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Fundamentals of Neuroscience



Functions of the Nervous 
System and Definitions

• Communications, command and control

• The neuron is the primary cell of the nervous system, used to 
transmit signals and process information 

• Sensory organs � processing � output to muscles and glands

• Neurons which carry sensory information towards the brain and 
spinal cord are called sensory neurons or afferents

• Neurons which carry output signals to effectors are called 
motor neurons or efferents

• Most neurons are neither sensory nor motor, but integrative 
neurons or interneurons.  These are involved in processing 
information and determining an appropriate effector action.  
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Definitions

• Central nervous system (CNS): Neurons in the brain or spinal cord

• The human brain contains between 80 and 90 billion neurons

• Peripheral nervous system (PNS): Neurons outside of the CNS

• The PNS can be divided into divisions both structurally and functionally  
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Structurally:

Effector (muscles, glands)

(Efferent neurons)

PNS

Sensory

(Afferent neurons)

Functionally:

PNS

Somatic NS (voluntary)

Afferents from skin, muscle, joints

Efferents to skeletal muscle

Autonomic NS

Afferents and efferents to gut, 

smooth muscle, heart, glands

Sympathetic

Fight or flight

Parasympathetic

Rest and digest

Enteric

Gut smooth muscle



Structure of a Neuron
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Cell body:

20 to 100 μm dia.

Axon:

0.1 to 10 μm dia.

Up to 1 meter long

- Neurons carry information, one to another

like links in a chain

- Convergence and divergence

- Cell body: integrates incoming information,

determines if a signal fires

A/D-like function



Resting Potential
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Equilibrium is reached when the electrical force due to positive 
potassium outside exactly counteracts movement due to diffusion

The inside of the cell has a resting potential of ~ -70 mV



Resting Potential 2
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OUTSIDE

INSIDE

gK

EK ~ -75 mV
CM ~ 1 µF/cm

2



Action Potential
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Action Potential 2
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If the membrane depolarizes enough (threshold)…..



Action Potential 3
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Transmembrane Action Potential
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Equivalent Circuit Model of 
Neural Membrane
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gK

   EK
~ - 75 mV

INTRACELLULAR

EXTRACELLULAR

gNa

   ENa

~ + 55 mV

gCl

   ECl

~ - 60 mV

   CM ~

1 uF/cm2

   VM

INaIK

sodium-potaasium
         pump



Gates of the Voltage-Gated 
Sodium Channel (VGSC)
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Inactivation gates 

mostly open

Activation gates 

mostly closed



Gates of the VGSC
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Inactivation gates 

mostly open,

starting to close

Activation gates 

mostly open



Gates of the VGSC
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Inactivation gates 

mostly closed

Activation gates 

mostly open

and voltage-gated

K+ channels open



Gates of the VGSC
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Inactivation gates 

mostly closed

Activation gates 

mostly closed

and voltage-gated

K+ channels open



Add Myelin for Speed

17

C = εA / d decreases ���� Q = C V decreases

Axon / myelin circumferences ~ 0.6



The Synapse
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Example neurotransmitters:
Glutamate is excitatory, 

allowing Na+ in
Glycine, GABA are inhibitory, 

allowing Cl- in



Peripheral Nerve Structure
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Spinal Cord Structure
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31 pairs of spinal nerves:

8 pair cervical spinal nerves

12 pair thoracic spinal nerves

5 pair lumbar spinal nerves

5 pair sacral spinal nerves

1 pair coccygeal spinal nerves



Spinal Cord Cross Section
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Spinal cord diameter ~ 1 to 1.5 cm



Brain Structure
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Coronal (front to back) plane

Sagittal (left to right) plane

Gray matter / cerebral cortex

Unmyelinated cell bodies

Only ~ 2 - 4 mm thick

White matter

Myelinated axons

Human brain facts:

3 lbs

1,100 – 1,500 cc

80 - 90 billion neurons
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Fundamentals of 

Extracellular Neural Stimulation



Two Fundamental Objectives

Effectiveness

Achieving the intended

physiological response

Safety

Not causing damage to the

tissue or the electrode
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Cathodic Neural Stimulation
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Anodic Neural Stimulation
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Why use Anodic Stimulation?

In a two-electrode system driven by a current source, one electrode acts 
as a cathode and the other as an anode. The currents are mirrored. 
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Anodic stimulation is approximately 1/7 – 1/3 as effective as cathodic 
stimulation. Why use anodic stimulation? Generally, it is a nuisance, to be 
avoided. We must remember there may be excitable tissue near the 
anode. To avoid stimulation, use a large surface area anode, keeping 
current density low. 

current
cathodic

time

current cathodic
anodic

anodic“the 

cathode”

“the

anode”



Stimulating Waveform Types

• The standard stimulating waveform consists of a train of cathodic 
first, charge- balanced biphasic pulses.  Each biphasic pulse 
comprises a stimulating phase, followed by a reversal phase. 

• The cathodic stimulating phase initiates action potentials

• The anodic reversal phase discharges the electrode, and prevents or 
minimizes Faradaic reactions from occurring

• An interphase interval may be used to increase effectiveness
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Typical values: 

Pulse Amplitude 200 μA to 2 mA for nerve cuffs, 40 μA to 500 μA for penetrating 
microelectrodes

Pulse width 100 to 500 μs

Stimulating

phase

Reversal

phase

time

current



The Tricks

29



Anodic Pre-Conditioning of 
the Stimulating Phase
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During long duration anodic (hyperpolarizing) pulses, the “h” 

parameter increases relative to resting potential, corresponding to

more open inactivation gates, thus decreasing the threshold for 

initiating an action potential with a subsequent cathodic pulse.

No action 

potential

Action 

Potential

initiated



Anodic Break: A Potential 
Problem at the Anode
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After a long duration hyperpolarization, the h parameter is high 

(inactivation gates open). If hyperpolarization is abruptly removed, 

the m parameter returns quickly while h remains high, and total 

conductance is high, perhaps initiating an action potential



Preventing Anodic Break
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To prevent anodic break, the hyperpolarization around the 

anode must be released slowly, with a time constant similar 

to the inactivation gate. This method is called  

“Quasitrapezoidal stimulation”.



Cathodic Pre-Conditioning: 
Accommodation
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During long duration sub-threshold cathodic (depolarizing) pulses, 

the inactivation (h) gates close, decreasing sodium conductance

and effectiveness for subsequent depolarizing pulses. This does not 

occur with short duration pulses.  

5 ms sub-threshold



Selectivity with 
Cathodic Pre-Conditioning
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Physiologically, smaller diameter fibers are recruited first, then

larger diameter fibers, allowing a smooth, graded motor response. 

During neural stimulation, larger diameter fibers are recruited first, 

which causes a coarse motor response. 



Selectivity with 
Cathodic Pre-Conditioning
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• Larger diameter fibers are recruited first by depolarizing 

(cathodic) pulses.  

• Similarly, larger diameter fibers are more affected by 

cathodic pre-conditioning than are smaller diameter fibers. 

• To recruit smaller diameter fibers first, apply a long duration 

sub-threshold cathodic (depolarizing) pulse prior to the 

stimulating cathodic pulse. This selectively closes the 

inactivation gates on the larger diameter fibers. 

5 ms
sub-threshold

stimulating



Selectivity: Current Steering
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0 mA

0.5 mA

0.5 mA



Selectivity: Current Steering
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1.0 mA

0 mA

0 mA



Quantification of 
Effectiveness
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The integrate-and-fire model of a neuron tells us that once 

enough charge is injected into a neuron, it will fire an

action potential ���� For effectiveness, maximize charge
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The Electrode / Tissue 

Interface Model



Transduction of Charge Carriers

40

The central process occurring at the electrode / electrolyte 

interface is a transduction of charge carriers, between 

electrons (in the electrode) and ions (in the electrolyte)

Anode 

(oxidation)

Cathode 

(reduction)

Put the current source

inside a hermetic package –

This is the same circuit



The Equilibrium Interfacial Potential
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Even in the equilibrium condition, there exists an electrical

potential difference at the electrode/electrolyte interface



Overpotential η

42

Equilibrium 

condition

Pass current, 

charge the 

interface 
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Physical Basis of the 
Electrode / Electrolyte Interface Model

Double layer capacitance Cdl due to: (1) transient charge transfer when materials 

meet, (2) adsorbed anions, (3) preferential orientation of polar water molecules

For small total charge injection �

All charge is through capacitive mechanism,

and there is no electron transfer
For larger total charge injection �

Faradaic processes begin
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Reversibility of Charge Injected through 
the Capacitive Mechanism

Consider injecting a small amount of charge cathodically. For a 

small enough injected charge, all charge is accommodated 

through the capacitive mechanism.

Next, reverse the direction of current with the same amount of 

charge applied anodically (known as a charge-balanced 

biphasic pulse).  

The movement of ions in solution that occurred during the 

cathodic phase will be exactly reversed.  At the end of the 

anodic phase, the solution’s chemical environment will be 

exactly as it was before the pair of pulses. This capacitive 

mechanism of charge injection is a reversible process. 



Quantification of Capacitive and 
Faradaic Currents
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- Capacitive current ic = Cdl dv/dt

depends on rate of change of voltage

does not depend of absolute value of voltage

- Faradaic current if is given by the current-

overpotential relationship

if = i0 {           exp (-αc n f η)  - exp ( +(1 - αc) n f η) }

where i0 is the exchange current density (indicates reaction 

kinetics), η is overpotential, n is number of electrons transferred,     

f = F / R T, [O] and [R] are reactant concentrations

[O](0,t) [R](0,t)

[O]ꝏ
[R]ꝏ



Three Regions of Faradaic Current
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Reversible and Irreversible 
Faradaic Processes
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Fast kinetics relative to mass transport 
� charge storage capacity � reversible

Slow kinetics relative to mass transport 
� no charge storage capacity (product 
diffuses away) � irreversible



Interaction of Ic and If; 
Appearance on Voltage Profile
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For small charge injections, all charge 

injection is by capacitive mechanisms.

applied 

current

voltage

across the 

interface



Interaction of Ic and If; 
Appearance on Voltage Profile
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As charge is delivered, the double layer capacitance and 

therefore the electrode interface charges up. 

An overpotential develops, and Faradaic reactions begin.

if is proportional to exp (η)

applied 

current

voltage

across the 

interface

Voltage inflection with 

Faradaic charge transfer



Interaction of Ic and If; 
Appearance on Voltage Profile
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Eventually the overpotential is large enough such that if 

(proportional to exp (η) ) exactly equals the injected 

current, and the overpotential no longer increases

applied 

current

voltage

across the 

interface



What can we measure? Cell Potential
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What can we measure? Cell Potential
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No Measurement of the 
“Single Interfacial Potential”
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It is an experimental limitation that a single 

interfacial potential can not be measured.



Two-electrode Potential Profile
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Pass current � The cell potential changes due to three effects: 

(1) overpotential 1, (2) overpotential 2, (3) iR drop in media 



Three Electrode Model
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A “good” reference electrode has a well-defined potential on an 

absolute scale, and is modeled by a low impedance Zfaradaic , 

thus no overpotential develops



Three-electrode Potential Profile
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Basic Waveform Types
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Monophasic Ratcheting
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At steady-state (after a few pulses), all injected charge goes 

into Faradaic processes



Charge-Balanced Biphasic 
Ratcheting
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At steady-state, either (1) there are no Faradaic processes, or 

(2) the same amount of charge goes into distinct reduction 

and oxidation processes



Strength-Duration and 
Charge-Duration Curves
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To initiate an action potential, we must be above the 

threshold line for current or charge. Stimulation is favored 

by using large amounts of charge.   



Effectiveness vs. Safety
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Stimulation effectiveness is favored 
by using pulses with large amounts 
of charge

Safety is favored by using pulses 
with little charge, minimizing any 
Faradaic reactions



Reversible Charge Storage 
Capacity (RCSC)
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The reversible charge storage capacity 

of an electrode is the total amount of 

charge which can be injected in 

reversible processes, either through the 

capacitive mechanisms or reversible 

Faradaic mechanisms.   



Quantifying the RCSC:
Slow Cyclic Voltammetry
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Pure capacitance,

no Faradaic reactions

Cdl for noble metals

is ~ 20 μF/cm2



Slow Cyclic Voltammetry
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Capacitance plus

reversible 

Faradaic reactions



Slow Cyclic Voltammetry
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Capacitance plus

irreversible 

Faradaic reactions

Water reduction occurs at 

~ -0.6 V and water 

oxidation at ~ +0.8 V vs. 

Ag/AgCl. The “water 

window” is the region 

between these limits. 



Slow Cyclic Voltammetry
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Capacitance plus 

mass transport-limited

irreversible 

Faradaic reactions



Quantifying the RCSC:
Slow Cyclic Voltammetry
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The maximum possible RCSC can be calculated 

by integrating the area inside the slow cyclic 

voltammogram representing all reversible 

processes. This yields a best-case estimate.  

Limitations: (1) During fast kinetics (pulsing), 

diffusion of reactant may limit charge delivery, 

(2) During pulsing, the entire potential range is 

not used – mitigated with anodic biasing.



Experimental 
Slow Cyclic Voltammograms
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Platinum Gold and Iridium Oxide



RCSC of some 
Common Electrode Materials
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Stainless 50 μC/cm2 oxide formation and 
Steel reduction

Platinum 350 μC/cm2 hydrogen atom 
plating: 210 μC/cm2

Iridium 3.5 mC/cm2 Oxide valency changes
Oxide



Two Mechanisms of 
Tissue Damage
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Mass Action: Intrinsic biological processes as 
excitable tissue is overstimulated
• depletion of oxygen or glucose
• increase in extracellular potassium
• excessive glutamate in the CNS

Faradaic Processes: Production of toxic 
Faradaic products during cathodic stimulation, 
e.g. reactive oxygen species such as 
superoxide and hydroxyl radicals 



Charge and Charge Density as 
Cofactors in Tissue Damage

71

Both charge and charge density are factors in damage.  

Shannon (1992) demonstrated the threshold for damage as:

log (Q/A) = k log(Q)



Comparison of Waveforms
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Effectiveness vs. Safety
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ZF: current is 

proportional 

to an 

exponential 

of voltage

Eeq

CDL ~ 

20 µF/cm
2

metal 

electrode

fluid

For effectiveness, maximize charge. 

However, increasing the injected charge 

means the voltage across the electrode 

interface increases, eventually leading to 

Faradaic reactions ���� For safety, 

minimize charge

For a 1 cm2 macroelectrode, it takes 

20 μC to perturb the voltage by 1 V.

For a microelectrode with 2 x 10-5 cm2, it 

only takes 400 pC, or 20 μA for 20 μs to 

cause a 1 V perturbation.



Design Considerations
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Proper design of stimulation involves 
acceptable compromises between stimulation 
effectiveness, requiring a sufficiently high 
charge per pulse, and safety, requiring a 
sufficiently low charge per pulse, thus 
preventing the electrode from reaching 
potentials where deleterious Faradaic 
reactions occur at an intolerable rate.



Design Considerations
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The fundamental design criteria for a safe 
stimulation is: The electrode potential must be 
kept within a potential window where irreversible 
Faradaic reactions do not occur at levels that are 
intolerable to the physiological system or the 
electrode. 

If irreversible Faradaic reactions do occur, one 
must ensure that they can be tolerated, or that 
their detrimental effects are low in magnitude 
(e.g. that corrosion occurs at a slow rate, so the 
electrode lasts longer than its design lifetime).



ДУЖЕ ТОБI ДЯКУЮ
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Current-Overpotential Plot as a function 
of Exchange Current Density
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Tafel Plot
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A plot of log (current) vs. overpotential. It has an anodic 

branch and cathodic branch, which both extrapolate to an 

intercept of log i0.  Near equilibrium, the reverse reactions 

must be considered. 



Ideally polarizable electrodes (IPEs) and 
Ideally non-polarizable electrodes (INPEs)
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In an IPE, the interface is 

modeled strictly as a double 

layer capacitance.

In an INPE, the interface is 

modeled strictly as a 

Faradaic impedance.



Reversible and Irreversible 
Reactions
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Current Control and Voltage Control
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