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Accurate and stable chronic in vivo
voltammetry enabled by a replaceable
subcutaneous reference electrode

Elaine Marie Robbins," Elisa Castagnola,’ and Xinyan Tracy Cui'%34*

SUMMARY

In vivo sensing of neurotransmitters has provided valuable insight into both
healthy and diseased brain. However, chronically implanted Ag/AgCl reference
electrodes suffer from degradationgradation, resulting in errors in the poten-
tial at the working electrode. Here, we report a simple, effective way to pro-
tect in vivo sensing measurements from reference polarization with a replace-
able subcutaneously implanted reference. We compared a brain-implanted
reference and a subcutaneous reference and observed no difference in imped-
ance or dopamine redox peak separation in an acute preparation. Chronically,
peak background potential and dopamine oxidation potential shifts were elim-
inated for three weeks. Scanning electron microscopy shows changes in sur-
face morphology and composition of chronically implanted Ag/AgCl elec-
trodes, and postmortem histology reveals extensive cell death and gliosis in
the surrounding tissue. As accurate reference potentials are critical to in vivo
electrochemistry applications, this simple technique can improve a wide and
diverse assortment of in vivo preparations.

INTRODUCTION

Fast scan cyclic voltammetry (FSCV) is an electrochemical detection technique that has been utilized
extensively for decades for neurochemical sensing in vivo (Puthongkham and Venton, 2020). FSCV has
been used to detect dopamine (DA) (Heien et al., 2003; Hoffman et al., 2016; Phillips et al., 2003; Taylor
et al., 2017b; Walters et al., 2015, 2016), serotonin (Hashemi et al., 2011a; Saylor et al., 2019; West et al.,
2019), histamine (Hashemi et al., 2011a; Puthongkham et al., 2019;Samaranayake et al., 2015, 2016), aden-
osine (Borgus et al., 2020; Ross and Venton, 2014; Swamy and Venton, 2007; Wang and Venton, 2019),
hydrogen peroxide (Sanford et al., 2010; Wilson et al., 2018), pH (Heien et al., 2005), oxygen (Wang
and Venton, 2019), and melatonin (Castagnola et al., 2020a; Hensley et al., 2018), among other com-
pounds. FSCV exploits several electrochemical properties of microelectrodes to isolate the faradaic cur-
rent resulting from the redox reaction of an analyte as a means of chemical sensing in vivo (Aoki, 1993;
Bard and Faulkner, 2001). As a result of the high scan rates employed in this technique, a large capacitive
current is generated that must be subtracted out to isolate the faradaic current resulting from the reac-
tion of interest. Therefore, FSCV relies heavily on a highly stable background that can be subtracted from
data recorded during a change in analyte concentration resulting from stimulation (George et al., 20271,
Taylor et al., 2012), drug (Phillips et al., 2003; Siciliano et al., 2018), or behavior (Heien et al., 2005; Moran
et al., 2018).

FSCV has found extensive use in chronic and behaving applications (Montague et al., 2004). Behavioral
studies in awake animals have provided insights into addiction and reward mechanisms (Heien et al.,
2005; Howe et al., 2013; Owesson-White et al., 2016; Park et al., 2015; Phillips et al., 2003). Additionally, car-
bon fiber arrays are advancing as a method for performing FSCV at multiple locations simultaneously over
long periods of time (Patel et al., 2015, 2016, 2020; Welle et al., 2021; Schwerdt et al., 20173, 2017b). Chronic
FSCV is difficult due to biofouling of both the carbon fiber working electrode and the reference electrode.
Several strategies have been explored to protect the carbon fiber electrode from fouling, including anti-
fouling coatings (Zhou et al., 2019), surface optimizations (Weese et al., 2019), and electrochemical surface
renewal (Rafi and Zestos, 2021). The reference electrode, typically Ag wires coated with AgCl that are ce-
mented in place during the duration of the experiment, has been less explored.
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It is well known that chronic FSCV measurement quality suffers over time due to polarization of the refer-
ence electrode; meaning, the reference electrode’s potential will change upon passage of current and no
longer behaves as an ideal nonpolarizable electrode in the desired potential range. Over time, the faradaic
and non-faradaic current will change because of de-chlorination (i.e., dissolution of the AgCl layer (Suzuki
et al., 1998)) and biofouling at the surface of the Ag/AgCl wire that affects the potential at the working elec-
trode (Seaton et al., 2020). This can complicate background subtraction and cause difficulty in identifying
voltammograms as the analyte of interest. Other controlled potential electrochemical techniques for
neurochemical sensing like multiple cyclic square wave voltammetry also frequently use brain-implanted
Ag/AgCl wires as references and are likely affected by biofouling-induced polarization (Yuen et al., 2021).

Several strategies have been proposed to minimize reference polarization. For example, Seaton et al.
recently showed that using a 3-electrode configuration in vivo with a Pt counter electrode and Ag/AgCl
reference can compensate for biofouling-induced electrochemical impedance increases in vivo and may
preserve the long-term DA sensitivity (Seaton et al., 2020). Additionally, Nafion and polyurethane coatings
have been shown to preserve the Ag/AgCl reference electrode integrity for up to 28 days (Hashemi et al.,
2011b; Moatti-Sirat et al., 1992; Moussy and Harrison, 1994; Wang et al., 2019). Regardless of two or three
electrode set up, Ag and AgCl may present brain toxicity; extensive tissue damage and behavioral abnor-
malities have been found in animals and humans implanted with Ag or Ag/AgCl electrodes (Cooper and
Crow, 1966; Jackson and Duling, 1983; Li et al., 2009).

To combat reference electrode polarization and Ag-induced tissue damage, we introduce here an alterna-
tive to the permanently brain-implanted Ag wires typically used for chronic and behaving FSCV measure-
ments. We report a simple method to improve FSCV data quality using a removable Ag wire electrode in-
serted subcutaneously in the rat. By utilizing a new reference electrode during every recording session,
biofouling-induced polarization is not an issue. In addition, the Ag wire is kept out of the brain, preventing
damage and tissue death resulting from both the electrode implantation and the highly toxic Ag itself. This
has the potential to improve the quality of data recorded from behaving animals.

Upon implantation, we observed no difference in background current or impedance when comparing
a traditional brain-implanted Ag/AgCl reference and a reference electrode inserted subcutaneously on
the back of a rat. We detected stimulated DA release using both electrode schemes and determined
no difference in the peak separation or oxidation potential of DA, indicating that a subcutaneous
reference wire is a viable alternative. In addition, we chronically implanted a carbon fiber microelec-
trode and performed FSCV experiments over a period of two weeks, using a Ag/AgCl reference elec-
trode chronically implanted in the brain vs. acutely inserted subcutaneously on each day of FSCV mea-
surement. We found that the background shift observed with the chronically implanted reference was
eliminated by using the subcutaneous reference. This also held true for DA transients detected in an
awake head-fixed mouse after 3 weeks of implantation. Additionally, we investigated utilizing a third
electrode to divert the current flow through a bone screw counter electrode, rather than the reference
electrode. We found that operating in a 3-electrode configuration does not mitigate the effects of
reference electrode polarization in vivo. Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) revealed that while there was little tissue adhered to the surface of the ex-
planted electrodes, they no longer had a Cl-containing layer on the surface. Histology reveals severe
tissue damage at the location of the brain-implanted reference, indicating that a reference electrode
implanted outside of the brain would be ideal for chemical measurements coupled to behavioral
observations.

RESULTS

Subcutaneously implanted reference electrode can be used for controlled potential
experiments

We investigated whether Ag/AgCl wires implanted subcutaneously into the fat on the back of anesthetized
rats can be used for potentiostatic experiments. A schematic of the experimental setup is presented in Fig-
ure TA. We performed electrochemical impedance spectroscopy measurements at a carbon fiber working
electrode, using either a brain-implanted reference or a subcutaneously implanted one. Impedance mea-
surements of a carbon fiber electrode using either a standard brain-implanted Ag wire or the subcutane-
ously implanted wire are indistinguishable in n = 5 rats (Figure 1B). Additionally, the background current
generated by scanning the FSCV waveform using either the brain-implanted reference or subcutaneous
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Figure 1. Subcutaneously implanted reference electrodes can be used for FSCV

(A) Schematic of the experimental setup. The carbon fiber working electrode in the striatum was used to detect dopamine released by the stimulating
electrode in the medial forebrain bundle. Measurements were made with either a brain-implanted Ag/AgCl electrode, or a subcutaneously inserted Ag/
AgCl electrode. The subcutaneous electrode was inserted with the aid of a needle guide.

(B) The impedance (blue) and phase angle (red) (n = 5, mean + SD) of the carbon fiber working electrode taken vs the reference implanted into the brain
(circles) and the subcutaneous reference (triangles) immediately after implantation.

(C) The total current detected (faradaic and non-faradaic) at the working electrode when using the brain reference (blue) or the subcutaneous reference (red)
in two-electrode mode to scan the FSCV waveform. Mean of n = 5 rats, SDs omitted for clarity.

(D) In an acute preparation, the observed stimulated DA in response to a 60 Hz 180 pulse stimulation is not significantly different when using either a brain-
implanted reference (blue) or a subcutaneously implanted reference (red) (mean + SD, n = 5 rats, three repetitions).

(E) The response to subsequent stimulations in one animal using either the brain reference (blue) or the subcutaneous reference (red) is similar.

(F) The oxidation potential of DA is also not significantly different between the brain or subcutaneous reference electrode (mean + SD, unpaired t tet, ns, no
significance).

reference was similar (Figure 1C); the position of the reference electrode does not affect the potential at the
working electrode and ability of the electric double layer to charge and discharge.

Upon electrical stimulation of the MFB, the carbon fiber electrode in the striatum detected DA overflow using
either the brain reference or the subcutaneous reference. The temporal dynamics of the observed responses
were similar (Figure 1D). The background-subtracted CV at the maximum current level is a characteristic DA
CVin both cases (Figure 1E). Interrogation of the oxidation potential of DA (Figure 1F) reveals no significant dif-
ference between the brain reference and subcutaneous reference for either parameter. Using an Ag/AgCl refer-
ence electrode placed subcutaneously rather than implanted directly into the brain tissue seems to have no effect
on the ability to detect DA release evoked by electrical stimulation and the potential of the working electrode.
Therefore, a subcutaneous reference is a viable alternative to a brain-implanted reference electrode.

Using a subcutaneous, replaceable reference prevents background shifting over time

The most useful potential application of this reference electrode placement is in the case of chronic im-
plants, where reference electrode degradation and biofouling may alter the effective potential at the
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Figure 2. Mean changes in the total non-background-subtracted current measured over time in 2-electrode
configuration and in 3-electrode configuration

A new, pristine subcutaneous reference electrode was used for each experimental session (n = 3 rats, three repetitions),
while the brain reference and working electrode were chronically implanted for the duration of the time frame. The
number of days post implantation refers to the chronic brain reference and working electrodes. (A) Using the brain-
implanted reference, on day 7 and 14 there was a shift in the peak potential of the background current in 2-electrode
mode (red and green dashed lines, respectively). This change is not observed using the subcutaneously implanted
reference electrode (solid lines).

(B) In 3-electrode configuration, a shift in the peak potential of the background current is still observed using the brain-
implanted reference on day 7 (red, dashed line) and day 14 (green, dashed line), but not in the subcutaneous reference
(solid lines).

(C) Mean =+ SD of the potential where the peak background current is observed using the brain-implanted reference in
2-electrode mode (blue solid bars) and 3-electrode mode (blue checked bars), and for the subcutaneous reference in
2-electrode mode (red solid bars) and 3-electrode mode (red checked bars).

A significant shift at each timepoint when using the brain reference regardless of electrode configuration. No significant
shift is seen when using the subcutaneous reference. (two-way ANOVA, multiple comparisons, * = p < 0.05, ** = p <0.005,
*R* = 1 < 0.00005).

working electrode, resulting in a background shift, and therefore a shift in an analyte’s observed peak redox
potential. To investigate this, we chronically implanted carbon fiber electrodes and Ag/AgCl wires into the
brains of n = 3 rats and took weekly FSCV measurements. Additionally, FSCV measurements were also
taken using a pristine Ag/AgCl electrode implanted subcutaneously immediately prior to the measure-
ments. In both cases, the measurements were taken in either 2-electrode mode (where the counter and
reference are shorted at the Ag/AgCl electrode) or in 3-electrode mode using a bone screw counter
electrode.

In a 2-electrode configuration with a reference electrode implanted in the brain, which is typical for chronic
in vivo FSCV experiments, background current will shift over time partly due to reference electrode fouling
(Seaton et al., 2020). We also observed this shift; each week the peak oxidative background potential
(maximum potential in the background CV) increased, as shown in Figure 2A, and quantified in Figure 2C.
In a 3-electrode configuration, no current flows through the reference electrode—all the current flow is
through the counter electrode, in this case a bone screw (Bard and Faulkner, 2001). 3-electrode configura-
tion is rarely used for FSCV as a third electrode not typically necessary due to the small currents involved.
Using a 3-electrode setup is also more hazardous, as it presents a potential shock risk to the animal and
damage to the working electrode that is eliminated by a 2-electrode configuration. In our hands,
3-electrode configuration did not aid in preventing background potential change over time (Figures 2B

4 iScience 25, 104845, August 19, 2022

iScience



iScience

|
1.3V

=l

-0.4V

Figure 3. DA peak oxidation potential shift is eliminated with a subcutaneous reference

(A-C) (A) Colorplot of electrically evoked DA detected using a fresh brain-implanted Ag/AgCl reference electrode, used
as a baseline to determine the DA oxidation potential in an ideal in vivo scenario. After 3 weeks of carbon fiber and brain
reference implantation, spontaneous transient DA signals were detected in an awake head-fixed mouse using either a
fresh, subcutaneous reference (B) or the chronically implanted brain reference (C). Each colorplot represents 15 s of FSCV
recording. The dashed line represents the potential at which the maximum oxidation current was detected.

and 2C). However, in both 2- and 3-electrode configuration, a newly implanted subcutaneous reference
electrode was able to prevent peak background potential shift.

A subcutaneous reference prevents dopamine oxidation peak shifts over time for three
weeks

To test whether the subcutaneous reference can be used to detect DA in a chronic application, a mouse
was implanted with a reference electrode and a carbon fiber electrode in the striatum. Additionally, a stain-
less-steel frame was cemented in place. After 3 weeks of implantation, the mouse was briefly re-anesthe-
tized, a subcutaneous reference was inserted under the skin, and the mouse was placed on a treadmill. The
anesthesia was then discontinued, and FSCV recordings of spontaneous DA transients were taken in the
awake, head-fixed mouse. As in the anesthetized rats, the peak oxidative background potential in the brain
reference was shifted positively by 140 mV compared to the subcutaneous reference. Compared to evoked
DA detected at a newly implanted carbon fiber electrode with a fresh brain-implanted Ag/AgCl reference
(Figure 3A), DA transients detected after 3 weeks of working electrode implantation with a new subcutane-
ous reference have a very similar oxidation potential (Figure 3B). However, DA transients detected with the
3weeks chronically implanted brain reference have a significant shift in oxidation potential (Figure 3C). This
shift means that we can only tentatively identify this current as DA oxidation.

SEM/EDX analysis of explanted electrodes reveals loss of the AgCl layer

After 3 weeks of electrode implantation, rats were sacrificed and perfused and their brains were removed.
Explanted Ag/AgCl electrodes were analyzed using SEM/EDX to determine surface Cl content compared
to a freshly prepared Ag/AgCl electrode. The pristine Ag/AgCl electrodes have a distinct surface structure
with a fairly uniform distribution of Ag and Cl (Figure 4A, Ag and Cl map in inset). However, the explanted
Ag/AgCl electrodes have a much smoother morphology (Figures 4B-4D). Electrodes explanted after 1, 2,
or 3 of implantation in the brain show progressive loss of the Cl layer. Small amounts of AgCl remain in the
1- and 2-week implanted electrodes (insets of Figures 4B and 4C), but by 3 weeks of implantation the AgCl
layer is almost completely gone (Figure 4D). Multiple sites of multiple electrodes show that explanted elec-
trodes contain very little Cl compared to the Ag doublet at 3-3.2 keV. Representative spectra are shown in
Figures 4E and 4F. Compared to the pristine electrode in Figures 4E and 4D, the Cl peak at 2.7 keV is greatly
diminished in the electrode implanted for 3 weeks in Figure 4F. While we observed some tissue adherence
to one explanted electrode, most of the surfaces analyzed were relatively free of tissue.

Ag/AgCl reference electrodes implanted in the brain cause severe tissue damage

We performed immunohistological staining to investigate the tissue damage around the brain-implanted
reference electrode after 1, 2, or 3 weeks of electrode implantation. NeuN staining (Figure 5B) reveals a
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Figure 4. SEM/EDX analysis of Ag/AgCl electrodes, all prepared with the same procedure
(A-D) Scale bar = 10 um (A) SEM image of a freshly prepared Ag/AgCl electrode. The inset shows an EDX map of the distribution of Ag (blue) and Cl (red).
(B-D) SEM image of Ag/AgCl reference electrodes after 1 (B), 2 (C), or 3 (D) weeks of implantation. The insets show a EDX maps of the distribution of Ag
and Cl.

(E) EDX spectrum of a freshly prepared Ag/AgCl electrode.

(F) EDX spectrum of a tissue-free area of a Ag/AgCl electrode after 3 weeks of implantation.

severe depletion of neurons around the electrode track at all 3 weeks. Caspase-3, a marker of apoptosis, is
highly expressed in the area surrounding the electrode track, increasing over time (Figure 5B). While tissue
death is unlikely to affect reference electrode polarization, which is most likely due to Ag/AgCl de-chlori-
nation (Rodeberg et al., 2017), it is an undesirable outcome. Ag wires directly implanted into the brain
(rather than the electrical connection being made through a salt bridge) are commonly employed in the
cases of chronic and behavioral-controlled potential measurements. In these cases, tissue damage even
distal to the working electrode can affect the animal’s response to behavioral tasks. Similarly, GFAP expres-
sion increases over time (Figure 5D). At week 1 (top row), processes are extended toward the implant, and
by week 3 (bottom row) a mature glial barrier has begun to form, in agreement with another assessment of
Ag/AgCl electrode immunohistochemistry (Hashemi et al., 2011b). Iba-1 expression (Figure 5E) shows sig-
nificant microglia activation in the first week after implantation that decreases over the following weeks.

DISCUSSION

Ag/AgClis used commonly for in vivo studies because of its simple construction and electrochemical prop-
erties (Kahlert, 2010). Ag/AgCl electrodes approach the behavior of an ideal nonpolarizable electrode in
current ranges relevant to a typical in vivo sensor experiment at a small electrode, meaning that the current
passing through the reference electrode will not induce a change in potential. The AgCl layer acts as the
depolarizer—it causes the potential of the electrode to approach its equilibrium value by being oxidized or
reduced at the electrode surface (Bard and Faulkner, 2001). AgCl has non-negligible solubility, even in vitro
in concentrated KCl solutions (Suzuki et al., 1998). When the depolarizing layer is gone, the reference elec-
trode loses its nonpolarizable character. EDX revealed that in addition to gross surface morphology
changes, the explanted electrodes had a negligible amount of Cl left on their surface, indicating that
the electrodes were now polarizable and not suitable as a reference electrode.

We demonstrate here that placing a reference electrode outside of the brain is a viable option for several

different types of in vivo electrochemical experiments. Potentiostatic measurements (FSCV) were per-
formed using a subcutaneous reference electrode. There was no significant difference between FSCV
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Figure 5. Histological analysis of the tissue surrounding the Ag/AgCl electrode
(A-E) Images of Ag/AgCl reference electrode tracks in the brain after 1 (top row), 2 (middle row), or 3 (bottom row weeks of implantation stained for (A) DAPI
(blue) (B) NeuN (green), (C) caspase-3 (red), (D) GFAP (magenta), and (E) Iba-1 (cyan). There is significant and increasing caspase-3 activation and profound

1 week

2 weeks

3 weeks

neuron death around the electrode track, as well as increasing GFAP activity over the course of 3 weeks and immediate microglia activation.

background current measured in rats using either the brain-implanted reference or the subcutaneous refer-
ence. The background-subtracted CVs of DA evoked via electrical stimulation also showed identical oxida-
tion potential and peak separation with the two references. Additionally, spontaneous transients detected
in an awake, head-fixed mouse showed a significant shift when using the 3-week chronically implanted
brain reference, compared to a fresh subcutaneous reference. Therefore, there is no change in the ability
of the carbon fiber working electrode to charge and discharge its electric double layer and oxidize and
reduce electrochemical species when the reference electrode is placed outside of the brain. This technique
can be applied to improve the reliability of potential control techniques for not only FSCV but also other
electrochemical sensing studies (Atcherley et al., 2013; He et al., 2020; Park et al., 2018; Taylor et al.,
2017a; Wassum et al., 2008; Yuen et al., 2021), voltage-controlled drug delivery (Weaver et al., 2014),
and voltage transient measurements in chronic stimulation studies (Merrill et al., 2005; Zheng et al.,
2020, 2021).

While all controlled potential techniques rely on a stable reference potential and are also likely affected by refer-
ence electrode polarization that can be eliminated with this technique, FSCV is uniquely vulnerable due to the
necessity of a stable background current. Shifts in background potential are a well-known issue with chronic
FSCV (Rodeberg et al., 2017). Over time, the peak of the background current will shift to a more positive poten-
tial. This shift is identified to be a result of reference electrode fouling and is indicative of an error in the voltage
applied to the working electrode. This shift may confound the identification of DA, as its characteristic oxidation
and reduction potentials will also shift. This also presents an issue for principal component analysis, which relies
on a very stable, reproducible background current. Shifting background currents will hinder the accurate iden-
tification of the DA principal component. While reference electrode fouling can be dampened with the use of
polymer coatings like Nafion and polyurethane (Hashemi et al., 2011b; Moussy and Harrison, 1994), the effects of
these coatings on the toxicity of the Ag wire have not been investigated.

iScience 25, 104845, August 19, 2022 7
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In our experimental setup, we were not able to prevent background potential shift by switching to a
3-electrode configuration with the brain-implanted reference. This result is contrary to a recent report
from Seaton et al. that operating in a 3-electrode configuration can prevent background shift because cur-
rent is passed through the low-impedance counter electrode rather than a potentially fouled high-imped-
ance Ag/AgClwire (Seaton et al., 2020). They observed significant biofouling of explanted electrodes, with
substantial buildup of tissue-derived material on the surface. Typically, FSCV is performed with two elec-
trodes because IR drop is minimal due to the low currents, and due to the inherent shock hazard of a
3-electrode setup. Increased reference electrode impedance may result in a more significant IR drop in
a 2-electrode cell due to the increased solution resistance (Bard and Faulkner, 2001; Heinze, 1993). Equa-
tion (1) defines the relationship between the applied potential, the potential at the working electrode, and
IR drop:

Eapp = Eworking +IRs (Equation 1)

where E, is the potential being applied by the potentiostat, E,orking is the potential of the working elec-
trode (both vs. Ag/AgCl), Iis the current flow between the working and reference electrodes, and Rs is the
solution resistance between the working and reference electrodes. As the IRsterm increases with increased
gliosis-induced solution resistance, the difference between the working electrode potential and the voltage
being applied by the potentiostat also increases. This can be reduced by passing current through a counter
electrode, rather than the reference, creating a 3-electrode cell. With little to no current flow between the
reference and working electrode, the IRsterm can be minimized, and E,,oing approaches E, .. While we do
observe increasing gliosis over time in the postmortem histology, in our hands, the dominant electrode fail-
ure mode was the loss of the AgCl layer, and therefore loss of the reference’s nonpolarizable character. In
this case, we would not expect that diverting current flow through a counter electrode would mitigate refer-
ence polarization. We believe that this discrepancy in observed failure modes is due to the fact that FSCV
measurements in the Seaton et al. study were performed in vitro using explanted electrodes, where adhered
tissue may have been pulled out when the electrode was removed from the brain. Our group (Castagnola
etal., 2020b) and others (Hashemi et al., 2011b) have previously observed significant differences in the elec-
trochemical properties of explanted electrodes compared to in vivo electrodes. Additionally, the Ag/AgCl
electrodes were constructed differently—soaked in sodium hypochlorite for 24 h in Seaton et al., compared
to the faster electrochemical method used in this study. This may result in our electrodes having a thinner
AgCl layer that was more easily stripped away over time. The electrodes used in this study were also signif-
icantly smaller than those used in Seaton et al. (127 vs 250 pm in diameter). This may have resulted in more
significant gliosis in Seaton et al., leading to increased electrode impedance.

Ag/AgCl electrodes have been known for many years to be highly toxic (Dymond et al., 1970). Though it is well
tolerated topically (Hadrup et al., 2018, 2021), and despite its desirable antibiotic effects, Ag has been aban-
doned as a material for the construction of implanted devices due to the tissue damage it causes, even in cases
when it is not used as an electrode (Kraft et al., 2000). The mechanism of toxicity of Ag nanoparticles has been
well studied, especially in aquatic environments (Bilberg et al., 2012; Dubey et al., 2015), but bulk Ag implants
less so. Some potential mechanisms for damage caused by Agimplants include increased oxidative stress, DNA
damage, and alteration of the activity of copper-dependent enzymes (Dubey et al., 2015). While the reference
electrode—and therefore the damage caused by its implantation and toxicity—is typically far from the sensing
site, the results of an experiment coupling electrochemical measurements to behavioral tasks may be swayed. A
study from 1966 reported on the dangers of using Ag as an intra-cerebral electrode material after patients im-
planted with such electrodes developed abnormal EEG signals and serious cognitive impairments that per-
sisted for several weeks after the electrodes were removed (Cooper and Crow, 1966). These patients did not
have similar side effects from other metals, like gold or stainless steel. In our rats, immunohistochemistry per-
formed at the site of the brain reference over the course of 3 weeks of implantation reveals increasing levels
of apoptosis (caspase-3). While implantation itself could cause significant damage, such damage should start
to settle down after 1-2 weeks. Instead, we saw increasing levels of cell death and GFAP reactivity suggesting
the existence of persistent triggers, in agreement with the previous Ag toxicity report. Moving the reference
electrode to an area outside of the brain and removing it when electrochemical sensing is not actively being per-
formed will improve brain tissue health and prevent behavioral deficits caused by necrotic tissue distal from the
working electrode site.

One of the main differences between the brain and subcutaneous references is the distance between the
reference and the working electrode; in the subcutaneous case, the reference is several centimeters away
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from the working electrode. Despite the increased distance, we saw no difference in impedance, back-
ground current, or DA oxidation potential between a fresh, brain-implanted reference and a fresh subcu-
taneous reference. This indicates that the increased distance between the reference and working elec-
trodes in the case of the subcutaneous reference does not have a significant effect on the potential at
the working electrode. Additionally, we had similar observations in data gathered from a mouse, in which
both references are closer to the working electrode simply due to the size of the animal.

While we performed most of our measurements in anesthetized rats with the electrode inserted with a nee-
dle shuttle directly under the skin, a simple cannula system could easily be developed for ease of reference
electrode placement, removal, and replacement in awake animals. While some studies have taken this
approach (Saddoris et al., 2016), the electrode was still implanted into the brain. A subcutaneous cannula
will likely minimize tissue damage and animal distress and therefore improve behavioral data quality.

Ag/AgCl electrodes are cheap and well characterized and are used in most in vivo sensing experiments due
to their ease of construction and mechanical robustness. However, alternative reference electrode mate-
rials are beginning to be explored (Seaton and Heien, 2021). An essential requirement for reference elec-
trodes—non-polarizability—rules out many electrode materials used for other applications, like stainless
steel, gold, and platinum. Iridium oxide (IrOx) is one promising alternative to Ag/AgCl due to its biocom-
patibility, and has been used in sensing, stimulation, and recording studies in vivo (Li et al., 2009, 2016; Shi
etal., 2021; Zheng et al., 2021). Unlike Ag/AgCl, IrOx is polarizable, although much less so than other elec-
trode materials like platinum (Li et al., 2016). However, IrOx is highly sensitive to changes in pH (Seaton and
Heien, 2021). While the brain pH is tightly controlled under normal circumstances, tissue damage can cause
large changes in brain pH (De Salles et al., 1987; Siesjo, 1988). This may preclude the use of IrOx in exper-
iments involving tissue damage, like stroke or traumatic brain injury models. Additionally, the effect of im-
plantation damage-induced pH changes on IrOx has not been explored. Other electrode materials like bo-
ron-doped diamond (BDD) have also been utilized as a reference material (Seaton and Heien, 2021).
However, while a study has used a BDD reference both for DA sensing in vitro as well as a reference for
in vivo electrophysiological recording (Fan et al., 2020), to our knowledge, BDD has not yet been demon-
strated as a sensing reference in vivo. That said, BDD has been shown to be biocompatible (Garrett et al.,
2016; Hébert et al., 2014).

Here, we report a simple, effective way to prevent in vivo neurochemical sensing measurements from being
affected by Ag/AgCl reference electrode polarization and toxicity. By moving the reference electrode to a
subcutaneous implantation, a fresh electrode can be used during every recording session. There was no
difference in impedance measured at a carbon fiber electrode using either a brain-implanted reference
or a subcutaneous reference. We demonstrate that FSCV background signals and DA transient potential
recorded with carbon fiber microelectrodes implanted for 3 weeks do not suffer from polarization-induced
shifts with the use of a subcutaneous electrode. SEM/EDX reveals that Ag/AgCl electrodes implanted into
the brain for 3 weeks have almost entirely lost their AgCl layer. Postmortem histology shows severe tissue
damage at the brain implant site of the Ag/AgCl electrode, consistent with reports of the toxicity of Ag and
AgClimplants. A subcutaneously implanted Ag/AgCl reference electrode will improve the accuracy of the
applied potential compared to a chronically brain-implanted electrode, and has potential applicability to
many chronic electrochemical sensing, drug release, and voltage transient experiments in vivo.

Limitation of the study

In this work, we only tested the effectiveness of the subcutaneous reference technique for three weeks
following working electrode implantation and did not attempt to mitigate fouling of the carbon fiber elec-
trode. We also did not analyze the tissue surrounding the subcutaneous reference to determine if there was
any significant damage caused by the electrode. Because the electrode is only implanted for the duration
of the measurement period and the tissue is only exposed to the electrode for a few hours at a time, we
expect tissue damage around the subcutaneous to be minimal. However, this remains to be investigated.
Additionally, we did not explore other reference electrode materials in this study.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal NeuN Millipore RRID: AB_2298772

Rabbit polyclonal anti-lba1

Wake Chemicals

RRID: AB_839504

Rabbit monoclonal caspase-3 Cell Signaling RRID: AB_2341188
Chicken GFAP Sigma RRID: AB_177521
Chemicals, peptides, and recombinant proteins

Carbon fiber Cytec LLC T650

Ag wire Goodfellow 786000
Experimental models: Organisms/strains

Rat: Male, Sprague-Dawley Charles Rivers 250-350 g

Mouse: Male, C57Bl/6J

Jackson Laboratory

8-12 weeks, 22-35g

Software and algorithms

MATLAB Mathworks R2020a
GraphPad Prism GraphPad Software v9.0

Other

EI400 potentiostat Out of production None
Autolab potentiostat Metrohm PGSTAT128N
Sigma Analytical FE-SEM Zeiss 500VP
FluoView confocal fluorescent microscope Olympus, Inc. FV1000
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Xinyan Tracy Cui (xic11@pitt.edu).

Materials availability

This study did not generate new unique reagents. All materials are from commercial sources.

Data and code availability

Original data is available from the lead contact. No original code was generated for this study. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact
upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All procedures involving animals were approved by the University of Pittsburgh Institutional Care and Use
Committee. Male Sprague-Dawley rats (Charles Rivers Inc. Wilmington, MA, USA) were anesthetized with
isoflurane (4% for initial induction, followed by 2.5% for maintenance). Rats were placed on a thermal blan-
ket and the head was fixed in a stereotaxic frame. The skin was resected from the skull and holes were
drilled over the striatum (AP +1.0 mm, ML 3.8 mm from bregma) and the medial forebrain bundle (MFB,
AP -4.3 mm, ML 1.2 mm from bregma). Additional holes were drilled for the insertion of a Ag/AgCl refer-
ence electrode (0.005” diameter wire, A-M Systems, coated with AgCl by amperometric deposition in 3M
KCl at 4V for 3 min) and bone screws as both a counter electrode and as anchors for the chronically im-
planted animals. The subcutaneous Ag/AgCl reference electrode (constructed identically to the brain-im-
planted reference) was inserted under the skin into the fat pad on the back with the aid of a needle. The
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dura was then removed, and a carbon fiber microelectrode was slowly lowered 5.0 mm below dura so that
the entire sensing area was in the striatum. The stimulating electrode (MS303S/1, Plastics One, Roanoke,
VA) was lowered into the ipsilateral MFB. Stimulations were periodically performed during the lowering
procedure to determine the optimal DV location to produce maximal DA overflow.

For chronic preparations, the craniotomies were covered with Kwik-Sil (World Precision Instruments, Sar-
asota, FL) and the carbon fiber, Ag/AgCl reference, and stimulating electrode were cemented in place
with UV curing cement (Henry Schein, Melville, NY, USA). The subcutaneous reference electrode was gently
removed. The rats were then returned to their home cages with food and water available ad libitum on a
12/12 light/dark cycle. Weekly, the rats were re-anesthetized, placed on a thermal blanket, and a new refer-
ence electrode was inserted subcutaneously, and electrochemical measurements were performed. After
the experiments were completed, rats were deeply anesthetized with a ketamine/xylene cocktail and
perfused with PBS followed by 4% paraformaldehyde and their brains were removed.

To detect DA transients, a male mouse (C57BL/6J, 8-12 weeks, 22-35 g; Jackson Laboratory, Bar Harbor,
ME, USA) was anesthetized, and the carbon fiber and Ag/AgCl electrodes were implanted with sterile pro-
cedure as in the rats. In addition, a rectangular stainless-steel chamber frame (#CF-10, Narishige Interna-
tional, USA) was bonded to the skull with UV curing cement along with the electrodes. Weekly, the mouse
was re-anesthetized, its head was fixed onto a treadmill using the chamber frame, and a second, freshly
prepared Ag/AgCl electrode was inserted under the skin. The mouse was then allowed to wake up and
FSCV data was recorded for 30 minutes using each reference electrode.

METHOD DETAILS

Electrochemical procedures

Cylindrical carbon fiber microelectrodes were constructed by threading individual carbon fibers (7 um
diameter T650 fibers, Cytec LLC, Piedmont, SC, USA) through borosilicate capillary with the assistance
of acetone. Capillaries were pulled to a sharp tip with a capillary puller (Narishige, Los Angeles, CA,
USA) and sealed in place with Spurr epoxy (Sigma-Aldrich), which was cured in an oven at 70 °C for 8 hours.
The exposed carbon fiber was then cut to a length of 400 um and a nichrome wire was inserted to make an
electrical connection to the potentiostat. Carbon fibers were soaked in isopropanol for 20 minutes prior to
insertion.

FSCV measurements were performed with an EI400 potentiostat (out of production) using CV TarHeels
software. For DA measurements, the potential was scanned at a frequency of 10 Hz from —0.4 V to 1.3V,
and back to —0.4 V vs Ag/AgCl at 400 V/s. Stimulations consisted of biphasic, 2 ms pulses at 3V, delivered
at 60 Hz for 3 s by a stimulus isolator (Neurolog 800, Digitimer, Letchworth Garden City, UK).

Impedance measurements were taken with an Autolab potentiostat (Metrohm, Herisau, Switzerland) with
Nova 2.1.4 software. Impedance was measured from 10° to 0.1 Hz, with 10 frequencies recorded per
decade using a sine wave oscillation and a 0.01 V RMS voltage. Data analysis was performed using
MATLAB (Mathworks Inc.) and GraphPad Prism (GraphPad Software, San Diego, CA).

Analysis of explanted electrodes

Ag/AgCl reference electrodes were removed from the rats’ brains after perfusion and analyzed with SEM/
EDX using a Zeiss Sigma 500 VP Analytical FE-SEM with Oxford Microanalysis with a 10 keV acceleration
voltage.

Immunohistochemistry

The removed brain tissue was cryoprotected using optimal cutting temperature compound (OCT, Tissue-
Tek, Torrance CA), frozen, and sectioned. Tissue sections were hydrated in PBS and blocked with 10%
normal goat serum. Following 45 min in 0.5% Triton X-100 in PBS, the sections were incubated overnight
with primary antibodies for mouse monoclonal NeuN (Millipore, MAB377, 1:500), rabbit polyclonal anti-
Ibal (Wako Chemicals, 01919741, 1:500), rabbit monoclonal caspase-3 (Cell Signaling, 9661S, 1:500),
chicken GFAP (Sigma, AB5541, 1:500) and DAPI. Sections were then rinsed three times for five minutes
each with PBS and incubated for two hours with AlexaFluord88 (goat anti rabbit, 1:500), AlexaFluor568
(goat anti mouse 1:500), and AlexaFluoré33 (goat anti chicken, 1:500), from ThermoFisher Scientific
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(Waltham, Massachusetts, USA). Images were acquired with an Olympus FluoView 1000 confocal fluores-
cent microscope (Olympus, Inc., Tokyo, Japan) at the Center for Biologic Imaging at the University of
Pittsburgh.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism (GraphPad Software, San Diego, CA). p < 0.05
was considered statistically significant. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005,
and ns = no significance.
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