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Tutorial NT-1: Electrical Terms and 
Principles
Introduction

 The simplest electrical circuit consists of a source of 
voltage, a pathway for current to flow, and resistive 
elements. Two types of electrical circuits exist:

• Circuits in which the values of voltage, current, and resis-
tance are fixed in a steady-state; and, 

• Circuits in which the values of current and voltage vary with 
time in dynamic-state. In addition to resistive elements, 
dynamic circuits also contain the elements of capacitance and 
inductance. 

Steady-State Circuits
The three important quantities measured in the evalu-

ation of steady-state circuits are voltage (V) or 
potential (E), current (I), and resistance (R). Using a 
river as an analogy for a steady-state circuit, voltage is 
like the water pressure which develops because one 
point in a river is higher than another; current is like the 
amount of water flowing in a river; and, resistive 
elements are like obstructions in the river that prevent 
the flow of water. These three concepts are related to 
each other in Ohm's law:

V = IR
The equation states that the voltage level is proportional 
to the current flowing through a resistance. Therefore, 
with higher the resistances, the potential difference, or 
voltage drop, across a circuit is higher.

Voltage
Voltage, or potential, is the difference in the electrical 

pressure that occurs in a circuit. Voltage may be 
supplied from a power plant, a car battery, specialized 
cells in eels, and so on. Physiological voltage levels are 
generally quite small and measured in millivolts (mV) or 
microvolts (µV).

Note: milli = 10-3; micro = 10-6; nano = 10-9; pico = 10-12

Current
Current is the quantity of electrical charge flowing per 

unit time in a circuit. Current may be carried as a flow of 
electrons along a metal wire, as ions flowing through a 
solution, as ions flowing through cell junctions (such as 
the intercalated disks in heart muscle cells), etc. 
Because current is defined in terms of the movement of 
a positive charge, current always flows from a higher 
positive voltage to a lower voltage. Current is measured 
in amperes (A), milliamperes (mA), microamperes 
(µA), or nanoamperes (nA).   The currents generated by 
nerve and muscle cells are in the range of 0.1-10 
nanoamperes or nanoamps.

Current can be direct (DC) or alternating (AC). DC 
current flows continuously and in only one direction 
around a circuit. AC current changes direction periodi-
cally in a circuit; its amplitude variations are usually in 
the form of a sine wave (see Dynamic Circuits below). 
The frequency of the sine wave is one of the distin-
guishing properties of an AC signal. Frequency is equiv-
alent to the reciprocal of the period and is measured in 
Hertz (Hz) or cycles per second. For example, the 
electricity supplied to North American households is in 
the form of sine waves with a frequency of 60 Hz and 
amplitude of 110 V; in Great Britain, the frequency is 50 
Hz, and its amplitude is 220 V.

Resistance
Resistance is the measure of the difficulty with which 

electrons flow through a medium. Resistive elements 
cause voltage (electrical potential) to drop from one side 
of the element to the other. Resistors, light bulbs, 
electrodes, and cell membranes all provide resistance to 
current flow, causing a voltage drop. Resistance is 
measured in ohms (Ω), kilohms (kΩ), or megohms 
(MΩ). 

Conductance (G) is the reciprocal of resistance:

G = 1/R 

The unit of conductance is the sieman (S), although it 
is sometimes still called the mho, because it is the recip-
rocal of ohm. The conductance of a single channel in a 
cell membrane is usually 10 to 100 picosiemans (pS, 
which is 10-12 S).

Ground
The amplitude of a voltage, like all forms of potential 

energy, can be assigned only in relation to a reference 
point. Ground is the zero or reference point for voltage 
in a circuit. True ground is the potential of the earth. The 
third prong of an electrical plug provides a convenient, 
but not always the best path to ground. 

Circuit Analysis of Steady-State Circuits
The first thing we need to know about a circuit is the 

total voltage and the total current that flows in it. In a 
simple circuit (Figure NT-1-1 on page NT-1-2), the 
voltage is simply the amount supplied by the battery (V), 
and the current is equal to that voltage divided by the 
resistance (R). The potential difference, or voltage drop, 
in this simple circuit occurs across the resistor. The 
accepted way to express the situation would be to say: 
“The voltage dropped across the resistor”. The voltage 
measured across the resistor is equal to the total voltage 
of the battery.
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 Figure NT-1-1: A simple circuit. The voltage is supplied by a battery, with 
its positive and negative terminals indicated, and a single resistor.

In addition to knowing the total voltage and the total 
current in a system, it is often necessary to know the 
voltage at a particular place in a circuit and the amount 
of current that flows across a given resistor. For steady-
state circuits, this depends upon the total potential and 
resistance, but it also depends upon the distribution of 
the resistive elements (i.e., the resistors). No matter how 
complex the circuit, resistors can be arranged in only 
two ways, in series or in parallel.

Series Resistance
A steady-state circuit having three resistors in series is 

represented in Figure NT-1-2 on page NT-1-2. In this 
circuit, the entire voltage supplied across the battery is 
dropped across the three resistors. 

 Figure NT-1-2: A steady-state circuit with the resistors arranged in series.

The portion of the voltage dropped across one of the 
resistors depends on the size of that resistor relative to 
the other two.   For example, the voltage that would be 
measured across R3 is:

To find the amount of current that flows in this circuit, 
the voltage supplied by the battery must be divided by 
the sum of all the resistors: 

I = V/(R1 + R2 + R3)

Parallel Resistance
A steady-state circuit having three resistors in parallel 

is represented in Figure NT-1-3 on page NT-1-2. The 
voltage drop across each resistor, or each leg of the 
circuit is the same and is equal to the voltage supplied 
by the battery.

 Figure NT-1-3: A steady-state circuit with the resistors in parallel.

The total resistance of this type of circuit is calculated 
as follows:

The current flow across each resistor is determined by 
the size of that resistor. For example, the current flow in 
R2 is:

I2 = V/R2

Dynamic Circuits
Like steady-state circuits, dynamic circuits are 

evaluated for voltage and current levels. However, not 
only do dynamic circuits contain resistive elements, they 
also have elements of capacitance and inductance, 
elements that vary with changes in voltage. If the input 
to such a circuit is constant (i.e., it is a DC signal), the 
value of the capacitance and inductance is zero. If, 
however, the input signal varies with time, that signal is 
distorted by capacitance and inductance. 

An example of a signal with a time-varying input 
current (AC current) can be seen in Figure NT-1-4 on 
page NT-1-3. This is a sine wave that repeats itself over 
the same range of current. If this current were presented 
to the steady-state circuits discussed above, the current 
would vary in the same way with time, and the value of 
the voltage could be calculated using Ohm's law. In a 
dynamic circuit, however, capacitors and inductors 
influence the current flow according to how fast the 
current is changing, so that Ohm's law no longer applies.
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 Figure NT-1-4: Alternating current as a function of time.

Capacitance
A capacitive element consists of two conducting 

surfaces that are separated by a non-conducting 
(dielectric) material. When current flows into a capacitor, 
a positive charge builds up on the first surface and a 
negative charge builds up on the opposite surface. 
Capacitance is the amount of charge that can be stored 
per volt on the capacitor's surface. Its units are farads 
(F). Since most capacitors are small fractions of a farad, 
most real capacitors have values measured in micro-
farads (µF) or picofarads (pF). The lipid bilayer in 
biological membranes is an excellent dielectric, so that 
the space between channels across cell membranes 
forms a very effective capacitor which changes the 
shapes of the electrical events generated by the opening 
and closing of channels. Also, the glass walls of a glass 
microelectrode serve as capacitors that distort the 
signals being measured by the electrode. In order to 
measure accurately the electrical signals generated by 
neurons and muscle cells, it is necessary to eliminate 
this source of capacitance.

Inductance
An inductor is a low-resistance wire wound into a coil. 

Inductance is similar to capacitance as it is also 
dependent on the rate of change of the input signal. 
However, an inductor has the opposite properties. It has 
lower resistance with lower current flow and higher 
resistance at higher currents. So, an inductor has low 
resistance in a steady-state circuit. Inductive elements 
are seldom found in electrophysiology and therefore will 
not be discussed further.

Circuit Analysis of Dynamic Circuits
If a battery were connected to a capacitor, it would 

initially present very little resistance to electron flow, and 
the current would be high. However, as charges 
accumulate on the surfaces of the capacitor, positive on 
one surface and negative on the other, the capacitor 
saturates with charge and the resistance to current flow 
increases until the current stops flowing. At this point, 

the circuit has reached steady-state and the capacitor 
behaves as an open circuit because the resistance is 
infinite. The circuit remains open unless the voltage is 
high enough to break down the dielectric of the 
capacitor). The length of time that current flows depends 
on the size of the capacitor. A capacitor with a larger 
surface, which translates to a larger capacitance, will 
take longer to charge than will a capacitor with a smaller 
surface. If the direction of the applied voltage is 
reversed, current can flow in the opposite direction, 
initially to remove the accumulated charge and then to 
accumulate charge in the opposite direction. If the 
current continues to alternate, the capacitor will pass 
current as long as the cycle time of the AC signal is 
shorter than the time it takes for the capacitor to 
saturate with charge. 

For practical purposes, circuits are never made purely 
of capacitors but also have resistors in them. Most 
circuits can be understood by considering two cases: 
when a capacitor is in series with a resistor and when it 
is in parallel with a resistor.

Capacitor in Series with a Resistor
Consider the current that flows in the circuit when a 

square-wave voltage is applied across a resistor and 
capacitor in series, as seen in Figure NT-1-5 on page 
NT-1-3.

 Figure NT-1-5: A circuit with a resistor (R) and capacitor (C) in series with a 
square-wave generator (S).

At the positive-going part of the square wave, charge 
accumulates on one plate of the capacitor, and positive 
current flows. As charge accumulates, less current flows 
until no more can flow. In fact, no more current will flow 
as long as the voltage stays constant. The time that it 
takes the circuit to reach 63% of its final state, which 
occurs at the voltage that is 37% of its maximum, is 
called the time constant of the circuit. The time 
constant for this circuit is determined by the circuit 
capacitance (C) in µF and the circuit resistance (R) in 
MΩ:

T = RC

At the negative-going part of the square wave, all the 
charge that has accumulated on the capacitor now flows 
in the opposite direction until the capacitor is completely 
discharged. The size and time-course of the discharge is 
equal and opposite of the original charge. If the voltage 
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across the resistor is measured, its shape is the same as 
the shape of the current because at every instant, this 
voltage is equal to the changing current times the 
constant resistance, as defined by Ohm's law.

Capacitor in Parallel with a Resistor
A very different behavior is seen when a resistor and 

capacitor are in parallel, as seen in Figure NT-1-6 on 
page NT-1-4.

 Figure NT-1-6: A circuit with a resistor in parallel with the capacitor.

In this case, a large amount of current flows at the 
start of the square wave, some of it goes through R2 and 
some of it charges the capacitor that has a very low 
resistance at this point. All the current flows through R1. 
When the capacitor is fully charged, current does not 
flow through it, but current does flow through the 
resistor. Note that the voltage across R2 increases with 
the same time-course as the decay of current across the 
capacitor.

In some cases, capacitors in parallel with a resistor 
can be a nuisance. For instance, the glass in the micro-
electrode used to record bioelectrical signals serves as 
a dielectric between the fluids inside and outside the 
electrode. The glass is a capacitor in parallel with the 
resistance of the microelectrode. This arrangement 
tends to round-off sharp signals, like action potentials, 
in the same way it rounds off the square wave in Figure 
NT-1-6 on page NT-1-4. To overcome this rounding-off, 
the amplifiers used to record from microelectrodes have 
sophisticated capacitance compensation circuits. 

In other cases, parallel conductances can be useful. 
For example, amplifiers usually have a high cutoff filter 
to eliminate high-frequency signals that are part of the 
recording. Such filters are usually composed of circuits 
like Figure NT-1-6 on page NT-1-4.

Impedance
Impedance (Z) is a measure of the opposition to 

current flow created by a circuit component. The 
impedance to current flow caused by a resistor is equal 
to its resistance. The impedance caused by a capacitor 
is known as capacitive reactance. Reactance, like 
resistance, is expressed in ohms. Since the degree of 
current limitation in a capacitive circuit depends on the 
frequency of the signal, capacitive reactance is given by 
this formula:

Xc =  -1/(2π f C)

where: Xc is capacitive reactance in ohms

f  is the frequency in Hz

C is the capacity in farads

The total impedance of a circuit is calculated by 
combining the impedances (resistances and reactances) 
of each element. If the elements are connected in series, 
the impedances are added together. If the elements are 
connected in parallel, the formula used to derive the 
total resistance of a parallel resistive circuit is used, with 
impedances being substituted for resistances.

Ohm's law can be applied to impedance by substituting 
Z for R:

V = IZ 

It is somewhat sloppy terminology, but impedance is 
often used for resistance when discussing the 
properties of an amplifier or an electrode. Often, ampli-
fiers are referred to as having high input impedance, or 
electrodes are referred to as having low impedance, 
when it is resistance that is being discussed.
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Tutorial NT-2: Amplifiers for 
Neurobiology

This tutorial reviews the functions of the A-M Systems 
Model 3000 extracellular amplifier and the A-M Systems 
Model 3100 intracellular electrometer

A-M Systems Model 3000 AC/DC Extracellular 
Amplifier 

The Model 3000 is a single-channel, differential 
amplifier (Figure NT-2-1 on page NT-2-11) that is 
designed for low-noise recordings from excitable tissue. 
When the amplifier is used with a simple 3-wire input 
cable, extracellular recordings of nerve and muscle 
action potentials, electrocardiograms (ECG), 
electromyograms (EMG), electroencephalograms (EEG), 
and more can be easily made. The Model 3000 is also 
used with a headstage probe which enables recordings 
of biopotentials to be made using microelectrodes. The 
headstage probe can also be used with a microelectrode 
and a stimulator to inject current into a cell.

The Model 3000 passes the signal being recorded 
through a high-gain, low -noise differential amplifier 
stage and then through a second stage with high pass, 
low pass, and notch filters. When a signal is relayed to 
the data acquisition unit through an amplifier like the 
Model 3000, the amplifier is often referred to as a 
preamplifier. The Model 3000 has high input impedance 
that preserves the amplitude of the biopotential signal 
being recorded and reduces the current drawn from the 
excitable tissue being studied.

Power Supply
Power for the Model 3000 comes from a remote AC 

power supply connected to the power input on the back 
panel of the Model 3000. The voltage supplied to the 
amplifier by the AC power supply is 30 Volts DC. When 
the amplifier is not in use, unplug the AC power supply 
from outlet on the wall.

Power Switch
The power switch on the front of the Model 3000 

controls the DC power going into the main circuit of the 
amplifier. The LED next to the switch glows to indicate 
when the amplifier is ON. The power switch does not 
control the power going into the AC power supply, so 
that power supply should be disconnected from the 
outlet when the amplifier is not being used.

Headstage Indicator
This LED indicates whether the Model 3000 is set up 

for use with a headstage (light on) or without a 
headstage (light off).

Probe Input
The input of the Model 3000 is a DB15 connector on 

the front panel of the amplifier that is labeled PROBE. 
This input accepts either a three-lead input cable or a 
headstage probe. The three-lead input cable is 
commonly used when potentials are recorded differen-

tially from outside cells. The headstage probe is used 
when potentials are recorded from inside a cell with a 
microelectrode or a cell is stimulated through a micro-
electrode placed across the cell membrane. Additional 
information about the headstage and its use are 
provided later.

Three-Lead Input Cable
This cable is used to connect three electrodes 

(recording, reference, and ground) to the PROBE input 
of the Model 3000 amplifier. The end of the cable 
attached to the electrodes has color-coded lead wires:

• the black lead wire is connected to the recording, or positive, 
electrode.

• the white lead wire is connected to the reference, or 
negative, electrode.

• the green lead wire is an extension of the driven shield that 
surrounds the wires in the input cable. The driven shield helps 
preserve the strength of the signal recorded and can be used 
as the ground for the preparation when the green lead wire is 
attached to the ground electrode.

Warning: If the green lead wire and the driven shield are 
connected to the ground electrode, the ground input on 
the front panel of the Model 3000 should not be connected 
to the driven shield, the green lead wire, or the ground 
electrode.

C-DB15-P3 Cable
This cable is a specialized version of a three lead input 

cable with gold-plated pin sockets. The C-DB15-P3 
cable is used to connect the NBC-300 nerve bath 
chamber in the NBK kit to the Model 3000 amplifier. 

Input Selector
This switch sets the input of the Model 3000 to three 

different modes of recording:

• DIFF: for differential recording from the positive electrode in 
reference to the negative electrode. This method of recording 
cancels out noise in the recording without destroying the 
signal.

• MONO: for monopolar recording using the positive electrode 
in reference to ground electrode. This method of recording 
removes the inverted waveform of a signal from the recording.

• GND: for grounding the inputs to the amplifier that allows the 
ground level voltage to be positioned on the recording device.

Warning: The Input Selector cannot be used when the 
Model 3000 is configured to work with the headstage 
probe.

Output
The output signal of the Model 3000 is provided 

through the BNC connector labeled OUTPUT on the front 
panel of the Model 3000.
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Ground
Access to the ground of the amplifier circuit is provided 

through the banana jack labeled GND on the front panel 
of the Model 3000. To reduce the amount of noise on 
extracellular recordings, grounding the bath chamber or 
the tissue directly to this ground input may provide 
better results as compared to using the driven shield of 
the input cable.

Gain
The knob labeled GAIN controls the amplification 

applied to potentials by the Model 3000. 
When the Model 3000 is in record mode as selected by 

the REC position of the MODE switch on the front panel 
of the amplifier, rotating the GAIN knob allows one of the 
following gains to be selected: 50X, 100X, 500X, 1000X, 
5000X, or 10000X.

When the Model 3000 is in stimulate mode as selected 
by STIM position of the MODE switch, rotating the GAIN 
knob allows one of the following stimulus ranges to be 
selected: 5V/mA, 10V/mA, 50mV/µA, 0.1V/µA, 0.2V/µA, 
or 1.0V/µA.

When the Model 3000 is in impedance test mode as 
selected by REC position of the MODE switch and the 
ΩTEST switch, rotating the GAIN knob allows one of the 
following ranges to be selected: O.1Vp-p/MΩ, O.2Vp-p/
MΩ, 1Vp-p/MΩ, 2Vp-p/MΩ, 10Vp-p/MΩ, or 20Vp-p/MΩ. 

DC Offset Knobs
A DC offset voltage can be added to the input voltage 

by turning the COARSE or FINE DC OFFSET knobs. DC 
offset can be used to change the position of the signal 
on the display or compensate for the potentials of the 
electrodes. The COARSE knob covers a range from 0.0 
to 250 mV, and the FINE knob can add up to 25mV to 
the position of the COARSE knob.

DC Offset Switch
This switch sets the polarity of the DC offset voltage 

allowing either a positive (+) or negative (-) DC offset 
voltage to be added to the input voltage. The switch also 
has an OFF position that prevents an offset voltage from 
being applied to the input voltage.

Over Range Indicators
When the output of the amplifier is above the limit of 

+10V or below the limit of -10V, an LED labeled + or - 
will glow.

High Pass Filter
This rotary switch selects the lower limit of the 

frequencies in the input signal that are kept in the signal 
that is passed to the recorder.

Any frequencies in the input signal that are below the 
limit set for the HIGH PASS FILTER are removed from 
the input signal by being attenuated by a factor of 100 
(or -40db) for each power of ten decrease in the 
frequency of the input signal. For example, if the HIGH 
PASS FILTER is set to 100Hz, a 10Hz signal will be 
attenuated by a factor of 100, but a 1Hz signal will be 
attenuated by a factor of 10,000.

The HIGH PASS FILTER is used to reduce slow oscil-
lations in the baseline of the input signal, like the oscilla-
tions of the baseline in an ECG caused by the breathing 
of the subject.

When the HIGH PASS FILTER switch is in the DC 
position, the high pass filter is OFF. 

Low Pass Filter
This rotary switch selects the upper limit of the 

frequencies in the input signal that are kept in the signal 
passed to the recorder.

Any frequencies in the input signal that are above the 
limit set for the LOW PASS FILTER are removed from 
the input signal by being attenuated by a factor of 100 
(or -40db) for each power of ten increase in the 
frequency of the input signal. For example, if the LOW 
PASS FILTER is set to 1kHz, a 10kHz signal will be 
attenuated by a factor of 100, but a 100kHz signal will be 
attenuated by a factor of 10,000.

The LOW PASS FILTER is used to reduce high 
frequency noise above the frequencies in the signal 
being recorded.

Note: The combination of the upper and lower limits set for the 
LOW PASS and HIGH PASS FILTER functions, respectively, 
creates a BAND PASS FILTER.

Notch Filter
The NOTCH filter applies a -50db attenuation to the 

AC power line frequency that interferes with potentials 
being recorded. When the switch is in the ON position, 
the notch filter is placed in the path of the input signal. 
When the switch is in the OFF position, the notch filter is 
bypassed.

Although the NOTCH filter can significantly reduce 
unwanted interference from AC power sources, the use 
of this filter will cause some distortion of the signal, 
especially in frequencies below 100 Hz.

Warning: The NOTCH filter should only be used only if 
other noise reduction techniques, such as proper 
grounding of the preparation or shielding of electrodes, 
are inadequate.
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Typical Setup with Three-Lead Input Cable
1 Make sure the Model 3000 is turned off.

2 Connect the three-lead input cable to the PROBE input on 
the front panel of the Model 3000.

3 Place the knobs and switches on the front of the Model 
3000 amplifier in the positions that configure the amplifier 
for this typical setup. The settings are listed in Table NT-2-1 
on page NT-2-3.

4 Connect the recording electrode to the black wire, the 
reference electrode to the white wire, and the ground 
electrode to the green wire on the input cable.

5 Plug the output of the AC power supply into the power input 
on the back of the Model 3000 amplifier. Plug the power 
cord of the AC power supply into the electrical outlet. 

6 Flip the power switch of the Model 3000 to the ON position 
and allow the amplifier to warm up for 5 minutes. 

7 If the recording has a lot of 60Hz noise, connect the ground 
electrode to the ground input of the Model 3000 amplifier.

Warning: Never connect the ground input on the front of 
the Model 3000 to the green wire of the input cable that is 
an extension of the driven shield of the input cable, either 
directly or indirectly.

A-M Systems Model 3000 with Optional 
Headstage Probe

Headstage Probe
The Model 3000 amplifier can be used with a 

headstage probe to record from or stimulate excitable 
cells using a microelectrode. Before the headstage is 

used, the Model 3000 must be opened so that jumper 
connections on the unit’s circuit board can be recon-
figured.

The headstage probe has three sockets for connection 
to electrodes. A high impedance microelectrode is 
connected to the PROBE+ input, and an indifferent 
electrode is connected to the PROBE- input. 

For the proper operation of the headstage probe, a 
ground electrode in the bath chamber or on the tissue 
must be connected to either the PROBE GND input or 
the GND input on the front panel of the Model 3000. The 
placement of the ground is dependent on the application 
used and the intended path of the current flowing 
through the circuit. When a microelectrode is used on 
the headstage probe, the PROBE GND is usually 
connected to the PROBE - input (indifferent lead).

When lead wires and electrodes are being attached to 
the positive, negative, and ground inputs of the 
headstage probe, the INPUT SELECTOR switch on the 
front panel of the Model 3000 should be in the GND 
position. When recording, stimulating, or testing of the 
impedance of the microelectrode are performed through 
the headstage probe, the INPUT SELECTOR switch 
should be in the DIFF position.

Headstage Indicator
This LED indicates whether the Model 3000 is 

configured for use with a headstage (light on) or without 
a headstage (light off).

Electrode Test (ΩTEST) Switch
When this toggle switch on the front panel of the Model 

3000 is set to the ΩTEST position, the amplifier sends a 
2 nA p-p, 100 Hz square-wave signals through the 
headstage probe to the microelectrode. This signal is 
used to test the resistance of the electrode and adjust 
the capacitance compensation of the amplifier. 

Note: Place the recording and reference electrodes in a saline 
solution in order to test the resistance of the electrode.

To record the test signal sent to the microelectrode on 
the recording device connected to the OUTPUT of the 
amplifier, the MODE (STIM-GATE-REC) switch must be 
set to the REC position when the electrode test switch is 
set to the ΩTEST position. 

An accurate measurement of the impedance also 
requires the test signal to be a square wave. To square 
the corners of the signal recorded through the OUTPUT, 
rotate the CAPACITY COMPENSATION knob clockwise 
until the corners of the test signal are square.

When the MODE switch is in the REC position and the 
electrode test switch is in ΩTEST position, the amplitude 
of the square wave is a direct measure of impedance in 
one of the following ranges selected by rotating the 
GAIN knob: O.1Vp-p/MΩ, O.2Vp-p/MΩ, 1Vp-p/MΩ, 2Vp-
p/MΩ, 10Vp-p/MΩ, or 20Vp-p/MΩ.

Table NT-2-1: Settings for the Functions of the 
Model 3000 Amplif ier

Funct ion Sett ing

HIGH PASS FILTER (Hz) DC

NOTCH FILTER OFF

LOW PASS FILTER (kHz) 20

CAPACITANCE COMPENSATION Counterclockwise

COARSE DC OFFSET Counterclockwise

FINE DC OFFSET Counterclockwise

DC OFFSET OFF

INPUT MODE DIFF

GAIN 50

RESISTANCE (Ω )  TEST OFF

MODE REC
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Stimulus
The STIMULUS BNC connector allows a stimulator to 

be connected to the amplifier. The stimulator is used to 
generate a current that is passed through the headstage 
probe and the microelectrode to the cell when the STIM-
GATE-REC switch is in the STIM position. The center 
pin of the BNC connector is the positive input and the 
outer ring of the BNC connector is the negative input.

When the MODE switch is in the STIM position, the 
output signal is a measure of the current passing 
through the electrode in one of the following ranges 
selected by rotating the GAIN knob: 5V/mA, 10V/mA, 
50mV/µA, 0.1V/µA, 0.2V/µA, or 1.0V/µA. 

Gate
The GATE BNC input enables the Model 3000 amplifier 

to be switched between Record and Stimulate modes 
by TTL level signals from an external device. When 
MODE switch is set to the GATE position, and a high 
TTL level signal (5V) in the GATE input switches the 
Model 3000 amplifier into stimulus mode. When the TTL 
level signal is low (OV), the amplifier is in record mode. 

Mode (STIM-GATE-REC) Switch
This toggle switch controls the operating mode of the 

Model 3000 amplifier: record mode (REC); stimulate 
mode (STIM); or, gate mode (GATE). 

Capacity Compensation Knob
When a square-wave pulse is used to stimulate a cell, 

the corners of the pulse are rounded by the capacitance 
of the electrode. This presents a problem when 
measuring the latency and threshold of the cell being 
stimulated. If the corners of the pulse are rounded, the 
full amplitude of the stimulus is not delivered to the cell 
at the onset of the pulse or maintained until the offset of 
the pulse. The delayed build-up of the stimulus 
amplitude can cause a delay in the development of the 
action potential in the cell and inaccurate measure-
ments of the latency and threshold of the cell.

The CAPACITY COMPENSATION knob is used to 
adjust the shape of the square-wave stimulus pulse 
through an active feedback circuit that is capable of 
compensating for up to 30 picofarads (pF) of electrode 
capacitance. 

Warning: If the capacity compensation is too high, the 
circuit to oscillate wildly and change frequency. The 
electrode will vibrate as a result of oscillation in the circuit 
and possibly damage the cell or tissue. Care should be 
used when operating capacity compensation. It is a good 
practice to turn the knob back half way after the 
impedance is measured. This minimizes the possibility of 
overcompensation when recording. 

Capacity compensation can be adjusted with the 
recording electrode in the experimental preparation by 
using the internal square-wave generator of the Model 
3000 and a recording device connected to the output of 

the amplifier. Increase capacity compensation by 
rotating the knob clockwise. Adjust the capacity compen-
sation to obtain the sharpest corners possible on the 
square-wave stimulus pulse without having a voltage 
spike overshooting the corner of the pulse. 

Typical Setup for Recording with Headstage Probe
These general directions apply to most methods of 

recording and stimulating cells and fibers with microelec-
trodes. For specific applications, different procedure will 
be explained in the procedures of the experiment.

1 Make sure the Model 3000 is turned off.

2 Connect the headstage probe cable to the PROBE input on 
the front panel of the Model 3000.

3 Place the knobs and switches on the front of the Model 
3000 amplifier in the positions that configure the amplifier 
for this typical setup. The settings are listed in Table NT-2-3 
on page NT-2-8.

4 Plug the output of the AC power supply into the power input 
on the back of the Model 3000 amplifier. Plug the power 
cord of the AC power supply into the electrical outlet. 

5 Flip the power switch of the Model 3000 to the ON position 
and allow the amplifier to warm up for 5 minutes

6 Connect a recording electrode to the positive input and a 
reference electrode to the negative input of the headstage.

7 On the headstage probe, the reference electrode can be 
connected to ground by tying the negative input to the 
ground input.

8 Clamp the headstage in a micromanipulator. 

9 Dip the tip of the microelectrode and the reference electrode 
into a prep dish filled with the solution used to bathe the 
tissue used in the experiment. 

Table NT-2-2: Typical Sett ings for the Functions 
of the Model 3100 Amplif ier

Funct ion Sett ing

DC OFFSETS, FINE & COARSE Counterclockwise

DC OFFSET SWITCH OFF

CAPACITY COMPENSATION Counterclockwise

GAIN 50

RESISTANCE (Ω )  TEST OFF

NOTCH FILTER OFF

HIGH PASS FILTER (Hz) DC

LOW PASS FILTER (kHz) 20

INPUT SELECTOR GND

INPUT MODE REC
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Note: The solution should be at the same temperature at 
which the experiment will be conducted. Immerse the micro-
electrode to about the same depth at which it will be used in 
the experiment.

10 Connect a recording device to the OUTPUT BNC connector 
on the front of the Model 3000. Set the display time for the 
screen of the recording device to 50 milliseconds (msec). 
Flip the INPUT switch to DIFF.

11 The voltage displayed on the recording device is the offset 
potential between the recording and ground electrode. Set 
the DC OFFSET switch to the polarity (+ or -) needed to 
move the voltage to zero. Adjust the DC OFFSET knob to 
zero the voltage displayed on the recording device.

12 Test the resistance of the recording electrode. Move the 
switch to ΩTEST to inject a 100 Hz square-wave current 
through the electrode. The voltage recorded indicates the 
resistance of the electrode at a rate of 100mV for each MΩ 
of electrode resistance. 

13 Adjust the display time on the recording device to display a 
good recording of the square-wave pulse.

14 Increase the CAPACITY COMPENSATION to square up 
the corners of the waveform. Avoid adding too much 
capacity compensation to the waveform. Overcompensation 
causes excessive noise and high frequency oscillations of 
the circuit and microelectrode that could lead to tissue 
damage. 

15 Turn the CAPACITY COMPENSATION knob halfway back 
toward the off position to avoid overcompensation during 
recording.

16 Turn OFF the ΩTEST switch to stop the electrode test. 

17 Place the electrodes in the dish containing the preparation 
to be tested. Position the recording electrode on or in the 
cell or fiber being measured.

18 Apply the HIGH PASS, LOW PASS, and NOTCH filters as 
needed.

19 Increase the GAIN until the output voltage of the Model 
3000 is just below the input voltage limit of the recording 
device (+5V for an iWorx 214). If the input voltage limit of 
the recording device is greater than +10V, set the gain of 
the Model 3000 so the signal at its output is less than +10V.

Typical Setup for Stimulating with Headstage Probe
1 Place the MODE switch in the STIM position.

2 Connect the output of an isolated stimulator to the 
STIMULUS BNC input of the Model 3000. An isolated 
stimulator is used to:

• enable the stimulus current to be monitored by measuring 
the voltage across an internal 100Ω resistor that is in series 
with the negative probe input.

• produce recordings with less stimulus artifact that ones using 
ground-referenced stimulators.

• prevent excess voltages from appearing at the input of the 
probe amplifier.

3 The center pin of the STIMULUS BNC input is connected to 
the positive probe input. The ring of the STIMULUS BNC 
input is connected to the negative probe input. When an 
isolated stimulator is used, the negative probe input must be 
grounded to function properly.

Mounting Microelectrodes
The easiest way to mount a microelectrode is with a 

half-cell type holder. To fit the socket on the headstage 
probe, the holder needs to have a 2mm (0.08in) 
diameter pin connector. 

Fill the holder with the same solution used to fill the 
micropipette, usually this is 3M KCl. Make sure there are 
no air gaps or bubbles in the microelectrode, or in the 
holder, to cause a lack of continuity in the electrical 
connection between the tissue and the probe.

If the microelectrode needs to move freely or float 
when recording from muscle fibers:

• place a thin, chlorided silver wire into the stem of a filled 
microelectrode.

• secure the wire to the open end of the microelectrode with 
fast-drying cement. 

• solder the other end of the wire to 2mm (0.08in) diameter 
pin connector.

• coil the wire between the pipette and pin connector into 
spring. 

• insert the clean and dry pin connector in the headstage. 

Mounting the Headstage to the Micromanipulator
The headstage should be clamped in the micromanipu-

lator using the mounting rod attached to the rear of the 
headstage.

A-M Systems Model 3100 Intracellular 
Electrometer

The Model 3100 intracellular electrometer is an 
amplifier (Figure NT-2-2 on page NT-2-11) with a small, 
lightweight headstage probe used for recording poten-
tials inside cells and fibers. Potentials are measured 
through a microelectrode connected to the small, light-
weight headstage probe of the Model 3100.

The input impedances of microelectrodes are high 
when compared to the input impedances of extracellular 
electrodes. If microelectrodes were connected to an 
extracellular amplifier or recording device with low input 
impedances, the amplitudes of the recorded potentials 
would be extremely low as compared to the actual ampli-
tudes of the potentials.
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Intracellular electrometers are designed to match the 
impedances of microelectrodes to the input impedances 
of recording devices to prevent drops in the amplitudes 
of potentials. Electrometers have high input impedances 
to accommodate the impedances of microelectrodes and 
a low output impedances to match the low input imped-
ances of most recording devices. This matching is 
accomplished through a circuit in the electrometer 
known as a voltage follower. Because of the design of an 
intracellular amplifier, the amount of gain required to 
amplify a potential recorded with an intracellular 
electrometer is small (1X to 10X). However, electrical 
noise has a greater effect on intracellular recording 
systems, so the components in this type of recording 
system must be shielded from noise to a greater extent. 
The Model 3100 amplifier can be placed inside a 
Faraday cage, near the preparation, because it is 
powered by an external power supply that delivers DC 
current to the unit and not noise-inducing AC current.

In addition to features that optimize the recording of 
potentials, the Model 3100 amplifier has a current 
injection system that allows both internal and external 
current sources to deliver stimuli to cells through the 
headstage probe and the microelectrode in either a 
continuous or a momentary manner.

Power Supply
Power for the Model 3100 comes from a remote AC 

power supply connected to the power input on the back 
panel of the Model 3000. The current from the power 
supply to the amplifier is DC, which allows the amplifier 
to be placed near the preparation with minimal inter-
ference from AC power. When the amplifier is not in use, 
unplug the AC power supply from outlet on the wall.

Power Switch
The power switch on the front of the Model 3100 

controls the DC power going into the main circuit of the 
amplifier from the power supply. The LED next to the 
power switch glows to indicate when the amplifier is ON. 
The power switch does not control the power going into 
the AC power supply, so the AC power supply should be 
disconnected from the outlet when the amplifier is not 
being used.

Headstage Probe Input
The input of the Model 3100 is a miniature DIN6 

connector on the front panel of the amplifier that is 
labeled PROBE. 

Warning: Always turn OFF the power to the Model 3100 
before connecting or disconnecting the headstage probe.

Output
The OUTPUT signal of the Model 3100 is provided 

through either of the two BNC connectors on the front 
panel of the Model 3100. The output is suitable for 
recording by any common type of recording device.

The BNC connector labeled x1 provides an output that 
is the amplitude of the measured signal added to any DC 
offset selected from the controls on the front panel of the 
amplifier.

The BNC connector labeled x10 provides an output 
that is ten times the amplitude of the measured signal 
added to any DC offset selected from the controls on the 
front panel of the amplifier. 

Ground
This connector that is labeled GND provides the 

ground or reference point needed in the recording circuit 
to measure the potential picked up by the probe.

DC Offset Knob
A variable DC offset voltage can be added to the input 

voltage by turning the DC OFFSET knob. DC offset can 
used to change the position of the signal on the display 
or compensate for the potentials of the electrodes. 

An offset range of 0.0V to +1.0V is available from the 
X1 OUTPUT. An offset range of 0.0V to +10.0V is 
available from the X10 OUTPUT.

DC Offset Switch
This switch sets the polarity of the DC offset voltage 

allowing either a positive (+) or negative (-) DC offset 
voltage to be added to the input voltage. The switch also 
has an OFF position that prevents an offset voltage from 
being applied to the input voltage.

Low Pass Filter
This rotary switch selects the upper limit of the 

frequencies in the input signal that are kept in the signal 
passed to the recorder. 

Any frequencies in the input signal that are above the 
limit set for the LOW PASS FILTER are removed from 
the input signal by being attenuated by -12db per 
octave.

The LOW PASS FILTER is used to reduce high 
frequency noise above the frequencies in the signal 
being recorded.

Notch Filter
The NOTCH filter removes the AC power line 

frequency that interferes with potentials being recorded. 
When the switch is in the ON position, the notch filter is 
placed in the path of the input signal. When the switch is 
in the OFF position, the notch filter is bypassed.

Although the Notch Filter can significantly reduce 
unwanted interference from AC power sources, the use 
of this filter will cause some distortion of the signal, 
especially if the frequency of the signal in the rejection 
band of the NOTCH filter (50 or 60 Hz).

Warning: The notch filter should only be used only if other 
noise reduction techniques, such as proper grounding of 
the preparation or shielding of electrodes, are inadequate.
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Capacity Compensation
Microelectrodes have capacitance that affects the 

shape of square-wave pulses used for current injection. 
This capacitance attenuates the high frequency compo-
nents of the pulse signals and causes the corners of the 
pulses to be rounded. Without square corners, the 
measurements of latency and threshold will be affected.

This knob controls an active feedback circuit that 
compensates for up to 30 picofarads (pF) of electrode 
capacitance. Compensation accentuates the high 
frequency components of signal and squares up the 
corners of the signal. Rotate the knob in a clockwise 
direction to add compensation. Avoid adding too much 
compensation to the signal. Overcompensation causes 
excessive noise and high frequency oscillations of the 
circuit and the microelectrode that could lead to tissue 
damage.

Capacity compensation can be accurately adjusted 
with the microelectrode in the experimental preparation 
using the internal square-wave generator of the Model 
3100 and a recording device connected to either the X1 
or the X10 OUTPUT. 

Current Compensation- DC BAL
This knob controls a potentiometer that negates the 

voltage drop that occurs during current injection in a 
microelectrode that is used for both recording and stimu-
lating. The voltage drop, which occurs because the 
microelectrode is a resistor, is recorded along with the 
membrane response. Since the membrane response is 
only potential of interest, the microelectrode response to 
current injection is subtracted from the signal by using 
the DC BALANCE function of the amplifier.

Current Compensation-Transient
These two knobs are used to adjust the transient 

response of the balance circuitry of the amplifier. When 
these controls are used, the transient will be maximally 
suppressed while the capacity compensation of the 
microelectrode is applied.

The left knob controls the time constant that affects the 
slope of the waveform, while the right knob affects the 
peaks of the waveform. These knobs adjust the shape of 
the waveform that waveform that is subtracted from the 
recorded signal so that it has precisely the same rise-
time and shape as the voltage drop that occurs at the 
microelectrode. If the subtracted waveform does not the 
same shape as the voltage drop, a transient spike is 
observed in the signal whenever the injected current is 
turned on or off

Current Compensation Switch
This switch turns the current compensation on or off. 

The OFF position is the preferred setting for any exper-
iment not involving current injection because the balance 
circuit used in current compensation injects noise into 
the recorded signal.

Electrode Test (ΩTEST) Switch
This switch activates a 100 Hz square-wave current 

source used to test microelectrode resistance and to 
adjust the capacitance compensation. With switch in the 
the ΩTEST position, the voltage recorded through the X1 
OUTPUT of the amplifier indicates the resistance of the micro-
electrode at a rate of 10mV for each MΩ of resistance.

Ringer
Pressing this button sends a biphasic signal to the 

microelectrode that causes the electrode to vibrate 
which aids in the penetration of the cell membrane. The 
RINGER can also be used to clear a clogged microelec-
trode. The amplitude and frequency of the RINGER are 
adjusted using the ∆A and ∆f controls, respectively. The 
∆A knob adjusts the amplitude of the ringer signal from 0 
to 10V. The ∆f screw adjusts the frequency of the ringer 
signal from 2 to 8 kHz.

Current Injection-External
The magnitude of the injection current can be 

controlled by the output of a stimulator or similar device 
connected to the EXTERNAL BNC connector. This 
signal is summed with the setting of the µA (current 
level) knob; 100nA are added to the injected current by 
each volt that directed into the EXTERNAL input. The 
current is injected when CURRENT INJECTION switch 
is moved to the CONT or MOMEM position, or if a signal 
is applied through the current injection GATE BNC input. 

Current Injection-Gate
The pulse duration and repetition rate of the injection 

current can be controlled by the output of a stimulator or 
similar device connected to the GATE BNC input. If the 
signal from the stimulator has a voltage greater than 
+2.5V, the current selected by the µA (current level) 
knob is injected at the frequency and duration selected 
on the stimulator. If the signal from the stimulator is less 
than +0.6V, the current is turned off. When nothing is 
connected to the GATE BNC input, the gate is off and 
the CURRENT INJECTION switch controls gating 
manually. 

Current Injection Switch
This switch triggers the injection of current from the 

internal source of the amplifier. The continuous (CONT) 
setting triggers continuous current injection until the 
switch is returned to the OFF position. The momentary 
(MOMEN) setting triggers continuous current injection 
for only as long as the switch is held in the MOMEM 
position. The switch will automatically return to the OFF 
position after being released from the MOMEN position. 

Current Injection-µA
The µA knob sets the level of the injection current 

supplied by the internal source of the amplifier. 

Current Injection Polarity Switch
This knob sets the polarity of the injection current 

supplied by the internal source of the amplifier. 
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A-M Systems Model 3100 Amplifier Operations

Typical Setup
These general directions apply to most methods of 

recording and stimulating cells and fibers with the Model 
3100 intracellular electrometer. For specific applications, 
different procedure will be explained in the procedures 
of the experiment.

1 Make sure the Model 3100 is turned off.

2 Connect the headstage probe cable to the PROBE input on 
the front panel of the Model 3100.

3 Place the knobs and switches on the front of the Model 
3100 amplifier in the positions that configure the amplifier 
for this typical setup. The settings used on the Model 3100 
for this experiment are listed in Table NT-2-3 on page NT-2-
8.

4 Plug the output of the AC power supply into the power input 
on the back of the Model 3100 amplifier. Plug the power 
cord of the AC power supply into the electrical outlet. 

5 Flip the power switch of the Model 3100 to the ON position 
and allow the amplifier to warm up for 5 minutes. 

6 Mount a microelectrode in the microelectrode half-cell type 
holder.

7 Insert the microelectrode holder in the socket on the front of 
the headstage probe.

8 Clamp the headstage in a micromanipulator. 

9 Plug the connector on the end of the cable of the reference 
electrode into the GND input on the front panel of the Model 
3100. 

10 Connect the input of a recording device to either the X1 or 
X10 OUTPUT connector.

11 Set the display time for the screen of the recording device to 
50 milliseconds (msec).

12 Dip the tip of the microelectrode and the reference electrode 
into a prep dish filled with the solution used to bathe the 
tissue used in the experiment. 

Note: The solution should be at the same temperature at 
which the experiment will be conducted. Immerse the micro-
electrode to about the same depth at which it will be used in 
the experiment.

13 The voltage displayed on the recording device is the offset 
potential between the recording and ground electrodes. Set 
the DC OFFSET switch to the polarity (+ or -) needed to 
move the voltage to zero. Adjust the DC OFFSET knob to 
zero the voltage displayed on the recording device. The 
output of the Model 3100 amplifiers is now zeroed.

14 Test the resistance of the microelectrode. Move the switch 
to the ΩTEST to inject a 100 Hz square-wave current 
through the microelectrode. The voltage recorded through 
the X1 OUTPUT of the amplifier indicates the resistance of 
the microelectrode at a rate of 10mV for each MΩ of resis-
tance. 

15 Adjust the display time on the recording device to display a 
good recording of the square-wave pulse.

16 Increase the CAPACITY COMPENSATION to square up 
the corners of the waveform. Avoid adding too much 
capacity compensation to the waveform. Overcompensation 
causes excessive noise and high frequency oscillations of 
the circuit and microelectrode that could lead to tissue 
damage. 

17 Turn OFF the ΩTEST switch to stop the electrode test. 

18 Set the CURRENT INJECTION POLARITY switch to the 
desired current polarity (+ or -). Adjust the µA (current level) 
knob to the maximum current level that will be injected 
during the experiment. 

19 The user can control the injection of current into cells and 
fibers manually by moving the CURRENT INJECTION 
switch. The CONT position triggers the continuous injection 
of current until the switch is returned to the OFF position. 
The MOMEM position triggers the injection of current as 
long as the switch is held in that position.

20 The current injected into cells or fibers can be controlled by 
an external device like a stimulator. Connect the output of 
the stimulator to the current injection GATE BNC input. 

• If the signal from the stimulator has a voltage greater than 
+2.5V, the current selected by the µA (current level) knob is 
injected.

• If the signal from the stimulator is less than +0.6V, the current 
is turned off.

• The current will be injected at the frequency and duration 
selected on the stimulator.

Table NT-2-3: Typical Sett ings for the Functions 
of the Model 3100 Amplif ier

Funct ion Sett ing

CURRENT COMPENSATION DC BAL Counterclockwise

CURRENT COMP. TRANSIENTS (2) Counterclockwise

CURRENT COMPENSATION SWITCH OFF

DC OFFSET Counterclockwise

DC OFFSET SWITCH OFF

CAPACITY COMPENSATION Counterclockwise

∆A Counterclockwise

RESISTANCE (Ω )  TEST OFF

NOTCH FILTER OFF

LOW PASS FILTER (kHz) 50

CURRENT INJECTION LEVEL (µA) Counterclockwise

CURRENT INJECTION SWITCH OFF
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• If a voltage source is not connected to the current injection 
GATE BNC input, the gate is off and the CURRENT 
INJECTION switch controls current injection manually.

21 The magnitude of the current injected into cells or fibers can 
also be controlled by an external device like a stimulator. 
Connect the output of the device to the EXTERNAL BNC 
connector. This signal will be summed with the setting of the 
µA (current level) knob. The current is injected when 
CURRENT INJECTION switch is moved to the CONT or 
MOMEM position, or if a signal is applied through the 
current injection GATE BNC input. 

22 Adjust the DC BALANCE knob to remove the electrode 
voltage drop from the output signal. 

23 Adjust the TRANSIENT controls to minimize transients 
occurring when the current turned on and off.

24 Place the electrodes in the dish containing the preparation 
to be tested. Position the recording microelectrode in the 
cell or fiber being measured.

25 If the recording contains noise and the source of the noise 
cannot be located, connect a shield of wire braiding around 
the electrode holder and down the electrode without 
touching the bath solution. The braiding is attached to the 
driven shield ring on the headstage probe.

26 If noise still exists, use the LOW PASS filter and/or the 
NOTCH filter.

Headstage Care
To preserve the high input impedance, the end of the 

headstage with the socket for the microelectrode holder 
must be kept meticulously clean and dry. Contamination 
on the insulation between the input connector, the driven 
shield, and the case can cause current leakage, particu-
larly in the humid environment that surrounds most 
experimental preparations. Contamination can take 
place from something as simple as fingerprints on the 
area.

Use lab tissues to wipe the area clean. Make sure all 
microelectrode holders are clean and dry before 
attaching them to the headstage.

Limit the input voltage going into the headstage to a 
range of +10V. The input FET is protected against static 
charge. However, the headstage does not have over-
voltage protection since this type of circuitry would result 
in a loss of input impedance.

Warning: Be careful using high voltage stimulators 
around the headstage.

Mounting Microelectrodes
The easiest way to mount a microelectrode is with a 

half-cell type holder. To fit the socket on the headstage 
probe, the holder needs to have a 2mm (0.08in) 
diameter pin connector. Fill the holder with the same 
solution used to fill the micropipette, usually this is 3M 
KCl. Make sure there are no air gaps or bubbles in the 

microelectrode or the holder to cause a lack of continuity 
in the electrical connection between the tissue and the 
probe.

If the microelectrode needs to move freely or float 
when recording from muscle fibers:

• Place a thin, chlorided silver wire into the stem of a filled 
microelectrode.

• Secure the wire to the open end of the microelectrode with 
fast-drying cement. 

• Solder the other end of the wire to 2mm (0.08in) diameter 
pin connector.

• Coil the wire between the pipette and pin connector into 
spring. 

• Insert the clean and dry pin connector in the headstage. 

Driven Shield and Ground Connections
A driven shield maintained at the same potential as the input 
connectors encloses the headstage circuitry. Because these 
two portions of the recording circuit are at the same potential, 
there is no electric field and capacitive shunting between them. 
This shield is brought out of the headstage case through the 
gold ring that surrounds the input connector. This connecting 
ring can be used to extend the driven shield to the microelec-
trode holder and micropipette. Shielding the holder and elec-
trode may be needed since this portion of the circuit is 
particularly sensitive to stray electric fields. This sensitivity is 
caused by the high impedance of the electrode tip and the 
headstage input. Using an extension on the driven shield pre-
vents a build up of additional shunt capacitance and increased 
current leakage to ground. 

A shield for the electrode holder and the electrode can 
be made from a coil of wire wrapped around the shield 
ring and extended along the length of the electrode 
holder and electrode. Foil or other conductive coatings 
on the electrode surface can also be used for shielding.

The headstage case and GND input connector on the 
front panel of the Model 3100 are both connected to the 
circuit ground. The headstage case can be used as the 
connection for the reference electrode in situations 
where it is inconvenient to run a cable for reference 
electrode to the experimental preparation. 

Warning: Make sure that the driven shield or extension 
does not make contact with the case of the headstage or 
the experimental preparation or bath chamber. These 
items are all at the ground or reference potential. Contact 
between the ground and the driven shield will prevent 
proper operation of the recording circuit. 

Mounting the Headstage to the Micromanipulator
The headstage should be clamped in the micromanipu-

lator using the mounting rod attached to the rear of the 
headstage. 
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Electrode Calibration
To inject currents and measure membrane potentials 

accurately, compensation must be made for the charac-
teristics of each individual electrode. Three electrode 
properties are the key factors in determining the amount 
of compensation that must be used in the recording 
circuit. These factors are offset potential, resistance, 
and capacitance.

Electrodes have conductive materials that develop a 
potential when placed in ionic solutions. This potential 
with respect to the solution in which the electrode is 
placed is known as a half-cell potential. The potential is 
a function of the material composition of the electrode, 
the ions in the solution, ionic activity, and temperature. 
When two electrodes (recording and ground) are in the 
same solution, the potential between the two electrodes 
is equal to the difference between their half-cell poten-
tials. Two identical electrodes should not have a 
potential between them, but they usually do because of 
small differences in the surface properties of each 
electrode. 

Most intracellular measurements are made with micro-
electrodes filled with 3M KCl. This solution in the micro-
electrode is in contact with an Ag-AgCl electrode in the 
form of a pellet or wire in the microelectrode holder. This 
Ag-AgCl electrode is in contact with the pin of the micro-
electrode holder that conducts the current in the micro-
electrode to the input of the head stage probe. A second 
Ag-AgCl wire or pellet is usually used as the ground or 
reference electrode of the recording circuit. When the 
microelectrode and the reference electrode are placed in 
the same container of physiological saline used to 
duplicate the biological fluid around the cells or fibers 
being measured, a potential difference is observed. The 
two Ag-AgCl electrodes being in two different solutions 
causes this potential. The Ag/AgCI electrode in the micro-
electrode holder is in contact with 3M KCI that has a 
much higher concentration of chloride than the saline 
solution surrounding the reference electrode. To 
measure the potential across a cell membrane 
accurately, the electrode potential is removed from the 
input signal by using the DC OFFSET control to set the 
baseline of the recording to zero before the tip of the 
microelectrode is inserted through the membrane of the 
cell or fiber. An alternate method for removing the 
potential across the electrodes requires the Ag/AgCI 
reference electrode to be surrounded by 3M KCl in a 
small well, and use an agar bridge to connect the 3M 
KCl3M KCl in the well to the bath saline in the prep dish.

The resistance of the microelectrode, which normally 
ranges from 10 MΩ to several hundred MΩ, usually does 
not affect the measurement of cellular potentials 
because the Model 3100 amplifier has high input 
impedance. However, a voltage drop will appear across 
the microelectrode when currents are injected through 
the recording electrode. The voltage drop, which occurs 
because the microelectrode is a resistor, is recorded 
along with the membrane response. Since the 
membrane response is only potential of interest, the 
microelectrode response to current injection is 
subtracted from the signal by using the DC BALANCE 
function of the amplifier.

The microelectrode also has capacitance that is in 
parallel with the resistance. This capacitance acts as a 
shunt which attenuates the higher frequency compo-
nents of the signal. CAPACITY COMPENSATION is 
adjusted to accentuate these higher frequencies that 
compensates for their loss.

For current injection, it is also necessary to adjust the 
balance circuitry to compensate for this capacitance. 
The waveform that is subtracted from the recorded 
signal must have precisely the same rise-time and shape 
as the voltage drop at the microelectrode. If the 
subtracted waveform does not the same shape, a 
transient spike is observed in the signal whenever the 
injected current is turned on or off. The transient spikes 
are removed from the waveform by adjusting the 
TRANSIENT controls. 

Note: Some types of microelectrodes exhibit nonlinear 
impedance characteristics. When these are severe, the 
amplifier cannot fully compensate for the transients in the 
signal, so a transient in the signal will remain during current 
injection. The magnitude and shape of this transient should be 
recorded during initial setup and then manually subtracted from 
the recorded signals at a later time to obtain the true 
membrane response. 

Current Injection 
The Model 3100 amplifier offers several options for 

controlling the injection of current into cells and fibers to 
accommodate a variety of experimental preparations. 

The basic configuration of the Model 3100 requires no 
additional instrumentation. This mode of stimulation is 
generally useful for subthreshold membrane conduc-
tivity studies using continuous DC stimulation. The µA 
(current level) knob controls the magnitude of the 
injection current and the injection occurs when the 
CURRENT INJECTION switch is set to either the 
continuous (CONT) or momentary (MOMEN) position. In 
the momentary position, the current is injected only as 
long as the switch is held down. 

Most studies require precise control of pulse duration 
and repetition rate of the injection current in addition to 
its magnitude. This can be accomplished by connecting 
a stimulator or similar device to the current injection 
GATE BNC input. If the signal from the stimulator has a 
voltage greater than +2.5V, the current selected by the 
µA (current level) knob is injected. If the signal from the 
stimulator is less than +0.6V, the current is turned off. 
The current will be injected at the frequency and 
duration selected on the stimulator. If a voltage source is 
not connected to the current injection GATE BNC input, 
the gate is turned off and the CURRENT INJECTION 
switch controls current injection manually.

External control of the magnitude of the injection 
current is also required. This can be accomplished by 
connecting the output of a stimulator or similar device to 
the EXTERNAL BNC connector. This signal is summed 
with the setting of the µA (current level) knob. Current is 



iWorx Neurobiology Lab Manual NT-2-11

injected when CURRENT INJECTION switch is moved to 
the CONT or MOMEM position, or if a signal is applied 
through the current injection GATE BNC input. 

When complete control over current magnitude and 
timing is desired through only one signal, the CURRENT 
INJECTION switch can be set to CONT and the µA 
(current level) knob can be rotated fully counter-
clockwise. These settings will zero the internal current 
source and allow for the continuous injection of the 
current that is applied to the EXTERNAL BNC connector. 
With this setup, the current magnitude, polarity, duration 
and frequency are all controlled by the signal applied to 
the EXTERNAL BNC connector by a stimulator. Current 

injection occurs when the stimulator output is above or 
below zero, and does not occur when the output of the 
stimulator is zero.

The current control capabilities of the Model 3100 may 
be combined in various ways to simplify complex control 
situations. For example, if it is necessary to modulate 
the amplitude of a train of current pulses, a pulse signal 
can be applied to the GATE connector to establish the 
duration and repetition rate as an amplitude control 
signal is applied to the EXTERNAL BNC connector.

 Figure NT-2-1: The front panel of the Model 3000 extracellular amplifier.

 Figure NT-2-2: The front panel of the Model 3100 electrometer.


