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7 Discussion 
 

7.1 Introduction 

This thesis had two main goals. One goal was to show that self-repair through maintenance of 

redundancy is a possible process taking place in the brain. Another goal was to lay the 

foundation for models of brain recovery after damage. To achieve the first goal we 

constructed a connectionist self-repair model based on neurobiological and behavioral 

empirical data, where redundancy resides in the connectivity and self-repair is carried out by 

plasticity mechanisms. In a simple connectionist model we demonstrated that guided self-

repair, an easy type of self-repair, can work extending the lifetime of memory representation. 

In that same model we also demonstrated autonomous self-repair. Autonomous self-repair in 

artificial neural networks is difficult, because it uses random cues to activate memory 

representations. Since this type of cues is not associated with stored memory representations, 

there is no control over which memory is repaired and the amount of times it is repaired. In 

the brain an easier type of self-repair using more informed cues is used, which is closer to 

guided self-repair, may take place, because the cues of the environment have shaped our brain 

during evolution and lifetime. In other words, we argued that a more difficult type of 

autonomous self-repair is possible in a connectionist system than might actually be taking 

place in the brain. This suggests that provided the brain is a connectionist system self-repair is 

possible in it. In the rest of thesis we, therefore, focused on autonomous self-repair with 

random cues. We derived general properties of autonomous self-repair (Chapter Four) of 

which the most relevant one for self-repair in the brain is that self-repair is much more stable 

with many memory representations. We demonstrated it in a neurobiological detailed model 

(Chapter Five) and we argued that sleep may be the time in which it is taking place (Chapter 

6).  

 Did we proof with these simulation models that self-repair is taking place in the brain? 

We proved that we can build a model implementing the idea of self-repair through 

maintenance of redundancy based on empirical data. As we mentioned, however, in Chapter 

One these model have limitations. A first limitation is that it is impossible to incorporate all 

known properties of the brain due to computational cost. A second limitation is that we do not 

know the essential computational properties of the brain that have to be in the model. Thus the 

answer to the question whether we can prove self-repair in the brain with these models is no. 
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We demonstrated that given the available data it is possible. Showing it in a more 

neurobiological detailed model makes it more likely. It could be that the simple model already 

possesses the essential properties of the brain and we did prove it. It could also be that we are 

far from understanding the brain and completely different models are needed in which to 

demonstrate self-repair.  

For proving self-repair in the brain, it is easier to investigate self-repair directly in the 

brain than acquiring a full understanding of the computational properties of the brain. We 

proposed in Chapter Two that the model of autonomous self-repair with small periodic diffuse 

lesions represents aging of the normal adult brain (Chapter Two). A first investigation is to 

identify in the brain these intermittent diffuse lesions. We will do that in the next section 

(Section 7.2). In Section 7.3, we will discuss a possible experiment testing the self-repair 

hypothesis.  

  The second goal of this thesis was to lay a foundation for models of brain recovery 

after injury. The models of chapters Five and Six are a starting point for such models. These 

models are the state of art in the tradeoff between neurobiological detail and computational 

cost. Moreover, we showed that autonomous self-repair is possible in these models, which is a 

difficult type of self-repair to model. It is, therefore, likely that we are also able to model the 

other types of self-repair. We will discuss models of brain recovery after injury further in 

Section 7.4. Adapting the models of autonomous self-repair to model brain recovery is one 

possibility for future research. Other possible future research topics will be discussed in 

Section 7.5. 

 

7.2 Small damage: The necessity of self-repair 

An assumption in this thesis is that if autonomous self-repair with small diffuse intermittent 

lesions models normal aging is the existence of small damage. As is shown in this thesis self-

repair itself can also be damaging if it is not in balance with damage (Chapter Five). 

Consequently, without any damage autonomous self-repair is unnecessary and might be 

harmful to a memory system. The existence of damage is thus a vital assumption of the self-

repair theory. We argued that aging may be accompanied by a process of damage, which self-

repair counteracts (Chapter One). There is evidence on different levels suggesting that during 

aging memory is damaged. For instance, at the behavioral level different kinds of tests show a 

decrease of memory performance (Christensen, 2001; Grady & Craik, 2000; Phillips & Sala, 
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1996). At the anatomical level there is evidence of gray and white matter damage (Resnick et 

al., 2003; Salat et al., 1999).  

Damage during aging is probably not one process, but represents many processes with 

different causes. We distinguish between external causes and internal causes of damage. 

External causes of damage come from outside the brain, while internal causes are intrinsic to 

the brain’s memory system.  

 There are several external causes of damage. A first one is oxidation (Barja, 2004; 

Harman, 1956). Experiments suggest that oxidation has an impact on learning and memory 

(Forster et al., 1996; Fukui et al., 2001; Urano et al., 1998). Other external damage may be 

caused by other toxics such as alcohol (Collins et al., 1998). Another external source of 

damage may be brain hemorrhage due to sports, like heading in soccer (Downs & Abwender, 

2002; Matser et al., 1998; Matser et al., 2001; Stephens et al., 2005) and boxing (Chappell et 

al., 2006; Clausen et al., 2005; Erlanger et al., 1999; Mendez, 1995; Ryan, 1998; L. Zhang et 

al., 2006). There is a debate on whether these sports lead to brain damage (see for example 

Butler (R. J. Butler, 1994; Porter & O'Brien, 1996; Rutherford et al., 2003)). One possible 

explanation is that the brain has a very strong self-repair capacity, because it is clear that in 

some cases there is damage to the brain after incidence, but that it is transient (Webbe & 

Ochs, 2003). Another possible explanation, is that damage is not noticeable behaviorally or 

too small to be spotted by behavioral tests, but can be detected by a physiological measure (L. 

Zhang et al., 2006). This type of damage is not only caused by participating in sports, but can 

happen in daily life accidentally just by bumping your head.  

 The other type of damage is internal damage. Internal brain damage is due to the fact 

that the brain, in particular the cortex, is plastic. The existence of internal brain damage is 

more speculative. Nonetheless, several researchers have taken internal damage due to 

plasticity as an assumption. Tononi and Cirelli (Tononi & Cirelli, 2003) speculated that LTP 

enhanced synapses that were not involved in the newly learned memory trace lead to noise or 

damage. Others researchers stating that a plastic brain leads to memory errors were Kali and 

Dayan (Kali & Dayan, 2004). In their theory, they alleged that because the cortex is plastic the 

hippocampus has the function of an index system to keep track of the moving memories in the 

cortex. Of course there is ample evidence of a plastic brain as was indicated in many places of 

this thesis. There is, however, no empirical evidence that plasticity in the normal intact brain 

causes a decrease in memory performance. On the other hand, from a theoretical point-of-

view of neural network modeling it is hard to imagine, given that memory representation are 

overlapping and are sharing parts, that there would be no noise in the system. 
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 The existence of internal damage is arguable. It might be hard to measure in the brain, 

since the brain may have mechanisms to counteract the internal noise. Familiar mechanisms 

are the so called homeostasis or normalization mechanisms, but it can also be homeostasis 

mechanisms as suggested by Tonino and Cirelli (Tononi & Cirelli, 2003) or the self-repair 

mechanism, as proposed in this thesis. The existence of external damage is more difficult to 

refute. We mentioned several causes of which it is likely that people do encounter them 

during life. The issue is more whether the damage has the uniform distribution as we assumed 

in this thesis, because it is possible that different types of damage hit particular regions of the 

brain or that different areas of the brain differ in vulnerability to specific types of damage. If 

the distribution of damage is uniform, autonomous self-repair can counteract this type of 

damage, as we have shown in this thesis. If, however, damage is not uniform, but targets for 

example particular areas of the brain, autonomous self-repair is probably not able to repair 

damage and needs to be more informed of where to repair in the brain. 

 

7.3 Testing the self-repair hypothesis 

In Chapter Two, we reviewed data from different scientific fields that supports the self-repair 

hypothesis. They supported the concepts of redundancy and maintenance at different levels: 

from the neuronal level to the behavioral level. Since autonomous self-repair with diffuse 

lesions models aging, the most straightforward research to test autonomous self-repair 

empirically is longitudinal research. The problem with this research is that data is very noisy 

and suffers from the disadvantage of having many confounding variables. Moreover, research 

would take many years and is very hard to control, because human subjects will not always 

behave accordingly to the experimental set-up during the time of the experiment. 

The serial lesion effect is a better controlled experiment than longitudinal research. 

There are rats specially bred for research and are for instance genetically very similar. They 

can, furthermore, be raised under the same conditions. Unfortunately, the results of the serial 

lesion effect experiments were not unambiguous, since in one of the last discussed 

experiments (Ramirez et al., 1999) of Chapter Two only the axonal sprouting after the second 

lesion lead to behavioral observable differences. We, therefore, recommended to extend this 

experiment with more stages to obtain clearer results. Even with the extension the serial lesion 

effect experiment is not the best experiment to test the self-repair hypothesis, because the size 

of the lesions may be too large. Large lesions have as a disadvantage that they cannot be 

neurally restituted, but only neurally compensated. By definition neural restitution will 
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reinstate the memory representation with the original neural tissue, while with neural 

compensation other neural tissue will take over the function(s) of the original tissue. In case of 

neural restitution we can be certain that redundancy is reinstated. With large lesions self-

repair may be by neural compensation, which can lead to decreased redundancy. Another 

disadvantage of large lesions is that they might have as a side-effect that entirely different 

plasticity mechanisms will carry out repair than in case of small lesions that occur during 

aging. The latter is only a disadvantage if we want to test the hypothesis that autonomous self-

repair is modeling normal aging, where it is stated that normal plasticity mechanisms carry 

out self-repair. Smaller lesions can be obtained by hemorrhage that for example mimics the 

lesions due to boxing or heading with soccer. Smaller lesions could also be obtained by 

administering neuro-toxins to the rats. Another important parameter in this experiment would 

be the amount of repair. An obvious way to do this is to keep one group of rats in a stimulus 

rich environment and another group in a stimulus poor environment or normal environment. 

To enrich the environment the particular group of rats can be given training for different tasks. 

To measure performance of the different groups of rats, performance on trained tasks may be 

taken as measure, but preferable a battery of tasks should be taken measuring more the full 

spectrum of behavior that rats are able to perform. This increases the chance to detect possible 

effects of self-repair and damage.   

The serial lesion effect experiment is a good experiment to test the self-repair theory, 

because it possesses the two components of the self-repair theory, namely redundancy and 

maintenance. Differences in redundancy can be tested by raising two groups of rats in 

different environments during their development. One group can be raised in a stimulus poor 

environment and the other in a stimulus rich environment. As the rat group in a stimulus poor 

environment will probably still receive stimuli, self-repair in those rats will still take place. 

We, therefore, speak of the reduced self-repair rat group. To further reduce the amount of self-

repair one could use knock-out techniques to impair learning (Bartoletti et al., 2002; 

Linnarsson et al., 1997). To keep the experiment simple and reduce the number of 

experimental groups, we will leave out this option for the moment. Each group is further split 

into two groups to undergo the serial lesion experiment as described above. Thus, the 

experiment has a total number of experimental groups of four. Expected is that the group 

raised in a stimulus rich environment, which is expected to undergo self-repair, will perform 

best. The group raised in a stimulus poor environment, which is expected to undergo reduced 

self-repair, is expected to perform worst. Interesting would be which of the two other groups 

performs best. Is it the group raised in a stimulus rich environment with reduced self-repair or 
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the group raised in a stimulus poor environment with self-repair? If the first group performs 

best this would imply that redundancy is very important to withstand small serial damage. In 

case the second group performs best, self-repair during aging is the best protection against 

small serial lesions.  

 The self-repair theory is invalidated if all four groups perform similarly or in case the 

the group raised in a stimulus rich environment with self-repair does not perform best. The 

self-repair group has to perform best, because the self-repair theory does a very particular 

prediction for this group, namely it predicts an interaction effect between redundancy and 

self-repair. On the one hand maintenance keeps redundancy at some level or even enhances it. 

On the other hand, in case of more redundancy there is more information present in the brain 

to guide repair processes, thereby increasing the probability for successful self-repair. Such an 

interaction effect was for instance found in data of cognitive reserve, where data suggested 

that brain use leads to more cognitive reserve, but data suggested also that for a healthy brain, 

with more cognitive reserve, it was easier to stay healthy. 

The in this section described serial lesion experiment can (in-)validate the self-repair 

theory. In Chapter Two we reviewed other experiments supporting the self-repair hypothesis. 

We will argue in the last section that self-repair is not invalidated if one of those experiments 

will yield a negative result. 

 

7.4 Application of models of self-repair: models of brain recovery 

In this thesis we investigated mostly small diffuse lesions that is counteracted by autonomous 

self-repair. The self-repair model is able to model more than this particular type of lesion and 

particular type of self-repair. Lesions can vary in size and place. Self-repair can be guided or 

supervised instead of unsupervised as used in this thesis. In case of supervised self-repair, the 

stimuli administered to the network are by definition strongly associated with the stored 

memory representations in the network and we have more control over how much each 

memory representation is repaired. One can imagine that there is a continuum of stimulus 

types between the randomly generated stimuli of autonomous self-repair and the stimuli of 

supervised learning. We modeled one particular type of lesion and one particular type of self-

repair scheme. The framework of self-repair, however, can be easily applied to the abnormal 

impaired brain by using different type of lesions and different types of self-repair. 

 In Chapter One, we introduced a model of recovery by Robertson and Murre (I. H. 

Robertson & Murre, 1999). Based on an elaborate literature study they distinguished in this 
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model a triage of recovery: autonomous recovery, guided recovery, and compensatory 

recovery. This distinction was based on lesion size, where the lesion size increased from 

autonomous recovery to compensatory recovery. The relationship between the self-repair 

model and the model of triage of recovery was that autonomous self-repair was a model for 

autonomous recovery and supervised self-repair was a model for guided recovery. If the 

lesion size was small, there was sufficient information present in the brain to retrieve the 

memory representation with a cue that is not strongly associated with it. If the lesion size was 

large, there was insufficient information present in the memory representation and only a cue 

strongly associated to it was able to retrieve it. In both cases of lesion size, it was assumed 

that the damaged neural region, where the memory representation resided, can be repaired. 

Here, we can speak of neural restitution (see Chapter One, Introduction). In the case of 

compensatory recovery, no stimulus was able to retrieve the damaged memory representation 

and the behavioral pattern belonging to it had to be carried out by another neural area. This 

can be called neural compensation. If no neural area was able to replace this behavior the only 

way to carry out a particular behavioral task that relied on functioning of the damaged area 

was by behavioral compensation. 

 Another way to clarify the relationship between the triage of recovery and self-repair 

is the explanation of the relationship between autonomous self-repair in artificial neural 

networks and autonomous self-repair in the brain. In Chapter One we explained a difference 

in meaning between them. In artificial neural networks, autonomous repair was repaired with 

randomly generated stimuli that were not associated with any stored memory representation. 

In neural networks of the brain, autonomous self-repair was repair with more informed non 

random stimuli, i.e. they were associated to some stored memory. The similarity between both 

is that we can speak of unsupervised repair, because there is no external control over the 

variable which memory representation is repaired and the variable of the number of times it is 

repaired. With supervised self-repair one can control these variables. This similarity between 

autonomous self-repair in the brain and in artificial neural networks shows how to apply our 

model of autonomous self-repair to recovery after brain damage. If we want to model guided 

recovery or rehabilitation, the important parameter to adapt is the stimulus batch we provide 

to the model. With the stimulus batch we can control which memory representation is repaired 

and the number of times it is repaired.  

The models of this thesis allow us to investigate easily the following variables: the 

stimulus with which the network is recovered, stimulus magnitude and frequency, the type of 

damage that can differ in amount and place of lesion in the network, the initial connectivity 
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like the relative amount of inhibition and excitation, and learning rule differing in type and 

parameter values. We can investigate the limits of the different models. For instance, with 

autonomous self-repair we can start with a certain learning rule and investigate the lesion size 

that it still can repair. When the critical limit size is exceeded, it can then be investigated 

whether another learning rule can succeed. Yet another possibility is to investigate temporal 

effects of different lesion types and different types of repair. For instance, we might 

investigate the effect of guided self-repair alternated with autonomous self-repair. The 

sessions of guided self-repair may represent a rehabilitation scheme, while autonomous self-

repair may represent the time between two rehabilitation sessions.  

With the extended models and their parameters we can try to investigate the huge 

amount of animal and human data of recovery after damage that is present nowadays. It can 

be investigated whether this model with the mentioned parameters, is able to model the 

different type of data as described by Robertson and Murre  (I. H. Robertson & Murre, 1999), 

ranging from recovery after mild lesions to maladaptive repair. Some other interesting data to 

model can be animal data of reorganization like for example the data of Kilgard and 

Merzenich (Kilgard et al., 2001), brain reorganization of Braille readers (Elbert & Rockstroh, 

2004), differences in the brain because of music (Münte et al., 2002), effect of rehabilitation 

therapies like constrained-induced therapies (Taub et al., 2002), motor reorganization like 

writers cramp (Quartarone et al., 2003), etc. The amount of available data is huge. It is 

probably useful to do a literature review that classifies the data with the variables of the 

model, as for instance classifying data in which the type of stimulus is most important and 

data in which the learning rule is most important. If necessary, we can go beyond the present 

model and extend it to brain structures that model emotion or allow the addition of new 

neurons modeling stem cell treatments.  

The development of models of recovery after damage can unify the different data of 

recovery after damage similar to the data of (small) diffuse lesions and the recovery from this 

as discussed in this thesis' models. Models of recovery after larger lesions can integrate data 

of different fields and put them into a new perspective by giving one coherent explanation. 

Furthermore, they provide a common terminology and framework with which researchers 

from different fields can communicate. Theories expressed in natural language are also able to 

do this, but (computational) models can explicate underlying, sometimes hidden, assumptions 

present in theories expressed in natural language. Furthermore, by modeling, shared 

(algorithmic) components are easier identified, as is demonstrated in Chapter Six for models 

of sleep. Other advantages of models are that they allow us to have full control over the 
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experiments and give us the opportunity to investigate extreme cases that could not be so 

easily investigated in animals or humans.  

Models also have restrictions. One major limitation is that models cannot provide 

definite proof for a theory or hypothesis. This has to come from experimental research. In my 

opinion, models should be regarded as a guide to show the possibilities of a system, similar to 

the hypothesis of this thesis that small diffuse lesions in the brain can be counteracted by self-

repair. Ideally, there should be a continuous dialogue between models and experiments: 

models have to incorporate and integrate (the latest) experimental data from which new 

predictions can be derived, fuelling new experiments to verify the newly made predictions. 

This bootstrap method will possibly allow us to get insight into the reorganization of the brain 

after damage and the opportunity to develop worthwhile scientifically founded rehabilitation 

programs.  

 

7.5 Future research 

There are several avenues to extend the work presented in this thesis. There are two main 

directions concerning computer modeling or simulation research, namely to investigate the 

self-repair hypothesis of autonomous self-repair and to model recovery of brain damage as 

discussed in Section 7.4. Models of both directions can be extended by making more 

neurobiological detailed models or extend the existing models at the systems level. There are 

several ways to investigate the hypothesis that self-repair takes place in the brain 

experimentally. We provided one possible experiment in Section 7.3. We will discuss other 

ways of how self-repair can be (in-)validated. First, we will elaborate further how to do future 

simulation research.  

At the systems level the simulation models can be extended by modeling brain 

structures involved in neuro-modulation as for example cholinergic (Hasselmo, 1995; Kilgard 

et al., 2001) or dopaminergic (Bao et al., 2001; Robbins & Everitt, 1996; Waelti et al., 2001) 

systems or other systems involved in learning, emotion and attention. Simulation models can, 

furthermore, be extended by changing the learning rule, by elaborating the neuronal model, or 

both. This has as advantage that the model becomes more ‘realistic’. To illustrate advantages 

of a ‘realistic’ network, in the Hopfield network of Chapter Three we needed an artificial stop 

criterion that stopped a self-repair cycle. Such an artificial criterion was not needed in the 

more neurobiological plausible model of Chapter Five. In future research, a more realistic 

feature is that we can get rid of the artificial normalization used in this thesis by introducing a 
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spike time dependent plasticity rule (STDP) learning rule. In these rules the magnitude of 

weight change is dependent on the activity of pre- and post-synaptic neurons of a certain time 

window and they posses intrinsic normalizing properties (Kempter et al., 2001). Future 

research can test whether this intrinsic normalizing property is sufficient for self-repair. It can, 

furthermore, be tested to what extent a neural network using this learning rule can withstand 

damage and to develop variant rules modeling plasticity after large damage. Another 

advantage of more realistic neural network features is that with more detailed neuronal models 

we would expect to have more realistic population dynamics. This would allow us to do 

predictions that can be validated empirically afterwards. An example of such a model that 

possesses realistic population dynamics is the model of sleep by Hill and Tononi (S. Hill & 

Tononi, 2004). This sleep model is able to produce characteristic sleep waves that can be 

tested with several brain measurement techniques like electroencephalography.  

As was mentioned in the introduction of this chapter, the fastest way to validate 

whether self-repair takes place in the brain is to carry out experiments.  In Section 7.3, we 

discussed one possible experiment that is able to validate the self-repair hypothesis. In this 

thesis, especially in Chapter Two, we have discussed many other experiments that tested one 

of the two components of the self-repair theory of redundancy and maintenance. These 

components can be found at different levels of the brain. For example, maintenance can be 

found at the synaptic level by plasticity mechanisms and at the behavorial level as use-it-or-

lose-it. The self-repair hypothesis will be invalidated if redundancy and maintenance cannot 

be found at any level of the brain. In the future, however, different forms of redundancy and 

maintenance may be found for different levels of the brain. For instance, it is possible that 

other mechanisms than the two suggested plasticity mechanisms are able to carry out self-

repair. Since research has started unraveling brain mechanisms and their effect on the neural 

circuit level, self-repair is not invalidated if it turns out that present known mechanisms are 

unable to carry out self-repair. For now, self-repair seems a fruitful and practical concept, 

since it provides a consistent framework for different findings and concepts for different 

levels of the brain. 

To conclude, the most important contribution of this thesis is the idea that self-repair 

by maintenance of redundancy is possible in the brain. This idea can be applied to aging in the 

normal intact brain, as was the case for the models used in this thesis. It can also be applied to 

model recovery from brain damage. There are many possibilities for future research, like 

extending the current model of the normal intact brain or applying it to model functioning of 

the injured brain. Pursuing this research will hopefully contribute to preserve and prolong 
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mental health of mankind. At least this stimulating research will prolong the mental health of 

the researcher concerned. 
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