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The self-repairing brain: a 

synthesis 
 

Abstract 

In this chapter, we will argue that memory representations in the brain are endowed with a 

self-repair capacity. We will present a theory of maintenance of redundancy and demonstrate 

how it can extend the lifetime of memory representations. We will review neurobiological 

data of redundancy and plasticity. We will argue that the brain possesses redundancy on 

different levels of the brain (synaptic, cellular, and neural circuit level) and argue that 

maintenance may be carried out by plasticity mechanisms in the brain. We will, furthermore, 

review behavioral data of the use-it-or-lose-it principle and the serial lesion effect supporting 

redundancy, maintenance, or maintenance of redundancy. Based on the data we will build a 

model of self-repair in which we demonstrate that self-repair is able to extend memory 

lifetime. Finally, we will show how the ideas of the self-repair model can be applied to 

normal aging. 
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2.1 Introduction 

In this chapter we will address the research question whether memory representations in the 

brain have a self-repair capacity by maintenance of redundancy. We address this question in 

the following way: (1) we will show the advantage of having a self-repair process in a thought 

experiment, (2) we will review neurobiological data that support self-repair, (3) we will 

review behavioral data that support the self-repair hypothesis, and, (4) derived from the 

biological data we will build a connectionist model in which we demonstrate self-repair. 

 All types of self-repair are necessarily based on redundancy of information in a 

system: without redundancy, loss of information would be irreversible. By keeping 

redundancy at or above some minimal level, the chance of irreversible information loss due to 

damage is kept very low. In a thought experiment, we will show that self-repair may cause an 

enormous increase in memory lifetime compared with unrepaired neural circuits. This thought 

experiment, furthermore, illustrates our approach to self-repair by the maintenance of 

redundancy (Section 2.2). After having established that self-repair in memory systems can 

have a definite advantage, we ask whether self-repair does indeed take place in the brain. We 

will address this question by reviewing neurobiological evidence for brain redundancy and 

review plasticity processes of the brain that may carry out maintenance (Section 2.3). We 

will, furthermore, review behavioral data that support the self-repair ideas of redundancy and 

maintenance of redundancy (Section 2.4). From the neurobiological data we derive a 

particular connectionist model of self-repair. In this model, we will demonstrate self-repair. 

We conclude this chapter with a discussion how the connectionist model of self-repair can be 

used to model normal aging.  

2.2 The advantage of Self-repair  

A thought experiment illustrates the limitations of redundancy and the great gains of self-

repair. Let us suppose that a security agent has to guard an important document. Suppose 

furthermore, that the chance that the document is destroyed by the enemy is 0.5 in a month. 

The expected lifetime of the document, or in other words the time before the document is 

destroyed, would then be 1/0.5 or 2 months.  

Let us introduce redundancy in our thought experiment. The security agent copies his 

document 9 times and gives it to 9 other security agents. Instead of having the information 

once, in which case there would be no redundancy, we now have a ten-fold redundancy. If we 

still suppose that the chance of losing a copy is 0.5 in a month, it can easily be demonstrated 
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that the expected lifetime of the document, or in other words the time until the last of all 

copies is lost, is approximately 4 months. The ten-fold increase in redundancy increases the 

expected lifetime by a factor 2.  

Now, let us introduce self-repair, a process that maintains redundancy. The ten-fold 

redundancy is still present because we again have ten agents who each possess one document. 

Repair is modelled by a monthly meeting of the ten agents. During this meeting, an agent who 

still has his document makes copies of it and gives one to each agent who has lost his 

document. At the end of the month, each agent has once again one document. This repair 

process continues until one month, by chance, all copies are found to be lost. With a 50% loss 

rate per copy, the monthly survival probability of the document’s contents is 1 – 0.510 � 0.999 

and its expected lifetime is 85 years (1023 months). Without the monthly ‘repair’ session, we 

have seen that the expected lifetime is only 4 months. Consequently a ten-fold redundancy 

gives only a small increase in expected lifetime, while a repair process increases the lifetime 

more than five hundred times.  

 This example shows that self-repair by maintenance of redundancy can increase the 

lifetime expectancy of memories enormously. In the thought experiment, memory is 

represented by a document and redundancy is present in the form of simple copies of this 

document. Memory in the brain is most likely to be organized as a connectionist system rather 

than a system where redundancy is present in the form of exact copies (we will address this 

topic the next section). In Section 2.5, we will further explain how memory may be organized 

in a network or connectionist system and where redundancy in such a system resides. We will 

explain how it is redundant and how self-repair can be implemented. We will, also, illustrate 

self-repair in a specific connectionist system: the Hopfield network.  

2.3 Neurobiological evidence of self-repair 

In this section, we will review some neurobiological evidence for self-repair. More 

specifically, we will address questions concerning the nature of memory redundancy and the 

maintenance of this redundancy in the neural brain. What is it that provides memory encoded 

in neurons and synapses with the property of redundancy (Section 2.3.1)? Furthermore, what 

possible mechanism carries out the maintenance or repair in the brain (Section 2.3.2)?  

2.3.1 Neurobiological evidence of memory redundancy 

Redundancy of memory in the brain is probably not present in the form of exact copies. We 

rather expect it to be encoded in the myriad of neurons and their connections. In this section, 
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we will give three different examples of redundancy found at separate levels of the brain: i.e. 

at the synaptic, the cellular, and the neural systems level.  

Redundancy at the synaptic level may be present in the form of spare or silent 

synapses. Behavioural evidence of spare synapses becoming operational after damage is 

derived from lesion studies showing a rapid reorganization in the receptive field of cells after 

a lesion. These changes are so rapid that it is unlikely they are caused by structural growth 

like synaptogenesis (S. R. Butler, 1988). It therefore is suggested that these rapid changes are 

brought about by the unmasking of normally inhibited synapses or by changes in the 

efficiency of synapses. Evidence supporting the idea of the release of inhibition has been 

found by Jacobs and Donoghue (Jacobs & Donoghue, 1991). Evidence supporting the idea of 

efficiency changes has been found in different parts of the developmental and adult 

mammalian brain by Liao et al. (Liao et al., 1999) and Reid et al. (Reid et al., 2004). The 

efficiency changed synapses that lack glutamate AMPA-receptors. Without these the cell is 

more difficult to activate, because glutamate is one of the most important excitatory 

neurotransmitters in the brain. They are ‘silent’ in the sense that they are not as active as 

normal neurons with AMPA-receptors. They can be turned into normal functioning cells by 

long-term potentiation (LTP), which inserts AMPA-receptors. LTP is the most likely 

neurobiological correlate for learning as we will explain in the next section. It should be noted 

that we know no experiments showing that ‘AMPA’ silent synapses take care of the rapid 

reorganization after brain damage. It, does, however support our idea that repair can be 

carried out by normal learning mechanism such as LTP. 

Redundancy is present at the cellular level in the form of neurogenesis. For reasons 

unknown, the brain does not generate new neurons on a large scale. One of the reasons may 

be the risk of memory instability as for example is shown by a study of Parent et al. (Parent et 

al., 1997). At a small scale, however, there is evidence of newly generated neurons during the 

entire lifetime. Research has shown that neurogenesis takes place in the adult brain in the 

olfactory bulb (Altman, 1969; Luskin, 1993) and dentate gyrus (Altman & Das, 1965; 

Eriksson et al., 1998). For the dentate gyrus it is known that neurons are produced at a 

constant rate and that some of these newly generated neurons survive while others die. The 

number of survivors increases after a learning task (Gould et al., 1999) or after damage to the 

hippocampus (Liu et al., 1998). The latter suggests that newly generated neurons are involved 

in restitution after compensation for damage. Though redundancy in the form of spare 

neurons takes place at a small scale, it can have a functionally large impact given the pivotal 

role of the hippocampus (dentate gyrus) in learning and memory.  
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Two different types of redundancy are to be found at the neural systems level. A first 

type of redundancy is in the form of a backup system or spare parts. A second type of 

redundancy is the network redundancy that may be present in neural circuits as will be 

explained in the Section 2.5. A clear example of the first type of redundancy is the control of 

the respiratory system (Kavanau, 1997). If the normal neural circuit of the respiratory system 

fails, another (spare) circuit immediately takes over. By a neural circuit we mean a network of 

synaptically connected neurons or set of neurons that are functionally connected, in such way 

that they reliable become activated when a particular memory is retrieved (I. H. Robertson & 

Murre, 1999). Redundancy at the neural system level is probably more frequently due to 

network redundancy in neural circuits. A function or memory trace in neural circuits may be 

distributed over many parts of the brain (Braitenberg & Schüz, 1991). Though neuroscience 

research often tends to connect a particular function to a particular brain region, there are 

several arguments against strict localization of functions. For one thing, even if functions are 

localized in one region it can be the case that the functions are distributed across that 

particular region. Such population coding has been found in the motor cortex (MI) (Sanes & 

Doneghue, 2000). Secondly, the meaning or function of a region or of single neuron is 

determined by its connecting parts (Friston, 2002). Function in this case has the meaning of a 

cortical area specialized in some aspects of visual or motor processing. This function can only 

exert its meaning in concert with its connected parts. These particular cells or regions are part 

of a memory trace and can only be activated if that memory trace is activated. For example, 

the motor cortex is activated along with regions of language and vision when one is writing a 

sentence. Cells and regions are not part of a single memory trace, but of many memory traces: 

a motor area involved in writing can also be involved in playing the piano. Memory of the 

brain and in particular the cortex seems to be distributed over the cortex with cortical regions 

involved in several memory traces (Haxby et al., 2001). Friston (Friston, 2002) has called this 

property of memory functional integration. Others have noted this property of memory before 

and gave it different names as multiplexing (Bach-y-Rita, 1990) and superimposedness (Crick 

& Mitchison, 1983). 

If a particular cortical area happens to be part of one or several memory traces, 

information also resides in other cortical areas connected to it. For example, a connected 

cortical area gives a particular activity pattern as input. In case of damage this input can be 

used as information to rebuild the cortical area. Suggestive evidence for the rebuilding of one 

cortical area through another cortical area is an experiment by Ramirez et al. (Ramirez et al., 

1999). Their experiment shows that previous injured behaviour, caused by a lesion to a lateral 



Chapter 2       24 

 

hippocampal area, is reinstated by newly sprouted synapses in the damaged hippocampal area 

with connections of the contra-lateral homologue of the damaged hippocampal area.  

We addressed redundancy in the brain at the synaptic, neuronal, and neural systems 

level. Redundancy in the brain means that information is present to reinstate or substitute the 

damaged parts. This is information for (re)building damaged parts, but also the correct 

architecture. This is the reason why replacing damaged cells by stem cells is a only one part 

of the solution (Kempermann & Gage, 1999; Magavi et al., 2000; Weiss, 1999). Surrounding 

cells have to give the right signals to make the correct connections with the new cells. Under 

normal circumstances information in neural circuits may guide repair processes at the lower 

synaptic and cellular level. For example the circuit level may provide information how many 

silent synapses must become active or determine the number of newly generated neurons in 

the dentate gyrus. Finding out how these processes are regulated can give us insight into 

neural repair after damage.  

2.3.2 Neurobiological evidence of memory maintenance 

It is known that after severe brain damage structural changes within the damaged and 

connected areas may compensate for the damage (Bach-y-Rita, 1990; Jones, 2000; I. H. 

Robertson & Murre, 1999).  In this section, we will present neurobiological data of brain 

plasticity that may take place in the normal adult brain.  

 A first type of brain plasticity is long-term potentiation (LTP). This is the 

enhancement of synaptic responses resulting from brief, repetitive activation of an excitatory 

monosynaptic pathway by high frequency responses of electrical pulses (Bliss & Lomo, 

1973). LTP can change the cell’s morphology (a neural circuit) in the following ways. It can 

lead to synaptogenesis in different ways: by changing the number of synapses (Toni et al., 

1999), by remodelling existing synapses (Geinisman, 2000), or by activating silent synapses 

(Isaac & Mayes, 1999; Voronin & Cherubini, 2004). Similar to LTP, long-term depotentiation 

(LTD) is the most likely neurobiological candidate for the weakening of memory traces 

(Artola & Singer, 1993; Dudek & Bear, 1992). 

The exact role of LTP and LTD in learning is still uncertain. In a review about the role 

of LTP in learning, Martin et al. (Martin et al., 2000) give 4 criteria that LTP has to meet to 

be necessary and sufficient for learning, namely: detectability, mimicry, anterograde 

alteration, and retrograde alteration. Detectability means that if an animal displays memory of 

some previous experience, a change in synaptic efficacy should be detectable in the nervous 

system. Mimicry means that if a same spatial synaptically weight pattern is artificially 
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induced, the animal should display ‘apparent’ memory of some not occurred ‘past’ 

experience. Anterograde alteration means that the prevention of a weight change during a 

learning experience should impair the animal’s memory of that experience. Retrograde 

alteration means that interventions altering the spatial distribution of synaptic weight induced 

by prior learning experience should alter the animal’s memory of that experience. Most 

studies are about the detectability of which the study of Rioult-Pedotti et al. (Rioult-Pedotti et 

al., 2000) is a clear example. They show that behavioral forelimb motor skill learning 

strengthens the horizontal connections of MI opposite to the trained forelimb. After saturating 

the connections they artificially induce LTD in the connections. Unfortunately, they did not 

try to bring the weights of the connections to baseline and test whether the animals were 

unable to carry out the task (retrograde alteration). One of the conclusions of Martin et al. 

(Martin et al., 2000) is that until now there is a wealth of evidence supporting the necessity of 

LTP in learning, but not its sufficiency, because there are no experiments carried out in the 

hippocampus, amygdala, or the cortex that meet all 4 criteria. LTP thus plays a critical role in 

learning, but it may not be the complete story.  

Suggestive experimental evidence that Hebbian learning is involved in brain repair is 

found in similar morphological and chemical changes observed after LTP and brain damage. 

An example of a similar morphological change are the spine modifications after LTP (Star et 

al., 2002; Trachtenberg et al., 2002) and damage (Kolb & Gibb, 1993; Villablanca et al., 

1998). An example of similar chemical change is the brain-derived neurotrophic factor 

(BDNF) found after LTP (Kovalchuk et al., 2002; McAllister et al., 1999) and repair after 

damage (Ikeda et al., 2003; Kleim et al., 2003; Tropea et al., 2003). 

A second type of brain plasticity that may be involved in brain repair is homeostasis. 

It is plasticity involved in the formation, maintenance, and proper functioning of neural 

circuits. It keeps cells, in particular central neurons, within working range for effective 

information transfer in a changing input environment. In other words, it addresses problems 

and questions of how cortical neurons can be prevented from falling silent or from saturation 

if the average input falls too low or rises too high. There is empirical evidence of homeostasis 

forms of synaptic plasticity (Turrigiano et al., 1998; Turrigiano & Nelson, 2000, 2004) and a 

homeostasis form of neuron intrinsic excitability (Desai et al., 1999; W. Zhang & Linden, 

2003). Homeostasis mechanisms of synaptic plasticity adjust all of a neuron’s synaptic 

weights up or down. This synaptic scaling can be due to pre- and postsynaptic changes. For 

example, total synaptic strength can be regulated by presynaptic transmitter release or 

postsynaptic receptor clustering. Homeostasis of intrinsic neuron plasticity can adjust the 
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intrinsic excitability of the whole neuron by changing the axo-somatic ion channels. It can 

also adjust the excitability of a specific dendritic module by a local dendritic change in 

voltage-gated channels (W. Zhang & Linden, 2003). Intrinsic neuron plasticity can be induced 

by similar stimulus patterns as LTP and it is often co-expressed with LTP or LTD.  

Until now there exists no experimental proof of the involvement of homeostasis 

mechanisms in repair of damage. One reason is that research focusses on changes in the 

normal functioning brain. Researchers in the field of homeostasis plasticity did, however, 

make a relevant remark on the relation between homeostasis mechanisms and brain repair. 

Turrigiano and Nelson (Turrigiano & Nelson, 2004) suggested that the type of mechanism 

depends on the type of perturbation. It seems illogical to assume that mechanisms set in 

motion by perturbations due to learning would not be activated by perturbations due to 

damage. Although different mechanisms may be used for different perturbations, this does not 

refute the notion that damage up to some limit can be repaired by the brain. 

In Section 2.5.2 we will explain that LTP and LTD form the so-called Hebbian 

learning mechanism and that homeostasis plasticity represents homeostasis plasticity 

mechanisms. We will, furthermore, argue how these mechanisms carry out self-repair at the 

neural circuit level in a connectionist network.  

2.4 Behavioral correlates of self-repair 

In this section we will address behavioral evidence of self-repair. We will discuss behavioral 

data clustered around two concepts or theories that are used to explain the behavioral data, 

that is the use-it-or-lose-it principle and the serial lesion effect. We will review some 

experiments that support the self-repair ideas of redundancy and maintenance of redundancy. 

We will moreover argue that the use-it-or-lose-it principle represents maintenance and the 

‘use-it-or-lose-it’ theory represents maintenance of redundancy. We will furthermore review 

data that connect neural structures and processes with behavioural data. We will end each 

section with concluding remarks about each concept and self-repair.  

A caveat is that the behavioral data can only provide support for the self-repair theory. 

It can never give a definite proof for the self-repair theory. The brain comprises billions of 

neurons and a number of synapses that is a multiple of the number of neurons. To couple 

behavior to the possible temporal spatial patterns of neurons and synapses is a very difficult 

task. We have discussed in Section 4.1, that although the cortex can be divided into more or 

less functionally distinct regions (Kandel et al., 1991), the strict localization of a complete 

memory function in a particular region is very likely to be an overstatement. All functional 
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regions discovered by neuroscience participate in many memory traces. Even if we identify 

the functions of all these regions, the great challenge remains to find out how the functional 

integration of the regions operates (Friston, 2002). Furthermore, we still lack the tools to 

measure the spatial temporal patterns of the brain precisely. As a consequence, one cannot 

determine the exact relationship between neural and synaptic activity on the one hand and 

behavior on the other hand. Due to the lack of knowledge of this relationship, one can only 

establish a correlation between neural activity and behavioral data. Therefore, behavioral data 

can only support a neural theory and cannot decide between subtlety different (competing) 

neural theories.  

2.4.1 The use-it-or-lose-it principle 

The use-it-or-lose-it principle states that brain use extends its lifetime. It is assumed that loss 

will occur automatically due to deterioration processes like aging, injury (including self-

inflicted injuries like alcohol intake), and disease. A definition for behavioral data is given by 

Salthouse et al. (Salthouse et al., 2002), which reads as follows: use-it-or-lose-it is used to 

explain behavioral data showing that age and injury-related effects on measures of cognitive 

performance can be moderated by the individuals’ lifestyle, and particularly by the amount of 

cognitive stimulation individuals receive in their daily lives.  

Longitudinal behavioral data of humans show that intellectual leisure activities 

(attending lectures, classes, and playing desk games of skill), social leisure (attendance of 

dances, sport events, and visiting a public house or pub), and physical activities (aerobics, 

walking, jogging, and gardening) correlate with slower cognitive decline in healthy elderly 

(Elwood et al., 1999; Gold et al., 1995; Scarmeas & Stern, 2003; R. S. Wilson et al., 2003). 

With regard to the effect of cognitive stimulation after injury, it is known for recovery after 

alcohol use that it is influenced by environmental factors such as physical exercise and 

cognitive stimulation (Goldman, 1990). Recovery seems to be accelerated if newly sober 

subjects are asked to “use their heads” at a level that is equal or slightly beyond, their current 

level of functioning.  

The data above suggest an influence of cognitive stimulating activities on cognitive 

functioning. In 1999 Hultsch et al. (Hultsch et al., 1999) found that the ‘use it or lose it’ data 

can also be explained by the opposite causal relation, namely an influence of cognitive 

functioning on activities. They also showed this opposite causal relationship between 

activities and cognition for the data of Gold et al. (Gold et al., 1995). Since that moment there 

has been a discussion about the causal direction of activity and cognitive functioning. 
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Differences of interpretation of results were attributed to study sample, selection of indicators 

of study sample, and methodological issues. We will, therefore, discuss recent research to 

counteract the idea of an uniquely one-way causal relationship of cognitive functioning on 

activities. We should bear in mind, however, that it is hard to give definite conclusions based 

on longitudinal studies only. We will say more about this at the end of section.  

The LASA-study of Aartsen et al. (Aartsen et al., 2002) is an example of a study that 

stated to have found an only one-way causal relationship of cognitive functioning on 

activities. This one-way relationship was, however, only found if corrected for an unmeasured 

variable of social economic status. When no correction was performed for this variable and 

was not left out of the analysis, the causal relationship went both ways. A weak point is that 

the variable of social economic status cannot be left out of the analysis, because it is 

represented among others by sports, which as we will explain later in this section, is an 

important cognitive stimulating activity for the use-it-or-lose-it effect. Moreover, a later study 

of Bosma et al.  (Bosma et al., 2002) corrected for social economic status and still found the 

two-way relationship between cognitive stimulating activities and cognitive functioning. 

They, furthermore, found that mental-workload, and thus cognitive stimulating activity, 

protects against cognitive impairment (Bosma et al., 2003). These data thus suggest a 

reciprocal interaction between activities and cognitive performance in healthy elderly. Simply 

stated, for a healthy brain it is easier to stay healthy.  

What is the effect of use on the brain? Human data exist that indicate that brain use 

has an effect on brain anatomy. Research on taxi-drivers (Maguire et al., 2000); musicians 

(Münte et al., 2002; Schneider et al., 2002) (Bengtsson et al., 2005), Braille-readers 

(Hamilton & Pascual-Leone, 1998; Sterr, 1998), and jugglers (Draganski et al., 2004) show 

an effect of brain use on the adult’s brain anatomy. Some of this research suggests a 

relationship between anatomy and use on a time scale of years. For example, the taxi-driver 

experiment shows that taxi-drivers have an enlarged hippocampus. This enlargement 

correlates with the amount of time spent as a taxi-driver. It is, however, suggested that it is 

brought about in a period of two years, because this is the amount of time taxi-driver training 

usually requires. Whereas the taxi-driver experiment suggests a relation between use and 

brain anatomy over a time scale of years, the experiment with jugglers demonstrates a change 

over a time span of mere months. In this experiment novel juggle learners showed an increase 

of the visual area for movement detection (V5) in only two months. All these experiments 

demonstrate that the brain can change even in adulthood. 
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In addition to the human data, there are animal data describing the effect of brain use 

on the brain’s anatomical structure. The research in the previous section with rats in enriched 

environments demonstrates the effect of use and of specific stimuli on brain anatomy, e.g. an 

effect on dendritic branching and synapse density (Greenough et al., 2002; Kolb, 1999). Other 

environment rich studies of Saito et al. (Saito et al., 1994) and Nakamura et al. (Nakamura et 

al., 1999) show that an enriched environment restores the decrease of synaptophysin contents 

that takes place due to normal aging. Rat studies, furthermore, show that the decrease of 

neurogenesis in the aging rat (Kuhn et al., 1996) can be counteracted by environmental 

enrichment (Kempermann et al., 1998). These last two type of experiments show not only an 

effect of brain use on neural processes and structure, but also indicate that neural markers of 

aging can be counteracted by environmental enrichment. 

 Longitudinal research in general and specifically towards use-it-or-lose is very 

complex; it has many variables. The debate about the causal relationship between cognitive 

stimulating activities and cognitive functioning illustrates this. Because there are so many 

variables in which experiments can differ like the determination of the amount of cognitive 

stimulation, the validity of self-reports, and the test-group sample, it is hard to draw definite 

conclusions. Only a perfect experiment can resolve this. In the perfect experiment, one could 

randomly assign individuals to different cognitive levels and assess their complete cognitive 

abilities over time (Salthouse et al., 2002). This perfect experiment is impossible because of 

fundamental, practical, and ethical reasons. Definite conclusions are therefore unattainable. 

Fortunately, there are other data available that can shed some light on the issue. There is the 

neuro-biological data described in the paragraph above. 

 The neuro-biological data of use-it-or-lose-it show the effect of brain use on quantity 

of connectivity and structure. From the point-of-view of the neurobiological data, plasticity 

mediates the effect of use.  This explains why not only cognitive activities like playing chess 

have a positive effect on mental health, but also why the less cognitive activities like physical 

excercise (Colcombe S, 2003; Colcombe et al., 2004; R. D. Hill, 1993) have an effect on 

plasticity (Cotman & Berchtold, 2002).  Plasticity may thus be the mechanism mediating use 

by restoring connectivity. Although mental health is not equivalent to connectivity, it is 

implicitly assumed that mental health correlates with a certain degree of connectivity. For 

example, the shrinking of dendritic arbors in the adult brain is regarded as a sign of aging 

(Uylings et al., 1999) and injury (Jones, 2000; I. H. Robertson & Murre, 1999). Hereby we 

provide plasticity as a mechanism for the use-it-or-lose-it effect, the absence of which was 



Chapter 2       30 

 

given as a reason to distrust the use-it-or-lose-it theory by researchers in the longitudinal 

research field (Salthouse et al., 2002).  

Summarizing we conclude that, given the behavioural use-it-or-lose-it dataand the 

neuro-biological data of the effect of use on the brain, there is sufficient evidence for the use-

it-or-lose-it concept and for a maintenance process driven by cognitive stimulation or use. 

 

2.5.2 The serial lesion effect 

The serial lesion effect is the finding that a series of small lesions with intermittent recovery 

periods will result in better final performance compared with a single large lesion, the size of 

which equals the cumulative size of the small lesions. Behavioral data supporting the serial 

lesion effect are provided by human and animal studies. In humans, the serial lesion effect has 

been observed in cancer patients for well over a century. Already in 1836, the French 

physician Dax observed that sudden damage to the left hemisphere was far more likely to 

produce aphasic symptoms than a slowly developing tumor. In animal experiments, the serial 

lesion effect has been demonstrated in various areas of the brain of both the rat 

(somatosensory, hippocampus, reticular formation, frontal cortex or amygdala) and the 

monkey (parts of visual cortex, somatosensory cortex: Brodmann 4 and 6) (Finger & Stein, 

1982). The controlled animal experiments show that the serial lesion effect is influenced by 

many variables: i.e. age (Corwin et al., 1981), inter-operative time (Gavin & Isaac, 1986), the 

level of sensory stimulation to which the subject is exposed during the lesion intervals 

including training (Corwin et al., 1981; Finger & Stein, 1982; Scheff et al., 1977), the type of 

area damaged (Finger & Stein, 1982), and the order in which the areas are damaged (Curtis & 

Nonneman, 1977; Finger & Stein, 1982).  

What is the relation between the serial lesion effect and the brain? A first hypothesis is 

that the time between the lesions is used for repair and in particular for the repair of brain 

connectivity. This is supported by data showing an effect of sensory stimulation and training. 

The control of sensory stimulation is similar to the control of the enrichment of an 

environment. As was reviewed above, this can have an effect on brain connectivity. Training 

can be regarded as a specialized or guided form of enrichment, which has been shown to have 

an effect on brain connectivity (Biernaski & Corbett, 2001; Nudo et al., 1996; Withers & 

Greenough, 1989). A compelling experiment that connects the serial lesion effect to 

connectivity is by Ramirez et al. (Ramirez et al., 1999). In this experiment, they demonstrate 

that uni-lateral progressive lesions in the entorhinal cortex are accompanied by (axonal) 
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sprouting in the crossed tempero dentate pathway. The behavioral significance of this 

sprouting is underlined by two findings. The first finding is that the transection of the crossed 

tempero-dentate pathway reinstates the behavioral deficit. The second finding is that 

enhanced synaptic efficacy after sprouting precedes behavioral recovery.  

A second hypothesis regarding the relationship between the serial lesion effect and the 

brain is the reduced deficit explanation. The reduced deficit explanation postulates that the 

first lesion initiates processes that reduce the impact of subsequent lesions. In this case the 

inter-operative time is not used for repair but for ‘reducing’ processes. The above-mentioned 

experiment of Ramirez et al. (Ramirez et al., 1999) is consistent with the reduced deficit 

explanation. They found no behavioural recovery after the first lesion, but recovery did occur 

after the second lesion. Moreover, behavior was not reinstated if there was no second lesion 

after the first (prime) lesion. On the other hand, an experiment by de Castro and Zrull (Castro 

de & Zrull, 1988), presents evidence favoring the serial recovery hypothesis. In an experiment 

where they first made a lesion in one hemisphere and a second lesion in the homologue area 

of the opposite hemisphere, they show that the secondary lesion produces the same contra-

lateral (behavioral) deficits as compared to the first lesion. In case of the reduced deficit 

hypothesis the second lesion would have resulted in less deficit. Their experiment, 

furthermore, found that the deficits of the first lesion recovered, contrary to, the experiment of 

Ramirez et al. (Ramirez et al., 1999). 

Several explanations can be offered for the varying results of Ramirez et al. (Ramirez 

et al., 1999) and de Castro and Zrull (Castro de & Zrull, 1988). A first explanation is that the 

serial lesions of Ramirez et al. involved uni-lateral lesions, while the serial lesions of de 

Castro and Zrull (Castro de & Zrull, 1988) involved bi-lateral lesions. Thus, the variable of a 

different brain area may explain the different results. A second explanation is that both the 

reduced deficit hypotheses and serial recovery hypotheses can be true and are not mutually 

exclusive as is assumed by de Castro and Zrull (Castro de & Zrull, 1988). The processes 

suggested in the two hypotheses may take place simultaneously.  

An indication for this is that although after the first (prime) lesion of the Ramirez et al. 

experiment (Ramirez et al., 1999) no behavioural recovery occurs, axonal sprouting is 

observed. So, there may be some repair following the first lesion, but not sufficient for 

behavioural recovery. After the second lesion there is increased axonal sprouting compared to 

the sprouting response after the first lesion. This boosted reorganization after the second 

lesion may be a mixture of a process reducing the impact of subsequent lesions initiated after 

the first lesion and repair after the second lesion. 
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Figure 2.1. The serial lesion effect illustrates the difference between a multiple staged small lesions and a single 

large lesion of equivalent size. (3a) Depicts the effect of the two stage small lesion. (a.1) A well connected, 

intact neural circuit. (a.2) After the first diffuse lesion the same circuit is still connected but less densely. (a.3) 

Self-repair takes place. Because the neural circuit was still well-connected enough after the first lesion, or in 

other words contained enough redundancy, all nodes receive a weight update. (a.4) The renewed redundancy is 

enough to compensate for the second lesion after which again every node receives a weight update. (a.5) The 

result is a neural circuit where every node is directly or indirectly connected to any other node of the neural 

circuit.  (3b) Depicts the effect of a one stage lesion that is equivalent in size to the two stage small lesion of 

Figure 2.3a. (b.1) The same intact neural circuit as in 3.a.1 (b.2) receives a large lesion. (b.3 and b.4) Self-repair 

takes place, but the neural circuit does not contain enough redundancy, to get completely re-connected. (b.5) The 

result is a degenerated neural circuit.  
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Additional experiments have to be carried out to elucidate the effect found by Ramirez et al. 

(Ramirez et al., 1999). For example, what if there are three progressive lesions instead of 

two? Whereas the original experiment does not unequivocally support the self-repair theory in 

its current form, the enhanced sprouting after the second and third lesion would constitute 

support for the self-repair theory.  

The above data on the serial lesion effect suggest that the brain is engaged in repair 

after damage. As we argued, the brain possesses redundancy. If the size of damage is such 

that a given memory representation can only be partially retrieved, because too much 

information has been lost, it can also only be partially repaired by a plasticity mechanism. 

Therefore, serial lesions will be easier to repair: with each small lesion only little information 

is lost, which can easily be repaired. This difference between a single stage lesion and a serial 

lesion is shown in Figure 2.3a and b. The serial lesion effect shows that there is an interaction 

effect between the amount of redundancy left in a system and the degree to which a system 

can be repaired.   

2.5 Self-repair in connectionist systems 

2.5.1 Redundancy in a connectionist network 

In Section 2.3.1 we discussed that the brain possesses redundancy on several levels of the 

brain, namely synaptic, neural, and neural systems level. Since a connectionist system is a 

network, it possesses network redundancy. We will first discuss the network redundancy in 

connectionist systems and discuss how the other types of brain redundancy can be modelled 

in these systems. 

Redundancy in connectionist systems resides in the connections between nodes. 

Despite the loss or weakening of some connections, a memory representation may still be 

connected well enough to be retrieved. By retrieval of a well-connected memory 

representation we mean that activation of a subset of nodes will lead to the activation of the 

full representation. Retrieval is thus implemented as a process in which some nodes of a 

memory representation are activated  - in the human brain analog, say, by input from another 

cortical circuit or sensory input - followed by a process of “spreading activation” that will 

activate all nodes. 

In a connectionist system, redundancy can also reside in different memory traces. The 

nodes of the network can be part of a single memory trace, but may also be part of several 

memory traces. If one part of a memory trace is damaged to such an extent that it cannot be 
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activated or retrieved from a given group of nodes A, it is still possible that another group B 

can activate the damaged part. This activation process can be very complex involving many 

memory representations. From a connectionist point-of-view, a network is redundant as long 

as the nodes of the network are sufficiently connected for retrieval through spreading 

activation. In such pattern completion, nodes may be activated via nodes of its own memory 

representation or via other associated memory representations. 

A node in a connectionist network can represent a concept of varying levels of 

abstraction. For example, in the classical network by Rumelhart and McClelland (Rumelhart 

& McClelland, 1981) a node represents a simple feature ranging from one letter to a whole 

word. The same difference in level of abstraction of representation applies to a group of 

nodes. It can stand for anything from the representation of a word meaning, the association 

between two words, to an entire cognitive function such as the ability to recognize faces or to 

direct attention to a position in the visual field. This rather loose definition is deliberate as we 

propose that the principles of self-repair as set forth here may apply to many levels of 

representation, from a single episodic memory to a complete cognitive function. 

The exact degree of redundancy is dependent on the type of neural network. To give 

an idea about the influence of this, we will give some examples of aspects of memory coding 

determining redundancy. Coding here refers to the way memories are represented in 

connectionist systems or in artificial neural networks. For a more thorough overview of 

factors determining neural network redundancy see for example (Cowan, 1995). For a detailed 

analysis of redundancy in different types of networks see for example G. Bolt (Bolt, 1991) 

and Tchernev et al. (Tchernev et al., 2005).  

A first aspect of coding determining redundancy is whether binary or real valued 

coding is used. This depends on the threshold function that determines when nodes or neurons 

of the connectionist system are activated. The activation function of a neuron determines the 

output on the basis of the sum of incoming activations. To illustrate how the activation 

function can influence redundancy we will discuss two commonly used activation functions, 

the sigmoid function and the binary threshold function. With the sigmoid function the output 

of a neuron can be any real value between zero and one. Coding following a sigmoid function 

yields relatively specific values, for example 0.3455. If retrieval is conceptualized as the 

reproduction of this exact value with little margin for error, one can imagine that the network 

has little redundancy. With the removal of one input connection, the neuron generates a 

(slightly) different output.  
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Figure 2.2. This figure shows an example of a sigmoid activation function, where the x-axis represents the input 

of the neuron and the y-axis represents the output of the neuron. The maximum and minimum output, one and 

minus one, are approached when the input of the neuron reaches ten and minus ten. If the input of the neuron is 

zero the output also is zero. 

 

With the binary threshold function the output of neurons is either zero or one. If one 

connection is lost, the threshold may still be exceeded and the output remains unchanged.   

 A second aspect of coding that determines redundancy is the degree of distributeness 

of memory representations. A simple example suffices to illustrate this. Suppose a memory is 

not distributed over different neurons and that one neuron represents a memory. If this neuron 

is connected to five input neurons that are needed to activate the output neuron, then a neuron 

will have five connections. If all of these are lost, the neuron cannot be activated and 

subsequently the memory is lost. Alternatively, suppose that a memory representation is 

distributed over five neurons. These five (output) neurons are connected to five input neurons. 

If five connections are lost, depending on which connections are lost, all 5 neurons may still 

be activated. The distributed nature of memory representations provides a connectionist 

system with the property of graceful degradation (Anderson, 1983), where with an increasing 

amount of damage neural network performance will slowly decrease instead of failing 

catastrophically, as is the case in digital or symbolic systems. 

 A third aspect of coding determining the degree of redundancy is whether memory 

representations are orthogonal or non-orthogonal (overlapping). If memory representations are 
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overlapping there may be interference caused by co-activation of other patterns during 

retrieval. It is possible that a memory representation is only partially activated or that parts of 

other memory representation are activated. In the latter case we speak of retrieval of spurious 

patterns. With orthogonal memory representations the effect of interference of spurious 

patterns is smaller. Intuitively, this also makes it clear why sparse coding, where a memory is 

stored in a small fraction of the number of network neurons, leads to better retrieval 

performance (Amari, 1989), because the overlap between memory representations is smaller. 

Although connections between memory representations can lead to inference, it can also be 

profitable with regard to redundancy: other memory representations can contribute to activate 

a memory representation. We will investigate this property thoroughly in Chapter Two, where 

we will see that there is a tradeoff between interference effects and memory retrieval via other 

memory representations. 

 A fourth aspect of coding determining the degree of redundancy is the temporal 

component. The two main types are temporal coding and rate coding (for more details see 

(Gerstner & Kistler, 2002; Rieke et al., 1999)). With temporal coding, the precise timing of 

spikes from a number of input neurons activates the output neuron. With rate coding, the 

temporal average over the spikes from the pre-synaptic neurons determines the activation of 

the post-synaptic neuron. If connections are lost and temporal coding is used it is more 

difficult to attain the required number of simultaneous spikes than to attain an average number 

of spikes over a given period. In other words, temporal coding may result in less redundant 

network behavior than rate coding. 

We will now discuss the different aspects of coding with respect to the brain. The first 

aspect of coding determining redundancy related to binary versus real-valued coding. It is 

more or less agreed that real neurons generate spikes, that is, they fire in an all-or-non fashion 

and thus have a binary threshold function (Rieke et al., 1999). The second aspect of coding 

determining redundancy was the degree of distributivity of memory representations. Single 

neurons code for something quite simple, for example a neuron in the primary auditory cortex 

responds to a tone of a certain frequency. Most neurons, however, are not activated alone, but 

together with other neurons (deCharms & Zador, 2000). For instance, complex objects in 

macaques are represented by combinations of feature columns, each column containing 

numerous neurons (Tsunoda et al., 2001). The third aspect of coding determining the degree 

of redundancy was whether memory representations are orthogonal or non-orthogonal 

(overlapping). Although the memory representations for very simple features like a tone 

might not be overlapping, the memory representations for more complex tasks overlap. The 
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previous example of macaques showed that complex objects are represented by different 

feature columns. It is possible that one of those feature columns is involved in several objects. 

It has been shown for cortical regions that they are involved in several memory traces (Haxby 

et al., 2001). The fourth aspect of coding determining the degree of redundancy related to 

temporal components of the neural code. It is agreed upon that both rate coding and temporal 

are used by the brain (deCharms and Zador (deCharms & Zador, 2000) and Rieke et al. (Rieke 

et al., 1999)). A clear example is encoding of tactile information, where three different 

cortical areas can use both coding strategies to represent the location of the tactile stimulus 

(Nicolelis et al., 1998). 

In the rest of this thesis we mainly investigate network redundancy. Synaptic 

redundancy can be modeled by for instance increasing the weight of a connection. 

Redundancy by neuron replacement could also be modeled by for instance allowing 

connections always to grow back even if all weights of a neuron are zero. However, questions 

like how new neurons are created and how they are directed to the right place are not 

addressed by this thesis. 

2.5.2 Maintenance in connectionists networks 

The above exposition shows how connectionist systems may possess redundancy. 

Redundancy in a connectionist system implies that a damaged memory representation can still 

be retrieved. What could carry out the repair or maintenance (of redundancy) in the 

connectionist system? In this section we will present two mechanisms that are derived from 

the plasticity data of Section 2.3.2. We will argue that these mechanisms, supposed to be 

involved in neural circuit changes in the intact brain, may repair minor damage and in that 

way can maintain redundancy.  

A first type of mechanism that may be involved in brain repair is the Hebbian learning 

mechanism. It was introduced by Hebb in his seminal work ‘The organization of behavior’ 

(Hebb, 1949). Hebb's theory states:  “Let us assume that the persistence or repetition of a 

reverberatory activity (or "trace") tends to induce lasting cellular changes that add to its 

stability.... When an axon of cell A is near enough to excite a cell B and repeatedly or 

persistently takes part in firing it, some growth process or metabolic change takes place in 

one or both cells such that A's efficiency, as one of the cells firing B, is increased“(p. 62). 

Hebbian learning is supported by data of long-term potentiation. It resembles Hebbian 

learning, because its induction requires a simultaneously pre-synaptic neurotransmitter release 

and post-synaptic depolarisation. The original Hebb learning rule of strengthening of 
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connections was later extended by weakening of connections (Koch, 1999). Theoretically 

connection weakening was addressed by for example Sejnowski (T.J. Sejnowski, 1977) and 

Palm (Palm, 1982; T.J. Sejnowski, 1977). Hebbian weakening is supported by the data of 

long-term depression mentioned in Section 2.3.2.  

Hebbian learning restores connectivity within a memory representation, because it 

strengthens the connections of two simultaneously activated nodes. This process of weight 

strengthening can enhance redundancy and undo possible damage. Figure 2.3 summarizes the 

main principles of how Hebbian learning can repair damage. To summarize it shortly, the 

intact neural circuit in 1a loses or has weakened connections as depicted in 2.3b. The lost or 

weakened connections are regained through a process of activation with Hebbian learning as 

depicted in 2.3c-2.3e. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Schematic illustration of automous reconnection through maintenance of redundancy. The circles 
represent neural groups, while the lines indicate the tracts in the neural circuit. Activated neural groups are 
shown as black, filled circles. (a) A well connected, intact neural circuit. (b) After diffuse lesioning the same 
circuit is still connected but less densely. Self-repair takes place (c) by the activation of neural groups because of 
an external cue. The activation spreads over the neural circuit (d) and (e) while a Hebbian learning process forms 
connections, not necessarily the same as the original ones. (f) After this repair stage, the circuit is again well 
connected and the resultant circuit is now less vulnarable to further lesioning, compared to its pre-repair state (b). 
 

The second mechanism is the homeostasis mechanism that is based on the 

homeostasis data of Section 2.3.2. This mechanism can be modeled by normalizing the 
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weights of all incoming or outgoing connections of a node. This is the way how it will be 

implemented in this thesis. A more sophisticated homeostasis mechanism was investigated by 

Horn et al. (Horn et al., 1998a, 1998b). This mechanism uses random activation to determine 

the strength of the basin of attraction of a memory representation. On the basis of this strength 

the weights of the memory representations are downscaled. This keeps the neuronal firing rate 

stable irrespective of external input changes just as was found by Turrigiano et al. (Turrigiano 

et al., 1998). The mechanism was tested by adding noise to the weights. Given that the size of 

the errors remained within a certain order of magnitude the mechanism was able to maintain 

its memory and undo itself from errors. If we interpret the errors as lesions this simulation 

shows that a homeostasis mechanism can counteract damage.  

 

2.5.3 Demonstration of self-repair in a connectionist network 

The self-repair model consists of multiple lesion-repair cycles similar to the serial lesion 

effect, where a lesion is followed by a period in which repair could take place. We take it as 

an assumption that repair takes place after a lesion. Repair in this thesis is self-repair that is 

modelled by a three-step process in which (1) neurons are activated, (2) activation is allowed 

to spread to connected neurons, and (3) connections are updated. The intensity of self-repair 

as is modeled here depends on the stimuli: The more stimuli the more self-repair, which is 

consistent with the ‘use-it-or-lose-it’ principle. The update of connections in this thesis is 

through the Hebbian learning mechanism possible combined with a homeostasis mechanism 

in the form of simple normalization. 

We illustrate and demonstrate the effect of self-repair in the Hopfield model 

(Hopfield, 1982), a well-investigated connectionist model. The network was initially trained 

with five randomly generated patterns at the first time step. Then at each following time step a 

repair epoch and a test determining how well stored patterns are still present take place, where 

a repair epoch consists of a lesion-repair cycle. Figure 2.4 shows how the accumulated noise 

rapidly degrades the performance of the non-repaired network, whereas the repaired network 

preserves its memory representation.  More details of this simulation can be found in the next 

chapter. 
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Figure 2.4. Simulation of self-repair with a Hopfield network using slightly distorted cues during repair. The 

curves are based on 50 replications. See text for an explanation. 

 

2.6 Discussion  

In this chapter, we introduced the idea of maintenance of redundancy and demonstrated how 

this can greatly extend memory lifetime. We reviewed neurobiological data of redundancy 

and plasticity. We, furthermore, reviewed behavioral data of the use-it-or-lose-it principle 

supporting the idea of maintenance and the serial lesion effect, which supports our postulate 

of maintenance of redundancy. Derived from the data we will build a model of self-repair. 

The procedure of lesions followed by repair is similar to the serial lesion effect. The intensity 

of self-repair is dependent on external stimuli similar to the ‘use-it-or-lose-it’ principle. 

Redundancy is present as some form of abundance of connections, while plasticity 

mechanisms, derived from the plasticity data (Section 2.3.2) maintains redundancy at some 

minimal, safe level. Moreover, in this model we demonstrated that self-repair is able to extend 

memory lifetime. In the remainder of this section, we will explain how the ideas of self-repair 

can be applied to brain recovery after damage and normal aging.  

The principles of self-repair can also be applied to the aging of a normal, intact brain. 

The aging brain is subjected to constant damage. One of the causes of aging may be oxidative 

processes (Barja, 2004; Harman, 1956) that directly affect genes responsible for learning and 

memory (Lu et al., 2004) and may lead to gray or white matter lesions (Resnick et al., 2003; 
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Salat et al., 1999). Self-repair during aging resembles the serial lesion effect with the 

difference that damage is very small; this makes it possible that autonomous recovery with 

complete neural restitution can take place. The degree of possible restitution depends on 

lesion size and the amount of repair. The amount of repair is determined by the amount and 

type of activities one is engaged in, which drive the plasticity mechanisms for maintenance. 

Similar to brain recovery after damage, repair during the aging process has its limits. If the 

(accumulated) damage has become too large and redundancy has been eaten away, 

maladaptive repair can take place. An example may be hyperintensities (DeCarli et al., 1995; 

Yikoski et al., 1995), which are accumulations of white matter following ischemic insults. 

Because lesions of the insults are too extensive, the information left after damage is 

insufficient for autonomous self-repair during aging and resulted therefore in maladaptive 

repair and aberrant wiring.   

One of the implications of self-repair in normal aging is that plasticity mechanisms 

taking place in it are able to carry out self-repair. The simulations of the previous section and 

of Horn et al. (Horn et al., 1998a, 1998b) show that these mechanisms in principle are able to 

do it. The idea is not new, it has been suggested before that neural plasticity mechanisms in 

the normal vertebrate brain are able to repair damage up to a limit (Bailey & Kandel, 1993; 

Cotman & Nieto-Sampedro, 1982; Kolb, 1999; Xerri et al., 1998). Cotman & Nieto-

Sampedro (Cotman & Nieto-Sampedro, 1982) for example argued that reactive growth and 

synapse renewal are an extension of the normal operation and maintenance of brain circuits. 

The two types of mechanisms we discussed are both found in a normal functioning brain. Is it 

possible that these mechanisms do extend the normal operation and maintenance of brain 

circuits? The question is whether these particular mechanisms can repair damage to some 

extent. It is not so easy to verify this hypothesis empirically in a normal brain. How do we 

detect small changes, the diffuse lesions and subsequent repair, in brain connectivity? Until 

now there are no methods to measure such changes. So far our knowledge of the behavioural 

effect of damage to the connectivity and subsequent repair of connectivity comes from 

experiments with larger damage (for example see Kolb (Kolb, 1995) and Ramirez et al. 

(Ramirez et al., 1999)). Unfortunately, these experiments do not show (or did not investigate) 

the involvement of plasticity mechanism of the normal functioning brain. Evidence of the 

involvement of these mechanisms is mostly indirect and we cannot, therefore, draw definite 

conclusions.  

The exact involvement of plasticity mechanisms discussed in this chapter in self-repair 

remains to be established and further research has to be carried out to unravel the cellular and 
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synaptic mechanisms underlying the formation and maintenance of neural circuitry in the 

normal functioning brain. It is possible that minor damage triggers a different set of 

mechanisms than normal changes in the normal adult brain. This, however, would not 

disprove the main point of this chapter, namely that memory in the brain possesses 

redundancy and that this redundancy in memory is somehow maintained.  

 


