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Abstract 

Traditional multibarreled pipette electrodes are still widely used in microiontophoresis studies. Although better electrodes have been 
introduced, they are difficult and time-consuming to make. Construction of a carbon fiber recording and microiontophoresis assembly is 
described here. The construction of a carbon fiber electrode assembly is easy and carbon fibers have excellent characteristics for recording 
extracelkdar singie unit activity. Signal-to-noise ratio of the carbon fiber electrode is maintained when combined with microiontophoresis. 
The electrode assembly can be used repeatedly, if cleaned properly, and it can be used to make marking lesions upon completion of an 
experiment. 
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1. Intradwtion 

Microiontophoresis is widely used in neuropharmaco- 
logical studies, especially when combined with extracellu- 
lar single unit recording in anesthetized animals. Great 
improvement has been made to microiontophoretic elec- 
trodes since the early application of this technique (for 
reviews see Hicks, 1984; Stone, 1985). The traditional 
multibarreled microiontophoretic electrode is easily pulled 
from commercially available multibarreled glass stock. 
Although quickly and easily constructed, these electrodes 
suffer from several disadvantages. Among these is noise 
coupling when ejection currents pass through drug barrels. 
Iontophoretic artifact makes it difficult to assess the effect 
of iontophoretically applied substances on neuronal activ- 
ity (Crossman et al., 1974). 

An important modification of the multibarreled elec- 
trode is the ‘piggy-back’ assembly. With this approach, a 
conventional mcmiing electrode is glued side-by-side to a 
multibarreled pipette for microiontophoresis. The tips of 
the recording electrode and the microiontophoretic pipette 
are separated to reduce capacitative coupling. Although 
this arrangement improves the signal-to-noise ratio in com- 
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parison with the traditional multiban-cled microion- 
tophoretic pipettes, fabrication of a piggy-back assembly is 
a tedious multi-step procedure. Refinements of this ap- 
proach continue to be published (Li et al.. 1990: Godwin, 
1994; Verbeme et al., 1995). 

Carbon fiber electrodes, both single and multibarr&ed, 
were originally introduced by Armstrong-James and Millar 
(1979). They and others also introduced the use of carbon 
fiber electrodes in voltammetry (Armstrong-James and 
Millar, 1979; Kruk et al., 1980; Millar et al., 1981: Gonon 
et al., 1981; Armstrong-James et al., 1981; Crepsi et al., 
1984). Carbon fibers have excellent characteristics for 
recording extracellular unit activity, and multibaneled car- 
bon fiber electrodes are ideal for single unit recording 
combined with microiontophoresis. However, the applica- 
tion of this type of electrode in microiontophoresis studies 
has been limited. In a search of the Medline database for 
studies using microiontophoretic electrodes. we retrieved 
104 studies published in English from 199 1 to 1996 in 
which microiontophoresis was combined with extracellular 
single unit recording in the brain. While ‘72 (69%;) studies 
reported the use of the traditional multibarreled microion- 
tophoretic pipettes. 29 (28%) used piggy-back assemblies, 
and only 3 (3%) used carbon fiber electrodes (Armstrong- 
James et al., 1991, 1993; Armstrong-James and Callahan, 
199 1). Thus, despite its disadvantages. the traditional 
multibarreled pipette is used much more frequently than 
other types of microiontophoretic etectrodes. This suggests 
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that investigators may be avoiding the improved, but diffi- 
cult to construct, electrode assemblies in favor of an easily 
manufactured electrode. We now describe modifications in 
the manufacture of multibarreled microiontophoretic car- 
bon fiber electrodes that simplify production while main- 
taining superior recording properties. We also report the 
use of carbon fiber electrodes to make marking lesions at 
the completion of experiments, facilitating verification of 
electrode placement. 

2. Methods 

2.1, Materials 

Commercially available multibarreled borosilicate glass 
tubing (World Precision Instruments, Sarasota, FL, USA) 
was used to make carbon tiber electrodes. We used five- 
barrel tubing with a filament in each barrel to facilitate 
filling. The internal diameter of each barrel was 0.68 mm. 
Carbon fibers with a diameter of 8 pm were obtained from 
Amoco Performance Products, Itasca, IL, USA. For prepa- 
ration of the recording electrode, a small bundle of carbon 
fibers was cut to about the same length as the multibar- 
reled glass tubing. Fine forceps with their tips covered 
with small pieces of polyethylene tubing were used to pick 
up a single carbon fiber. 

Usually the carbon fiber was inserted into the center 
barrel of multibarreled glass tubing. ‘Wet’ and vacuum 
methods for the insertion of carbon fibers into glass tubing 
have been described previously (Armstrong-James and 
Millar, 1979; Anderson and Cushman, 1981). In the more 
commonly used wet method, the tubing is first filled with 
acetone, ethanol, or distilled water as a lubricant. The 
carbon fiber is then pushed through the tubing in short 
steps. Because of their small diameter and flexibility, the 
carbon fibers are difficult to insert in this manner. We used 
a much easier ‘dry method’. A metal wire was cut slightly 
longer than the multibarreled glass tubing and inserted into 
the center barrel of a multibarreled glass tubing. A single 
carbon fiber was then isolated and attached to the wire 
with a conductive glue (Silver Print, GC Electronics, IL, 
USA). The wire was used to draw the attached carbon 
fiber into the tubing until it occupied approximately three- 
fourths of the tubing. A small drop of cyanoacrylate glue 
was then applied to fix the wire to the wall of the center 
barrel of the pipette. The wire protruding from the center 
barrel was used to make a connection with the recording 
equipment. The diameter of the metal wire can vary as 
long as it fits the glass tubing and is easy to connect to the 
recording equipment. We used a Diamel coated nickel- 
chromium wire with a diameter of 62 pm, with the 
insulation removed from both ends. 

After insertion of the carbon fiber into the center barrel, 
the multibarreled tttbing was pulled in a vertical pipette 
puller (Kopf Instruments, Tujunga, CA, USA). A four and 

one-half turn heater coil was made from 8 gauge nichrome 
wire. The inner diameter of the coil was 5 mm. Once the 
tubing was pulled, the part of the pipette containing the 
wire was retained and the remainder was discarded. The 
carbon fiber was left protruding from the tip of the center 
barrel. 

2.2. Adjusting carbon fiber length 

Excess carbon fiber can be removed from the electrode 
tip by cutting. However, the carbon fiber is brittle and it is 
difficult to control the tip length by cutting. We have 
tested two alternative methods to remove excess carbon 
fibers. 

In the first method, a small hook of copper wire (l-2 
mm diameter) was glued to a Plexiglas block small enough 
to put on a microscope stage. A droplet of normal saline 
was placed on the hook which could viewed under a X 100 
magnification microscope objective. The electrode was 
placed on a microscope slide and advanced into the saline. 
The outputs of an AC transformer were connected to the 
copper hook and the wire lead of the carbon fiber elec- 
trode. When AC (5-8 V, 60 Hz) was applied, the carbon 
fiber was gradually ‘etched’ producing a pointed tip simi- 
lar in shape to a commercially available parylene coated 
tungsten electrode (see Fig. 1). The etching speed can be 
adjusted by changing the voltage applied. On average, it 
takes about 2 min. Too high a voltage may cause the 
carbon fiber to shake and crack its glass coating. An intact 
glass coating is important for maintaining the signal-to- 
noise ratio during microiontophoresis. 

Armstrong-James et al. (1980a,b) described a similar 
method for etching carbon fiber electrodes, but recom- 
mended the use of chromic acid rather than the saline 
suggested here. The effect of chromic acid on the surface 
of the carbon fiber tip is unknown. In our experience, 
however, the use of saline as an etching solution produced 
electrodes that were less noisy and which had better 
recording characteristics than those produced using chromic 
acid. In addition, there is less chance of contaminating the 
iontophoretic barrels when saline is used. 

Fig. 1. A multibarreled carbon fiber microiontophoretic assembly. Four 

drug ejection barrels surround the carbon fiber containing barrel. The 
pointed tip was produced by etching with AC current in normal saline 
solution. 
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We also tested the application of DC current as a 
method to cut the tip of the carbon fiber. A setup similar to 
that described above was used, except that the copper wire 
hook that held the saline droplet was connected to the 
anodal outputs of a DC constant current lesion maker 
(Grass Instruments, Quincy, MA, USA, output voltage 150 
V). The cathode was connected to the wire lead of the 
electrode. A 500 pA cathodal DC current was applied to 
the electrode. As the carbon fiber touched the saline 
surface, a small spark was observed under the microscope, 
as the carbon fiber was shortened. The electrode was 
advanced slowly toward the saline until the desired tip 
length was achieved. This method provided better control 
over the carbon fiber tip length than etching. Also, the use 
of DC current shortened the carbon fiber more rapidly than 
the use of AC current. 

-3.3. Breaking an unerzen glass tip 

When the pipette puller is properly set, it is not difficult 
to achieve glass tips of a uniform size. If the openings of 
drug delivery barrels are too small, the electrode can be 
etched until the carbon fiber end shrinks into the glass 
tubing. The glass tip can then be broken to a suitable 
length. 

To break the glass tip, the method previously described 
by Merrill and Ainsworth (1972). Hellier et al. (1990), and 
Godwin (19941 was used. A platinum wire (diameter 0.5 
mm) was bent into a small loop and glued to a block of 
Plexiglas. Both ends of platinum loop were connected to 
the outputs of an AC transformer. A bead of glass powder 
(Corning no. 7.570) suspended on the loop was heated to 
melting with AC current (2-4 V, 60 Hz). Under micro- 
scopic control, the electrode was gradually advanced into 
the melted glass bead until a desirable tip length was 
reached. The heating current was then turned off. Contrac- 
tion of the glass bead during cooling fractures the glass tip 
producing a clean and even break with the carbon fiber 
exposed. It is important to shorten the carbon fiber so that 
it is completely within the tubing before breaking the 
glass. Otherwise. contraction of the glass bead during 
cooling either breaks both carbon fiber and the glass tip, 
leaving no carbon fiber exposed, or the glass tip breaks 
leaving the carbon fiber stuck to the glass bead. In the 
latter case, trying to separate the carbon fiber from the 
glass bead usually damages the electrode. 

2.4. Making lesions with carbon fiber electrode 

We have used the electrode described to record in 
several brain regions. In order to verify the location of the 
recording site, we have made lesions by passing DC 
current through the carbon fiber electrode. A Grass DC 
constant current lesion maker was used to apply 50 p,A 
(150 Vl of cathodal DC current to the electrode tip for 
S-10 s. 

A 

C 

Fig. 2. Extracellular single unit activity recorded from a neuron in rat 
deep cerebellar nucleus. The recording quality remained unchanged dur- 

ing microiontophoretic application of drugs. Panel A shows spontaneous 
activity of the cell: B, activity during microiontophoretic application of 

GABA at 100 nA, showing that the cell activity slowed down and then 
stopped completely; and C. cell tiring rate increase during application of 

bicuculline at 100 nA. 

3. Results and discussion 

The carbon fiber electrodes described have been em- 
ployed in extracellular single unit recording studies com- 
bined with microiontophoresis in the deep cerebellar nuclei 
(DCN) and cerebellar cortex of the rat. Fig. 2 shows a 
recording from a DCN neuron. Fig. 2A shows the sponta- 
neous activity of the cell, and Fig. 2B, activity during 
microiontophoretic ejection of GABA at 100 nA. The 
neuron’s activity slowed down and stopped. Fig. 2C shows 
the increase in activity that occurred during the application 
of bicuculline at 100 nA. Notice that during microion- 
tophoretic application of drugs, the recording quality was 
unaltered. Recording quality has been examined over a 
range of ejection currents from 20 to 100 nA and found to 
be stable. 

Construction of a carbon fiber microiontophoretic elec- 
trode is fast, simple and reproducible. With practice. a 
carbon fiber electrode can be produced in about 10 min. 
With the methods described above, the exposed carbon 
fiber tip is easy to trim. and the glass tip is easy to break to 
a specific diameter. In addition, the carbon fiber microion- 
tophoretic electrode offers several practical advantages 
over piggy-back assemblies. First, the ‘V’ shape of piggy- 
back assembly makes it unsuitable for reacting relatively 
deep neural structures. The small profile of the carbon 
fiber microiontophoretic electrode causes less damage to 
surrounding tissue during electrode penetration, making it 
advantageous for use at subcortical sites. Second, in 
piggy-back assemblies, the tips of both the drug delivery 
pipette and the recording electrode are extremely fine and 
flexible. It is difficult to ensure the proper alignment of the 
recording electrode and multibarreled tubing (.Verberne et 
al., 1995). Control over the distance between the tips of the 
electrode and microiontophoresis pipette iu poor. This. in 
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turn, may be an important factor influencing the apparent 
sensitivity of neurons to iontophoretically applied sub- 
stances. In comparison, there is relatively little variation 
over the distance between recording tip and drug release 
site with the electrode described. 

Another advantage of the multibarreled carbon fiber 
microiontophoretic electrode assembly is that it can be 
cleaned and reused. A carbon fiber electrode can be used 
repeatedly until its tip is damaged. To clean a multibar- 
reled carbon fiber electrode, 3-5 V cathodal DC is briefly 
passed through the electrode while its tip is placed in a 
saline solution. The current required to clean a multibar- 
reled carbon fiber electrode is slightly greater than that 
required to clean a metal electrode, 2-3 V DC. 

Marking the site of electrode placement is frequently 
necessary for in vivo neuronal activity recording experi- 
ments. The most commonly used marking methods are dye 
injections through micropipettes and electrolytic lesions 
made with metal electrodes. With carbon fiber electrodes, 
a dye-lesion method has been used (Todd and Millar, 
1983; Fox and Armstrong-James, 1986). A 2.5-4 PA 
cathodaf DC current was applied for 7-10 s followed by a 
dye injection from one of the iontophoretic barrels of the 
electrode. It is not clear whether the mark was a lesion or a 
dye-stained spot in this case. Sawaguchi et al. (1986) 
reported that with carbon fiber electrodes, cathodal DC 
current at lo-20 PA for lo-20 s failed to mark the 
recording site. Lnstead, they found that anodal DC current 
could deposit carbon in the tissue to form a small mark, 
rather than making an electrolytic lesion. More recently, 
electrolytic lesions have been made with carbon fibers by 
increasing cathodal DC current (Armstrong-James et al., 
1991). In our experiments, we used relatively large mounts 

of DC current to mark the recording sites. In a series of 
experiments, lesions were successfully made in 42 out of 
45 rats with cathodal DC current at 50 p,A for 5-10 s. 
These lesions were easily identified under low magnifica- 
tion. The shape of the lesion was usually oval, similar to 

Fig. 3. A unilateral electrolytic lesion made with 50 &A carhodal DC 
current for 10 s is shown in the right medial nucleus of rhe cerebellum of 

a rat. 

the electrolytic lesions made with metal microelectrodes. 
Fig. 3 shows a lesion made with 50 FA of cathodal DC 
current for 10 s. When the electrode was examined after 
the lesion, no deterioration was observed at the tip of the 
carbon fiber electrode under microscopic examination. 

The ability to make marking lesions, combined with 
ease of construction, reproducibility, and superior record- 
ing characteristics make carbon fiber microiontophoretic 
assemblies the method of choice for in vivo microion- 
tophoresis studies. 
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