the medial nucleus 

Within the medial amygdaloid nucleus, the mean length of the spines in the ethanol 

group is 1.294 µm and the length of the control group showed a value of 1.258 µm. In 

comparison the unpaired t-test shows a p-value of 0.541 and therefore no significant 

difference was seen (Figure 9). 
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Figure 9: Results of the spine lengths within the MeA 

 

3.2 The central amygdaloid nucleus 

3.2.1 Spine densities of the central nucleus 

Concerning the spine densities of the central nuclei, the unpaired t-test showed a p-

value of 0.259 meaning no significant difference between both groups. The value of 

the mean spine density in the control group is 1.448, whereas the mean density of 

the ethanol group is 1.506 (Figure 10). 

 

Figure 10: Results of the spine densities within the CeA 
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3.2.2 Spine lengths of the central nucleus 

In the central amygdaloid nucleus the mean length of the control group adds up to 

1,208 µm and the mean length of the ethanol group shows a value of 1,181 µm. The 

spine lengths of the central nuclei show with a p- value of 0.752 in the unpaired t-test 

no significant difference (Figure 11). 

 

Figure 11: Results of the spine lengths within the CeA 

 

3.3 The basolateral amygdaloid nucleus 

3.3.1 Spine densities of the basolateral nucleus 

In the basolateral nuclei, the spine densities show no significant difference as the p- 

value is 0.143. The density of the control group is 1.463 (1/µm) and the density of the 

ethanol group shows a value of 1.515 (1/µm) (Figure 12). 
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Figure 12: Results of the spine densities within the BLA 

 

3.3.2 Spine lengths of the basolateral amygdaloid nucleus 

The spine lengths of the basolateral nuclei demonstrate no significant difference. The 

value of the mean length of the control group is 1.215 µm, whereas the value of the 

ethanol group is 1.192 µm. In the unpaired t-test, the p-value is 0.491 (Figure 13). 

 

Figure 13: Results of the spine lengths within the BLA 
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3.4 The lateral amygdaloid nucleus 

3.4.1 Spine densities of the lateral nucleus  

The mean spine density of the control group in the lateral amygdaloid nucleus shows 

a value of 1.475 (1/µm). The mean density in the ethanol group in this area is 1.382 

(1/µm). The unpaired t-test showed a p value of 0.192 and therefore no statistical 

significance (Figure 14). 

 

Figure 14: Results of the spine densities within the LA 

 

3.4.2 Spine lengths of the lateral nucleus 

In comparison of the spine length in the lateral amygdaloid nucleus of both groups, 

the unpaired t-test showed a p-value of 0.021, as the mean length of the control 

group is 1.177 µm and the mean length of the ethanol group shows a value of 1.094 

µm. This leads to the conclusion that within the lateral amygdaloid nucleus the spine 

length of the ethanol group is significantly smaller than the spine length of the control 

group (Figure 15). 
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Figure 15: Results of the spine lengths within the LA 
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4 Analysis and conclusions 

As millions of people suffer from chronic alcohol consumption and its consequences 

up to death globally each year, an improved understanding of this multi component 

disease is essential. In this thesis I wanted to take a closer look at a possible 

influence of alcohol dependency on synaptic plasticity within the amygdala by the 

help of a rat model. Possible alterations of the spine morphology as well as possible 

changes in spine densities were of special interest in four reviewed regions of the 

amygdala, the medial, the central, the basolateral and the lateral amygdaloid 

nucleus.  

A comparison of the spine densities of the alcohol dependent rats and the control 

group showed no significant difference in any of the four amygdaloid regions, leading 

to the conclusion that chronic alcoholism does not seem to alter the quantity of 

spines on a dendrite. When comparing the spine morphology within the ethanol and 

the control group, differences showed in the lateral amygdaloid nucleus. The spines 

of the ethanol group were significantly smaller than the spines in the control group. In 

the other three analysed amygdaloid regions no differences in morphology were 

observed. This indicates that chronic alcohol intake can have an influence on the 

spine morphology. 

 

4.1 Dynamics of synapses 

When approaching the question of possible alterations in synaptic plasticity due to 

external influences like alcoholism, it is crucial to keep the dynamics of synapses in 

mind. Ramón y Cajal was the first to postulate that dendritic spines are dynamic and 

able to change due to development, learning and memory forming (Ramón y Cajal, 

S. F. 1893). Later on it became clear that the spine morphology was also able to 

respond on environmental and experiential stimuli (Markham and Greenough 2004). 

The development of the two-photon microscopy and its use in neuronal imaging 

(Denk and Svoboda 1997; Maletic-Savatic et al. 1999) in combination with methods 

to mark individual cells with fluorescent fills (Chen et al. 2000) made it possible to 

observe dendritic spines in vivo longitudinally. This then allowed visualizing spine 

dynamics within intact brain circuits for the very first time. It became obvious that 

dendritic spines obtain an enormous capacity to remodel themselves, not only as 

previously suggested, in the early developmental state, but even in stable adult 
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neurons (Trachtenberg et al. 2002; Lee et al. 2006). These results show the 

tremendous importance of in-vivo spine imaging for research on synaptic plasticity. 

The imaging and hence evaluation of spines of our laboratory animals were 

performed by light microscopy. In doing so, the evaluation of the synaptic 

morphology and densities only referred to that very moment of decapitation and 

extraction of tissue. We therefore analysed a snapshot of time at the end of the 

experiment.   

Research shows that the life spans of spines fall in either of two diverse kinetic 

categories. The first group consists of dendritic spines called persistent spines, which 

either dissolve shortly after formation or which will remain for months or years. The 

second group are the so called transient spines, as they are formed and then 

disappear after a mean lifetime of about two to four days (Holtmaat et al. 2005; 

Trachtenberg et al. 2002). By analysing the in-vitro brain slices and obtaining a 

snapshot of the synaptic plasticity at that time, no visual differentiation of the kinetic 

spine type could be made. No matter the size or morphological subtype, a spine can 

fall into either of the kinetic categories. However, transient spines have the tendency 

to be smaller and thinner (Holtmaat et al. 2005). The ratio between persistent and 

transient spines changes with the developmental stage, leading to an increased 

amount of persistent spines with age progression in mice (Holtmaat et al. 2005; 

Grutzendler et al. 2002). This corroborates the fact that probably the majority of our 

analysed spines might be persistent spines as the laboratory animals were adults. In 

an adult, the addition and elimination of spines is usually balanced but can transiently 

shift to one or the other (Holtmaat et al. 2005; Zuo et al. 2005). These data were 

collected on the tissue of mice and usually focussed on the neocortex or the 

hippocampus. It remains unknown whether these results also fully apply to rats or 

even neurons located within the amygdala. Nevertheless, the feature of dendritic 

spine dynamics needs to be kept in mind when approaching our research results, a 

distinct snapshot of the synaptic plasticity at a certain time.  

 

4.2 Challenges of the applied methods  

When assessing the applied methods used in this research project, multiple positions 

and possible alternatives can be discussed.  
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4.2.1 Ethanol inhalation 

In order to induce the postdependent state in the laboratory rats, the animals were 

repeatedly exposed to an alcohol vaporiser. This has so far been found to be one of 

the most effective methods to create alcohol dependency in rodents (Gilpin et al. 

2008). Despite the unphysiological exposure and consumption of the drug, this 

method was chosen to ensure a controlled intake of ethanol via mucosa. It was 

thereby suggested that the inhalation of ethanol via nasal mucosa resembles the act 

of oral alcohol consumption and its absorption via gastrointestinal mucosa the most. 

The inhaled ethanol bypasses the first-pass metabolism of the gastrointestinal tract, 

which leads to a faster substance enhancement in the arterial circulation and the 

brain (MacLean et al. 2017). Studies show that the pharmacokinetic of a drug is 

crucial in the forming of an addition. A high rate of substance delivery to the brain’s 

receptors positively correlates with the likelihood of this drug to be addictive (Allain et 

al. 2015). The laboratory rats in this research project might therefore already have an 

increased tendency to develop an ethanol addiction because of this chosen method 

of alcohol application.  

4.2.2 Forced exposure and individual alcohol preferences 

During the induction of the postdependent state, repeated circles of forced drug 

exposure were necessary. The laboratory animals had no influence whatsoever on 

the moment or length of the alcohol exposition. In doing so, it remains debatable how 

the postdependent state in rats can translate to an alcohol dependency in human. 

The development of alcoholism in human is complex and often multicausal (vide 1.5). 

However the intake of alcohol usually happens voluntarily and without a firm time 

schedule.  

Alcohol is one of the most accepted drugs in society. It is consumed by many people 

on a regular basis and yet only a minority of 3 to 5% of those that consume alcohol 

develop alcoholism (Costanzo et al. 2007; Burns 2014).The vulnerability to 

alcoholism succumbs many factors and is highly individual. These differences of an 

individual tendency to consume alcohol have not only been seen in human but also 

show in rats (Richter and Campbell 1940).   

4.2.3 Heterogeneity of neuronal cells within the amygdala 

Most of the studies and research projects on synaptic plasticity were carried out on 

the neocortex or on the hippocampus (Liu et al. 2017; Martin and Morris 2002). The 
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hippocampus is part of the limbic system and its structural formation benefits 

intensified cell exploration via light microscope. The different neuronal cells that can 

be found in the hippocampus are neatly arranged into layers, guaranteeing a rather 

certain and definite histological cell type distinction (Trepel 2008). The amygdala also 

contains different neuronal cell types, which are however intermingled and their 

position within the nuclei does not indicate the identity of the cell type (Likhtik et al. 

2006; Sosulina et al. 2006). While it is widely accepted that all of the amygdaloid 

nuclei are consisting of heterogeneous cell types, the knowledge differs between the 

nuclei focussed on in this project. Yet still little is known about the composition of 

neuronal cell types within the MeA and CeA and their interconnectivity (Keshavarzi et 

al. 2014; McDonald 1992a). Further cell types that can be found within the amygdala 

are for example projection neurons which are facilitating neuronal communication 

over long distances or interneurons which usually develop shot connections amongst 

each other or with other neuronal cells in order to build complex neuronal circuits 

(Huggenberger et al. 2017; Spampanato et al. 2011; McDonald 1992b). This 

heterogeneity of neuronal cells within the amygdaloid nuclei does not correlate with a 

visual distinction via light microscope. It might therefore be possible that some of the 

dendrites analysed in this project did belong to interneurons, projection neurons or 

other cell types. It remains unclear whether and how this would affect the outcome of 

the analysis. 

 

4.3 Physiological alterations 

As the aim of this thesis was to compare visual morphological changes on the 

dendrite (quantity of spines) and the dendritic spine itself, absolutely no statement 

can be made towards possible physiological alterations. Whether or not the 

morphological changes in spine length in the lateral amygdala do reflect in 

physiological and functional alterations cannot be assessed in this research project.  

The structural plasticity of dendritic spines changes with its developmental regulation 

and is known to be affected due to sensory stimulation. Structural rearrangements 

such as alterations in number, length, width or volume might be either the reflection 

or the cause of functional and physiological changes (Alvarez and Sabatini 2007). An 

environmental enrichment has shown to increase the density of spines (Globus et al. 

1973; Leggio et al. 2005). This effect of enrichment-induced plasticity seems to 

function in all developmental stages, in young animals as well as in adults (Briones et 
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al. 2004; Kozorovitskiy et al. 2005). Furthermore, an interaction between an 

environmental enrichment and an influence on diseases has been observed. An 

exposition of animals to more complex environments seems to prevent or extenuate 

the sequelae of brain damages like seizures, injuries or ischemia (Lewis 2004). A 

prevention of spine loss due to age has also been prevented by environmental 

enrichment (Saito et al. 1994). However the mechanism of how sensory stimulation 

leads to an increased number of spines remains unknown (Alvarez and Sabatini 

2007).  

 

4.4 Comparison with existing studies 

As mentioned above, many of the studies concerning changes in synaptic plasticity 

due to alcoholism focussed on the cortex.  Alcohol consumption seems to reduce the 

amount of spines on Purkinje cells in the cerebellar cortex. However, some of the 

remaining and intact spines on those dendrites show an elongation that can measure 

up to 4 times of their usual length. This plastic transformation is thought to be a 

manoeuvre of the remaining spines to reach out to other viable cells and thereby try 

to maintain the same degree of neuronal networking (Tavares et al. 1983; Wenisch et 

al. 1998).  

Another study carried out on the hippocampus of mice, showed that not only the 

number of spines declined due to chronic alcohol consumption, but that also a 

shortening of the hippocampal spines took place. These mice however, showed a 

normalisation of the spine length after 2 month of withdrawal (Lescaudron et al. 

1989). The hippocampus as part of the limbic system, just like the amygdala, might 

therefore provide more relatable data than other brain regions. The behavioural 

testing and adjacent histological analysis of all the laboratory animals used in this 

project took place after two to three weeks of alcohol abstinence. Hence no 

conclusions can be made about how long the observed alterations in spine length 

within the lateral amygdaloid nucleus would have lasted. 

As described in the segment of the research objectives (vide 1.6), studies came to 

numerous and very diverse up to contrary outcomes when taking a closer look at 

changes in synaptic plasticity. It remains uncertain how the influence of alcohol on 

synaptic plasticity differs between variable types of rodents (or even human), brain 

regions, neuronal cell types and applied methods of the induction of alcoholism.    



Analysis and conclusions  I  38 

 

4.5 Influence of drugs and medication on synaptic 

plasticity 

An influence on dendritic spine morphology and spine quantity has also been 

observed after exposure and misuse of drugs other than alcohol and medication in 

numerous regions of the brain (Gipson and Olive 2017). 

A repeated exposure to psychostimulant drugs such as cocaine and amphetamines 

have shown to increase dendritic branching as well as the density of spines in the 

nucleus accumbens and the prefrontal cortex (Robinson and Kolb 1999a). Cannabis 

dependency on the other hand seems to lead to a decrease of the spine density in 

the nucleus accumbens (Spiga et al. 2010). Even a repeated treatment with nicotine 

showed an effect on the synaptic plasticity in the nucleus accumbens, the prefrontal 

cortex and the parietal cortex in rodents. The rats that received nicotine 

demonstrated an increase in the dendritic length as well as the spine density (Brown 

and Kolb 2001). 

Alterations in dendritic spine morphology and density have also been observed after 

an exposure to opioids. Repeated injections of morphine in rats seem to decrease 

the complexity of dendritic branching. Furthermore a loss of spines has been 

observed after morphine exposure. These changes have also been recorded in the 

nucleus accumbens and the prefrontal cortex (Robinson and Kolb 1999b). The opioid 

antagonist naloxone however increases the density of spines (Liao et al. 2005).  

As previously discussed, many neurological disorders and mental illnesses occur 

with an alteration in synaptic plasticity. Often, a loss of spines can be observed in 

various neuropsychiatric disorders (Fiala et al. 2002; Hill et al. 2006). In an animal 

model, studies have shown that the effects on spines caused by depression might be 

reversible. Chronic antidepressant treatment with a tricyclic antidepressant reversed 

the reduction of dendritic spines in the hippocampus (Norrholm and Ouimet 2001). 

Different types of antipsychotics, such as haloperidol and clozapine, showed different 

effects on synaptic plasticity. This indicates that the selection of medical preparation 

as well as the selection of the appropriate dose plays an enormous role in treating 

neuropsychiatric illnesses that occur with a spine loss (Takaki et al. 2018). 

In terms of pharmacologically treating alcohol addiction, as previously said, the 

substances naltrexone and acamprosate are often used. The direct effects of these 
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medications on dendritic spine morphology and quantity in different parts of the brain 

are however not fully understood yet.  

It also remains uncertain how long these therapeutic changes in synaptic plasticity 

last without the constant intake of medication or the entire effects of those 

substances on the brain. 

 

4.6 Prospects  

In this thesis I wanted to evaluate the hypothesis that differences in synaptic plasticity 

do occur between the two examined groups, the ethanol group and the control group, 

as previously presumed by the displayed alterations in behavioural outcome of our 

analysed laboratory animals. Morphological changes showed in a modified spine 

length in one of the amygdaloid regions, suggesting that alcoholism might alter the 

synaptic plasticity in alcohol dependent rats. 

The results of this research project contribute to a deeper and more comprehensive 

understanding of the effects of alcohol on the cellular level of the brain in an 

important area like the amygdala. However, there are many more aspects that have 

to be reviewed in terms of fully understanding the mechanism of addiction and its 

influence on synaptic plasticity.  

The chosen Golgi staining method of neuronal assessment was performed on post-

mortem tissue and therefore lacks the ability to evaluate one of the most essential 

features of dendritic spines: the ability of spine dynamics.  The key feature of spines 

to change their morphology and quantity over time, especially during specific 

environmental conditions or during specific behaviour, is of profound interest when 

further assessing synaptic plasticity. Therefore studies using in-vivo spine imaging or 

neuronal tracing are of special interest to evaluate changes of spines in intact brain 

tissue during and after the development of an alcohol dependency. Moreover, further 

studies on dendritic spines themselves should be considered, as morphological 

changes do not necessarily result in functional changes. A better understanding of 

the formation and up keeping of an addiction, especially on a cellular basis, 

contributes to the beginning of the development of a possible (pharmacological) 

treatment. The full significance of spines, their morphological subtypes or kinetic 

groups and their full importance for the function of the entire neuron, is however yet 

to be discovered.  
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5 Abstract 

Chronic alcohol abuse is one of the most common addictions and one of the most 

substantial public health problems as it affects millions of people physically as well as 

mentally around the world. Globally more than 3 million deaths are assignable to 

alcohol intake each year. Chronic alcoholism is a multi-component disease and its 

development is associated with both environmental as well as genetic factors. 

However, the key mechanisms underlying an addiction, especially on a cellular and 

physiological basis, are still unknown.  Bio-medically an influence of chronic alcohol 

consumption on synaptic plasticity in the brain of humans as well as rodents has 

been proven.  

On the dendritic shaft of nervous brain cells, small membrane protrusions called 

dendritic spines can be found.  These spines possess the capacity to change their 

morphology and quantity and are thought to play an important role in learning and 

memory forming, and seem to be impaired in multiple neurological disorders. These 

dynamics are called synaptic plasticity. Most of these studies however, were carried 

out on the cortex. These previous observations raise the question whether such 

alterations in synaptic plasticity can also be observed in regions of the brain that 

contribute to the limbic system and therefore to the processing of emotional 

responses, learning and decision making. The amygdala is of special interest when 

trying to understand the neurobiology and pathophysiology that lead to the 

emergence and up keeping of an alcohol addiction. In this thesis a closer look has 

been taken at possible alterations in synaptic plasticity within different amygdaloid 

nuclei by the help of a rat model. These rats were put into the so called 

postdependent state, one of the most common animal models to investigate 

excessive ethanol intake in rodents. The postdependent state is a model in which the 

key driving force to obtain alcohol as part of a preserved addiction cycle is based on 

negative affect. Studies showed differences in the behavioural outcome of those 

animals that were exposed to chronic intermittent alcohol consumption compared to 

a control group, so it was of special interest to see whether those behavioural 

changes also show on a cellular basis.  

In the study, a morphological comparison of the spine length as well as the spine 

density of alcohol dependent rats with a comparable control group has been made. 

The medial, the central, the lateral and the basolateral amygdaloid nucleus were of 

special interest in this research project. 
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The results showed no significant difference of the spine densities in any of the four 

amygdaloid regions. When comparing the spine morphology within the ethanol and 

the control group, differences showed in the lateral amygdaloid nucleus.  In this 

region the spines of the ethanol group were significantly smaller. This leads to the 

conclusion that chronic alcohol intake can have an influence on the spine 

morphology and hence alter anatomical brain structures.    
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7   Appendices 

7.1 Statutory declaration 

Auf die Darstellung wurde in der allgemein zugänglichen Veröffentlichung verzichtet. 
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7.2 Curriculum vitae 

Auf die Darstellung wurde in der allgemein zugänglichen Veröffentlichung verzichtet. 

 

 


