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Abstract  20 

Since a few years convincing data are accumulating showing that some of the premises of the master 21 

integrative theory of ageing, namely Harman’s Reactive Oxygen Species- or Free Radical theory, are less 22 

well founded that originally assumed. In addition, none of the about another dozen documented ageing 23 

mechanisms seems to hold the final answer as to the ultimate cause and evolutionary significance of 24 

ageing. This review raises the question whether, perhaps, something important has been overlooked, 25 

namely a biophysical principle, electrical in nature. The first cell on earth started to be alive when its 26 

system for generating its own electricity, carried by inorganic ions, became operational. Any cell dies at 27 

the very moment that this system irreversibly collapses. In between birth and death, the system is subject 28 

to wear and tear because any cell’s over-all repair system is not 100 percent waterproof; otherwise 29 

adaptation would not be an option. The Fading Electricity Theory of Ageing has all necessary properties 30 

for acting as a universal major integrative concept.  The advent of novel methods will facilitate the study 31 

of bioelectrical phenomena with molecular biological methods in combination with optogenetics, thereby 32 

offering challenging possibilities for innovative research in evo-gero.  33 

 34 
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1. Introduction  37 

Since its formulation by Harman in 1956, the oxidative stress theory, also referred to as the Reactive 38 

Oxygen Species (ROS) or free oxygen radical theory of ageing, received wide acceptance as the most 39 

comprehensive theory (Harman, 1956). Later, Reactive Nitrogen Species (RNS) joined the scene. The 40 

major arguments in favor of this theory are its logical underlying premises.  Free oxygen radicals are 41 

continuously produced by different metabolic processes, e.g. during oxidation of glucose, the main 42 

reaction in the production of ATP in the mitochondria. Each cell suffers a couple of thousands hits per 43 

day. Most of the potential damage is neutralized by detoxifying enzymes such as superoxide dismutases 44 

(SODs) and catalases, and by the vitamins C and E. The gradual accumulation of permanent damage to a 45 

variety of macromolecules, in particular to DNA, was thought to be the major cause of ageing (Partridge 46 

and Gems, 2006). One should keep in mind that in 1956 the central dogma of biology 47 

(DNA→RNA→Proteins) was not yet formulated. Methods for silencing genes, e.g. of superoxide 48 

dismutases (SODs) were yet to be invented. Neither was epigenetic control of gene expression by DNA 49 

methylation and/or histone modification an issue, nor was it known that bacteria also age. 50 

Initially, the free radical theory was generally supported, among others by data based on findings in 51 

Drosophila (see Aigaki et al. (2002) for a review on ageing genes and mechanisms in Drosophila). In 52 

recent years however, serious doubts are raising about the universal validity of the original assumptions of 53 

the ROS theory. A first major counterargument against the toxicity of ROS is that in both C. elegans 54 

(Doonan et al., 2008; Back et al., 2010) and the mouse (Perez et al., 2009) silencing of SODs has no 55 

deleterious effects on longevity. The conclusion that a reduced level of reductases is not essential for 56 

extended longevity has also been reached in queens of the long lived ant Lasius niger, a species in which 57 

the queen can reach the age of 28 years as compared to workers and males who live for 1-2 years or a few 58 

weeks respectively (Parker et al., 2004). A similar conclusion has been reached upon comparing reductase 59 

activity in the long lived (more than 30 years) naked mole rat Heterocephalus glaber to the short lived 60 

Mus musculus (Andziak et al., 2005) and the ones of short lived rats and long lived pigeons (Montgomery 61 

et al., 2011). Here, the only substantial and consistent difference is their membrane fatty acid 62 

composition. 63 

A second major counterargument comes from the findings that not so much mutations but changes in 64 

epigenetic control of gene expression (DNA methylation and histone modification), an adaptive 65 

mechanism, which can be imposed by changing environmental conditions, may perhaps account for some 66 

of the effects originally thought to be caused by ROS/RNS (Vaiserman, 2011). Clear examples are C. 67 

elegans in which it has been shown that silencing of histone  H3K4 trimethylation complex  drastically 68 
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extends longevity (Greer et al., 2010) and this up to 2-3 generations far (Greer et al., 2011). In locusts, it 69 

is imprinting by crowding in the first hours of life of the freshly eclosed nymphs that determines the 70 

maximal lifespan, probably again by epigenetic control of gene expression (Boerjan et al., 2011). 71 

Such data raise important questions, e.g.: “Are we really sure that ageing is due to accumulation of 72 

damaged macromolecules resulting from errors in DNA-RNA-proteins?” (Kenyon, 2010). “In the likely 73 

event that such accumulation of damage is real, what in the end makes a cell die?” “Nearly all ageing 74 

mechanisms have only been described in eukaryotes: does this mean that ageing is a relatively recent 75 

phenomenon in evolution?” “Is the ROS theory dead? (Perez et al., 2009)” “If it is, a new paradigm may 76 

be needed (Kenyon, 2010): how do we find it?” 77 

At this time, there is a consensus that, at least in animals, there is no such thing as a universal molecular 78 

marker for ageing (Lescai et al., 2009), but instead over a dozen possible ageing mechanisms with 79 

emphasis on a few well-explored signaling pathways (insulin/IGF-1; FOXO; TOR) (Lescai et al., 2009; 80 

Parrella and Longo 2010; Partridge, 2010; Kenyon, 2010) do exist, and the list is still growing. 81 

Furthermore, not only different species and different castes in social insects (workers versus queen) but 82 

also different tissues in the same organism age at a different pace. This suggests that specific mechanisms 83 

of ageing have evolved independently in the course of evolution, involving different modes of 84 

action/mechanisms, but all resulting in cell death by senescence and not by programmed cell death. One 85 

could imagine another possibility, however, at least in theory, namely that there is a common denominator 86 

in the mode of action of the majority of the different ageing mechanisms, that dates back to the very first 87 

cell that appeared on earth, the Progenote. 88 

The key logical deduction becomes: Given that all organisms age, and given that there is no universal 89 

ageing gene or molecule, the only alternative is that the truly fundamental mechanism underlying ageing 90 

should not be chemical-, but rather physical in nature. If such a physical mechanism exists, how can it be 91 

found?  Since ageing invariably ends in death, the logical way to proceed is to find out first what the 92 

difference-making event(s) at the transition from still alive to no longer alive is. Here, the ability of cells 93 

to produce their own electricity, carried by inorganic ions, comes into play as being crucial. Everybody 94 

knows that this electrical dimension is absolutely essential for normal physiology. Yet, none of the 95 

current ageing theories makes a link to this vital activity of all cells. The next step is to analyze which 96 

slowly-acting, non-accidental mechanisms may be instrumental to weakening this electrical dimension up 97 

to the point of no return, which is death. 98 

 99 
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2. Foundations and wording of the concept 100 

This section lists the arguments why we think that the electrical dimension of cells is at the very heart of 101 

ageing. It is this dimension that determines whether a cell is alive or no longer alive. It is subject to 102 

weakening under the influence of a variety of causal agents.  103 

2.1 Self-generated cellular electricity 104 

2.1.1 Basic principles: a reminder 105 

Electricity is defined as the transport of charge.  Biological electricity is carried by inorganic ions, mainly 106 

H
+
, Na

+
, K

+
, Cl

-
, and Ca

2+
. It obeys the same laws and rules as electricity from the socket which is carried 107 

by electrons, e.g. Ohm’s law. Cells make their own electricity which is an energy-demanding activity. 108 

Cessation of electrical activity ends life. 109 

The electrical dimension of cells encompasses two major aspects, namely the voltage gradient over the 110 

plasma membrane, or more accurate, the patches of different voltage gradients in different parts of the 111 

plasma membrane of the very same cell (Levin, 2012), and the ability of many cell types, if not all, to 112 

drive an (electrogenic) ion flux (vectorial ionic current) through themselves (= through their cytoplasm), 113 

at least during some stage in their development. Furthermore, one should keep in mind that in 114 

multicellular organisms, adjacent cells are electrically coupled through gap junctions and nanotubes, 115 

forming a long-range signaling mechanism. 116 

The principles behind the build-up of the voltage gradient are well understood. In principle, the integrated 117 

action of ion pumps, which are the energy demanding active component, and the ion channels which are 118 

the passive partner in the system, results in an ionic/voltage gradient over the plasma membrane.  Pumps, 119 

channels, exchangers, co-transporters etc. are all proteins that reside in membranes. The best documented 120 

ion pumps are the different Na
+
+K

+
-, H

+
-, K

+
-, Cl

-
- and Ca

2+
-ATPases. Some cell organelles like 121 

mitochondria, chloroplasts, vacuoles and probably the nucleus as well also have ion transporting 122 

structures in their membranes. In animal cells, the voltage gradient is 40-50 mV on the average, the inside 123 

of the membrane being at negative potential. Quiescent, terminally differentiated cells are usually 124 

strongly polarized (skeletal muscle cells: around -90 mV), while more plastic cell types such as stem 125 

cells, embryonic- and cancer cells are much less polarized (e.g. between –5 and -30 mV) (Levin, 2012) 126 

Because the plasma membrane is about 90 nm thick, a potential difference of 50 mV corresponds to a 127 

high-voltage gradient of 45,000 Volt per cm.  128 

 129 
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2.1.2 Transcellular ion fluxes. The self-electrophoresis principle  130 

Less known, but probably as important in cellular physiology, is the ability of cells to drive a flux of ions 131 

through themselves. If not as many anionic and cationic charges are simultaneously transported through 132 

the membrane/cytoplasm, the ion flux is electrogenic, which means that in such conditions cells drive an 133 

electrical current through themselves. This has been proven to be the case in many cells from animals, 134 

plants, fungi, and algae. If that happens, self-electrophoresis, first described and visualized in ovarian 135 

follicles of a moth by (Woodruff and Telfer, 1980), takes place. It causes the polarized transport of 136 

charged macromolecules (proteins and RNA) across intercellular cytoplasmic bridges. In general, self-137 

electrophoresis is thought to be of particular interest for establishing polarity in developing systems (Jaffe 138 

and Nuccitelli, 1977; De Loof, 1986; Levin, 2012). This may sound exotic or far-fetched, but in fact it is 139 

quite normal because ion pumps and channels do not (all) float freely in the plane of the plasma 140 

membrane. Instead, some of them are anchored to elements of the cytoskeleton, and are kept in a well-141 

defined location in the plasma membrane. This non-spherical (= asymmetrical) distribution is the rule, 142 

simply because the cytoskeleton is so complex that it cannot be perfectly spherically symmetrical. 143 

In our opinion, the transcellular transport of ions is instrumental to the normal functioning of many cell 144 

types, at least during part of the cell cycle. Epithelial cells which represent the basic cell type of all 145 

animals (De Loof, 1992) could not transport ions through themselves without such non-spherical 146 

localization of pumps and channels. Systems, in which the endogenous self-electrophoresis principle 147 

operates, must have an external back current system, to close the current loop. It can be measured by a 148 

special electrophysiological device, the vibrating probe, invented by (Jaffe and Nucitelli, 1974). For 149 

examples of such extracellular electrical fields, generated by the biological systems themselves, see (Jaffe 150 

and Nuccitelli, 1977; De Loof, 1986). 151 

2.1.3 Electrical control of gene expression and development 152 

A key question in ageing research reads: Is cellular electricity causally linked to control of gene 153 

expression? The central dogma describes how a gene is transcribed into mRNA, and how the message is 154 

then read and translated into a protein(s). A variety of molecules, in particular macromolecules, control 155 

the system. Electrical homeostasis in cells requires the coordinated action of many different proteins, in 156 

particular ion pumps, ion channels and a variety of ion-linked transporters. Cellular electricity and 157 

inorganic ions themselves may also play a role in controlling gene expression, polarity and development 158 

(Kroeger and Muller, 1973; Jaffe and Nuccitelli, 1977; Vanden Broeck et al., 1992; Henikoff et al., 2009). 159 

How the electrical stimulation affects the nucleus and activates specific genes is only partially 160 
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understood. Many mechanisms are known to connect the two, such as calcium-dependent enzymes and 161 

intrinsically voltage dependent-enzymes and other proteins in the plasma membrane. Physical exercises, 162 

for example, make striated muscle cells more voluminous and stronger because of increased synthesis of 163 

cytoskeletal proteins. When a muscle cell contracts, the plasma membrane depolarizes and a sudden rise 164 

in Ca
2+

-concentration (= Ca
2+

-explosion) follows. The reverse takes place upon relaxation. One possibility 165 

is that changes in intranuclear ionic concentrations or activities, in particular of Ca
2+

,
 
affect the physical 166 

properties of chromatin structure and makes some DNA regions better accessible for transcription. It 167 

should be noted that the nucleus is sometimes ionically compartmentalized (Mazzanti et al., 2001; Matzke 168 

et al., 2010; Levin, 2012), meaning that changes in ionic concentrations in the cytoplasm are not always 169 

propagated into the nucleus.  170 

This system for coarse-tuning of gene expression is probably evolutionarily ancient. Changes in ionic 171 

permeability of the plasma membrane are the primary means for translating some types of changes in the 172 

environment into a language that is understood by the cell’s internal signaling system allowing changes in 173 

gene expression including those induced by epigenetic mechanisms. Long-term aerobic exercise is 174 

recommended to retard the weakening of muscles. In C. elegans, it is also beneficial (Lanza and Nair, 175 

2010). However, it does not increase lifespan.  176 

DNA, the seat of the genetic memory of cells, can undergo all sorts of mutations. There is no reason to 177 

exclude the genes coding for the proteins governing the cell’s electric system from suffering neither from 178 

mutations nor from epigenetic silencing (see later). Furthermore, systems also have a second memory 179 

system, the cognitive memory system. At least in neurons, the best documented system in this respect, 180 

cellular electricity is indispensible for its proper functioning.   181 

2.1.4 The cognitive memory problem  182 

The cognitive memory humans and other mammals weakens with increasing age. The degree of 183 

weakening ranges from mild to drastic in case of Alzheimer disease and dementia (in humans). Massive 184 

efforts aiming at unraveling the molecular cause(s) of these diseases are being undertaken. Substantial 185 

progress has been made, but the final answers remain to be formulated. For the time being, most efforts 186 

focus on changes in gene expression. However, one should keep in mind that the cognitive memory is 187 

only partially governed by the central dogma, and that it only partially depends on changes in gene 188 

expression, at least in the short term. It acts so fast that additional rules must apply. Since we hardly know 189 

anything about the molecular mechanisms underlying the cognitive memory system of neurons or other 190 

cell types (even bacteria can learn!), one can only speculate about the nature of the  second central 191 
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dogma, the one of the cognitive memory, and about the causes of its ageing-related weakening. It has 192 

been outlined elsewhere (De Loof, 2002) that the plasma membrane-cytoskeletal protein complex might 193 

be a prime candidate for serving the role of the storage substrate for cognitive information. The plasma 194 

membrane is the major production site of cellular electricity, which is a key player in the functioning of 195 

the cognitive memory. Specific proteins of the cytoskeleton extend into the membrane, and make a link to 196 

cytoplasmic actin. On theoretical grounds, outlined in more detail elsewhere (De Loof, 2002), we think 197 

that actin and actin-like molecules are key players in transducing and storing cognitive information. They 198 

are present in both prokaryotes and eukaryotes. They are remarkably well conserved in evolution. A 199 

peculiar property of actin, perhaps crucial in functioning of the cognitive memory, is seldom mentioned in 200 

the literature: actin can conduct electricity in a very special way and even in the presence of salts in 201 

solution (Lin and Cantiello, 1993).  202 

From a theoretical point of view, the molecular substrate(s) for storing cognitive information should 203 

preferably last as long as the cell itself and its DNA. Nuclear actin is the major component of the proteins 204 

forming the chromosomal skeleton of eukaryotes (Sauman and Berry, 1994). Thus, such actin has to last 205 

as long as DNA, thus lifelong. If actin is indeed (part of) the putative seat of the cognitive memory (which 206 

remains to be experimentally proven), the challenging idea emerges that the intertwined complex of DNA 207 

and chromosomal actin harbors all necessary elements for both the hardware- and software memories of 208 

any cell type, as well as the necessary link to the cell’s electrical system (nuclear- and cytoplasmic 209 

skeletons are connected), which is an absolute requirement for proper functioning.  210 

2.1.5 When is a cell irreversibly dead? 211 

Using the second law of thermodynamics, we can define that the electrical dimension of any cell is its 212 

means to counteract the thermodynamic downside in entropy towards death (K. Hartfelder, personal 213 

communication). A cell is dead at the moment that it irreversibly loses its ability to build up and maintain 214 

a potential gradient over its plasma membrane (De Loof and Vanden Broeck, 1995; De Loof, 2002). The 215 

plasma membrane is the highest level of communication for a cell, lower levels being intracellular 216 

communication among cell organelles. Likewise, an animal is dead when its ability to communicate at its 217 

highest level irreversibly terminates (De Loof, 2002). It happens when part of the electrical system of the 218 

constituting neurons of the brain irreversibly collapses. In case of brain-death, the neurons of the brain 219 

continue to maintain a transmembrane potential but nevertheless, the cognitive memory stops functioning.  220 

At the cellular level this loss can be due to an accident, e.g. by rupturing the membrane or by the action of 221 

quickly-acting toxins that inactivate ion pumps (e.g. ouabain that inhibits the Na+K-ATPase) or that open 222 
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ion channels. It can also result from the gradual deterioration in functioning of the ion transporting system 223 

on which the generation of cellular electricity depends. Using logical deduction, it follows that the 224 

progressive weakening of the electrical properties of cells by endogenous mechanisms is the prime 225 

candidate for being the common denominator for the modes of action of many ageing mechanisms. 226 

 227 

2.2 Our integrative concept 228 

We put forward the following unifying principle: one way or another and probably to a varying degree, 229 

the known ageing mechanisms weaken the electrical system of cells, up to the point of total collapse 230 

which is death. We call it the Fading Electricity Theory of Ageing (figure 1), which encompasses, among 231 

others, two ageing theories which focus on non-electrical aspects of membrane physiology, namely the 232 

membrane hypothesis of ageing (Zs-Nagi, 2002) and the membrane pacemaker theory of ageing (Hulbert, 233 

2005; Hulbert, 2010). Although the principle is simple, the underlying biochemistry is complex and 234 

encompasses many biochemical systems.  235 

FIGURE 1 236 

 237 

3. Known mechanisms of ageing: a concise reminder 238 

The different methodologies employed in ageing research have resulted in the advancement of at least a 239 

dozen different mechanisms of ageing, all thought to contribute, (according Kenyon (2010) without 240 

conclusive proof) one way or another to declining protein homeostasis and accumumulation of damage 241 

with age. Just as a reminder for the next section, we list the majority of them. For additional references 242 

and summaries, see De Loof (2011).  243 

The best known putative ageing mechanisms are: damage caused to DNA, proteins and lipids by 244 

ROS/RNS that is insufficiently quickly repaired (Jana, 2012); accumulation of mitochondrial defects with 245 

age resulting in  reduced mitochondrial activity; disturbed Ca
2+

-metabolism; telomere shortening in 246 

dividing cells (Nobel Prize in 2009); reduction in the insulin/IGF-1 pathway; errors in RNA processing; 247 

depletion of stem cells; “sex kills”; “We age because we grow” (Kaplan and Robson, 2009); epigenetic 248 

control of longevity by DNA (de)methylation and/or histone modification (Vaiserman, 2011); 249 

malfunctioning of the sirtuin system; defects in prenylation resulting in the accumulation of a farnesylated 250 

form of prelamin A (progerin, a nuclear envelope protein) as causal to e.g. the Hutchinson-Gilford 251 

Progeria syndrome; alterations in small non-coding RNAs, differential sensitivity towards oxidation of 252 
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membrane lipids (Hulbert, 2010), fat dyshomeostasis (Ackerman and Gems, 2012) etc. The recent 253 

mitophaghy/spermidine theory (Eisenberg et al., 2009) focuses on the ageing role of decreasing 254 

availability of the endogenous polyamine spermidine (longevity elixir; Madeo et al., 2010) with decreased 255 

autophagy in lysomes as a result. Another rather recent development in ageing research is the potential 256 

role of hormesis. This phenomenon in which adaptive responses to low doses of otherwise harmful 257 

conditions, in particular when such conditions occur at a young age, seems to delay ageing and increase 258 

longevity (Rattan, 2008; Vaiserman, 2011). 259 

Although every biologist knows that each cell needs a baseline electrical polarization for cell health 260 

(Levin, 2012), it is remarkable that none of the cited ageing mechanism targets the cell’s electrical system 261 

in a direct way. Some of the mechanisms that focus on the role of the plasma membrane may do it 262 

indirectly (Zs-Nagi, 2002; Hulbert, 2005). This is probably due to the fact that in biochemical research, 263 

researchers start their analyses by homogenizing cells and tissues, thereby destroying the electrical 264 

system. As a result, experiments performed on homogenates with the wealth of techniques that are 265 

available these days, will not yield results on electrical phenomena. In contrast, electrophysiologists 266 

working with living cells and using classical invasive techniques cannot do recordings at the cellular level 267 

for (very) long time intervals that address differences due to ageing. Furthermore their classical 268 

experimental tool set is highly sophisticated, and therefore less accessible to students. In this respect, 269 

ageing research is lagging behind to research of the physiology of early development. In the latter, a 270 

renewed interest in the role of bioelectricity shows up after about 20 years of standstill. The reason is that 271 

in recent years an array of non-invasive electrophysiological techniques have been developed that are 272 

accessible to molecular biologists mastering optogenetics (Levin, 2012) and that are now put at work in 273 

embryological research (see later in the Discussion section).   274 

 275 

4. Putative endogenous agents/players involved in weakening the cell’s electrical system 276 

 Ion pumps, ion channels, ion exchangers, ion-coupled transporters of sugars, amino acids and water 277 

channels, are all proteins with a specific location in membranes (plasma membrane, membranes of 278 

cell organelles such as mitochondria, lysosomes as well as the nucleus) (Mazzanti et al., 2001; 279 

Matzke et al., 2010; Levin, 2012). Their concerted action enables a cell to realize its electric 280 

dimension. This system can start malfunctioning because of mutations, insufficient DNA-damage 281 

repair, failures in the transcription factor system, errors in mRNA processing or/and transport, defects 282 

in proteins of the nuclear envelope (lamins) due to altered prenylation as is the case in the 283 
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Hutchinson-Gilford Progeria syndrome (Worman et al., 2010; Yang et al., 2011), errors in the 284 

transport of the native proteins to their exact location in the membranes, errors in anchoring to 285 

specific elements of the cytoskeleton thereby disturbing electrical polarity, modifications of the 286 

proteins themselves. The transport of different ionic species present in the cytoplasm is usually 287 

coupled, thus, if one element of the system fails, the entire system may be damaged. 288 

 In Harman’s theory modulation of ion channels by ROS and RNS should be a possibility. Annunziato 289 

et al. (2002) reviewed the literature and the data obtained in their laboratory on the ability of ROS and 290 

RNS to modify the activity of several membrane- and intracellular ion channels and transporters, in 291 

an attempt to correlate such changes with those occurring during the ageing process. The majority of 292 

studies were done in the context of neurodegeneration accompanying ageing, using classical 293 

electrophysiological techniques, patch clamp in particular. They concentrated on voltage-gated Na
+
, 294 

Ca
2+

, and K
+
 channels. They also discussed second messenger-activated channels like Ca

2+
-and ATP-295 

dependent K
+
 channels, and intracellular channels controlling intracellular Ca

2+
 storage and release. 296 

No clear cut, unequivocal final correlation between ROS- and RNS-activity as causal to 297 

neurodegeneration, and to ageing in particular emerged from their study. The major drawback in 298 

these studies is methodological. One cannot study ageing over extended periods of time using 299 

classical electrophysiological methods. Neither was it possible to measure transcellular currents using 300 

the vibrating probe technique of Jaffe and Nuccitelli (1974) because the tip of the electrode was far 301 

too big for most cell types. Furthermore, not all cell types attract the interest of researchers: given the 302 

importance of neurodegenerative diseases in ageing persons, most studies use neuronal tissues. 303 

Finally, if one does recordings on aged and diseased brain tissue, one cannot be sure that the observed 304 

changes are solely due to one particular ageing mechanism. Annunziato et al. (2002) warn that, 305 

although it is theoretically attractive to postulate effects of ROS and RNS, a correlation, or still more 306 

a causal effect, between ROS/RNS effects on ion channels and the development of neuronal activity 307 

changes during ageing is not yet clearly demonstrated. As a result, there is no final conclusive answer 308 

to the question whether ROS/RNS-induced changes in ion channel activity are causally linked to 309 

ageing, or whether they rather represent reactive homeostatic responses opposing the detrimental 310 

effect of ageing.   311 

 Several proteins of the ion transporting system, specifically in epithelial cells, as well as in excitable 312 

cells have to be kept in specific locations with the help of the cytoskeleton (De Loof, 1986) which is 313 

made up of proteins. Thus failures in the interaction between the membrane proteins and the 314 
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cytoskeleton may indirectly weaken the cell’s electrical system and have a negative effect on the 315 

performance of the cytoskeleton, in particular in excitable cells such as muscle cells and neurons. 316 

 Two ionic species, H
+
 and Ca

2+
, play key roles as second messengers. Their active transport across 317 

membranes requires energy. When their concentration in the cytoplasm abnormally increases or 318 

decreases for a prolonged time, the conformation of many proteins may be altered, resulting in 319 

deleterious effects. It is well known that changes in intracellular pH can be very damaging. With 320 

respect to transmembrane transport, it has been postulated that an ATP-driven proton pump was either 321 

the, or at least one of the first ion transporting systems (Wilson and Maloney, 1976). Later in 322 

evolution, it diverged into different pump-types, with a variety of functions. While H
+
-ATPases are 323 

still very important in bacteria, in cell organelles of bacterial origin such as mitochondria and 324 

chloroplasts, in plants and fungi, an ATP-driven Na
+
-K

+
 pump replaced the H

+
-translocating ATPase 325 

as the major ion pump found in the plasma membrane of animal cells (Wilson and Lin, 1980). Yet, 326 

H
+
-ATPases residing in the plasma membrane are still very important in a number of animal cell 327 

types. The malfunctioning of the H
+
-transmembrane transport may have been the very primordial 328 

ageing mechanism. In Drosophila, the transport of polyamines (to which the already mentioned 329 

spermidine belongs) depends on the plasma membrane proton gradient (Romero-Calderon and 330 

Krantz, 2006).   331 

 Ion transporting ATPases require energy in the form of ATP which is produced by the mitochondria, 332 

which also produce ROS. In particular, excitable cells consume a lot of energy. Failing mitochondria, 333 

therefore, cause weakening of the electrical system. In line with ROS/RNS theory of ageing, Sesti et 334 

al. (2010) suggested that oxidation of K
+
 channels by ROS causes loss of neuronal function and 335 

ageing. In rodents prolonged dietary restriction results in lowered membrane potential due to 336 

enhanced proton leakage across the inner membrane of the mitochondrion, and in reduced ROS 337 

production. On the other hand, exogenous insulin counteracts this membrane leaking (Ash and Merry, 338 

2011). In a recent paper however, Montgomery et al. (2012) reported that mitochondrial ROS 339 

production is similar in short-lived quails and long-liver parrots, and that there is no correspondence 340 

with longevity differences. They argue that their findings cast doubt on the robustness of the 341 

oxidative stress theory of ageing. 342 

 In the oxidative stress theory of ageing, insulin/IGF-1, which promotes the transport of glucose from 343 

the blood into the cytoplasm, is thought to be an ageing promoting factor (Parrella and Longo, 2010; 344 

Kenyon, 2010). Insulin and IGF-1 exert their action by activating secondary messengers; cAMP and 345 

PIP3 in mice and PI3K→PIP3 in Drosophila etc. They activate kinases that inactivate some 346 
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transcription factors (e.g. DAF-16 in C. elegans, dFOXO in Drosophila and FoxO in mice etc.) 347 

(Parrella and Longo, 2010), causing ageing. Because numerous different proteins can be 348 

phosphorylated, it is possible that long lasting exposure to secondary messengers could not only 349 

disable transcription factors, but could possibly affect the ion transport system as well. If such 350 

disabled proteins are no longer replaced, the voltage gradient will weaken and collapse.  351 

 Reduced efficiency of the cellular electrical system can also be caused by alterations in the lipid 352 

composition (Hulbert, 2005; Hulbert, 2010) and integrity of membranes, in the ionic composition of 353 

the blood, in the activity of some hormones, in particular those that act as a small lipid signaling 354 

system (Wheeler and Nijhout, 2003), and in prenylation. Prenylation is the process in which a 355 

farnesyl- or a geranylgeranyl group is covalently bound to the carboxyl terminal of a protein. The 356 

result is that prenylated proteins can be brought into position to interact with other membrane-bound 357 

molecules (Yang et al., 2011). As already mentioned, the Hutchinson-Gilford Progeria syndrome is 358 

caused by the malfunction of the prenylation system in patients. Additionally, lipid composition of 359 

membranes has been proposed as one of the factors that might explain the disparate longevity 360 

between mice and the long-lived H. glaber. Phospholipids containing poly-unsaturated fatty acids and 361 

docosahexaenoic acid (DHA) groups in particular, are sensitive to peroxidation by ROS. Peroxidation 362 

of phospholipids is detrimental to the integrity of membranes, and as such it was hypothesized that H. 363 

glaber might have proportionally fewer DHA molecules in its cellular membranes when compared to 364 

mice. Experimental results have since proven this hypothesis to be correct, as DHA-containing 365 

phospholipids amount to 27-57% (depending on the tissue) of all phospholipids in mice, while only 2-366 

6% of all phospholipids contain DHA in H. glaber (Mitchell et al., 2007). 367 

 In a recent C. elegans paper by Ackerman and Gems (2012), who are also critical to the assumption 368 

that the fundamental cause of ageing is accumulation of molecular damage, they raise the question 369 

“Could fat dyshomeostasis instead be critical?”, thereby shifting the focus from glucose and 370 

mitochondria to pathways controlling lipid metabolism.  371 

5. Ageing and cellular electricity: compatible with evolutionary theory? 372 

There are several aspects to this question. First, when did cellular electricity come into being? Second, 373 

when in evolution did ageing become operational? Third, is ageing compatible with natural selection 374 

(Partridge and Gems, 2006; Flatt and Schmidt, 2009), in other words, is ageing as disadvantageous as 375 

usually thought? Finally, shouldn’t one make the distinction between ageing of the individual organism as 376 
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studied by physiologists, and that of the population to which the individual belongs, the topic 377 

evolutionary biologists are dealing/struggling with?  378 

In our view, ageing must have started very soon after the Progenote had established its bioelectrical 379 

dimension (voltage gradient, driving an (electrogenic) ionic current through itself) and started functioning 380 

as a cell, thereby becoming subject to wear and tear. Having such electrical dimension is a prerequisite for 381 

being alive (De Loof, 1986). All the descendants of the Progenote, no matter in which habitat they live, 382 

have such electrical dimension. 383 

If ageing is indeed due to accumulation of macromolecular damage as the present-day paradigm claims 384 

(Partridge and Gems, 2006), its origin has to be traced back to the fact that at the very origin of life the 385 

repair mechanisms then present were insufficient to do all possible repairs (overruling mutations, DNA 386 

modification etc): thus ageing as the result of an imperfect repair system. When the repair system would 387 

have been perfect, changes necessary to adapt to changing environmental conditions would not have been 388 

possible and such perfect early life would have become extinct sooner or later. But life still flourishes in 389 

all sorts of habitats.  An imperfect repair system does not only enable evolutionary changes which is 390 

beneficial at the level of the population, at the same time it is responsible for accumulating the results of 391 

wear and tear in the very complex biochemical signaling pathways and subcellular structures. Thus in our 392 

opinion, evolutionary change and ageing are willy-nilly companions. How long an individual survives 393 

after its active reproductive life stops depends on two major parameters. First, the efficiency of its cellular 394 

repair mechanisms must continue to be strong as is e.g. the case in humans. When repair mechanisms 395 

collapse shortly after reproduction comes to an end, like this is probably the case in e.g. salmon and many 396 

insect species, an extended longevity is excluded. Second, the overall problem-solving capacity (which 397 

according to De Loof (2002) is the universal driving force of adaptation/evolution preceding selection) of 398 

the ageing individual must also remain relatively high and compatible and/or complementary to that of 399 

the younger part of the population. Thus, if one takes into consideration that evolution acts at the level of 400 

the population and not at that of the individual organism, ageing is perfectly compatible with evolutionary 401 

theory on condition that the overall problem-solving capacity of the younger part of the population 402 

exceeds that of the post-reproductive part of that population. 403 

6. The advent of epigenetics in ageing research  404 

Most ageing-related research is conducted in medical institutions. It is logical that the relevance of  405 

epigenetic work conducted in invertebrate species, in particular if these are not standard models like 406 

Drosophila and C. elegans, may be a far from my bed show for many gerontologists. Understandingly, 407 
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they may be more interested in a possible link between ageing-related diseases and epigenetics, than in a 408 

role for epigenetics in cellular senescence. However, some recent results put forward very novel ways of 409 

thinking that are certainly worth a closer look at. Indeed they show that macromolecular damage ascribed 410 

in the past to free radicals and mutations, may as well be explained by DNA methylation and/or histone 411 

modification. This may, in due time, lead to the discovery of drugs that retard senescence by interfering 412 

with epigenetic control of gene expression. 413 

 6.1 C. elegans and locusts: imprinting and epigenetic transgenerational inheritance of longevity 414 

In the worm C. elegans, a key player in the enzymatic epigenetic machinery, namely chromatin 415 

modification by methylation of histones, e.g. by the H3K4me3 complex, is a key player in ageing (Greer 416 

et al., 2010). Knocking down this complex extended lifespan by up to 30 percent. This extension of 417 

lifespan was inherited in the next 2-3 generations. It was rather abruptly lost in the 4
th
 generation (Greer et 418 

al., 2011).  419 

In the desert locust Schistocerca gregaria, the major determinant of longevity is imprinting in very early 420 

life. Locusts can occur in 2 phases, the solitarious- and the gregarious (swarming) ones. Although 421 

genetically identical, they differ in many traits. Solitarious locusts live about 30 percent longer than 422 

gregarious ones raised in similar conditions. Boerjan et al. (2011) showed that this difference represents a 423 

true case of imprinting. It happens in very early life, and it lasts lifelong. The trigger: when larvae that just 424 

eclosed make intensive physical/mechanical contact with each other during 2-4 hours, the gregarious 425 

pathway is set off. Such animals will live shorter than the ones that did not experience such touching. The 426 

first results showed that this imprinting makes use of epigenetic enzymes (Boerjan et al., 2011). 427 

6.2 Queens of social insects are relatively insensitive to ageing: why? 428 

Queens of some ant species, Lasius niger e.g.,  live for almost 30 years and produce a huge number of 429 

eggs while their sisters, the sterile workers and the males, their haploid brothers, live for 1-2 years and a 430 

couple of weeks respectively (Parker et al., 2004). Queens of some long-lived ants have a reduced Cu-Zn 431 

superoxide dismutase 1 activity (Parker et al., 2004), an argument against the ROS theory of ageing. 432 

Honey bee queens produce up to 2000 eggs per day, for a couple of years requiring a lot of energy. One 433 

would expect that the often cited but erroneous mantra saying that female reproduction is costly, because 434 

it withdraws energy from other functions and because energy production is likely to increase ROS, would 435 

apply (De Loof, 2011). In bee and ant queens, however, this theory is not correct. The fate of a female bee 436 

larva is mainly determined by the type of food she receives. Only larvae that are fed royal jelly will 437 

become queens. Queens certainly do not suffer from calorie restriction (a situation that moderately 438 
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increases life span in some vertebrate and invertebrate species), to the contrary. Kucharski et al. (2008) 439 

showed that silencing by RNAi of DNA-methylase 3 (Dnmt3), a key player in epigenetics, turns worker 440 

larvae that did not receive royal jelly, into queen-like females, that develop ovaries. Lyko et al. (2010) 441 

subsequently reported that brain DNA is differentially methylated in queens and workers, and they 442 

suggested a role of DNA methylation in modulation of alternative splicing. Very recently, the active 443 

queen-inducing compound of royal jelly has been identified as being the multifunctional protein 444 

royalactin (Kamakura, 2011). 445 

 446 

7. Concluding remarks and future directions   447 

The major theme/issue of this paper is that ageing research should not be limited to the search for 448 

biochemical and genetic causes, but that weakening of a key biophysical activity of all living systems, 449 

namely its electrical one, should as well be included as a possible cause. Indeed, it is this activity that 450 

ultimately determines whether a cell is alive, or no longer alive (De Loof and Vanden Broeck, 1995; De 451 

Loof, 2002). 452 

 453 

If one analyses the literature of the recent decade, one cannot escape the feeling that ageing research has 454 

come at a turning point. For about 50 years Harman’s (1956) ROS theory of ageing was considered as 455 

being the theory of ageing. Some researchers even claim that ageing is no longer an unsolved problem in 456 

biology (Holliday and Rattan, 2010), a view that is certainly not generally accepted (e.g. Kenyon, 2010). 457 

The issue is not that one starts doubting that accumulation of damage to a variety of macromolecules in 458 

the cell causes ageing, but that ROS may be much less important than originally thought. Indeed, more 459 

and more valid contraindications for the universality of the ROS/RNS theory continue to be put forward. 460 

The view that a little ROS – acting as a sort of second messenger – might be good for you (Linnane et al., 461 

2007; Kenyon, 2010) illustrates the change in thinking.  462 

 463 

Accumulation of damaged macromolecules results from the fact that the array of repair mechanisms 464 

present in cells cannot do all repair for the full 100 percent. The result is wear and tear of the subcellular 465 

structures and the different signaling pathways. There is no reason to assume that the complex machinery 466 

that drives that generates and maintains the electrical dimension/activity of all cells should escape wear 467 

and tear. If one thinks about it, the imperfection in repair mechanisms must be evolutionarily very old.  468 

The Progenote appeared on earth some 3.8 billion years ago. It probably had an imperfect repair system. 469 

If it would have been perfect and have been transmitted as such to the next generations in case of 470 
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reproduction (in bacteria by fission), no adaptation to (drastically) changing environmental conditions 471 

would have been possible. Furthermore, differentiation into new, better adapted species that finally 472 

colonized the whole earth would not have been possible.  473 

 474 

If ageing was an already an issue in the Progenote and its early descendants, which defect in repair 475 

mechanism was at work? It is known that bacteria do age (Lindner et al., 2008), but very little is known 476 

about the causal mechanisms. The majority of well-documented ageing mechanisms apply to eukaryotes 477 

only. Eukaryotes appeared on the scene about 1 billion years after the Progenote. The question thus 478 

becomes: “Does an ageing mechanism exist that meets the criteria of dating back to the origin of life, as 479 

well of being still at work in all present day cells, both prokaryotes and eukaryotes, no matter in which 480 

habitat they live or how long they live?” 481 

 482 

The fading of bioelectrical activity meets these criteria. It is a universally valid mechanism from which 483 

escaping is not possible: no life without self-generated electricity. A next question is: why did such 484 

obvious possible cause of ageing hardly attract any interest from researchers studying ageing? In the past, 485 

electrophysiologists had no other choice than using invasive techniques for measuring transmembrane 486 

potentials, or rather rude techniques (e.g. the vibrating probe) for measuring extracellular/extra-487 

organismal ionic currents/fields.  Furthermore, ageing research requires observations over long periods. 488 

That was not possible with these techniques. However, innovative research may soon become possible 489 

thanks to novel methods that have been developed in recent years: here optogenetics is the magic word. 490 

Novel tools as listed by Levin (2012) are: fluorescent reporters of transmembrane potential  that make 491 

continuous visualization of voltage gradients, even of multiple Vmem values within cell membrane 492 

domains possible without using invasive techniques; cell permeant dyes such as CC2-DMPE and others; 493 

genetically encoded protein reporters; the creation of specific voltage sensitive ion channels, extracellular 494 

self-referencing ion-selective probes; molecular-genetic loss- and gain-of-function for analyzing 495 

bioelectric signals in cell interactions; misexpression of some types of proton pump to create 496 

hyperpolarization; misexpression of optically gated ion channels; cells that are made transgenic for some 497 

types of ion transporters  (e.g. in zebra fish, the mouse, X. laevis) are evidently promising research tools. 498 

The protocols used in optogenetics are improving all the time and can now be applied to both stationary 499 

and moving objects (Stirman et al., 2012), and to both pro- and eukaryotic cells.  500 

 501 

The full understanding of cellular ageing will require a holistic conceptual framework, comparable to 502 

what is being realized bit by bit in developmental biology. Here, several atlases are under construction, 503 
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one for each –omics field (genomics, epigenomics, proteomics, metabolomics, peptidomics, lipidomics, 504 

etc. and the latest one, which might perhaps be named the bioelectromics atlas. Only the integration of all 505 

atlases will provide full insight. There is no reason to assume that full insight in evo-gero will do with 506 

less. The integration of all fields would be very much facilitated if cell biologists start looking at cells as 507 

miniature electrophoresis chambers (De Loof, 1986) with their inherent polarity and electrical activity, 508 

rather than merely as little sacs containing thousands of genes that code for proteins that exert all sorts of 509 

functions. The cell as a miniature electrophoresis chamber concept has been proposed already over two 510 

decades ago, in a time that bioelectricity was not in the mainstream of developmental biology (De Loof, 511 

1986). Already three decades before the optogenetics boom, the pioneers Woodruff and Telfer (1980) 512 

visualized self-electrophoresis activity in the ovary of a moth in a very elegant way, namely by 513 

fluorescent protein probes. 514 

 515 

Polarity is an important issue in developmental biology without which e.g. an animal will not acquire its 516 

typical body form. Loss of mechanisms that maintain polarity has not yet been an issue in any of the 517 

theories of ageing. We think that the novel methods that are being developed around the optogenetics 518 

approach may help to answer the question whether a fading electrical system and loss of polarity are 519 

companions in ageing. This is particularly relevant in ageing-related diseases of the nervous system. 520 

Furthermore, one should not a priori exclude the possibility that driving an imposed electric current 521 

through some brain areas may, perhaps, be a tool to retard beginning dementia. Such practice has been 522 

shown to be efficient is the healing of severe bone fractures (for references, see De Loof, 1986). 523 

 524 

The plea of Flatt and Schmidt (2009) for a better collaboration between physiologists and evolutionary 525 

biologists is certainly warranted. The major prerequisite is that both keep in mind that they address very 526 

different questions and that both use different units and methods. For the physiologist, the individual 527 

organism made up by cells is the working unit. For the evolutionary biologist, the population is the 528 

working unit. The physiologist asks what mechanisms are instrumental to the incomplete repair of 529 

macromolecular damage and /or modification. The evolutionary biologist asks – or should ask - which 530 

mechanisms are instrumental in keeping the overall problem solving capacity of the population as a whole 531 

as optimal as possible. Hitherto, there is no role for bioelectricity in population genetics, the major tool of 532 

neo-Darwinism. The unifying question for both is not whether ageing and natural selection are 533 

compatible, but whether an imperfect cellular repair system is compatible with both adaptation and 534 

ageing. We have outlined why this is the case: the first cell was not perfect in repairing, and its 535 

descendants never acquired the possibility to becoming perfect. 536 
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 537 

The universal dream of humans is to remain healthy as long as possible and to live long in an enjoyable 538 

environment. The search for the ideal life-extending elixir goes on. A recent hype is spermidine 539 

(Eisenberg et al., 2009; Madeo et al., 2010) that acts by decreasing autophagy in lysomes. It is probable 540 

that a variety of other putative endogenous molecular and anti-ageing mechanisms exist in nature. This is 541 

suggested by the extreme differences in longevity between some evolutionarily related animal species, 542 

e.g. short-lived- versus centenarian fishes (Reznick et al., 2002), short- and long-lived birds, long-lived 543 

naked mole-rats versus short-lived normal rats (Andziak et al., 2005; Buffenstein, 2008; Kim et al., 2011) 544 

and between the already cited queen-worker differences in social insects (Keller and Jemeliety, 2006). In 545 

long lived bee queens and in solitarious locusts, a farnesyl-derivative (juvenile hormone) is prominently 546 

present and may be play a role that is not yet fully understood. Whether or not it might play a role in 547 

prenylation, like farnesylpyrophosphate does in progeria has never been investigated. Long-lived 548 

flatworms that lack metabolic ageing are also intriguing models (Mouton et al., 2011). Molecules 549 

interfering with epigenetic control of gene expression by DNA methylation, may, perhaps, also help in 550 

slowing ageing or in ageing-related pathologies. The challenge is to identify the nature of the mechanisms 551 

involved.  552 

 553 

8. Acknowledgments 554 

We thank our granting agencies over the years, in particular the FWO, IWT and the Research Fund of the 555 

KU Leuven-University of Leuven. We also thank Dr. E. Blumenthal for proofreading the manuscript.  556 

 557 

9. References  558 

Ackerman, D., Gems, D., 2012. The mystery of C. elegans aging: An emerging role for fat: Distant 559 

parallels between C. elegans aging and metabolic syndrome? Bioessays doi: 560 

10.1002/bies.201100189. 561 

Aigaki, T., Seong, K.H., Matsuo, T., 2002. Longevity determination genes in Drosophila melanogaster. 562 

Mech. Ageing Dev. 123, 1531-1541. 563 

Andziak, B., O’Connor, T.P., Buffenstein, R., 2005. Antioxidants do not explain the disparate longevity 564 

between mice and the longest living rodent, the naked mole-rat. Mech. Ageing Dev. 126, 1206-565 

1212. 566 



20 

 

 

Annunziato, L., Pannaccione, A., Cataldi, M., Secondo, A., Castaldo, P., Di Renzo, G., Taglialatela, M., 567 

2002. Modulation of ion channels by reactive oxygen and nitrogen species: a pathophysiological 568 

role in brain aging? Neurobiol. Aging 23, 819-834. 569 

Ash, C.E., Merry, B.J., 2011. The molecular basis by which dietary restricted feeding reduces 570 

mitochondrial reactive oxygen species. Mech. Ageing Dev. 132, 43-54. 571 

Back, P., Matthijssens, F., Vlaeminck, C., Braeckman, B.P., Vanfleteren, J.R., 2010. Effects of SOD 572 

overexpression and deletion mutation on the expression profiles of reporter genes of major 573 

detoxification pathways in Caenorhabditis elegans. Exp. Gerontol. 45, 603-610. 574 

Boerjan, B., Sas, F., Ernst, U.R., Tobback, J., Lemière, F., Vandegehuchte, M., Janssen, C.R., Badisco, 575 

L., Marchal, E., Verlinden, H., Schoofs, L., De Loof, A., 2011. Locust phase polyphenism: does 576 

epigenetic- precede endocrine regulation? Gen. Comp. Endocrinol. 173, 120-128. 577 

Buffenstein, R., 2008. Negligible senescence in the longest living rodent, the naked mole-rat: insights 578 

from a successfully aging species. J. Comp. Physiol. 178, 439-445. 579 

De Loof, A., 1986. The electrical dimension of cells: the cell as a miniature electrophoresis chamber. Int. 580 

Rev. Cytol. 104, 251-352. 581 

De Loof, A., 1992. All animals develop from a blastula: consequences of an undervalued definition for 582 

thinking on development. BioEssays 14, 573-575. 583 

De Loof, A., 2002. Communication, Life, Mega-Evolution - Decrypting Life’s Nature. Leuven University 584 

Press. Leuven, Belgium, 346 pp. 585 

De Loof, A., 2011. Longevity and aging in insects: is reproduction costly; cheap; beneficial or irrelevant? 586 

A critical evaluation of the trade-off concept. J. Insect Physiol. 57, 1-11.  587 

De Loof, A., Vanden Broeck, J., 1995. Communication: the key to define life, death and the force driving 588 

evolution. Organic chemistry-based versus artificial life. Belg. J. Zool. 125, 5-28. 589 

Doonan, R., McElwee, J.J., Matthijssens, F., Walker, G.A., Houthoofd, K., Back, P., Matscheski, A., 590 

Vanfleteren, J.R., Gems, D., 2008. Against the oxidative damage theory of aging: superoxide 591 

dismutases protect against oxidative stress but have little or no effect on life span in 592 

Caenorhabditis elegans.  Genes Dev. 22, 3236-3241. 593 

Eisenberg, T., Knauer, H., Schauer, A., Büttner, S., Ruckenstuhl, C., Carmona-Gutierrez, D., Ring, J., 594 

Schroeder, S., Magnes, C., Antonacci, L., Fussi, H., Deszcz, L., Hartl, R., Schraml, E., Criollo, 595 

A., Megalou, E., Weiskopf, D., Laun, P., Heeren, G., Breitenbach, M., Grubeck-Loebenstein, B., 596 

Herker, E., Fahrenkrog, B., Fröhlich, K.U., Sinner, F., Tavernarakis, N., Minois, E., Kroemer, G., 597 

Madeo, F., 2009. Induction of autophagy by spermidine promotes longevity. Nat. Cell Biol. 11, 598 

1305-1314.  599 



21 

 

 

Flatt, T., Schmidt, P.S., 2009. Integrating evolutionary and molecular genetics of aging. Biochim. 600 

Biophys. Acta – General Subjects 1790, 951-962. 601 

Greer, E.L., Maures, T.J., Hauswirth, A.G., Green, E.M., Leeman, D.S., Maro, G.S., Han, S., Banko, 602 

M.R., Gozani, O., Brunet, E., 2010. Members of the H3K4 trimethylation complex regulate 603 

lifespan in a germline-dependent manner in C. elegans. Nature 466, 383-387.  604 

Greer, E.L., Maures, T.J., Ucar, D., Hauswirth, A.G., Mancini, E., Lim, J.P., Benayoun, B.A., Shi, Y., 605 

Brunet, A., 2011. Transgenerational epigenetic inherticance of longevity in Caenorhabditis 606 

elegans. Nature 479, 365-371. 607 

Harman, D., 1956. Aging: a theory based on free radical and radiation chemistry. J. Gerontol. 11, 298-608 

300. 609 

Henikoff, S., Henikoff, J.G., Sakai, A., Loeb, G.B., Ahmad, K., 2009. Genome-wide profiling of salt 610 

fractions maps physical properties of chromatin. Genome Res. 19, 460-469. 611 

Holliday, R., Rattan, S.I., 2010. Longevity mutants do not establish any new science of ageing. 612 

Biogerontology 11, 507-511. 613 

Hulbert, A.J., 2005. On the importance of fatty acid composition of membranes for ageing. J. Theor. Biol. 614 

234, 277-288. 615 

Hulbert, A.J, 2010. Metabolism and longevity: is there a role for membrane fatty acids? Integr. Comp. 616 

Biol. 50, 808-817.  617 

Jaffe, L.F., Nuccitelli, R., 1974. An ultrasensitive vibrating probe for measuring steady electric 618 

extracellular electric currents. J. Cell Biol. 63, 614-628. 619 

Jaffe, L.F., Nuccitelli, R., 1977. Electrical controls of development. Annu. Rev. Biophys. Bioeng. 6, 445-620 

476. 621 

Jana, N.R., 2012. Protein homeostasis and aging: Role of ubiquitin protein ligases. Neurochem. Int. 60, 622 

443-447. 623 

Kamakura, M., 2011. Royalactin induces queen differentiation in honeybees. Nature 473, 478-483. 624 

Kaplan, H.S., Robson, A.J., 2009. We age because we grow. Proc. Biol. Sci. 276, 1837-1844.  625 

Keller, L., Jemeliety, S., 2006. Social insects as a model to study the molecular basis of ageing. Exp. 626 

Gerontol. 41, 553-556. 627 

Kenyon, C.J., 2010. The genetics of ageing. Nature 464, 504-512. 628 

Kim, E.B., Fang, X., Fushan, A.A., Huang, Z., Lobanov, A.V., Han, L., Marino, S.M., Sun, X., Turanov, 629 

A.A., Yang, P., Yim, S.H., Zhao, X., Kasaikina, M.V., Stoletzki, N., Peng, C., Polak, P., Xiong, 630 

Z., Kiezun, A., Zhu, Y., Chen, Y., Kryukov, G.V., Zhang, Q., Peshkin, L., Yang, L., Bronson, 631 

R.T., Buffenstein, R., Wang, B., Han, C., Li, Q., Chen, L., Zhao, W., Sunyaev, S.R., Park, T.J., 632 



22 

 

 

Zhang, G., Wang, J., Gladyshev, V.N., 2011. Genome sequencing reveals insights into 633 

physiology and longevity of the naked mole rat. Nature 479, 223-227. 634 

Kroeger, H., Muller, G., 1973. Control of puffing activity in three chromosomal segments of explanted 635 

salivary gland cells of Chironomus thummi by variation in extracellular Na+, K+ and Mg2+. Exp. 636 

Cell Res. 82, 89-94. 637 

Kucharski, R., Maleszka, J., Foret, S., Maleszka, R., 2008. Nutritional control of reproductive status in 638 

honeybees via DNA methylation. Science 319, 1827-1830. 639 

Lanza, I.R., Nair, K.S., 2010. Mitochondrial function as a determinant of lifespan. Pflugers Arch. 459, 640 

277-289. 641 

Lescai, F., Blanché, H., Nebel, A., Beekman, M., Sahbatou, M., Flachsbart, F., Slagboom, E., Schreiber, 642 

S., Sorbi, S., Passarino, G., Franceschi, C., 2009. Human longevity and 11p15.5: a study in 1321 643 

centenarians. Eur. J. Hum. Genet. 17, 1515-1519. 644 

Levin, M., 2012. Molecular bioelectricity in developmental biology: new tools and recent discoveries. 645 

Bioessays. 34, 205-217. 646 

Lin, E.C., Cantiello, H.F., 1993. A novel method to study the electrodynamic behavior of actin filaments. 647 

Evidence for cable-like properties of actin. Biophys. J. 65, 1371-1378. 648 

Lindner, A.B., Madden, R., Demarez, A., Stewart, E.J., Taddei, F., 2008. Asymmetric segregation of 649 

protein aggregates is associated with cellular aging and rejuvenation. Proc. Natl. Acad. Sci. 650 

U.S.A. 105, 3076-3081. 651 

Linnane A.W., Kios, M., Vitetta, L., 2007. The essential requirement for superoxide radical and nitric 652 

oxide formation for normal physiological function and healthy aging. Mitochondrion 7, 1-5. 653 

Lyko, F., Foret, S., Kucharski, R., Wolf, S., Falckenhayn, C., Maleszka, R., 2010. The honey bee 654 

epigenomes: differential methylation of brain DNA in queens and workers. PLoS Biol. 8, 655 

e1000506. 656 

Madeo, F., Eisenberg, T., Büttner, S., Ruckenstuhl, C., Kroemer, G., 2010. Spermidine: a novel 657 

autophagy inducer and longevity elixir. Autophagy 6, 160-162. 658 

Matzke, A.J., Weiger, T.M., Matzke, M., 2010. Ion channels at the nucleus: electrophysiology meets the 659 

genome. Mol. Plant 3, 642-652. 660 

Mazzanti, M., Bustamante, J.O., Oberleithner, H., 2001. Electrical dimension of the nuclear envelope. 661 

Physiol. Rev. 81, 1-19. 662 

Mitchell, T.W., Buffenstein, R., Hulbert, A.J., 2007. Membrane phospholipid composition may contribute 663 

to exceptional longevity of the naked mole-rat (Heterocephalus glaber): A comparative study 664 

using shotgun lipidomics. Exp. Gerontol. 42, 1053-1062. 665 



23 

 

 

Montgomery, M.K., Hulbert, A.J., Buttemer, W.A., 2011. The long life of birds: the rat-pigeon 666 

comparison revisited. PLoS One  6, e24138. 667 

Montgomery, M.K., Hulbert, A.J., Buttemer, W.A., 2012. Does the oxidative stress theory of aging 668 

explain longevity differences in birds? I. Mitochondrial ROS production. Exp. Gerontol. 47, 203-669 

210. 670 

Mouton, S., Willems, M., Houthoofd, W., Bert, W., Braeckman, B.P., 2011. Lack of metabolic ageing in 671 

the long-lived flatworm Schmidtea polychroa. Exp. Gerontol. 46, 755-761. 672 

Parker, J.D., Parker, K.M., Sohal, B.H., Sohal, R.S., Keller, L., 2004. Decreased expression of Cu-Zn 673 

superoxide dismutase 1 in ants with extreme lifespan. Proc. Natl. Acad. Sci. U.S.A. 101, 3486-674 

3489. 675 

Parrella, E. and Longo, V.D., 2010. Insulin/IGF-I and related signaling pathways regulate aging in 676 

nondividing cells: from yeast to the mammalian brain. ScientificWorldJournal 10, 161-177. 677 

Partridge, L., 2010. The new biology of ageing. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365, 147-154. 678 

Partridge, L., Gems, D., 2006. Beyond the evolutionary theory of ageing, from functional genomics to 679 

evo-gero. Trends Ecol. Evol. 21, 334-340.  680 

Perez, V.I., Bokov, A., Van Remmen, H., Mele, J., Ran, Q.T., Ikeno, Y., Richardson, A., 2009. Is the 681 

oxidative stress theory of aging dead? Biochim. Biophys. Acta - General Subjects 1790, 1005-682 

1014.  683 

Rattan, S.J., 2008. Hormesis in aging. Ageing Res. Rev. 7, 63-78. 684 

Reznick, D., Ghalambor, C., Nunney, L., 2002. The evolution of senescence in fish. Mech.  Ageing Dev. 685 

123, 773-789. 686 

Romero-Calderon, R., Krantz, D.E., 2006. Transport of polyamines in Drosophila S2 cells: kinetics, 687 

pharmacology and dependence on the plasma membrane proton gradient. Biochem. J. 393, 583-688 

589. 689 

Sauman, I., Berry, S.J., 1994. An actin infrastructure is associated with eukaryotic chromosomes: 690 

structural and functional significance.  Eur. J. Cell Biol. 64, 348-356. 691 

Sesti, F., Liu, S., Cai, S.Q., 2010. Oxidation of potassium channels by ROS: a general mechanism of 692 

aging and neurodegeneration? Trends Cell Biol. 20, 45-51. 693 

Stirman, J.N., Crane, M.M., Husson, S.J., Gottschalk, A., Lu, H., 2012. A multispectral optical 694 

illumination system with precise spatiotemporal control for the manipulation of optogenetic 695 

reagents. Nat. Protoc. 7, 207-220. 696 

Vaiserman, A.M., 2011. Hormesis and epigenetics: Is there a link? Ageing Res. Rev. 10, 413-421. 697 



24 

 

 

Vanden Broeck, J., De Loof, A., Callaerts, P., 1992. Electrical-ionic control of gene expression. Int. J. 698 

Biochem. 24, 1907-1916. 699 

Wheeler, D.E., Nijhout, H.F., 2003. A perspective for understanding the modes of juvenile hormone 700 

action as a lipid signaling system. Bioessays. 25, 994-1001. 701 

Wilson, T.H., Maloney, P.C., 1976. Speculations on the evolution of ion transport mechanisms. Fed. 702 

Proc. 35, 2174-2179. 703 

Wilson, T.H., Lin, E.C., 1980. Evolution of membrane bioenergetics. J. Supramol. Struct. 13, 421-446. 704 

Woodruff, R.I., Telfer, W.H., 1980.  Electrophoresis of proteins in intercellular bridges. Nature 286, 84-705 

86.  706 

Worman, H.J., Ostlund, C., Wang, Y., 2010. Diseases of the nuclear envelope. Cold Spring Harb. 707 

Perspect. Biol. 2, a000760. 708 

Yang, S.H., Chang, S.Y., Ren, S., Wang, Y., Andres, D.A., Spielmann, H.P., Fong, L.G., Young, S.G., 709 

2011. Absence of progeria-like disease phenotypes in knock-in mice expressing a non-710 

farnesylated version of progerin. Hum. Mol. Genet. 20, 436-444. 711 

Zs-Nagi, I., 2002. Pharmacological interventions against aging through the cell plasma membrane. Ann. 712 

N. Y. Acad. Sci. 959, 308-320. 713 

714 



25 

 

 

Legend to Figure 715 

 716 

 717 

Figure 1. Schematic representation of the Fading Electricity Theory of Ageing. The basic underlying idea 718 

is that the electricity, carried by inorganic ions that all cells generate by themselves can be weakened by a 719 

variety of the so called classical effectors of ageing. The real slope of the decrease in strength of the 720 

electrical dimension as a function of ageing has never been experimentally measured in any system, and 721 

has therefore to be considered as schematic. Established accelerators and inhibitors of the ageing process 722 

in a variety of well studied experimental models are listed on the right and left sides of the figure 723 

respectively. Abbreviations: SODs: Superoxide dismutases; Ors: Oxidoreductases; ROS: Reactive 724 

Oxygen Species; RNS: Reactive Nitrogen Species. 725 


