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ABSTRACT

Microtubules (MTs) are long cylindrical structures of the cytoskeleton 
that control cell division, vesicular transport, and the shape of cells. MTs are 
highly charged and behave as nonlinear electrical transmission lines. However, 
comparatively little is known about the role(s) these nonlinear electrical properties 
of MTs play in cell function. MTs form bundles, which are particularly prominent 
in neurons, where they help developmentally define axons and dendrites. The 
present review summarizes recent work from our laboratory, which demonstrated 
that 1) bundles of rat brain MTs spontaneously generate electrical oscillations and 
bursts of electrical activity similar to action potentials; 2) actin filaments control 
electrostatically the oscillatory response of brain MTs; and 3) neurites of cultured 
mouse hippocampal neurons generate and propagate electrical oscillations thus, 
providing a cellular correlate to the isolated MT oscillations. Electrical oscillations 
are an intrinsic property of brain MT bundles, which may have important 
implications in the control of various neuronal functions, including a contribution 
to the intrinsic oscillatory modes of neurons, and thus to higher brain functions, 
including the formation of memory and the onset of consciousness.

Electrical Oscillations of Bundles of Brain Microtubules
MTs are unique components of the cytoskeleton that form a wide 

variety of intracellular superstructures1. Highly polarized cells such as 
neurons present two distinct cellular domains, namely the axon and 
multiple shorter dendrites that either transmit or receive electrical 
signals, respectively. In both axons and dendrites, MTs form dense 
parallel arrays known as bundles, which are required for neuronal 
growth and maintenance of neurites2. MTs are formed of highly charged 
α, β tubulin heterodimeric units that behave as biological transistors 
supporting, amplifying and axially propagating electrical signals3. 
Within the cytoplasm MT-generated variable currents may contribute to 
the presence and modulation of large intracellular electric fields, which 
in turn, will help control cell function. 

To determine the electrical activity of bundles of rat brain MTs, 
we recently used the loose patch-clamp configuration technique4 on 
MT bundles isolated from rat brain. These MT structures displayed 
spontaneous electrical activity consistent with self-sustained 
oscillations that responded directly to the magnitude of the electrical 
stimulus (Figure 1). Most frequently, the initial response consisted of 
strong bursts of oscillations that varied both in amplitude and frequency 
in the absence of any change in driving force. Interestingly, mean 
currents were often linear respect to voltage, although spontaneous 
changes in amplitude of the cyclic regimes were observed as well. 
Although similar, the oscillatory response of the bundles was richer 
than that reported for brain MT sheets5 and more coherent than that 
observed in isolated MTs6. Thus, the geometry of the MT assembly 
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may be an important factor in the nonlinear electrical 
outcome. However, the fundamental frequency of 39 Hz 
in the MT bundles prevailed, also showing changes in 
regime and sudden death4. MT bundles also elicited highly 
synchronized trains of current oscillations that mimicked 
bursts of action potentials. Higher and lower fundamental 
frequencies were also observed, regardless of the applied 
holding potential. The MT stabilizer paclitaxel (Taxol, 10 
μM) known to traverse the nanopores at the MT surface, 
inhibited the brain MT bundle oscillations4.

Regulation by Actin of Brain Microtubule Electrical 
Oscillations

Actin filaments and MTs interact with each other 
for a range of dynamic cellular processes, including 
intrinsic structural support in the formation of axons 
to send, and dendritic networks to receive synaptic 
signals, respectively7. Actin filaments display a number 
of nonlinear electrical properties of their own, including 
a nonlinear electro-osmotic behavior8, and the ability to 
conduct ion condensation waves9. Actin filaments behave 
as biological cables. We recently evaluated the effect of 
actin polymerization on the electrical oscillations of brain 
MTs10. Electrical signals were collected from high-seal 
brain MT sheets. Addition of a polymerizing concentration 
of monomeric (G)-actin increased the amplitude of 
spontaneous oscillations from MT sheets after a 2-min lag 
time, which is consistent with the nucleation process of 
actin11. Larger transferred charge was observed without 
any changes in the oscillatory frequency. The high-affinity 
G-actin binding protein deoxyribonuclease I (DNAse I) that 

prevents actin polymerization12 was instead inhibitory 
in the presence but not absence of G-actin, confirming 
the effect of actin polymerization in the regulation of 
the oscillations. Compared to G-actin, addition of pre-
polymerized (F)-actin produced a faster and higher 
stimulatory effect on the magnitude of the MT sheet 
oscillations, but preserving the fundamental oscillatory 
frequency at ~38 Hz. The regulatory role of F-actin in the 
brain MT sheet oscillations could be mediated by proteins 
capable of binding both actin and tubulin, including MAP2, 
MAP2c and Tau13. This interaction between F-actin and 
MTs could also be electrostatic, because actin polymerizes 
on charged surfaces14. An F-actin-MT interaction may 
be essential in the gating of cytoskeleton-associated ion 
channels in such neuronal compartments as the dendritic 
spine.

Cytoskeleton Oscillations and the Hippocampus
It has long been speculated that the brain stores 

memories by altering the strength of large assemblies of 
interconnected neurons15. At the cellular-molecular level 
this approximation leads to synaptic plasticity mechanisms 
that constitute the physical correlates of memory storage16. 
Long-term potentiation (LTP) in neurons17 is widely 
believed to be associated with the memories stored in the 
brain18. LTP was initially discovered in the hippocampus17, 
a part of the limbic system associated with response 
inhibition, the formation of new memories, and also 
spatial cognition19. Surgical destruction of the hippocampi 
in humans produces severe anterograde and partial 
retrograde amnesia, with loss of the ability to form new 
episodic memories20. 

 
Figure 1: Electrical oscillations of brain MT bundles. Rat brain MT bundles were obtained as reported4. a. DIC image of a mesh of MT 
bundles. b. A patch pipette approaching an MT bundle. Bottom image shows live immunochemical MT labeling by addition of anti-α-
tubulin antibody to the preparation. c. Loose patch configuration showing the MT bundle and the patch pipette and schematics of the 
“loose-patch” clamp configuration to obtain electrical signals of MT bundles. d. Spontaneous changes in oscillatory behavior of patched 
MT bundle showing the various spontaneous regimes without any change in driving force. Periodic changes in the amplitude of the 
oscillations showed fractal “envelopes” of increasingly lower frequency and different oscillatory regimes. e. Power spectra for expanded 
tracings in (d.), where the 39 Hz fundamental frequency is present.
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An interesting aspect of mammalian hippocampi (and 
other parts of the brain), including humans, is the presence of 
endogenous electrical oscillations, particularly slow waves 
known as theta-alpha frequencies21. In the rat, these large 
6-9 Hz frequency waves appear during both alert behavior 
and REM (dreaming) sleep22. The hippocampus generates 
some of the largest EEG signals as theta waves23 that reflect 
sub-threshold membrane potentials that strongly modulate 
the spiking of hippocampal neurons and synchronize the 
hippocampus in travelling wave patterns24. Theta waves 
have been linked to mnemonic processes25. Although the 
molecular mechanisms that generate electrical oscillations 
in hippocampal neurons have yet to be firmly disclosed, the 
intrinsic oscillatory properties of these cells26, have been 
associated with identifiable ionic conductances including 
GABAA and NMDA receptors27,28, dendritic Ca2+ currents 
that amplify NMDA receptor-activated somatic oscillations, 
and include R-, and several L- and N-type Ca2+ channels. 
The hippocampal EEG of animals also show short-lived 
memory-associated high-frequency EEG oscillations called 
sharp waves and “ripples” in the 150-200 Hz29.

To explore whether the neuronal cytoskeleton 
participates in the genesis of electrical oscillatory patterns, 
we cultured adult mouse hippocampal neurons4. After 
several days in culture and the development of connecting 
neurites, we permeabilized the cells with Triton-X to access 
the cytoskeleton (Figure 2), and applied the double-patch 
clamp method, as reported3. Upon voltage clamping, low 
frequency electrical oscillations were observed at both ends 
of the neurite, which displayed different frequencies and 
complex behaviors, depending on the polarity of the bias. 
Mirror images at both ends indicated the propagation of the 
electrical oscillations along the length of the cytoskeleton. 
Interestingly, the electrical oscillations observed in the 

hippocampal neurites when one end (stimulus site) was 
voltage-stimulated, was mirrored at the other end of the 
neurite (collection site), thus showing propagation in a 
manner rather similar to that originally found in isolated 
MTs3. However, correlation of signals observed at both 
sides suggested much higher propagation velocity than 
in isolated MTs. Low frequencies with fundamental peaks 
similar to those observed in isolated neurons were also 
identified.

An Integrated Information Processing Model of the 
Neuron

The current paradigm for function of the nervous system 
relates to both excitatory and inhibitory interactions 
between neurons and also to their “intrinsic electrical 
activity”26. Although this paradigm includes both passive 
and active membrane characteristics, it does not include 
the neuronal cytoskeleton. Several specialized structures, 
including dendritic spines and growth cones, are enriched 
with highly dynamic actin filament networks, which are 
essential to experience-related plasticity, and changes 
associated with neural stimulation30. Morphological 
changes in actin-rich dendritic spines correlate with LTP in 
hippocampal tissue slices of behaving animals31. However, 
the capacity of sustaining and propagating electrical 
signals9 as ionic waves, makes actin filaments behave 
like “cables” that act as transmission lines. MTs in turn, 
generate, propagate and amplify electrical oscillations, 
such that they behave as active antennae3,4. In this context, 
we hypothesize that the neuronal cytoskeleton may bring 
forth a new capacity to handle and encode electrical 
information at a subcellular level. Cytoskeletal structures 
could be thought to as contributing to such events as 
reported in “memory consolidation”, where short-term 
memories convert into long-term memories32. The 

 
Figure 2: Electrical oscillations of hippocampal neurites. a,b. Images of one-week old cultured hippocampal neurons(x20), before and after 
cell membrane permeabilization by addition of 1% (v/v) Triton-X to the bathing solution. c,d Permeabilized neurites before and after double 
patching with patch-clamp pipettes as shown in the actual locations of electrical recording. e. Spontaneous electrical oscillations observed 
in one pipette and mirror images collected on the second pipette. f. Power spectra of four times the length of the tracings shown on (e), 
for the positive (Black) and negative (Gray) biased signals, respectively. Linear-Linear plots for respective spectra are also shown (Bottom). 
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electrical activity of the neuronal cytoskeleton would also 
modulate membrane imbedded ion channel activity. The 
cytoskeleton-regulated temporal behavior of ion channel 
function may lead to changes in synaptic strengthening, 
LTP, and memory enhancement.

Our studies indicate that the electrical oscillations 
of brain MTs, may contribute to the various oscillatory 
regimes of individual neurons. The same as with MT 
oscillations, neural oscillations are governed by the resting 
potential of the cell, such that hyperpolarized cells will 
fire at higher frequencies near 10 Hz33. Thalamic neurons 
have, in addition to the low frequency rhythms, a gamma 
rhythm34, in the frequency range observed in isolated brain 
MTs (~39-40 Hz). This is particularly appealing because 
the dendrite-generated gamma oscillations35 are essential 
in the generation of brain gamma band activity and 
cognitive functions36. Forty Hz oscillations are observed in 
the cortex during physiological stimulation of the visual37 
or auditory cortex38 during attention states in animals, and 
the execution of complicated tasks in humans39. Similar 
activity as measured by electric and magnetic means in 
humans correlates with cognitive tasks40. 

Concluding Remarks and Perspective
In summary, our recent studies determined that bundles 

of brain MTs are electrically active, generating electrical 
oscillations in the 39 Hz range that correlate well with 
oscillatory activity observed in neurons and brain function. 
It is envisioned that to regulate and condition specific ionic 
conductances, actin networks may transmit MT-generated 
electrical oscillations to ion channel populated membrane 
locations such as dendritic spines. Electrical oscillations of 
MTs could be implicated in the electric fields in the brain, 
to help address open questions of higher brain functions, 
including the issues of anesthesia41, and consciousness42. 
Electrical oscillations by MT bundles open a novel field of 
biological signaling, particularly in neuron function.
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