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Abstract 

Multimodal measurements at the neuronal level allow for detailed insight into local circuit 

function. However, most behavioral studies focus on one or two modalities and are generally 

limited by the available technology. Here, we show a combined approach of electrophysiology 

recordings, chemical sensing, and histological localization of the electrode tips within tissue. The 

key enabling technology is the underlying use of carbon fiber electrodes, which are small, 

electrically conductive, and sensitive to dopamine. The carbon fibers were functionalized by 

coating with Parylene C, a thin insulator with a high dielectric constant, coupled with selective 

re-exposure of the carbon surface using laser ablation. We demonstrate the use of this technology 

by implanting 16 channel arrays in the rat nucleus accumbens. Chronic electrophysiology and 

dopamine signals were detected one month post implant. Additionally, electrodes were left in the 

tissue, sliced in place during histology, and showed minimal tissue damage. Our results validate 

our new technology and methods, which will enable a more comprehensive circuit level 

understanding of the brain. 

 

Keywords 

dopamine, slice in place, NeuN, calbindin, nucleus accumbens, neurotransmitter 

 

1. Introduction 

To obtain a complete picture of the many potential underlying mechanisms of brain function, it is 

important to examine multiple modalities during naturally occurring behaviors. One such 
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modality is neural electrical activity, recorded from a subset of neurons in the brain region of 

interest. Action potentials are an excellent indicator of information processing at the millisecond 

timescale and can be well correlated with behavioral variables of interest [1–3]. Coupling this 

with measurements of neurotransmitters, which are also associated with behavioral variables 

[4,5], can complement the information gained from neural recordings, providing another 

modality to better understand brain function. Both modalities are still primarily examined in 

isolation and information contained within the interaction between the two is usually overlooked, 

though some progress has been made towards solving this issue [6]. Another important modality 

is tissue architecture. Typically, electrophysiology data is collected with only a general 

understanding of the anatomy surrounding the electrode. However, in combining neural 

recordings with neurotransmitter measurements, it is equally important to understand the cell 

type and synaptic connections of the neurons immediately surrounding the electrode [7,8].  

The state of the art in neurotechnology is to do each of these three things very well in 

isolation, i.e. in separate animals and usually in separate labs. One technology that can combine 

two of these modalities together is two photon calcium imaging, which can view spiking activity 

from a large number of neurons while simultaneously viewing the tissue architecture [9,10]. 

However, the temporal resolution of firing activity is not as precise as that of traditional 

penetrating recording electrodes and the imaging depth is limited to approximately one 

millimeter below the brain surface [11,12]. These challenges would make it difficult to observe 

long-term trends such as changes in neural plasticity in deeper structures seen during the 

development of addiction [13].  

More typically, modalities such as recording chronic electrophysiology are done in 

isolation and utilize multi-channel silicon probes that can record from a large number of neurons 

[14–16]. In recent years, the channel count has increased dramatically for both passive contacts, 

up to 256 channels in a single array [3,17], and active contacts, with up to 960 multiplexed 

channels [18]. However, they are limited by their inability to perform chemical sensing. In 

addition, conventional silicon probes are associated with heavy scarring [19–23] or mechanical 

failure [24] when chronically implanted. This causes a variety of problems, including a shortened 

array lifetime [24–26]. It is also unclear if the function of the remaining neurons in the 

inflammatory region, whether over the course of months or years, is similar to what it would 

have been in a healthy brain. Finally, the presence of the electrode itself makes it very difficult to 

image the neural circuitry as probes are typically removed before slicing which severely distorts 

the tissue.  

Carbon fiber electrodes may be well suited to address the challenges in combining all 

three modalities. Historically, carbon fibers have been used to detect catecholamines using fast 

scan cyclic voltammetry (FSCV) with a particular focus on dopamine [5,8,27–30]. More 

recently, they have been used to sense a variety of other neurotransmitters [31,32] including 

adenosine [33], glutamate [34], and nitric oxide [35]. While previous studies utilized single 

carbon fibers encapsulated in glass capillaries [27] or fused silica [36], more recent work has led 

to the development of Parylene C coated carbon fiber arrays capable of dopamine detection in 

rats [37,38] and primates [39]. The use of Parylene C greatly reduces the footprint of the 

electrodes thereby causing less damage [40], which has also been validated with chronically 

implanted carbon fibers that show minimal to non-existent scarring within the implanted brain 

area [22,37,41]. In addition to chemical sensing, Parylene C coated carbon fiber arrays have been 

formed that can also detect chronic unit activity [22,42,43]. This is achieved by forming a low 

impedance surface at the recording site by either exposing a length of the carbon fiber [43,44] or 
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specifically electroplating materials high surface area materials such as poly(3,4-

ethylenedioxythiophene) (PEDOT) [22,45–47]. More recently, it has been shown that single 

carbon fibers can be coated with nanodiamonds, enabling both electrophysiology and dopamine 

detection [48]. Adding to the versatility and benefits of carbon fibers are their high Young’s 

modulus and high fracture toughness [41] which enables an array of individuated fibers to self-

penetrate the rat pia at lengths of 500 µm to 1000 µm [42,49]. Lastly, owning to their small size, 

carbon fibers can remain within the tissue during cryosectioning [47] and be localized during 

imaging as demonstrated by other groups with similarly sized technology [50,51]. 

In this work, we aim to bridge the divide between the individual benefits of carbon fibers. 

To do this we will combine them into an array platform that can probe the brain through 

electrical and chemical detection coupled with elucidating underlying tissue architecture. First, 

we will show that our new carbon fiber arrays simultaneously have low impedance, which is 

ideal for detecting unit activity, and second, have high sensitivity to dopamine. Next, we will 

demonstrate that the arrays can record unit and dopaminergic activity from rat nucleus 

accumbens. Finally, using our slice-in-place histology technique that allows us to leave the 

carbon fibers in place during tissue processing, we will precisely localize the position of the 

fibers within the brain. 

 

2. Materials & Methods 

 

2.1 Device fabrication, preparation, and characterization 

 

2.1.1 Flex array fabrication 

One of the carbon fiber devices, or flex array, used in this study was built upon a custom 

manufactured printed circuit board (PCB) made of 100 µm thick polyimide (MicroConnex, 

Snoqualmie, WA). A connector (A79024-001, Omnetics, Minneapolis, MN) was soldered on to 

the top of the flex array and the feet covered with 2-part quick curing epoxy (1FBG8, Grainger, 

Lake Forest, IL) (figure 1(a)). At the bottom of the flex array, carbon fibers were attached to the 

exposed traces using silver epoxy (H20E, Epoxy Technology, Billerica, MA) (figure 1(a) red box 

and figure 1(b)) that was deposited between every other trace, resulting in a pitch of 132 µm 

(figure 1(c)). A 2-3 mm bare carbon fiber (T-650/35 3K, Cytec Thornel, Woodland Park, NJ) 

was placed in the silver epoxy using forceps and the epoxy was then oven cured (figure 1(d)). 

This was repeated on the other side of the flex array, creating a 16 channel array in a 2 x 8 

configuration. The exposed trace-silver epoxy-carbon fiber bond was covered in an insulating 

epoxy (OG142-87, Epoxy Technology, Billerica, MA) and cured with a UV light source 

(SpotCure-B6, Kinetic Instruments, Limington, MN) (figure 1(e)). Carbon fibers were then cut to 

1 mm and coated with approximately 800 nm of Parylene C (PDS 2035, Specialty Coating 

Systems, Indianapolis, IN). After coating, the carbon fibers were cut down to 500 µm in length 

(figure 1(f)) and the tips prepared according to Tip preparation. 
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Figure 1. Fabrication of a flex array. (a) Layout of a fully populated flex array with Omnetics connector at the top 

and carbon fibers at the bottom (red box). (b) Illustration of the bare gold traces at the bottom of an unpopulated flex 

array. (c) Deposition of silver epoxy between every other trace creates a conductive well for the carbon fibers to rest 

within. (d) Hand placement of the carbon fibers on both sides of the flex array after which the silver epoxy is oven 

cured. (e) The exposed trace-silver epoxy-carbon fiber bonds are covered with a UV-cured insulating epoxy. (f) 

Image of a fully populated flex array with 16 carbon fibers, 8 on each side, at a pitch of 132 µm. 
 

2.1.2 Test array fabrication 

Test arrays were fabricated according to a previously published carbon fiber array [22,42]. To 

begin, a custom PCB was manufactured (Coast to Coast Circuits, Huntington Beach, CA) with 

16 exposed traces, 8 on each side of the board, with a pitch of 152 µm. At the top of the PCB a 

connector (DF30FC-20DS-0.4V, Hirose, Simi Valley, CA) was soldered to each side of the 

board and covered with a shroud to conform to ZIF interfacing headstages (Tucker Davis 

Technologies, Alachua, FL). Similar to the flex array fabrication, carbon fibers were mounted to 

the exposed traces at the bottom of the PCB using silver epoxy (H20E, Epoxy Technology, 

Billerica, MA), which was then oven cured. The exposed bond was protected with an oven cured 

insulating epoxy (353NDT, Epoxy Technology, Billerica, MA). Carbon fibers were then cut to 

2-3 mm and coated with approximately 800 nm of Parylene C (PDS 2035, Specialty Coating 

Systems, Indianapolis, IN). After coating, the carbon fiber tips were prepared according to Tip 

preparation. 

 

2.1.3 Tip preparation 

To re-expose the underlying surface of the insulated carbon fibers the most distal 50 µm or 100 

µm of the fibers was ablated using a 532 nm Karl Suss green laser (energy 5 mJ and pulse 

duration 5 ns) at a power of 250 and intensity of 100%. The probes were plasma ashed using a 

Glen 1000P Plasma Cleaner (pressure 200 mT, power 300 W, time 120 seconds, oxygen flow 

rate 60 sccm, and argon flow rate 7 sccm). Lastly, for the flex arrays, 127 µm diameter silver 

wires with a 4 µm thick Teflon coating (AGT05100, World Precision Instruments, Sarasota, FL) 

were soldered to the board for electrophysiology ground and reference connections. 

 

2.1.4 Impedance characterization 
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Impedance measurements were taken using an Autolab (PGSTAT12, EcoChemie, Utrecht, 

Netherlands) controlled by vendor provided NOVA software in a 3-electrode configuration. The 

carbon fibers, reference electrode (RE-5B, BASi, West Lafayette, IN), and stainless steel counter 

electrode were submerged in 1x phosphate buffered saline (PBS) (BP3994, Fisher, Waltham, 

MA). Data was obtained by applying a 10 mVrms signal from 10 Hz to 31 kHz and analyzed 

using custom Matlab 2018a (Mathworks, Natick, MA) scripts. 

 

2.1.5 Dopamine acquisition, flow cell calibration, and analysis 

Acquisition of dopaminergic FSCV data was accomplished using a custom setup. Briefly, a 

headstage, capable of 16 independent channels of simultaneous acquisition, was fabricated using 

the FSCV circuit described in Takmakov et al., 2011 [52]. One end of the headstage plugged 

directly into the array and the other end led to a breakout box. The breakout box contained two 

connector blocks (777145-02, National Instruments, Austin, TX) that interfaced between the 

headstage and two data acquisition cards (781100-01, National Instruments, Austin, TX). The 

amplifiers on the headstage were powered by a standalone power supply (1672, BK Precision, 

Yorba Linda, CA) and chemical reference was provided by a silver | silver chloride (Ag|AgCl) 

wire. The Ag|AgCl wire was made by connecting the cathode end of a power supply to a silver 

wire (265586, Sigma, St. Louis, MO) and the anode end to a stainless steel wire. The two wires 

were placed in 1N hydrochloric acid (S25356, Fisher, Waltham, MA) and 6 V was applied for 20 

seconds. All electronic devices were connected to an isolation transformer (IS1000, Tripp Lite, 

Chicago, IL) to minimize noise. Data was acquired using TarHeelCV [53] for the test arrays and 

a custom LabVIEW 2018 VI (National Instruments, Austin, TX) for the flex arrays. A complete 

description of the setup, including parts lists, circuit layout files, build instructions, and software, 

can be found at mint.engin.umich.edu. 

Calibration of all fibers started by reaching a steady baseline current while passing 

artificial cerebral spinal fluid (aCSF) over the fibers and then applying boluses of dopamine at 

varying concentrations. The aCSF contained, 125 nM sodium chloride (S271-500, Fisher, 

Waltham, MA), 1 mM D-(+)-glucose (G7528, Sigma, St. Louis, MO), 4 mM potassium chloride 

(P217, Fisher, Waltham, MA), 1.3 mM calcium chloride (C1016, Sigma, St. Louis, MO), 1 mM 

magnesium chloride hexahydrate (M33, Fisher, Waltham, MA), 2 mM sodium phosphate dibasic 

(S375, Fisher, Waltham, MA), and 0.66 mM sodium phosphate monobasic (S369, Fisher, 

Waltham, MA) in deionized water which was brought to a final pH of 7.4. The varying 

concentrations of dopamine started as a stock solution of 0.1 M dopamine hydrochloride (H8502, 

Sigma, St. Louis, MO) and 0.099 M perchloric acid (A2296, Fisher, Waltham, MA) in deionized 

water. The stock was then diluted to a concentration of 1000 nM, which then went through serial 

dilutions to reach concentrations of 500 nM, 250 nM, and 125 nM. Once baseline was reached, 

the aCSF was turned off, while a given concentration of dopamine was simultaneously turned on. 

After a ~10 second interval, the dopamine was turned off while simultaneously turning back on 

the aCSF to allow for a washout and return to baseline. This procedure was repeated three times 

for each concentration of dopamine. 

To determine the current response of each fiber to the different concentrations of 

dopamine we used the software package TarHeelCV [53] for the test arrays and HDCV Analysis 

[54] for the flex arrays. For each trial, the background subtracted current was set to a few 

seconds before the onset of the dopamine bolus. During the current change, due to dopamine 

oxidation, values were measured at the peak of the onset, just before drop off due to the washout, 

and in between these two points. All values were obtained by the same operator. 
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2.2 Chronic electrode implantation 

 

2.2.1 Implantation of flex arrays 

To begin Long Evans male rats (Charles River, Wilmington, MA) weighing between 500-650g, 

were anesthetized with either isoflurane (5% (v/v) for induction and 1-3% (v/v) for 

maintenance), ketamine/xylazine (100/20 mg/kg), or ketamine/dexmedetomidine (75/0.3 mg/kg). 

In addition, some animals received 0.1 mL of 2% lidocaine at the proposed incision site and 

cefazolin (70 mg/mg), while all animals received carprofen (5 mg/kg). After shaving the head, 

the area was triple swabbed with alternating applications of betadine and 70% ethanol. 

Ophthalmic ointment was applied to the eyes to prevent drying and a heating pad was used to 

maintain body temperature. 

 After making a midline incision and pulling away of the tissue flaps, the following holes, 

all relative to bregma, were drilled: -4 mm (A/P) and +4 mm left (M/L) for the reference 

electrode cannula, -5.2 mm (A/P) and +1 mm right (M/L) for the stimulation electrode, and +1.5 

mm (A/P) and +1 mm ± 0.85 mm right (M/L) for the flex array’s cannula. Next, 4-6 holes at the 

periphery of the skull were drilled for the bone screws (1ZY93, Grainger, Lake Forest, IL) which 

were then screwed into place. The reference electrode cannula (MD-2251, BASi, West Lafayette, 

IN) was then implanted and stopped just at the brain’s surface before being cemented in place. 

 To determine the optimal placement for the stimulation electrode, first a single carbon 

fiber in a glass cannula was driven in approximately ~6-7 mm, from the top of the skull, into the 

hole made for the flex array. Next, a 200 µm diameter stainless steel stimulating electrode 

(C315G-MS303/2/SPC, InVivo1, Roanoke, VA) was driven in ~7 mm (targeting ventral 

tegmental area) and then slowly advanced while applying a stimulation pulse and simultaneously 

acquiring FSCV signal from the carbon fiber. Once stimulation induced dopamine was detected 

on the carbon fiber, the stimulation electrode was cemented in place, the single carbon fiber 

slowly withdrawn, and the reference wire’s cannula’s stylet was reinserted. 

 Next, a custom glass cannula (Vitrocom, Boonton, NJ), ~8 mm in length, was filled with 

a strip of polyimide that was flush with the implant end of the cannula and protruded from the 

non-implant end, where they were tacked together using poly(ethylene glycol) (PEG) (295906, 

Sigma, St. Louis, MO). The strip of polyimide serves two purposes during the insertion process; 

first, it prevents fluid and tissue from entering the glass cannula and second, it provides a robust 

surface that can be grasped. After driving in the cannula 6.5 mm, using the skull as the zero 

point, it was cemented in place and the polyimide strip removed by dissolving the PEG with 

saline. Next, the flex array was driven in by the exact length of the glass cannula plus 0.5 mm, 

which ensured that only the fibers on the flex array, also 0.5 mm in length, protruded beyond the 

cannula (figures 2(a) and 2(b)). The array was then cemented in place, the electrophysiology 

reference and ground wires attached to a bone screw over the cerebellum, and then the wires 

were also covered with cement. Additional dental cement was applied as needed. To protect all 

the devices and to minimize debris from entering the Omnetics connector, the cap of a 50 mL 

conical tube (14-432-22, Fisher, Waltham, MA), with a hole cut out of the top, was cemented 

around the implanted devices with the threads facing upward. Then a 1-2 cm portion of the 

threaded end of the conical tube was screwed into the cap and the exposed end of the tube 

covered with tape. 

 Post-operatively, animals were given 1-2 cc of warm saline per 100 g of body weight. 

Animals recovered on a heated pad placed under their cage. In the days following surgery, 
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animals were given post-operative carprofen (5 mg/kg) and/or cefazolin (70 mg/kg) as needed 

based on pain assessment. All procedures and postoperative care complied with the University of 

Michigan’s Institutional Animal Care & Use Committee. 

 

2.2.2 In vivo electrophysiology acquisition and analysis 

Neural recordings were acquired using an Intan RHD2000 interface board coupled with an Intan 

RHD2132 headstage (Intan, Los Angeles, CA). During data acquisition the headstage was set to 

a band pass range of 0.1 Hz to 7.5 kHz with a sampling rate of 30 kHz. To analyze the data, first, 

a common average reference signal was subtracted from all recording channels. Next, the data 

was imported into Offline Sorter (Plexon, Dallas, TX) and high-pass filtered using a 4th order 

Butterworth filter with a corner frequency of 250 Hz. Lastly, each channel’s threshold was 

manually set and the waveforms sorted by a trained operator. 

 

2.2.3 In vivo dopaminergic recordings, stimulation, and analysis 

For each recording session, an Ag|AgCl reference wire was inserted into its designated cannula. 

The same hardware and software used for calibration was also used for in vivo recordings. The 

acquisition headstage was connected via an external wire to the Ag|AgCl wire using a gold pin 

interface (82K7797, Newark, Chicago, IL). Data was acquired using a custom LabVIEW VI and 

analyzed using HDCV Analysis [54] by a trained operator who determined the optimal point to 

set as the background current. 

 During stimulation trials a 60 Hz pulse train, with 5 ms monophasic pulses and 135 µA 

peak amplitude, was applied for 1 second to the implanted stimulation electrode using an isolator 

unit (ISO-Flex, A.M.P. Instruments, Jerusalem, Israel). 

 

2.3 Histology 

 

2.3.1 Perfusion, skull decalcification, and slice-in-place 

Animals were first deeply anesthetized with 5% (v/v) isoflurane before starting a transcardial 

perfusion of 300-500 mL 1x PBS. This was followed by 300-500 mL of a 4% (w/v) 

paraformaldehyde (PFA) (19210, Electron Microscope Sciences, Hatfield, PA) solution (pH 7.4-

7.5) in 1x PBS. The animal was then decapitated and all tissue removed from the skull. The 

dental cement headcap was left attached to the skull and remained in place during all subsequent 

processing steps. Next, the skull was left to sit in 4% PFA at 4 ºC for 24-48 hours. After this time 

the samples were switched to 0.25 M ethylenediaminetetraacetic acid disodium salt hydrate 

(EDTA) (E5134, Sigma, St. Louis, MO) (pH 7.4-7.5) in 1x PBS while sitting on a shaker table, 

also at 4 ºC, at the lowest possible setting (figure 2(c)). The EDTA solution was changed out 

every 24-48 hours until the skull was fully decalcified, which took approximately 2-4 weeks. To 

check for full decalcification a razor blade was used to try and slice through the thicker regions 

of the skull without going so far as to damage the underlying brain. If there was any resistance 

during the manual slicing the sample was put back for further decalcification. 

 Once fully decalcified the sample was then soaked in 30% (w/v) sucrose (84097, Sigma, 

St. Louis, MO) in 1x PBS, at 4 ºC, for at least 72 hours. If after 72 hours the sample had not sunk 

to the bottom of the container, the solution was changed out and small holes were made near the 

ear canal to allow for better penetration of the sucrose solution. Before slicing, the skull was 

carefully trimmed of excess tissue, such as the jaw and cerebellum, and an identifying mark (e.g. 

a notch) introduced in the hemisphere contralateral to the implant for easier identification and 
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orientation during imaging. The skull was then placed in a 50:50 mixture of OCT (23-730-625, 

Fisher, Waltham, MA) and 30% (w/v) sucrose and then put into a vacuum chamber. The 

chamber was pumped down to -0.06 MPa and kept at this pressure for 20 minutes. The skull was 

then placed in only OCT and the pumping process repeated for another 20 minutes. Next, the 

skull was gently wrapped in foil, without wiping off excess OCT, and placed in dry ice for 5 

minutes. After freezing, OCT at the very top of the sample (i.e. where the Omnetics connector 

sticks out of the headcap) was shaved to create a flat surface. This flat surface was then mounted 

to an OCT covered cryostat chuck and allowed to freeze. Next, the assembly was flipped over 

into a silicone mold filled with OCT and left to freeze in dry ice for about 5-10 minutes, before 

trimming away excess OCT. 

 Once mounted in the cryostat, ~100 µm thick slices of OCT were removed, using a 

diamond microtome blade (D554D50, Sturkey, Lebanon, PA), until brain tissue became visible. 

At this point the chuck was adjusted in the medial/lateral direction until the size of both exposed 

hemispheres was roughly even. After alignment, 300 µm thick sections were taken until we 

reached the glass cannula at which point slicing was stopped (figure 2(d)). The slice containing 

the electrode tips was typically visually identifiable by a clustering of small black dots (figure 

2(e)). If available, the use of a stereoscope can greatly aid in this process of identifying sections 

with electrode tips. Slices were stored at 4 ºC in 1x PBS with 0.02% (w/v) sodium azide 

(DSS24080, Dot Scientific, Burton, MI) until ready for staining (figure 2(f)). 

 

 
Figure 2. Process flow of slice-in-place technique for a carbon fiber array. (a) The flex array is implanted using 

a glass cannula as a guide, which is first driven in to just above the target area and then cemented to the skull. (b) 

Close up of the end of the flex array. Once implanted the carbon fibers extend 500 μm past the end of the glass 

cannula. (c) At the end of the chronic implant duration, the animal is perfused and decapitated. The skull, brain, and 

cemented array are kept as one intact unit and placed in EDTA. The EDTA solution is changed every 24-48 hours 

for 2-4 weeks to decalcify the skull. (d) Once the skull is soft enough for slicing, the sample is cryosectioned in the 

ventral to dorsal direction until the glass cannula is reached. (e) Visual inspection under a microscope identifies the 

slice or slices containing the tips of the carbon fibers. (f) Tip containing slices are then stained and imaged to 

identify the precise carbon fiber tip positions, the cells around the tips, and the brain regions that the tips are located 

within. 

Page 8 of 25AUTHOR SUBMITTED MANUSCRIPT - JNE-103573.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



9 

 

 

2.3.2 Immunohistochemistry 

All steps, unless otherwise noted, took place on a shaker or rotating table set to the lowest 

possible setting. To begin the staining process slices were further fixed in 4% PFA at 4 ºC for 2 

days. Next, the slices were placed in 1x PBS at room temperature (RT) for two hours with a 

solution change after the first hour. Slices were then placed in starting block (PI37538, Fisher, 

Waltham, MA) with 1.0% (v/v) triton X-100 (BP151, Fisher, Waltham, MA) at RT, overnight. 

The next day, slices were triple rinsed in 1x PBS with 0.5% (v/v) triton X-100 (0.5% PBST) at 

RT, with each rinse lasting one hour. The tissue was then incubated in a primary antibody 

solution containing mouse anti-Neun (MAB377, 1:250 dilution, Millipore, Burlington, MA) 

and/or rabbit anti-calbindin (CB-38a, 1:250 dilution, Swant, Marly, Switzerland) in 0.5% PBST 

with 0.02% azide at 4 ºC for 7-10 days. After incubation, slices were triple rinsed in 1x PBS with 

0.5% PBST at RT, with each rinse lasting one hour. Next, the tissue was incubated in a 

secondary antibody solution containing Alexa 647 donkey anti-mouse IgG (715-605-150, 1:250 

dilution, Jackson Labs, Bar Harbor, ME) and/or Alexa 546 donkey anti-rabbit IgG (A10040, 

1:250 dilution, Fisher, Waltham, MA) in 0.5% PBST with 0.02% azide at 4 ºC for 3-5 days. The 

tissue was then rinsed twice in 0.5% PBST at RT, with each rinse lasting two hours.  

 For one animal the initial primary antibody incubation and subsequent washing step were 

skipped. At the secondary antibody step the tissue was stained with NeuroTrace 435/455 nissl 

(N21479, 1:250 dilution, Fisher, Waltham, MA) in 0.5% PBST with 0.02% azide at 4 ºC for 3-5 

days. We do not believe that this change in stain impacts our neuron density counts [55]. 

All samples were stored in 1x PBS with 0.02% azide until ready for imaging. 

 

2.3.3 Imaging & analysis 

The day prior to imaging, sections were soaked in increasing concentrations of 2,2’-thiodiethanol 

(TDE) (88561, Sigma, St. Louis, MO) in 1x PBS at RT, starting with 40% for two hours, then 

60% for two hours, 80% for four hours, and finally 100% TDE overnight for refractive index 

matching. Sections were then imaged on a Zeiss LSM 780 confocal microscope using a 450 nm 

or 633 nm laser for excitation with a 405 or 488/543/633 dichroic mirror, respectively. 

 To quantify the neuron population surrounding the implants, images were analyzed using 

the Fiji distribution of ImageJ 1.49v [56]. First, the perimeter of an electrode/hole was manually 

identified and a custom macro was run to define concentric rings spaced from 0 µm to 200 µm, 

in 25 µm increments, away from the defined perimeter. Neurons were counted using the built-in 

cell counter plugin. All exclusions fell within damage caused by the cannula or white matter 

tracts. 

 

2.3.4 Statistical analysis 

Using IBM SPSS Statistics v24 (IBM Corporation, Armonk, NY) a one-way ANOVA test was 

used to determine if there existed any difference in neuronal density between any of the radial 

bin groups, after which a post-hoc Tukey test was used to determine which of the group(s) 

differed. 

 

3. Results 

 

3.1 Tip preparation optimization for low impedance and high dopamine sensitivity 
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In order to determine the ideal amount of Parylene C to remove that would result in a low 

enough impedance for electrophysiology and a high sensitivity to dopamine, characterization 

tests were performed on a previously published carbon fiber array [22,42] that allowed for higher 

throughput (see Methods, Test array fabrication). The exposed recording site needed to be 

large enough to achieve a low 1 kHz impedance that would allow for electrophysiological 

recordings. Previous work has shown that a carbon fiber electrode with only the very tip exposed 

cannot record unit activity without a surface coating [41]. In addition these coatings, whether 

optimized for dopamine [57,58] or electrophysiology [22,44], are still susceptible to degradation 

over time [22,44]. Recent studies have demonstrated that increasing the exposed surface area 

enables bare carbon fibers to detect unit activity with impedances in the single digit megaohm 

range [43,44]. To increase the surface area of our electrodes, first the Parylene C coated carbon 

fibers were laser ablated to re-expose 50 µm or 100 µm of underlying carbon, which led to a 1 

kHz impedance in the single digit megaohm range (figure 3(a)). To further reduce impedance, 

oxygen plasma ashing was applied to the devices and resulted in a decrease in the 1 kHz 

impedance of both exposure groups (figure 3(a)). 

 Increasing the surface area to lower impedance has the added benefit of creating more 

area for dopamine to undergo an oxidation reaction. Using the same test arrays, carbon fibers 

from the different treatment groups were put into a flow cell chamber and subjected to 1000 nM 

of dopamine (DA) while an FSCV signal was applied. The resultant current output showed 

greater sensitivity to dopamine as the surface area increased, coupled with the plasma ashing step 

(figure 3(b)). 

 Before choosing a final exposure length, we wanted to confirm that these results still held 

when using the flex array platform. However, based on these results our group decided that 

regardless of exposure length, the plasma ashing step was necessary to lower site impedance, 

while also providing a boost to dopamine sensitivity.  

 

 
Figure 3. Tip preparation optimization. (a) 1 kHz impedance values (mean ± standard deviation) for different tip 

treatment groups. The unusually large standard deviation for the 50 µm exposure group is due to one array where 8 
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out of 16 fibers had abnormally high impedances. All of these fibers were on the same side of the array and the high 

impedance was possibly the result of an intermittent connection. However, it was difficult to establish an absolute 

cutoff criterion for bad vs. good fibers, so all data was included. (b) Current response (mean ± standard deviation) of 

different tip treatment groups to 1000 nM of dopamine during FSCV. 

 

3.2 Flex array impedance and dopamine calibration 

We wanted to confirm that the previous electrical impedance and dopamine sensitivity values 

from the test arrays were maintained when using our flex array platform with carbon fibers of 50 

µm or 100 µm exposure lengths, coupled with plasma ashing. Impedance measurements (figure 

4(a)) found the 1 kHz values of the 50 µm (370 ± 61 kΩ, n=75 carbon fibers) and 100 µm (225 ± 

105 kΩ, n=57 carbon fibers) exposure lengths to be in good agreement with previous results. 

After completing the fabrication process for the 50 µm exposure group, 75 carbon fibers had 

sufficiently low impedance, when compared to previous results, out of a possible 80 carbon 

fibers, for a yield of 94%, while the 100 µm group showed a yield of 89%, with 57 good carbon 

fibers. Channels were discounted for perceived shorts based on the impedance data where the 1 

kHz values of two neighboring carbon fibers was approximately half that of all others. Other 

channels had too high of an impedance, often exceeding 1 MΩ, and were deemed bad as they did 

not mirror the results seen with the test arrays. 

The flex arrays also underwent dopamine flow cell calibration using concentrations 

ranging from 125 nM to 1000 nM. Calibration curves for both groups showed a good linear fit 

(figure 4(b)). Example FSCV false color plots for flex arrays with 50 µm exposure and oxygen 

plasma, show robust oxidation peaks at both the lowest dopamine concentration (125 nM) for 

one array (figure 4(c)) and the highest dopamine concentration (1000 nM) for a second array 

(figure 4(d)). Flow cell results also allow us to determine which additional channels may need to 

be turned off or discarded as their FSCV plots showed either no response to dopamine or yielded 

noisy readings (figures 4(c) and 4(d)) during future recordings. Those additional channels that 

were not originally discounted by impedance measurements contributed to a lower yield (84% 

for 50 µm and 70% for 100 µm exposure lengths) in the flow cell calibration plots. 

Taken together these benchtop tests of impedance and flow cell measurements led us to 

use the 50 µm exposure length for our in vivo testing. At this length we maintain good spatial 

sensitivity to both local electrochemical and electrophysiological activity. 
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Figure 4. Flex array impedance and dopamine calibration. (a) Average impedance magnitude values (mean ± 

standard deviation) across a range of frequencies for 50 µm and 100 µm exposure lengths with plasma ashing. (b) 

Average current response (mean ± standard deviation) to different dopamine concentrations (125 nM, 250 nM, 500 

nM, and 1000 nM) for 50 µm and 100 µm exposure lengths with plasma ashing. (c) False color plots and 

representative voltammograms, taken at 15 sec. (white dashed line), for one array’s 16 fibers (50 µm exposure + 

plasma ashing) subjected to 125 nM of dopamine in flow cell (bolus infusion at red dashed line). Data was collected 

simultaneously. The plots reveal that channels 4 and 5 did not work and can be ignored during in vivo recording 
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sessions. (d) False color plots and representative voltammograms, taken at 15 sec. (white dashed line), for a second 

array’s 16 fibers (50 µm exposure + plasma ashing) subjected to 1000 nM of dopamine in flow cell (bolus infusion 

at red dashed line). The slower onset of the oxidation response as compared to the plots in (c) is due to a slower flow 

rate. Data was collected simultaneously and it can be seen that one channel was turned off pre-emptively and others 

may need to be turned off as well during in vivo recording sessions. 

 

3.3 Neuron density not affected by carbon fibers 

To assess potential tissue damage from the implants, histology was performed while leaving the 

devices in place during the tissue slicing process. During this process the fibers are cut at the 

same time as the tissue, leaving the fibers embedded within the tissue. They can be easily 

identified by first using a transmitted light image (figures 5(a) and 5(e)) and followed along the 

length of the exposed carbon fiber area in fluorescent images of the same tissue stained with 

NeuN (figures 5(b)-5(d)). In cases where the carbon fibers have fallen out of the tissue during 

slicing or the post-processing of the tissue, owing to their small size, a tissue hole is still evident 

in transmitted light images (figures 5(f) and 5(j)) and that hole can also be followed in the z-

stack of NeuN images (figures 5(g)-5(i)). To assess any potential volumetric changes in the 

tissue due to our extended staining times we measured the border of the electrodes/holes (n=14) 

throughout the depth of the tissue in an animal with an 11.7 week implant (movie S1). An 

average hole diameter of 8.5 ± 1.8 µm (n=635 measurements) was observed which is comparable 

to the original carbon fiber plus Parylene C diameter of 8.4 µm. This indicates that our tissue has 

not undergone major expansion or shrinkage during the two week long staining process. 

In a separate four rats, with chronic implants ranging between 10.1-13.3 weeks, 

histological analysis was performed to observe the neuron density near the electrodes. In these 

animals 58 electrodes/holes out of the expected 64 were identified and precisely located within a 

tissue slice. The six unaccounted for carbon fibers most likely were inadvertently broken off 

during the insertion. In 3 out of 4 animals, the full array extended well past the cannula damage. 

In the fourth animal, damage from the glass cannula enveloped all but three electrodes. Those 

three electrodes were included in the analysis as they otherwise appeared to be similar to the 

others. In total, neuron density was evaluated for 44 identified electrodes/holes, while 14 were 

discounted due to landing in white matter tracts or being within the cannula’s damage radius. 

Density was calculated by counting the number of neurons within 25 µm bins, starting at the 

edge of an electrode/hole. Remarkably, the neuron density within about the first 25-100 µm, 

where the electrodes are most likely to detect units [59], was not significantly different from that 

at 175-200 µm (figure 5(k)) where the tissue is presumed to have normal neuronal density [19]. 

The only significant difference was found between the closest and most distant bins (figure 5(k)), 

but it is important to note that the neuron density within the first 25 µm was still 75% of that at 

the 175-200 µm distance. 

Overall, these results suggest that outside of the cannula damage, our carbon fiber probes 

lead to minimal damage to the tissue in the area of interest and that we are able to precisely 

localize our electrodes during histology without explanting the device. 
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Figure 5. Slice in place histology demonstrates carbon fibers cause no chronic tissue damage. (a) & (e) 

Transmitted light image of a localized carbon fiber (white arrow) within tissue at the tip (a) and 50 µm from the tip 

(e). (b)-(d) Successive images of NeuN stained tissue moving away from the tip of the carbon fiber (white arrow) in 

(a) capturing both the carbon fiber and neighboring neurons. (f) & (j) Transmitted light image of a localized hole 

(white arrow) that can be detected even if the carbon fiber is not present at the tip (f) and 50 µm from the tip (j). (g)-

(i) Successive images of NeuN stained tissue moving away from the tip of the hole (white arrow) in (f) capturing 

both the hole and neighboring neurons. (k) Calculated neuron density (mean ± standard error) shows no major 

deficit within the immediate vicinity of the electrodes (n=44), indicating that the carbon fibers do not cause scaring 

and chronic inflammation. * p<0.05. 
 

3.4 Chronic detection of dopaminergic and electrophysiological activity and localization of 

carbon fibers in vivo 

To test the ability of the flex arrays to detect dopaminergic and unit activity in vivo we 

chronically implanted a rat, targeting the nucleus accumbens core and shell regions. At day 15 

post-implant, the male rat was paired with a hormonally primed female to elevate natural 

dopaminergic activity. Stimuli associated with a female rat has been previously shown to induce 

an increase in dopamine release in male rats [60]. This male rat had not previously been 

introduced to a female and this interaction produced what we believe to be transient dopamine 

release detected on 13 channels (figure S1). An important caveat to this initial testing of the array 

is the lack of control data before and after the introduction of the female. To account for this and 
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to better test the capability of the array, at day 34 we applied stimulation to the ventral tegmental 

area (VTA) and saw dopamine detection on 11 channels (figure 6(a)). This also confirms our 

array implant location in the nucleus accumbens, as the VTA is known to project to nucleus 

accumbens [61]. On the same day, but in a different session, we were able to detect unit activity 

on seven channels (insets of figure 6(a)). 

At day 78, this animal was sacrificed, perfused, and its tissue sliced with the array in 

place. In this particular animal the array looks to have landed primarily in the core region with 

two carbon fibers ending up in the anterior commissure based on a corresponding light image of 

the entire slice (figures 6(b) and 6(c)). Calbindin staining of the tissue allowed us to verify that 

the array was primarily implanted in the nucleus accumbens core, with two fibers in the anterior 

commissure (figure 6(d)). The same tissue section was also stained for NeuN, the carbon fibers 

identified, and numbered to match their respective recordings channels (figure 6(e)). As seen 

before, the tissue demonstrates minimal degradation of neuronal health which is not typically 

found with other electrodes [62]. While carbon fibers 8 and 16 may have partially landed in the 

anterior commissure, they still detected dopamine under stimulation conditions (figure 6(a)). 
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Figure 6. Carbon fiber anatomical localization, tissue response, and chronic detection of dopamine and 

electrophysiology. (a) Dopamine release detected after stimulation of the VTA (applied at the 5 second mark) on 

day 34 post-implant. Channel 3 was broken prior to implantation of the array. Insets show detected unit activity in a 

session after FSCV, using an Intan headstage, on the same day. Horizontal white scale bar is 500 µs and vertical 

white scale bar is 30 µV. (b) Picture of the carbon fibers (red box) embedded within the tissue after sectioning. (c) 

Close up from (b) showing the rightmost channels (8 and 16) embedded within the anterior commissure. Individual 
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carbon fibers have been numbered and correspond to the data shown in (a). (d) Calbindin staining identifies the 

boundary between the nucleus accumbens core and shell. Here the array’s implant location is primarily in the core 

and partially in the anterior commissure. The white dots indicate the location of the actual carbon fibers, determined 

using an overlapping transmitted light image (not shown). (e) The same tissue as in (d) but stained with NeuN, 

showing no obvious damage to the areas immediately surrounding each carbon fiber (white dots).  

 

 

DISCUSSION 

The carbon fiber array presented here represents, to our knowledge, the first array capable of 

both chronic electrophysiology and chronic chemical sensing which can also be precisely 

localized within the tissue to identify the recording location. 

The chronic electrophysiology and chemical sensing are derived from our unique tip 

preparation methods. A variety of methods have been used by other groups, including fire-

sharpening with a blowtorch [43,63], masking the carbon fibers using photolithography [37], or 

exposing the ends using cryosectioning [47]. Our laser ablation and plasma ashing approach 

offers a high degree of flexibility in the amount of carbon that was re-exposed. The laser ablation 

was critical in re-exposing the underlying carbon and the plasma ashing most likely removed any 

residual Parylene C, in addition to possible surface roughening. The combination of the two led 

to low impedances suitable for electrophysiology and high enough dopamine sensitivity to detect 

dopaminergic signals at one month. While we have not yet implanted a sufficient number of 

animals to measure chronic longevity of these arrays, others have demonstrated the feasibility of 

this technology by recording dopaminergic activity from chronically implanted carbon fibers for 

over a year [38]. In addition, it may be possible in the future to coat our electrode tips with a 

polymer, such as PEDOT doped with carbon nanotubes [46,64,65], graphene oxide [57], or 

Nafion [58], to simultaneously improve the fidelity of both recording modalities. Though, 

additional chronic testing will be necessary to determine if there is any degradation as seen in 

other PEDOT studies [22,44]. 

An important aspect to the overall design of this array is that most of the manufacturing 

steps can be done at the benchtop of most labs. Groups accustomed to handling microwires could 

learn to handle the placement of carbon fibers within a short time. While the by-hand assembly 

does increase fabrication time, most steps can be done within 10-15 minutes, with important 

customization taking place during the process. For example, each individual electrode can be 

optimized for high quality electrophysiology (with small site size and low impedance coatings 

such as PEDOT), high quality FSCV (with 100 µm of exposed carbon), or a combination of the 

two (50 µm exposed, with visible but small spikes). In addition, the circuitry and LabVIEW 

software used in the present study are available online and can be assembled or modified in-

house by any lab. To further the design space, one may consider using fibers made from carbon 

nanotubes which have a higher surface area than traditional carbon fibers [66,67], leading to 

increases in dopamine sensitivity. Some of our current yield issues likely stem from silver epoxy 

accidentally bridging the gap between two sets of traces during fabrication, from fibers breaking 

during any of the hand fabrication steps, or improper lasering leading to insufficiently exposed 

area. Regardless of material type or improved tip functionalization [44], improvements to our 

manufacturing yield and channel count will also be critical in the future. To further this goal, we 

are currently conducting similar chronic experiments with our carbon fiber + silicon hybrid 

design [42] which allows for more flexibility in targeting different depths without a glass 

cannula, easier insertion, faster manufacturing, higher yields, and a better platform for custom 

configuration. 
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The ability to slice through our electrodes, determine their precise implant location, and 

quantify neuronal density can be primarily attributed to the small size of the carbon fibers, which 

has been seen by other groups with similarly sized electrodes [47,50,51]. We have known for 

some time that carbon fibers cause very little immune response, but previous studies lacked good 

neural density metrics because carbon fibers are extremely hard to find when removed due to this 

minimal scarring [22,41]. For comparison, these electrodes are roughly the size of capillaries 

found in the cortex [68]. In the present study, we took advantage of this small size to slice the 

whole array, without apparent movement of any electrodes, and quantify the neuronal density 

around the electrodes. It is encouraging that 10+ weeks post-implant, the density within the first 

100 µm is nearly indistinguishable from normal brain. The lack of damage also suggests future 

medical applications, such as neuroprosthetics, where stable multi-year recordings are desirable 

for brain machine interfaces [69]. Finally, the very small size and pitch may ultimately enable 

use of the present device in nerves and ganglia where carbon based devices have already shown 

the ability to record unit activity [63,70].  

While it is feasible for there to be major movement of the electrodes during the softening 

phase in EDTA or during handling, we do not believe this to be the case. The handling of the 

sample is kept to a minimum and done so gently and by the more rigid parts when handling is 

necessary. Micromotion is the more serious concern, but owning to the flexible nature of the 

carbon fibers we believe they will move with the tissue if the sample is handled properly. 

These devices now provide the ability to relate dopamine and electrophysiology signals 

to surrounding macro- and micro-structure and will be highly valuable for understanding both 

natural signals related to learning and motivation [71] and the altered signaling produced by 

drugs of abuse. Dopamine dynamics are known to differ between subregions such as core and 

shell [72]. They are also thought to vary between micro- and meso-environments as well [7,8], in 

part as a result of local control of dopamine release by interneurons [73,74]. It is therefore 

critical to be able to precisely localize recording sites relative to anatomical features across a 

wide range of spatial scales. 

Works that have studied cellular dopamine release and firing dynamics using the separate 

techniques of microdialysis and electrophysiology [75,76], could possibly benefit from this work 

by recording both types of signals, in sequence, from the same area with high temporal and 

spatial resolution.  Alternatively two different probes in the same rat could be used, one to detect 

dopamine cell firing and the other to detect the downstream release of dopamine in the target 

region. 

More generally and of importance to many neuroscience studies, the high neuron density 

surrounding the probes suggests that we have not yet reached the limit of electrode pitch or 

channel count as has been demonstrated by other groups who created PEDOT coated carbon 

fiber arrays for electrophysiology with closer pitch and higher channel counts [47,77]. Carbon 

fiber arrays are differentiated from high channel count silicon probes with single shanks because 

they are distributed across more of the brain rather than along a single path. With our particular 

architecture, the regular spacing of the fibers, which are far less prone to splaying or migration, 

enables easier matching of electrode recording data with their physical location within the tissue. 

This may be useful for recording from interconnected circuits, particularly if the focus is to 

determine the precise position of the electrodes within them. These preliminary results strongly 

motivate combining chronic recording of electrical and dopaminergic activity with anatomy 

imaging techniques. In addition to identifying the recorded neurons in situ, our techniques will 

enable characterizing these neurons’ molecular identity using immunofluorescence antibody 
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staining. Combining with circuit labeling tools, our techniques will further permit functionality, 

anatomy, and connectivity studies in the same animal at single cell resolution. For instance, we 

may record and identify many afferent interneurons and their connected single efferent 

pyramidal cell that are labeled by the trans-monosynaptic rabies virus in the cortex [78]. Such an 

application will allow us to unambiguously study the differential inhibition effect of different 

interneuron subtypes onto the same target. In another example, we may combine our techniques 

with the Brainbow tools, which randomly generates many spectrally distinct colors to label 

neighboring neurons [79,80]. Using proper sample preparation, imaging, and neuronal tracing 

methods, Brainbow tools permit us to trace densely labeled neurons and reconstruct neural 

circuits [81–84]. This combination therefore allows for the investigation of local interactions 

between recorded and surrounding neurons through detailed anatomical mapping. Ultimately, we 

envision our novel carbon fiber array platform as enabling a new experimental paradigm for 

chronic behavioral experiments, wherein high density neuronal electrical and/or chemical 

activities are recorded, after which their molecular identity, morphology, and connectivity are 

precisely depicted in situ by electrode tip-correlated imaging and analysis. 
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