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Abstract

Carbon fiber microelectrodes (CFEs) are useful when combined with electro-
chemical techniques for measuring changes in neurotransmitter concentra-
tions. We addressed conflicting details regarding the use of CFEs. Experi-
mental groups consisted of CFEs at different ages (1 week, 1 month, or 2
months), cleaned in solvents (isopropanol or xylene), and exposed to in vitro
use (flow cell calibrations) or in vivo use (in brain tissue). In order to deter-
mine if any of these factors affect CFE sensitivity, the present study utilized
fixed potential amperometry and a flow injection system to calibrate CFEs for
the measurement of dopamine. The sensitivity index (nA/uM per 100 um of
exposed carbon fiber) was not affected by the age of CFEs or pre-cleaning
with xylene or isopropanol. CFE sensitivity of the in vitro exposure group also
did not differ from untreated CFEs, indicating the calibration process did not
alter sensitivity. However, in vivo use in brain tissue did reduce sensitivity.
This effect was negated and sensitivity restored by cleaning CFEs in isopro-
panol or xylene following in vivo brain recordings. Given that variations in
CFE sensitivity can skew results, our findings can help standardize CFE use
and explain discrepancies between researchers.
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1. Introduction

Carbon fiber electrodes (CFEs) have been in use for neuroscience research since
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the late 1970s when Pujol and colleagues introduced them in combination with
normal pulse polarography and differential pulse voltammetry to measure the
oxidation of several neurotransmitters, including dopamine, norepinephrine,
and serotonin [1] [2]. Carbon fibers provide several benefits including relatively
inert electrochemistry, electrocatalytic activity for a variety of redox reactions,
and low cost [3]. Furthermore, importantly for neuroscience research, carbon
fibers are biologically well-suited in that they are non-toxic to neurons and can
be less than 10 um in diameter so as to not damage brain tissue upon implanta-
tion [4]. Currently, the most common techniques utilizing CFEs for the mea-
surement of neurotransmitter release include fixed potential amperometry
(sometimes called continuous amperometry) [5] [6] [7] and fast scan cyclic vol-
tammetry (FSCV) [8] [9]. Fixed potential amperometry involves applying a fixed
continuous potential to the CFE allowing for quantification of analytes that
oxidize below the set potential. FSCV involves applying a potential in a series of
triangular-shaped waveforms, for example cycling from —0.4 mV to 1.2 mV and
back to —0.4 mV, allowing for exact measurement of the analyte’s oxidation and
reduction, consequently providing a chemical selectivity lacking in fixed poten-
tial amperometry. However, fixed potential amperometry boasts the greatest
temporal resolution, measuring up to 10,000 samples per second compared to
generally 10 samples per second using FSCV. Thus, each electrochemical tech-
nique has advantages and disadvantages, but both are especially well known as
being effective and reliable for quantifying phasic dopamine release using CFEs
[10].

Although CFEs are available for purchase (see World Precision Instruments in
Sarasota, FL, Kation Scientific in Minneapolis, MN, and Pinnacle Technology in
Lawrence, KS), most labs construct CFEs in house. Generally, the most common
method for CFE construction involves threading a carbon fiber through a glass
tube and heat-pulling the glass to form a seal around the carbon fiber. A stainless
steel wire is inserted into the tube, and graphite powder is fed into the tip to en-
sure contact between the fiber and the wire. The carbon fibers are then cut to the
desired length (generally 100 - 1000 um) extending from the glass seal [1] [6]
[11]. These steps are relatively standard and have been since Ponchon et al
(1979) first published their methods for constructing CFEs [2].

The present study aimed to address less consistent and/or rarely described
details regarding the use of CFEs and to determine whether such details influ-
ence the sensitivity of CFEs. For example, researchers rarely discuss the lag time
between CFE construction and use (Ze., the age of the CFE). Some researchers
clean CFEs prior to use with solvents such as isopropanol [9] [12] or xylene [13],
while others report no cleaning procedures [6] [7]. Furthermore, to ensure CFE
responsiveness, some researchers calibrate CFEs prior to experimental use, while
others prefer to calibrate following experimental use [8] [11]. Rarely is it men-
tioned whether cleaning takes place again between experimental use and calibra-

tions or vice versa. In order to determine if any of these factors affect the sensi-
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tivity of CFEs, the present study utilized fixed potential amperometry and a flow
injection system to calibrate CFEs for the measurement of dopamine in solution.
The results of the present study should help standardize use of CFEs and may
explain discrepancies between researchers given that variation in CFE sensitivity
can skew results, especially if attempting to compare between subjects or claim

absolute neurotransmitter concentrations.

2. Materials and Methods

2.1. Electrode Construction

Each CFE was constructed by threading a single 7 pm o.d. carbon fiber (Good-
fellow Corporation: C005722) through a borosilicate glass tube (A-M Systems:
616000). All carbon fibers were from the same manufactured lot, approximately
7 - 8 months old. The glass tube was heat-pulled using Sutter Instruments model
P-80 to form a sealed tip around the carbon fiber. The sealed glass tips ranged
from 500 - 750 um. Graphite powder (Sigma-Aldrich: 282863) was packed into
the tip of the pulled glass, and a metal wire inserted to make contact with the fi-
ber. The metal wire, which is ultimately connected to the electrometer, is secured
in place with glue at the glass tube end opposite the carbon fiber. The protruding
carbon fiber was cut under a stereomicroscope to extend 500 pm past the pulled
glass tip. The exact length of each CFE was recorded and factored into the data
anaylsis by expressing sensitivity per 100 pm of carbon fiber. The steps used by
the present study are relatively standard for detecting dopamine efflux with elec-

trochemical techniques [6] [7] [14].

2.2. Electrode Calibration

To calibrate the CFEs using fixed potential amperometry, a flow injection system
was used in conjunction with a silver/silver chloride reference electrode and a
stainless steel auxiliary combination [11]. The CFE was connected to an elec-
trometer to close the circuit. With 0.01 M phosphate-buffered saline (PBS)
flowing through the vessel at 8 mL/minute, serially increases in dopamine con-
centrations (0.2, 0.4, 0.8, and 1.2 uM) were given at the same rate. Amperometric
readings consisted of applying a fixed positive potential of 0.8 V to the CFE with
sample readings at 10,000/sec [7]. This calibration process allowed for the con-
version of recorded dopamine oxidation currents (nA) into dopamine concen-

trations (uM).

2.3. Experimental Groups

In order to determine if the age of the CFEs affected their sensitivity, CFEs were
calibrated 1 week, 1 month, and 2 months following construction. The effects of
CFE sensitivity following varying chemical exposures were also examined. For
this, the exposed part of the CFE was manually swirled in either xylene or iso-
propanol (10 seconds each) 30 minutes prior to calibration. Xylene and isopro-

panol are chemicals that have been previously used in published studies as prep-
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ping or cleaning agents for CFEs [13] [15].

To determine whether CFE sensitivity is altered by the calibration process it-
self, a group of electrodes was recalibrated with at least 1 hour between calibra-
tions. This group is referred to as the “in vitro exposure group”. To determine
whether CFE sensitivity is altered by experimental use, a group of electrodes
were calibrated following amperometric recordings in brain tissue. Briefly, these
experiments included 2 - 3 hours of recording stimulation-evoked dopamine re-
lease in the brains of anesthetized mice using in vivo fixed potential amperome-
try [7] with each electrode being used in 1 brain only. This group of CFEs is re-
ferred to as the “in vivo exposure group”. In order to determine if the cleaning
agents had an effect on CFE sensitivity following use during in vivo fixed poten-
tial amperometry recordings, a portion of electrodes in this group were treated
with xylene or isopropanol as described above (swirled immediately after re-
moval from brain in either xylene or isopropanol for 10 sec, then allowed to dry
for at least 30 min before in vitro calibration). See Table 1 for a list of experi-

mental groups.

2.4. Chemicals

All chemicals, including xylene (214736) and isopropanol (19516), were pur-
chased from Sigma-Aldrich. Dopamine hydrochloride (H8502) was dissolved in
0.01 M PBS. PBS solution consisted of 1.09 g Na,HPO, (anhydrous), 0.32 g
NaH,PO, (anhydrous), and 9 g NaCl in 1000 ml of dH,O with pH adjusted to
7.4.

2.5. Data Analysis

See Figure 1(a) for example data showing current change over time at each do-
pamine concentration. Individual data points were collected 5 sec after initiation
of each dopamine concentration. Data points for each dopamine concentration

were averaged to give a mean nA/uM for each CFE. The mean nA/uM was then

Table 1. Experimental groups.

Experimental Exposure Chemical Exposure Age of Electrode N
None None 1 week 39

1 month 8

2 months 10

None Xylene 1 week 12
Isopropanol 1 week 16

In vitro None 1 week 10

In vivo None 1 week 38

Xylene 1 week 9

Isopropanol 1 week 10
- - - 152
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Figure 1. Amperometric recordings during in vitro calibrations of carbon fiber electrodes (CFEs) using a flow in-
jection system. Dopamine (DA) was administered at 4 concentrations (0.2, 0.4, 0.8, 1.2 uM), as shown in this ex-
ample data (a). The sensitivity of CFEs was quantified in 3 age groups (b) and 7 exposure groups (c). * Signficant-

ly reduced sensitivity (nA/uM per 100 pm of exposed carbon fiber) of CFEs exposed to in vivo brain recordings
compared to untreated CFEs.

divided by the carbon fiber length in order to generate a normalized sensitivity
index corresponding to nA/uM per 100 um of exposed carbon fiber. High
nA/pM ratio indicates high CFE sensitivity. An analysis of variance (ANOVA)
was used to compare mean sensitivity indexes between ages (1 week, 1 month, or
2 months) or exposure groups (no exposure, xylene, isopropanol, in vitro, in vi-
vo, in vivo then xylene, or in vivo then isopropanol). Post-hoc tests (Fisher’s

LSD) were used to examine significant group differences indicated by p < 0.05.

3. Results
3.1. Effects of Age on Electrode Sensitivity

The sensitivity index (nA/uM per 100 pm of exposed carbon fiber) was not af-
fected by the age of CFEs. CFEs constructed 1 or 2 months prior to calibration
had no significant decrease in ability to detect dopamine oxidation (mean *
SEM: 0.537 + 0.006 and 0.506 * 0.006, respectively) compared to CFEs con-
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structed within 1 week of use (0.0584 + 0.006) (F = 0.26, p = 0.77) (Figure 1(b)).

3.2. Effects of Cleaning and Use on Electrode Sensitivity

An ANOVA comparing the CFE sensitivity indexes of the various exposure
groups (no exposure, xylene, isopropanol, in vitro, in vivo, in vivo then xylene,
and in vivo then isopropanol) indicated a significant effect (F = 2.18, p = 0.05).
Post hoc analyses showed the sensitivity index was not affected by cleaning the
CFEs with xylene or isopropanol (mean = SEM: 0.054 + 0.008 and 0.057 + 0.010,
respectively) when compared to untreated (no exposure) CFEs (0.058 + 0.006; p
= 0.64 and 0.88, respectively). The CFE sensitivity index of the in vitro exposure
group (0.056 = 0.012) was also not significantly different from the untreated
CFEs (p = 0.79), indicating the calibration process itself does not alter CFE sen-
sitivity. However, use in amperometric recordings in brain tissue does affect
CFE sensitivity, as the sensitivity index of CFEs in the in vivo exposure group
(0.038 £ 0.002) were significantly reduced compared to the untreated group (p =
0.003). This effect was negated by cleaning CFEs following 7n vivo brain record-
ings. The sensitivity index of the in vivo exposure CFEs cleaned with xylene
(0.043 £ 0.004) or isopropanol (0.060 + 0.025) were no different from that of
untreated CFEs (p = 0.16 and 0.88, respectively) (Figure 1(c)).

4. Discussion

CFEs have been utilized in neuroscience labs for nearly 4 decades. Several factors
regarding the handling of CFEs are inconsistent and/or rarely described in pub-
lications from labs using electrochemical techniques to measure neurotransmit-
ter efflux. Using fixed potential amperometry with CFEs to quantify dopamine
(Figure 1(a)), the present study addressed some of these factors in an attempt to
standardize the handling of CFEs and explain potential discrepancies in results
across labs.

The present results indicate that the CFE age, at least up to 2 months, does not
affect CFE sensitivity for dopamine measurement. The sensitivity indexes
(nA/uM per 100 um of exposed carbon fiber) generated from in vitro calibra-
tions of 1 or 2 month old CFEs were not significantly different from those of 1
week old CFEs (Figure 1(b)). Although researchers rarely publish details in their
methods regarding the time laps between CFE construction and use, anecdotally
we have heard of researchers discarding CFEs after a certain period of time due
to fear of reduced performance quality. To our knowledge an expiration time for
untreated CFEs has not been reported, and the present results should ease the
concerns of researchers and save resources.

The present results also indicate that cleaning CFEs prior to use, at least with
solvents such as isopropanol or xylene, is not necessary or beneficial to the CFE
quality in regards to dopamine measurements. The sensitivity indexes generated
from in vitro calibrations of CFEs pre-cleaned with either isopropanol or xylene
were not significantly different than those of untreated CFEs (Figure 1(c)). The

DOI: 10.4236/jbbs.2018.83007

122 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2018.83007

W. T. Prater et al.

CFEs in the present study were stored uncovered in a room designated for elec-
trode construction. As mentioned above, our CFEs were constructed such that
the pulled-glass formed a tight seal around the carbon fiber, with no need for a
sealant. Some researchers use an adhesive, such as epoxy or paraffin, to aide in
forming this seal and, therefore, need a solvent to remove these substances and
expose the carbon fiber tip [9] [13]. In fact, solvents such as 2-propanol and xy-
lene have been shown to improve CFE responses during FSCV recordings [12]
[13]; however, we were unable to replicate these findings using fixed potential
amperometry.

The in vitro calibration process itself did not affect CFE sensitivity in the
present study. In regards to dopamine measurements, CFEs from the in vitro
exposure group had similar sensitivity indexes compared to untreated CFEs
(Figure 1(c)). These findings support the practice of calibrating CFEs prior to
experimental use, which requires increased preparation upfront but can save
valuable time during experiments, especially important when animals are in-
volved. Some manufacturers of commercially available CFEs pre-calibrate the
electrodes in order to ensure quality, and the present findings suggest this likely
does not reduce the CFE sensitivity for the customer. Further experiments are
needed to clarify whether longer in vitro use affects CFE sensitivity.

Many researchers calibrate CFEs following in vivo experimental use [6] [11].
The present findings indicate CFE use during 7n vivo amperometric dopamine
recordings in brain tissue decreases sensitivity compared to unused CFEs
(Figure 1(c)). Logman et al (2000) used in vivo microdialysis in combination
with FSCV to determine whether pre- or post-experiment calibrations of carbon
fiber microdisk electrodes give the most accurate representation of the actual
concentrations measured in the brain [8]. Their findings suggest that
pre-calibration results in a better estimate of the actual concentration of meas-
ured analyte, which in their project was acetaminophen. Furthermore, they con-
clude that the electrode is likely fouled during removal from the brain, the point
at which blood and other fluids accumulate on the electrode and consequently
lead to a lower post-calibration response [8]. The present results suggest that
cleaning CFEs following in vivo experimental exposure negates this fouling ef-
fect and restores CFE sensitivity (Figure 1(c)). Both solvents tested, isopropanol
and xylene, brought the sensitivity of the in vivo exposure group back to statis-
tical similarity with the untreated CFEs. Considering the environmental and bi-
ological hazards associated with xylene [16], isopropanol is the safer solution to

sensitivity issues in post-calibration.

5. Conclusion

In conclusion, in regards to amperometric measurements of dopamine efflux,
the present findings confirm that CFEs maintain sensitivity for at least 2 months
following construction, cleaning CFEs with isopropanol or xylene prior to use

does not affect sensitivity, and in vitro calibration of CFEs does not alter sensi-
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tivity. In vivo experimental exposure in brain tissue did reduce CFE sensitivity,
but this effect is negated if CFEs are cleaned with either isopropanol or xylene
following use in brain tissue. /nn vitro calibrations of CFEs used with fixed poten-
tial amperometry or FSCV are valuable for normalizing CFE output in order to
compare between animals/experiments. However, given the variability of these
electrodes across labs and the handling factors that may alter sensitivity, caution
should be used when trying to claim absolute neurotransmitter concentrations.
The present experiments were only conducted using amperometry, not voltam-
metry; thus, the results may be limited in generalizability. FSCV has absorption
issues related to the integrity of the carbon fiber surface that are not a factor in
fixed potential amperometry. However, in an effort to standardize CFE use and
explain discrepancies between researchers, the present study increased under-

standing of factors affecting CFE sensitivity.
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