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Abstract

The chronic performance of implantable neural electrodes is hindered by inflammatory brain 

tissue responses, including microglia activation, glial scarring, and neuronal loss. Melatonin (MT) 

has shown remarkable neuroprotective and neurorestorative effects in treating central nervous 

system (CNS) injuries and degeneration by inhibiting caspase−1, −3 and −9 activation and 

mitochondrial cytochrome c release, as well as reducing oxidative stress and neuroinflammation. 

This study examined the effect of MT administration on the quality and longevity of neural 

recording from implanted microelectrode in the visual cortex of mice for 16 weeks. MT (30 

mg/kg) was administered via daily intraperitoneal injection for acute (3 days before and 14 days 

post implantation) and chronic (3 days before and 16 weeks post implantation) exposures. During 

the first 4 weeks, both MT groups showed significantly higher single-unit (SU) yield, signal-to-

noise ratio (SNR), and amplitude compared to the vehicle control group. However, after 4 weeks 

of implantation, the SU yield of the acute treatment group dropped to the same level as control 

group, while the chronic treatment group maintained significantly higher SU yield compared to 

both acute (week 5–16) and control (week 0–16) mice. Histological studies revealed a significant 

increase in neuronal viability and decrease in neuronal apoptosis around implanted electrode at 
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week 16 in the chronic group in comparison to control and acute subjects, which is correlated with 

reduced oxidative stress and increased number of pro-regeneration arginase-1 positive microglia 

cells. These results demonstrate the potent effect of MT treatment in maintaining a high quality 

electrode-tissue interface and suggest that MT promotes neuroprotection possibly through its anti-

apoptotic, anti-inflammatory and anti-oxidative properties.

One Sentence Summary:

This study demonstrated the potent effect of melatonin treatment in inhibiting persistent 

inflammation and neuronal loss, as well as maintaining high quality neural recording in chronic 

microelectrode brain implantation.

Keywords

Melatonin; antioxidant; single-unit recording; microelectrode arrays; oxidative stress; 
inflammatory gliosis

1. Introduction

Neural interface technologies utilize neural recording and/or stimulation to monitor or 

restore sensory or motor function [1–3]. Penetrating microelectrode arrays enable recording 

of SU spike activity and multi-unit (MU) activity from populations of neurons to investigate 

neuronal network dynamics [4, 5]. Furthermore, engaging an implantable neural interface to 

translate the recorded motor commands of paralyzed patients into controlling external 

devices or providing sensory feedbacks via stimulation demonstrates the tremendous 

potential of brain-computer interfaces for several clinical applications [6–8].

Achieving a high quality long-term performance from such implanted electrodes is one of 

the most challenging problems in the field. Many studies have reported significant SU 

amplitude decrease over time [9–11], and the degradation in signal quality leads to the drop 

in single-unit yield over time [9, 12]. The chronic failure has been contributed to both 

material degradation and biological host tissue responses [13–17]. The penetrating injury 

damages neurons in the implant path and decrease the neural density around the 

implantation site. Reduced neuronal density near the electrodes will consequently lead to 

reduced recording performance [15]. The implantation also inevitably damages the 

vasculature and blood brain barrier (BBB) and activates microglia/macrophages and 

subsequently astrocytes, which orchestrate the inflammatory response. Over time, microglia, 

astrocytes, and NG2 glia ensheath the implant, and the electrode from surrounding brain 

tissue and release high levels of pro-inflammatory cytokines such as interleukin-1β (IL-1β), 

tumor necrosis factor (TNF-α) and monocyte chemoattractant protein-1 (MCP-1), as well as 

reactive oxygen and nitrogen species (RONS) [14, 18–21]. Persistent release of these factors 

cause chronic inflammation which results in a glial encapsulation layer ranges that from 50 

to 400 μm in diameter [22]. Chronic inflammation could also compromise neuronal function 

by neuronal degeneration and demyelination [7, 17, 19, 23–26]. Indeed degenerating neural 

processes near the kill zone are observed over long implantation periods similar to what has 

been observed in neurodegenerative disorders [27], which may lead to signal degradation 
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over time. Recently, studies focused on understanding the cellular pathways leading to 

implant-induced tissue responses have emerged using transgenic knockout and molecular 

analyses [26, 28]. By knocking out caspase-1, a mediator of both apoptosis and 

inflammation, neural recording performance was significantly improved [26]. These studies 

provided useful information for targeted therapies.

Among the multiple therapeutics targeting inflammation and neuronal death, MT is an 

attractive candidate. A hormone known for its role in circadian rhythm in regulating sleep, 

MT also has remarkable neuroprotective and neurorestorative effects in treating CNS 

injuries and degeneration. MT easily diffuses through biological membranes and the BBB 

and has multiple beneficial properties such as anti-inflammation [29–31], anti-oxidant [32–

34] and anti-apoptotic [35] effects. MT as a regulator of the inflammatory cell compartment 

exerts cyto-protective actions by regulating oxidative stress, and altering leukocytes 

proliferation, apoptosis and mitochondrial homeostasis [36, 37] and has shown therapeutic 

effects in CNS diseases such as Alzheimers Disease, Parkinson’s Disease, multiple sclerosis, 

stroke, Huntington’s disease, amyotrophic lateral sclerosis (ALS) and brain ischemia/

reperfusion [38–41]. MT acts both receptor-dependently by interacting with plasma 

membrane (MT1/MT2), mitochondrial (MT1) and nuclear orphan (ROR/RZR) receptors, as 

well as receptor-independently based on its free radical scavenging property [38, 41]. We 

have recently demonstrated a mitocrine pathway where MT is synthetized in neuronal 

mitochondrial matrix, released and by binding to the MT1 receptor it inhibits cytochrome c 

release and activation of the caspase cell death pathways [41]. MT can enter mitochondria 

where it scavenges free radicals [42, 43] and prevents molecular damage resulting from toxic 

RONS [38]. Several studies have demonstrated the protective role of MT as an antioxidant in 

reducing apoptosis both in vivo and in vitro [44–48]. For example, MT protects neurons 

from excitotoxicity and apoptotic cell death by controlling free radical processes [44]. 

Regardless of the mechanism (receptor dependent or not), MT inhibits the production of 

inflammatory cytokines including TNF-α, IL-1β, or interleukin-6 (IL-6) via different 

pathways [49–52] by suppressing macrophage cyclooxygenase-2 and inducible nitric oxide 

synthase (iNOS) [53], as well as blocking the transcriptional factors that stimulate pro-

inflammatory cytokine production [54]. Furthermore, MT inhibits the activation of NF-KB 

[55, 56] and the caspase-1/cytochrome c/caspase-3 cell death pathway during inflammation 

[29, 30, 40, 57, 58].

With these considerations in mind, we hypothesized that MT administration may improve 

neural recording quality and longevity for chronically implanted electrodes by inhibiting 

inflammatory responses and decreasing neuronal loss and degeneration. We investigated the 

effects of daily MT administration, which includes an acute administration (3 days prior to 

implant and continuing for 14 days after surgery) and chronic treatment (3 days prior to 

implant until the end time point of the study, 16 weeks), on neural recording performance 

and host tissue responses of implanted neural electrode arrays.

2. Materials and Methods

This study compares the neural recording characteristics of intracortical microelectrode 

arrays implanted in acute MT-treated (daily injection 3 days before and 2 weeks after 
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implantation, chronic MT (daily injection 3 days before and 16 weeks after implantation) 

and vehicle control in C57BJ/6 wild type (WT) mice. A visually evoked cortical recording 

model was used [59–61], and recording performance was evaluated through single-unit 

yield, single-unit signal to noise ratio, single-unit amplitude, noise floor and impedance 

using previously published methods [26, 62]. At the end time point (16W), postmortem 

immunohistochemistry was performed to examine the molecular, cellular, and vascular 

responses around the implantation site.

2.1. Animals and Surgical Implant Procedure

20 C57BL/6J male mice (age, 9 weeks; weight, 20 to 25 g; The Jackson Laboratory, Bar 

Harbor, ME) were kept in the temperature-controlled animal facility center (DLAR) in a 

ventilated rack at the University of Pittsburgh with a12:12-h light: dark cycle and with ad 

libitum access to food and water. All procedures were approved by the Institutional Animal 

Care and Use Committee of the University of Pittsburgh, in accordance with the guideline.

All animal surgeries were performed as previously described [26, 63]. 3 days before surgery, 

animals were allocated randomly into 3 groups; control (N=6, received saline by daily 

injection 3 days before and 16 weeks after implantation), acute MT (N=6, received MT by 

daily injection 3 days before and 2 weeks after implantation), chronic MT (N=8 (2 mice 

scarified at week 6 and 12 after surgery (failure of dental cement head-cap due to unstable 

interface between the skull and dental cement)), received MT by daily injection 3 days 

before and 16 weeks after implantation). Mice were anesthetized by using an Isoflurane 

Vaporizer (Patterson Veterinary Inc.; isoflurane inflow was 2% for induction phase and 

maintained at 1.5% during surgery) that provides a mixture of isoflurane and oxygen. A 

warm water pad (HTP 1500, Adroit Medical Systems, Loudon, TN) was set to 37 °C and 

placed underneath the anesthetized mouse to maintain body temperature. The mouse was 

mounted to the stereotaxic frame (Kopf Instruments, Tujunga, CA) and the skull was 

exposed. The hole was drilled in the skull with a surgical drill (0.007 drill bit, Fine Science 

Tools, Inc., Foster City, CA) over the 1 mm anterior to Lambda and 1.5 mm lateral to 

midline. Sterilized saline was applied continuously for cutting heat dissipation in high-speed 

drilling of the bone. Three sterilized bone screws (Stainless Steel; shaft diameter: 1.17 mm, 

length: 4.7 mm; Fine Science Tools, Inc., Foster City, CA) were screwed bilaterally over the 

primary motor cortex (as the grounding electrode) and over the contralateral visual cortex 

(as the reference electrode) for anchoring dental cement to bone. A functional 3 mm single-

shank planar silicon probe with 15 μm thickness and 16-circularelectrode site with 30 μm 

diameter and 100 μm site-spacing (NeuroNexux, Ann Arbor, MI, A1×16-3MM-100-703-

CM15) were implanted in the left visual cortex using a stereotaxic manipulator until the top 

edge of the last electrode site is below the brain surface. After filling the craniotomy with 

Kwik-Cast Sealant (World Precision Instruments, Sarasota, FL), the reference and grounding 

wires were connected to the bone screws and dental cement (Pentron Clinical, Orange CA) 

was cured with a dental curing light to make a head-cap. After surgery, animals received 

intraperitoneal (i.p.) injection of 5mg/kg ketofen (100mg/ml, Zoetis Inc, Kalamazoo, MI) 

and placed on an electric heating blanket under a warming light to wake up. Daily use of 

analgesic continued for three days after surgery.
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2.2. Pharmacological Treatment

MT (MP Biomedicals, Inc., Fisher scientific) was administered i.p. at a dose of 30 mg/kg 

(100μl) to the MT treated group (Figure 1 A). It was prepared in 0.9% saline after being 

dispersed by dimethyl sulfoxide (DMSO) fresh daily. The daily injection was started 3 days 

before and continued for 2 weeks (acute MT) or 16 weeks (chronic MT) after implantation. 

This is an effective dose identified in the previous study for treating ALS disease [64]. 

Control groups received saline injection following the same schedule as the chronic MT 

group. For the control and the acute MT: N = 6 for 1–120 days. For the chronic MT group: 

N = 8 for 1–42 days, N = 7 for 43–84 days, and N = 6 for 84–120 days.

2.3. Neurophysiological Recording

Recording of spontaneous and visually evoked SU, MU and local field potential (LFP) 

responses was performed each week as extensively described [26, 62, 63] under 1% 

isoflurane anesthesia (Figure 1 B). Briefly, electrophysiological recording was conducted 

from the animal inside of a Faraday cage in a dark room. Visual stimuli were presented by 

using the MATLAB-based Psychophysics toolbox [59, 60, 65] through a 24” LCD (V243H, 

Acer. Xizhi, New Taipei City, Taiwan) located outside of cage and placed 20 cm from the 

eye contralateral to the implant. Solid black and white bar gratings were presented drifting in 

a perpendicular direction and synchronized with the recording system (RX7, Tucker-Davis 

Technologies, Alachua FL) at 24.414 Hz. The raw data stream was filtered to produce spike 

(0.3 to 5 kHz) data streams. Further, the spike data stream was pre-processed through 

previously published methods [66, 67] and individual units were identified by using a fixed 

negative threshold value of 3.5 SD [26, 66]. Offline spike sorting was performed through a 

custom MATLAB script modified from previously mentioned methods [62, 63, 68]. To 

quantify the single-unit quality, the average signal-to-noise amplitude ratio (averaging the 

amplitudes of single-units for each channel) and the average amplitude of noise (2 SD) were 

calculated. Only candidate units with detectable spikes (SNR >2) were analyzed. Channels 

with SNR between 2 and 3 were manually selected by examining the combination of 

waveform shape, auto-correlogram, peak threshold crossing offset, and peri-stimulus time 

histogram (PSTH) with 50 ms bins and candidate units with SNR greater than 3 were 

manually confirmed by examining the waveform shape [26]. Additionally, we quantified the 

MU Signal-to-Noise Firing Rate Ratio (SNFRR) as the average firing rate of the ‘ON’ state 

minus the average firing rate of the ‘OFF’ state to the visual trigger divided by the average 

standard deviation of the ‘ON’ and ‘OFF’ state both [63]. Furthermore, we quantified the 

spike firing rate of SU and MU activity in the resting state between different treatment 

conditions to evaluate the activity and excitability of the neurons.

2.4. Electrochemical Impedance Spectroscopy (EIS)

EIS was used to characterize the electrode properties and glial scar encapsulation. Data was 

collected before implantation and after every recording session under anesthesia (1.5% 

isoflurane) through connecting implanted electrode to an Autolab potentiostat using a 16 

channel multiplexer. A voltage of 10 mV RMS sine wave from 10–32,000 Hz was applied to 

measure EIS, using individual electrode sites as the working electrodes and stainless steel 

screw (19010–00, Fine Science Tools, Inc., Foster City, CA) as the counter electrode.
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2.5. Immunohistochemistry

According to University of Pittsburgh IACUC approved methods, mice were sacrificed at the 

end (16 weeks). Each animal was deeply anesthetized using 80–100 mg/kg ketamine, 5–10 

mg/kg xylazine cocktail. Once mice were unresponsive to tail/toe pinches, animals were 

transcardially perfused using phosphate buffered saline (PBS) flush at <80 mmHg followed 

by 4% paraformaldehyde (PFA) at <80 mmHg. Mice were decapitated and the skulls were 

removed to post-fix the brain in a 4% PFA at 4 °C for 4–6 h. Then, brains were soaked in a 

15% sucrose (Sigma-Aldrich Corp., St. Louis, Missouri) bath at 4 °C overnight followed by 

a 30% sucrose solution for 24 h. Brains were then carefully frozen in a 2:1 20% sucrose in 

PBS:optimal cutting temperature compound (Tissue—Plus O.C.T. Compound, Fisher 

HealthCare, Houston, TX) blocking media blend with dry ice. Frozen tissue was then 

horizontally sectioned into 25 μm thick sections normal to the tract of the probes using a 

cryostat (Leica CM1950, Buffalo Grove, IL).

Cortical sections of implanted and non-implanted hemisphere were mounted on the same 

slide for comparison and staining for each antibody combination was performed at the same 

time to minimize variability. Antibodies to visualize neurons (NeuN, 1:250, MAB377 

Millipore), apoptotic cell death (cleaved caspase-3, 1:500, 9661S Cell Signaling), microglia 

(Iba-1, 1:500, NC9288364, Fisher), astrocytes (GFAP, 1:500, Z033401 Dako), blood vessels 

(tomato-plant lectin, 1:250, B1175 Vector Labs), M1 macrophage (iNOS, 1:250, 482728 

Millipore), M2 macrophage (Arginas 1 (Arg1), 1:500, ABS535 Millipore), macrophage/

microglia (ED-1, 1:100, ab31630 Abcam), lipid peroxidation (4-hydroxy-2-nonenal 

(4HNE), 1:200, 24325 Oxisresearch) and/or blood-brain barrier injury (immunoglobulin G 

(IgG), 1:16, Alexa Flour 647-conjugated AffiniPure Fab Fragment goat anti-mouse IgG 

115-607-003 Jackson ImmunoResearch Laboratories, Inc.) (antibodies outlined in Table 1) 

were used. These antibodies were used to investigate the effect of MT injection in glial 

activation, probe encapsulation, number of viable neurons and amount of free radicals.

Tissue sections were rehydrated in 1 × PBS for 2×5 min. The tissues were then incubated in 

0.01 M sodium citrate buffer for 30 min at 60 °C. Then, a peroxidase block (PBS with 10% 

v/v methanol and 3% v/v hydrogen peroxide) was performed for 20 min at room temperature 

(RT) on a table shaker. Next, tissue sections were incubated in carrier solution (1 × PBS, 5% 

normal goat serum, 0.1% Triton X-100) for 30 min at RT. Lastly, the tissue sections were 

blocked with Alexa Flour 647-conjugated AffiniPure Fab Fragment goat anti-mouse IgG 

(IgG, 1:16, 115-607-003 Jackson ImmunoResearch Laboratories, Inc.) or Fab fragment only 

(1:13, 115-007-003, JacksonImmunoResearch Laboratories, Inc.) for 2 hours then rinsed 6 

times each 4 minutes. Following blocking, sections incubated in a primary antibody solution 

consisting of carrier solution and antibodies listed in Table 1 overnight (12–18 hours) at RT 

were then washed with 1 × PBS for 3 × 5 min and incubated in carrier solution and 

secondary antibodies (1:500, Alexa Flour 488 goat-anti mouse, Invitrogen, and 1:500 Alexa 

Flour 568 goat-anti rabbit, Invitrogen, 1:500, DyLight 649 Streptavidin, Vector Labs, 1:500 

Alexa Flour 568 goat-anti mouse, Invitrogen, 1:500 Alexa Flour 488 goat-anti rabbit, 

Invitrogen, 1:500 Alexa Flour 633 goat-anti chicken, Invitrogen) for 2 hours at RT. Then 

sections were rinsed with PBS for 3 × 5 min and exposed to Hoechst (1:1000, 33342 
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Invitrogen) for 10 min and washed in PBS for 3 × 5 min before being coverslipped with 

Fluoromount-G (Southern Biotech, Associate Birmingham, AL).

2.6. Quantitative tissue analysis

Sections were imaged using confocal fluorescent microscopy to evaluate the cellular 

reactions associated with the implanted electrodes. Images were acquired using an Olympus 

Fluoview FV-1000 Confocal Microscope (Olympus America, Center Valley, PA) at the 

Center for Biologic Imaging at the University of Pittsburgh. For each antibody, images were 

taken using the same laser power, exposure time, and detector settings to decrease 

variability. Images were centered on the implant site and multi-channel images were 

acquired simultaneously. For Iba-1, GFAP, tomato lectin, IgG, and 4HNE, images were 

analyzed using a pixel-based radial image intensity analysis, as previously described [69]. 

Sections in the range of 500 μm to 1000 μm depth from the brain surface were compared 

with control (non-implanted) sections. For each image, the center of insertion site was 

chosen and by using the MATLAB script, masks of concentric rings every 20 μm for 240 μm 

were generated. Then, MATLAB scrip calculated and normalized the average gray scale 

intensity for all pixels above the threshold of the background noise intensity in each 20 μm 

bin. Finally, intensities were averaged for each group (control, acute MT, chronic MT), and 

then bar graphs for intensity-based radial analysis of fluorescent markers were plotted by 

mean ± standard error as a function of distance.

For NeuN, Caspase 3, iNOS, Arg1, and ED-1, cells were manually counted in each bin and 

the cell density (cell count per tissue area) was calculated. As previously described, data 

were averaged for each group, and the bar graphs for density-based radial analysis of cells 

(the mean and standard error) were plotted as a function of distance to the implantation site.

2.7. Statistics

General linear model repeated measure ANOVA and Tukey’s post hoc tests were conducted 

in SPSS to compare the effect of time and type of treatment on recording or tissue 

characteristics among three groups at the same time points. p<0.05 was deemed statistically 

significant. N = 6 for the control and the acute MT. For the chronic MT group: N = 8 for 1–6 

weeks, N = 7 for 7–12 weeks, and N = 6 for 13–16 weeks.

3. Results

3.1. Electrode Performance Analysis

3.1.1. Depth Independent Chronic Electrode Performance Analysis—Electrical 

recording performance was measured by averaging performance metrics of all 16 channels 

along the Michigan probe shank. Visually evoked single-unit yield (percentage of recording 

sites able to detect a single-unit) is presented in Figure 2 A, which for the control group 

started acutely at 57± 8% and declined gradually to 31 ± 5% on week 3. After that, single-

unit yield showed trivial inclination up to week 6 and subsequently, it remained steady for 

the remainder of the 16 weeks recording duration. On the other hand, the acute and chronic 

MT groups began with a yield of 71 ± 5% (acute MT) and 70 ± 4% (chronic MT) and 

declined to 56 ± 7% (acute MT) and 63 ± 5% (chronic MT) on week four. After two weeks 
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the SU yield of the acute MT group was significantly greater than the control group 

(p<0.05), however, after week 4, the SU yield of the acute MT group dropped and showed 

no significant difference with the control group. The electrodes in the chronic MT group had 

significant higher SU yield 6 hours post implant through the end time point of the study 

compared to the control (week 0 through 16, p<0.05). The comparison between the acute 

and chronic schedule showed that the chronic MT group showed significantly higher SU 

yield than the acute MT from week 4 onward. From week 6 on, single-unit yield from the 

control and acute treated groups had decreased to an average of four and five sites per array, 

respectively, and remained steady for the remaining implantation period of 16 weeks. On the 

contrary, the chronic MT group maintained significantly higher SU yield compared to both 

the acute MT and control mice over 5–16 weeks of implantation (Figure 2 A).

In addition, average SNR (signal-to-noise ratio defined as single-unit amplitude/2× standard 

deviation) of SUs also showed significant difference between the chronic MT treated group 

and control animals from 6 hours to 16 weeks post-implantation (p<0.05) (Figure 2 B). Also, 

from week 4 onward, the chronic MT group presented higher SNR compared to the acute 

MT group (p<0.05). Mean single-unit SNR began at 2.36 ± 0.54 for the control, 4.34 ± 0.93 

for the acute and 3.27 ± 0.66 for the chronic treated groups (channels with no detectable 

single-units were considered to have SNR = 0), then declined to 1.01 ± 0.38 (control), 1.83 

± 0.43 (acute MT) and 2.20 ± 0.50 (chronic MT) on week 4 where it stabilized. In general, 

when electrodes with no detectable SUs were excluded, the average SNR of the channels 

that were recording single-units was initially higher in MT groups compared to the control 

(p<0.05) but after that it remained almost the same for all groups (p>0.05) over 16 weeks of 

study (Figure 2 C). The average amplitude of the single-units started with amplitude of 

35.22 ± 8.31 μV (control), 61.97 ± 13.67 μV (acute MT) and 42.39 ± 9.21 μV (chronic MT) 

on the implantation day and declined to 19.88 ± 7.66 μV (control) and 38.56 ± 9.35 μV 

(acute MT) on week four (Figure 2 D). Interestingly, the SU amplitude of the chronic treated 

group was almost the same six hours post-implantation but was significantly greater 

compared to the control group between week 1 and 16 (p<0.05). In addition, there were 

significant differences between the chronic MT and the acute MT groups at the majority of 

weeks tested during the 16 weeks of the study. Moreover, the acute MT group showed 

significantly higher signal amplitude compared to the control animals 6 hours post-implant 

and from week 2 to week 4 (p<0.05), while afterward it was almost the same as the control 

(p>0.05). The amplitude of noise floor was 13.78 ± 0.91 μV (control), 13.86 ± 0.54 μV 

(acute MT) and 12.75 ± 0.84 μV (chronic MT) on the surgery day, and increased to 16.06 

± 0.87 μV (control), 16.86 ± 0.65 μV (acute MT) and 16.85 ± 0.73 μV (chronic MT) on 

week one and remained stable (Figure 2 E). The impedance of implanted electrode sites at 1 

kHz (the relevant frequency of neuronal action potential) is shown in Figure 2 F. The 

impedance at 1 kHz increased from 281.89 ± 16.93 kΩ (control), 199.49 ± 11.58 kΩ (acute 

MT), and 221.10 ± 16.32 kΩ (chronic MT) before implantation to 929.42 ± 72.42 kΩ 
(control), 395.41 ± 25.90 kΩ (acute MT), and 396.55 ± 26.26 kΩ (chronic MT) at the day of 

surgery and to 983.01 ± 95.60 kΩ (control), 938.49 ± 79.68 kΩ (acute MT), and 1020.91 

± 111.26 kΩ (chronic MT) by week 3 and then stabilized for all groups for the remaining 

implantation time. Significant differences were observed on the day of implantation between 
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the control and MT treated groups and on week 1 after implant between the chronic MT and 

control, while the noise amplitude was almost the same in all groups.

3.1.2. Depth Dependent Chronic Electrode Performance Analysis—The depths 

of implant were aligned across animals in each group at their average layer IV depth 

between week 2 and week 16 (Figure 3). Layer IV was recognized with current source 

density (CSD) following the visual stimulus. Acutely in control mice, electrodes at the depth 

of 300, 500, 600, and 1000 μm had high yield (above (80%), but in chronic time points, only 

electrodes at the depths of 500 μm (layer IV) and 900 μm (layer VI) had moderate recording 

yield (60%). In the acute MT group, the SU yield was initially high (above 80%) at the 

depth of 200 μm (layer II/III) and 500 μm (layer IV) through 800 μm (Layer VI), and 1100 

μm. However, after four weeks, the yields drop significantly to about 50% at depth of 300 

μm (layer II/III) and 700 μm (layer V), while even lower at other depth. In contrast, the 

chronic MT group showed maintained high SU yield across multiple depths throughout the 

16 weeks.

3.2. Histology

3.2.1. Neuronal density and health around the implanted electrode—To 

investigate the neuronal density and health around the implanted area at week 16, NeuN 

staining was combined with cleaved caspase-3 staining and Hoechst to recognize neurons 

and cells undergoing neurodegeneration, in control (Figure 4 C), acute MT (Figure 4 F), and 

chronic MT (Figure 4 I), respectively [26]. In the control and acute MT groups, loss of 

neuronal density (Figure 4 A, D) and elevated caspase-3 activity (Figure 4 B, E) were 

detected around the implants consistent with lower electrophysiological activity. However, 

the chronic MT mice maintained good viable neural density around electrode, a healthy 

electrode interface, and strong electrophysiological recordings (Figure 4 G, H). Neuron 

density was quantified with an automated MATLAB script. The number of neurons around 

the implanted electrode in the control and acute MT group was almost the same (p<0.05). 

However, the chronic MT group showed almost 49% and 42% increase in the number of 

neurons per area at the distance of 0 μm-10 μm (p=0.047) and 10 μm-30 μm (p=0.008) 

compared to the control group (Figure 4 J). Also, the density of neuronal cell in the chronic 

MT group indicated a 43% increase compared to acute MT within 30 μm distance 

(p=0.008). Additionally, the number of caspase-3 positive neuronal cells around the chronic 

MT group was 70% lower than control in 10 μm away from electrode tissue interface, 

suggesting chronic MT treatment provide a healthy environment for neuronal survival in the 

chronic MT group compared to the control group (Figure 4 K; p=0.042). On the contrary, at 

16 weeks, the number of caspase-3 positive neurons of the acute MT group is similar to the 

control (p<0.05).

3.2.2. Oxidative stress—To check the level of reactive oxygen species (ROS) around 

implanted area at week 16, we used 4HNE as a marker for lipid peroxidation, a product of 

ROS and Hoechst (Figure 5 D–F). As shown in Figure 5 A–C, the intensity of ROS is 

centered close to the implantation site. Notably, the intensity of 4HNE in the chronic MT 

group was 66% lower than control (p=0.014) and 63% lower than the acute MT group 

(p=0.009) within 10 μm of the implantation. (Figure 5 G). Moreover, the ROS level was 
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60% lower in the chronic MT group compared to the control group at 10 μm-30 μm distance 

(Figure 5 G; p=0.043). These results support the role of MT in decreasing the ROS level 

around implanted electrodes.

3.2.3. Chronic inflammatory tissue response—We comprehensively characterized 

the inflammatory cellular and vascular responses associated with the chronic implanted 

device at week 16. First, the distribution of IgG was investigated to monitor BBB 

permeability [70]. A lower amount of IgG leakage from vasculature was detected in both 

MT treated groups compared to the control group which corresponds with less microglia 

aggregation around the implantation site (Figure 6 A–C). The acute MT group yields 55% (0 

μm-10 μm; p=0.042), and 56% (10 μm-30 μm; p=0.022) reduction in IgG leakage compared 

to the control (Figure 6 J). Meanwhile, the chronic MT group showed 54% (0 μm-10 μm; 

p=0.038 lower intensity in BBB injury compared to the control group (Figure 6 J).

By co-labeling with tomato lectin, activated/reactive microglia in the damaged area of the 

brain can be recognized [71] along with blood vessels [72]. Although, the expression of 

tomato lectin around the implant revealed similar distribution of blood vessels at a short 

distance around the implants in all groups, increased intensity at the vicinity of the implants 

especially the control was observed (Figure 7 D–F). The lectin intensity in the acute MT 

yields 46% (0 μm-10 μm; p<0.001), 52% (10 μm-30 μm; p=0.001), 48% (30 μm-50 μm; 

p=0.005), and 23% (50 μm-70 μm; p=0.008) reduction compared to the control group 

(Figure 7 K). The expression of lectin around the implanted electrodes in the chronic MT 

group also appeared significantly lower than the control group within 70 μm of electrode-

tissue interface (Figure 7 K). It yields 56% (0 μm-10 μm; p<0.001), 51% (10 μm-30 μm; 

p=0.001), 49% (30 μm-50 μm; p=0.002), and 25% (50 μm-70 μm; p=0.004) reduction of 

blood vessels and glial cell population in the chronic MT compared to the control group.

Moreover, the microglia response was further characterized in Figure 6 and Figure 8. 

Ionized calcium binding adaptor molecule (Iba-1) is a selective marker for both resting and 

activated microglia/macrophages [70]. Lower Iba-1 expression around both MT treated 

groups compared to control group was observed (Figure 6 E and F compared to Figure 6 D). 

This yields 34% (0 μm-10 μm; p=0.004) and 14% (10 μm-30 μm; p=0.038) reduction of 

Iba-1 intensity in the acute MT compared to control group (Figure 6 K). Also, the chronic 

MT presented 54% (0 μm-10 μm; p=0.004) and 36% (10 μm-30 μm; p=0.024) reduction in 

Iba-1 expression than the control (Figure 6 K). Figure 6 (G–I) shows co-localization of IgG, 

Iba-1, and Hoechst staining in the control, acute MT and chronic MT, respectively.

In response to injury, microglia/macrophages get activated to the different phenotypes (e.g. 

M1 or M2) with patholological and reparative potential to the injury [73, 74]. Next, to 

discriminate the MT effect on modulation of microglia/macrophage phenotypes, samples 

were stained with ED-1, a cytoplasmic antigen found only in activated monocytes and 

macrophages [75], iNOS (pro-inflammatory M1 marker), and Arg 1 (neuroprotective M2 

marker) (Figure 8). ED-1 expression was only found to be localized to the insertion site 

(Figure 8 A–C). iNOS (Figure 8 D–F), Arg1 (Figure 8 G–I) and co-localization of ED-1, 

iNOS, Arg1, and Hoechst staining (Figure 8 J–L) for the control, acute MT, and chronic MT 

is shown in Figure 8. The density of activated macrophages around the implanted electrode 
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in the chronic MT group demonstrated 48% decrease compared to control group within 10 

μm zone of the insertion site (Figure 8 M; p=0.002). Moreover, the number of iNOS and 

ED1 co-labeled cells was quantified. Chronic and acute MT groups showed 77% (p<0.0001) 
and 55% (p=0.014) reduction in M1 cells compared to control mice at the distance of 10 μm 

around implanted electrode, respectively (Figure 8 N), suggesting the role of MT in 

decreasing the pro-inflammatory responses. Interestingly, the number of the neuroprotective 

and regenerative M2 cells around implanted electrode in the chronic MT group yields 60% 

(p=0.008) and 46% (p=0.019) increase compared to control and acute MT group at 10 μm 

distance from implant, respectively (Figure 8 O). Additionally, the chronic MT group 

showed 72% increase of M2 compared to acute MT group at 10 μm-30 μm away from 

implant (Figure 8 O; p=0.05). At 30 μm-50 μm distance from insertion site in the chronic 

MT group, 96% (p=0.029) and 89% (p=0.05) increase of M2 were observed compared to 

acute MT and control group, respectively (Figure 8 O).

Furthermore, we characterized the astrocytes distribution (Figure 7 A–I). The increased 

expression of astrocyte (identified by glial fibrillary acidic protein, GFAP) surrounding the 

implanted electrode in the control was similar to what has been revealed previously [69]. 

Quantitatively, the chronic MT group yields almost 46% reduction in GFAP staining within 

10 μm of electrode-tissue interface compared to the control group (Figure 7 J; p=0.006). The 

amount of astrocyte expression for the acute MT group was not significantly different from 

control (p>0.05), suggesting the chronic MT injection is necessary to control the persistent 

inflammation.

4. Discussion

Chronic reliable neural recording is important for both neuroscience research and neural 

prosthesis applications. However, following implantation of silicon microelectrode, there is 

performance degradation over time due to glial encapsulation and neuronal loss [14, 23, 26]. 

Typically, the deterioration in the recording quality happens over weeks and months [11, 

63]. To that end, different research groups have begun investigating the key failure modes 

and developing strategies to improve microelectrode performance [15, 76–79]. The 

inflammatory response to neural implants including persistent microglia activation, glial 

scarring, and neuronal loss and degeneration due to the release of reactive species and pro-

inflammatory molecules, are thought to be one of the failure modes [14, 76]. However, the 

key mediators and pathways, and the relationship between acute injury and inflammation 

and chronic degeneration have yet to be illustrated. There are many therapeutics targeting 

the inflammation and neuronal death. We chose MT because in previous studies, it was 

demonstrated that MT has beneficial effects against early brain injury and stroke, as well as 

chronic neurodegenerative diseases [40, 80, 81]. Therefore, the effects of acute and chronic 

MT injection on neural recording performance was investigated here with the goal of 

understanding biological mechanisms of recording failure and identifying key pathways to 

apply intervention.

Golabchi et al. Page 11

Biomaterials. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.1. Electrophysiology

4.1.1. Chronic electrochemical impedance spectroscopy—Immediately 

following implantation insult (the day of implantation), significant differences at 1 kHz 

impedance between the MT and control groups were observed (Figure 2 F) which might be 

related to MT pre-treatment (3 days before surgery) that has reduced the acute microglial 

response, the inflammatory cell infiltration and tissue swelling to the implanted electrode. In 

vivo two-photon imaging has revealed the microglia send processes immediately after 

implantation and these processes adhere and spread on the probes surfaces resulting in 

encapsulation of the devices hours after insertion [82]. Such encapsulation may partly 

contribute to the impedance increase. 2 photon studies will be used to further examine the 

effect of MT on microglia immediately after probe insertion. The impedance in all groups 

increased at the one-week time point following initial insertion, which is likely because of 

continued cellular infiltration to the implantation site and resealing of the tissue tear caused 

by probe insertion [83]. The impedance reaches a peak two weeks after implantation and 

then stabilized for all groups. This may suggest that the acute inflammation has subsided by 

week two and the electrode-tissue interface became stabilized from the physical barrier 

perspective as previously discussed [26]. Although the trend of impedance is similar among 

the three groups after the second week, the recording performance is significantly different 

(p<0.05), indicating that impedance is not a good predictor of neural recording [17]. More 

dynamic changes of the biochemical environment may have contributed to the recording 

quality by influencing neuronal health, viability and activity [17]. Nevertheless, it is worth 

pointing out that the long-term stability of the impedance from all groups suggests good 

mechanical and electrical stability of electrode arrays in the biological environment for the 

16-week period examined.

4.1.2. Spike recording performance—We compared the evoked single-unit activity 

recorded from electrodes implanted in the visual cortex because this model offers more 

reliable neural response than spontaneous activities [26]. Furthermore, animals were 

anesthetized during recording to eliminate the motion artifact associated with awake 

recordings [84]. The results presented here demonstrated that the chronic MT treatment 

improves the longevity (SU yield) and quality (SU SNR, SU amplitude) of recording 

behavior of implanted electrodes. To investigate whether MT injection cause global increase 

of neural activity or increase in neuronal excitability, we compared the SU and MU firing 

rate at resting state and evoked MU signal to noise firing rate ratio, between different groups. 

No significant difference between groups over any time points were found. This suggests 

that the improved single unit yield by melatonin is not a result of increased activity or 

excitability, but more likely due to improved electrode-tissue interface (Fig. S 1).

Our data for the control group showed similar trends in recording behavior that have been 

reported before [11, 63]. Over the initial three weeks after insertion, the recording yield 

continued to drop, which corresponds to the most dynamic changes in tissue during the 

injury and wound healing phase. Then, the recording yield stabilized for three weeks and 

dropped slightly at week seven and remained low in the following weeks until the end.
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During the first four weeks, implanted electrodes in the MT treated groups (acute, chronic) 

showed significantly higher (p<0.05) SU yield, SNR, and amplitude in comparison to the 

control group. This improvement is likely due to the MT’s effect in protecting and rescuing 

neurons from injury and inflammation. Interestingly, i.p. MT administration has been shown 

to inhibit TLR signaling pathway-related molecules such as high-mobility group box 1 

(HMGB1), NF-kB, IL-1β, TNF-α, IL-6, and iNOS following subarachnoid hemorrhage 

(SAH) [80, 85]. Moreover, post-SAH or experimental diabetic neuropathy MT treatment 

decreases early brain injury through activating the nuclear factor E2-related factor 2 (Nrf2)-

antioxidant response element (ARE) pathway and decreasing oxidative stress [81, 86]. 

Electrode implantation is a penetration injury and involves various degrees of bleeding. MT 

may have helped improve the survival of neuronal cells around recording sites in the acute to 

the early phase of inflammation through inhibiting similar aforementioned mechanisms.

After four weeks of implantation, the SU yield of the acute MT group dropped and showed 

no significant difference from the control group suggesting that inflammatory and/or 

reactive species continue to be produced near the chronic implants, and acute use of MT is 

not enough to maintain a long-term electrode-tissue interface. On the contrary, the 

chronically treated MT group maintained significantly higher SU yield compared to both the 

acute MT (week 5–16) and control (week 0–16) mice (Figure 2 A), highlighting the 

necessity of MT administration throughout the chronic implantation.

Previous studies have showed persistent presence of activated microglia/macrophage at the 

vicinity of the implants [23]. These cells release pro-inflammatory cytokines that may 

trigger the neuronal death. Furthermore, continuous blood brain barrier leakage has been 

reported which may further exacerbate inflammation and cause neuronal loss and 

demyelination. The triggers of these ongoing inflammation might be mechanical mismatch 

between the implants and the brain tissue, micromotion, incomplete sealing of the BBB or 

toxic leachables [15, 87]. Recent reports show that there are several pathways that MT may 

utilize to prevent chronic neuronal loss. First, MT may counteract inflammatory processes 

by regulating both pro- and anti-inflammatory cytokines [29, 88, 89] and control microglia 

behavior [90, 91]. Secondly, it is known that reactive oxygen and nitrogen species released 

by microglia/macrophages are harmful to neurons, trigger inflammation and BBB breach, 

which in turn further cause neuron and myelin degeneration. MT can reduce oxidative stress 

by either directly scavenging free radicals produced by activated microglia [92], or 

activating antioxidant enzymes [30, 93, 94]. Thirdly, in general, MT is highly protective to 

cells under severe inflammatory conditions [29, 39]. MT exerts neuroprotective effect by 

suppressing neutrophil infiltration [88] and inhibiting TNF-α toxicity which may be due to 

reduction of Ca2+ influx and activation of caspase-3 following oxidative stress [95]. In 

summary, MT may improve recording performance via some or all of the following actions: 

anti-inflammatory, anti-apoptotic and antioxidant. Histological analysis offers further 

insights in these biological mechanisms.

4.2. Histology

Although, previous studies have quantified the tissue response to chronically-implanted 

intracortical microelectrodes, correlations between various tissue markers and recording 
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performance over time remain largely unclear and cannot be generalized [17, 26, 96]. As 

such, the most impactful cellular pathways leading to recording failure has yet to be 

identified. We observed significant improvement by MT treatment on neural recording, as 

well as significant difference between the acute and chronic drug administrations. This 

offers a great opportunity to pinpoint the biological factors that play significant roles in 

recording quality by combining recording data with comprehensive histological analysis. 

Immunohistochemical analysis conducted below aimed at investigating how MT 

administration has improved the quality and longevity of chronic neural implants, via its 

anti-apoptotic, antioxidant or anti-inflammatory effects.

4.2.1. Effect of daily MT administration on neurodegeneration—It is suggested 

that density and viability of neuronal cells around the insertion site directly effects the 

recording quality [76] and the first 50 μm of implanted electrodes is crucial for optimal 

device function [97]. Notably, our quantitative results of caspase-3 and NeuN staining at 

week 16, showed fewer caspase-3 positive neurons in the chronic MT group compared to 

control at 10 μm from the implant (Figure 4 K) and more viable neuronal cells in the chronic 

MT group than the acute MT and control groups in 30 μm zone around the interface (Figure 

4 J). These results correspond well to the recording outcomes. Also, we noted that 

administration of MT at 30 mg/kg/day for only 14 days did not result in any significant 

improvement on neuronal cell density and health around the implanted electrode at week 16 

(Figure 4 J), suggesting that neuronal damage continued to occur past the acute 

administration period and chronic MT administration is necessary and effective in 

maintaining neuronal density and health over the entire implantation period. A previous 

study showed that i.p injection of MT 30 mg/kg inhibits caspase-1/cytochrome c/caspase-3 

cell death pathway in transgenic amyotrophic lateral sclerosis (ALS) mice [40]. The MT 

treatment in our study might have rescued neurons following similar mechanisms.

4.2.2. Effect of daily MT administration on oxidative stress—Several studies 

have reported an antioxidant role of MT in scavenging free radicals and inhibiting 

inflammatory processes [34, 93, 98]. Recently, it was declared that long-term oral MT 

treatment (10 mg/kg/day) has reduced the oxidative stress and inflammation in the aortas of 

aging mice [99]. 4-hydroxynonenal (4-HNE), a product of lipid peroxidation, is a commonly 

used biomarker for oxidative stress. MT has inhibitory effects on lipid peroxidation by ROS 

and is known as a cell membrane protector [39]. Notably, we found significant higher level 

of 4HNE staining within 30 μm zone of the implants in the control group, providing a strong 

evidence of high oxidative stress around the implants (Figure 5 G). This effect is highly 

localized to within the 30 μm of the implant and correlated to the reduction of NeuN positive 

cells in this region. Meanwhile, significant reduction of 4HNE around implanted electrodes 

in the chronic MT group was found compared to the control (from 0 to 30 μm distance), 

while the acute MT did not yield the same improvement at 16 weeks post implantation 

(Figure 5 G). This finding is consistent with higher single-unit yield in the chronic MT 

group compared to the acute MT and control group. Previous studies have hypothesized 

minimizing oxidative stress can improve neural interface performance [18, 79], because free 

radicals can cause degradation of passivation layers and insulating coatings [100, 101], 

degeneration of neuronal cells [102] and increase of pro-inflammatory molecules via NF-KB 
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signaling pathway [103]. Notably, we did not observe material failure based on the stable 

impedance in all groups for the 16 weeks examined. However, we did find a strong 

correlation between high level of ROS and loss of neurons, and showed that application of 

MT effectively maintained neuronal density and neural recording.

4.2.3. Effect of daily MT administration on BBB stability—Electrode insertion 

inevitably damages the BBB, which could lead to acute inflammation and neuronal loss 

[104]. Chronically, BBB permeability may continue to be compromised by the presence of 

implants due to movement, mechanical mismatch or release of inflammatory stimuli such as 

ROS or cytokines [14]. BBB breakdown at the electrode-brain tissue interface has been 

suggested to affect neuronal viability [105]. Recently, it was reported that BBB leakage was 

correlated to local accumulation of neurotoxic factors such as IL-1β and TNF-α that lead to 

neuronal death, which directly affect neuronal signal quality [106]. Beyond directly 

impacting signal quality, infiltrating blood products, like extravasated fibrinogen, cause a 

persistent neuroinflammation (macrophage and microglial activation) around the implant 

[76]. Following extravasation, blood-products activate inflammatory cell through TLR 

pathway [76]. Recently, it was suggested that i.p. injection of 15 mg/kg/day of MT for one 

week, inhibited BBB leakage by preventing the TLR4/NFKB signaling pathway in neonatal 

rats [107]. Therefore, we hypothesized MT administration may improve recording quality by 

inhibiting the BBB disruption and improving neuronal survival at the electrode tissue 

interface. Our results following daily administration of MT for either short-term or long-

term treatment were promising and both MT groups had significantly lower IgG staining 

than control animals up to 30 μm (acute MT) and 10 μm away from the implant interface 

(Figure 6 J, Fig. S 2). This result suggests that for single shank NeuroNexus planar probes, 

BBB leakage can be reduced and perhaps healed by even acute MT treatment. However, 

reduced IgG staining in the acute MT group did not lead to improved neuronal health and 

recording quality at the later stage. Therefore, IgG staining is not a good predictor of 

recording quality. Tomato lectin is an endothelial marker for imaging vasculature structures 

in the central nervous system [108, 109]. In addition to vasculature, it can also visualize 

amoeboid microglia in the developing brain, ramified microglia in the adult, and activated/

reactive microglia in the experimentally damaged brain [71, 110] and allowing to study the 

relationship between microglial cells and vasculature [71]. Our tomato lectin staining 

(Figure 7 D–F) showed uniform distribution of capillaries in the image field in all three 

groups. However, at the vicinity of the probe, an enhanced staining was found in the control 

group, primarily due to the increased microglia/macrophage presence at the injury site. Both 

acute and chronic MT treatment demonstrated significant reduction of lectin intensity 

compared to control suggesting that acute MT treatment is sufficient to subside majority of 

the microglia activation (Figure 7 K).

4.2.4. Effect of daily MT administration on inflammatory gliosis—Activation of 

microglia is a key factor in the inflammatory response to injury [111]. Activated microglia 

produce cytotoxic molecules such as nitric oxide and cytokines which can cause secondary 

neuronal damage [90]. The i.p. injection of MT 0–4 hours after TBI, has markedly restrained 

microglial activation and reduced protein expression of pro-inflammatory cytokines like 

IL-1ß and TNF-ɑ [90]. Also, MT has been shown to inhibit microglia activation in hypoxia/
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ischemic brain damage [80]. Some results have emphasized the importance of the 

therapeutic time-window after the initial injury in TBI [112]. Our results showed that MT 

delivery in both acute and chronic schedule has significantly decreased microglia activation 

compared to control based on lectin and Iba-1 staining in Figure 7 K, and Figure 6 K, 

respectively. This data suggest that acute MT treatment would be sufficient in attenuating 

microglia activation. However, upon activation, microglia may adopt different phenotypes 

and perform different function. M1 macrophages are pro-inflammation and cause 

neurotoxicity and axonal death, while M2 macrophages promote axonal growth and re-

myelination [73, 113, 114]. Previous studies demonstrated that MT modulates both pro- and 

anti-inflammatory cytokines in different pathophysiological conditions [29, 115]. To better 

evaluate the MT’s action on microglia at the implantation site, we used markers of M1 

(iNOS) and M2 (Arg1) with co-label of ED-1 (all activated microphage/microglia) and 

showed that the density of M1 macrophages in both acute and chronic MT treatment 

schedule was lower than control only within the 10 μm zone of the electrode tissue interface 

(Figure 8 N); however, the density of M2 macrophages was higher in chronic MT group 

compared to acute MT and control throughout the 50 μm zone of the insertion site (Figure 8 

O). This suggests that Iba-1 or ED-1 intensity alone is not sufficient to characterize the 

inflammatory response and consequently these markers may not be good indicators to 

predict recording outcomes. Higher amount of M2 cells as the result of chronic MT 

treatment may have promoted the regeneration and healing of the neural tissue, which leads 

to the ultimate stable long-term recording. Additional analysis quantifying the pro- and anti-

inflammatory cytokines should reveal the microglia action in more detail.

GFAP labels reactive astrocyte and is a good indicator of gliosis in response to neural 

damage. It was shown that m T treatment reduced GFAP expression in all brain regions of 

diabetic rats [116] and ischemic mouse retina [117]. Also, the protective role of MT in 

attenuating glial activation in response to domoic acid-induced neuronal damage was 

reported [118]. Figure 7 J showed significantly less glial encapsulation around implanted 

electrode in the chronic MT treated group than control 10 μm away from the insertion site. 

This data correlates with higher signal to noise ratio in the chronic MT group. On the other 

hand, the acute MT group showed no statistically significant difference in GFAP intensity 

from the control. This suggests that MT treatment has decreased the initial glial activation, 

however due to persistent inflammation, the acute treatment of MT was not sufficient and it 

was necessary to continue MT administration to attenuate gliosis.

4.2.5. Depth Dependence of Tissue Responses—Furthermore, we have run 

additional staining and imaging to examine the more superficial depth (0–500um) and the 

deep regions (1000–1500 um). The intensity analysis for IgG, lectin, Iba-1 and GFAP all 

three depth regions are shown in supplementary figures as Fig. S 2 and Fig. S 3. In the top 

region, we observed statistically significant lower IgG expression in the chronic MT treated 

group compared to the control, which corresponds well to the higher recorded single unit 

yield observed in the heat map (Figure 3). Moreover, significantly lower GFAP and Iba-1 

intensity in both MT treated groups were observed in comparison to the control (Fig. S 3 A 

and Fig. S 2 D). At the deeper region, there were significantly lower GFAP and Iba-1 signal 

intensities in chronic MT group compared to the control within the 10 μm zone of the 
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implant (Fig. S 3 C and Fig. S 2 F), which correlates well to the higher recording yield in the 

chronic MT in this depth. The acute MT treatment did not show any significant difference 

compared to the control for Iba-1 and GFAP expression in the deeper region and for IgG in 

the top region of the brain though. In addition, trending decreases of IgG (Fig. S 2 C) and 

lectin (Fig. S 3 F) signals within the first 10 μm bin in the chronic MT group were observed 

compared to the saline, but these are not statistically significant.

4.2.6. Discussion on drug dosage and schedule and potential use in human
—Due to the short-half-life of MT (less than one hour) [119], fresh preparation of MT for 

injection is the most effective method for inhibiting the inflammation. Therefore, 

immediately after drug preparation, i.p. injections were performed. Also, according to the 

previous reports [18, 22], it was hypothesized that three days treatment before surgery may 

be beneficial to decrease the strength of initial tissue response to the implanted electrode. 

Our results indicated that MT improved SNR and SU yield at the day of surgery compared 

to the control group and this improvement may be related to the MT pre-treatment. Later, we 

noted that recording quality became stable even in the control group after 7 weeks, so 

shorter chronic dosing regimens (for 7 weeks) could be performed to determine the 

optimized injection schedule.

Several studies have examined the effects of anti-inflammatory and/or neuroprotective drugs 

on neural tissue reaction to implanted electrodes [18, 22, 120, 121]. However, fewer studies 

reported improvement over recording quality and longevity upon these treatments [22]. 

Among these, minocycline has been administrated orally (dissolved in water) 2 days prior 

and 5 days after implantation surgery in rats. Improved recording was reported up to 4 

weeks with decreased astrocyte activity [22]. Since the study ended at 4 weeks, the longer-

term effect of the acute minocycline treatment is unknown. Others studied the effect of 

naturally derived anti-oxidants, such as resveratrol, in providing neuroprotection around 

neural electrodes by mediating the expression of anti-oxidative enzymes [120]. The acute 

resveratrol treated animals (16–24 h before surgery) resulted in lower amount of free 

radicals than the controls, two weeks post-implant. However, this dosing regimen did not 

inhibit the glial scar around the implanted electrode [120]. In a follow-up study, i.p. daily 

injection of resveratrol at 200 mg/kg for 16 weeks resulted in better neuronal survival and 

reduced superoxide level around the neural probes [18], which is consistent with the effects 

observed in our chronic MT treatment. However, no recording was performed in this 

resveratrol study, so the effect of resveratrol on recording quality and longevity has yet to be 

demonstrated.

Intraperitoneal daily injection of resveratrol resulted in increasing the BBB leakage at 2 

weeks, which recovered to the same level as the control at 16 weeks [18]. On the contrary, 

we observed reduced IgG staining from control at 16 weeks suggesting a BBB stabilizing 

effect from the MT. Finally, increased hemorrhaging in the liver and thread-like adhesions 

between the liver and diaphragm was noted at sixteen weeks, as secondary side effect of 

resveratrol or repeated i.p. injection [18]. Oral administration was also tested in this study, 

but the concentration in the brain was undetectable. Low bioavailability of resveratrol has 

been a major challenge for use of this antioxidant in humans [122], and advanced delivery 

techniques are needed to achieve effective concentration in the targeted brain area without 
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unwanted side effect to the peripheries [123]. Remarkably, oral MT treatment (1 to 300 mg) 

or daily administration of 1 g MT for 30 days had no side effects in humans [124], making 

MT a promising therapy for human applications. Although short-term usage (3 months or 

less) of melatonin appears to be safe [124–126], the safety for extended use is not clear due 

to lack of studies. Recently, Posadzki et al reviewed the health outcome and adverse effects 

reported for melatonin in clinically heterogeneous populations. These adverse effects 

include morning drowsiness, vivid dream, headaches, dizziness, gastro-intestinal symptoms 

and worsening of seizures and asthma. This review calls for more high quality randomized 

clinical trials for decreasing the uncertainties [127]. Meanwhile, several studies suggest that 

long-term melatonin uses have the potential for treating chronic disease [54, 128]. 

Nevertheless, continuous systemic MT administration may not be the ideal solution and 

localized controlled delivery strategies should be developed.

5. Conclusions

The results of this study provide evidence of MT’s potent effect in improving the chronic 

intracortical recording performance of the electrode. In summary, chronic MT delivery 

maintains a high single-unit yield over 16 weeks of study. Acute MT delivery improves the 

early recording performance but the effect fades completely 2 weeks after the injection 

stopped. Histological studies revealed a significant increase in neuronal viability and 

reduction in neuronal apoptosis around implanted electrode at week 16 in the chronic MT 

group in comparison to control and acute MT treated subjects, which is correlated with 

reduced oxidative stress and increased expression of neuro-regenerative Arg-1. This result 

suggests that MT promotes neuroprotection possibly through anti-apoptotic, anti-

inflammatory signaling and antioxidative properties. Additional studies are necessary to 

further dissect the mechanism of action of MT by examining the role of MT receptors. It can 

be concluded that continuous MT injection may be a viable solution for improving long-

term recording quality, while the development of sustained local MT delivery techniques are 

warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental setup.
(A) Timetable of MT/saline injection in three groups (control, acute MT, and chronic MT) is 

illustrated. All injections went through i.p. injection, once a day. (B) Recording design. 

Animal is in a transparent isoflurane induction box inside of a Faraday cage. A 24” LCD 

screen is positioned outside of the cage.
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Figure 2. MT treatment improves chronic recording performance.
In vivo chronic neural electrode performance comparison between the control (black dotted), 

acute MT (red dashed), and chronic MT (blue solid) groups. Red shaded area shows the 

acute MT injection and blue shaded area presents the chronic MT injection. (A) Single-unit 

yield over 16 weeks post implantation. (B) Average SNR values (C) Average SNR of 

electrodes able to detect a single-unit. (D) Time evolution of average spike voltage 

amplitudes of single-units. (E) Average noise floor amplitude. (F) Average 1 kHz in vitro 
and in vivo impedance recorded every week post-implantation. All data presented as mean ± 

standard error of mean (SEM). Blue and red stars (*) and x represents p<0.05 for all. Blue * 
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shows difference between the chronic MT vs control group. Red * presents difference 

between the acute MT and control animals, and x compares the acute MT vs chronic MT 

mice.
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Figure 3. Single-unit yield recording performance as a function of depth and time.
Evoked SU yield electrode performance over time and implantation depth comparison 

between the control (A), acute MT (B), and chronic MT group (C). Note: higher yield is 

detected around 500 μm (layer IV) for all groups. Chronic MT group showed higher SU 

yield in many depths over time including the superficial (layer II/III), layer IV-VI and deeper 

regions (CA1).
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Figure 4. MT improves neuronal survival and reduces neurodegeneration.
Neuronal viability around implanted electrode in the control (A-C), acute MT (D-F) and 

chronic MT (G-I) mice showed limited co-localization of caspase-3 (B,E,H) and NeuN 

(A,D,G) in the chronic MT group at week 16. (C,F,I) are overlay of NeuN, caspase-3 and 

Hoechst in the control, acute MT and chronic MT groups, respectively. Scale bar in A-I, 50 

μm. Cell density counts per mm2 of neuronal cells (J) and caspase3-positive neuronal cells 

(K) at 16 weeks post-implantation is shown. (J) Neuronal cell counts were measured by 

automated analysis of NeuN staining. (K) Caspase 3-positive neuronal cells were measured 

by analysis of co-labeled cells with NeuN (control N=5 animal, N=8 sample; acute MT N=6 

animal, N=8 samples, chronic MT N=6 animal, N=11 samples) and Caspase 3 (control N=4 

animal, N=5 sample; acute MT N=4 animal, N=6 samples, chronic MT N=5 animal, N=7 

samples) staining. Results were binned 10 μm from the electrode-tissue interface until 240 

μm away, with 20 μm bin size. Data presented as mean ±SEM.

Golabchi et al. Page 30

Biomaterials. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. MT reduces oxidative stress.
(A-C) Representative immunohistochemical 4HNE staining (marker for lipid peroxidation, 

green) around implanted single shank electrode in the control, acute MT and chronic MT 

groups at week 16. (D-F) is the overlay images of 4HNE, with Hoechst. Scale bar in A-F, 50 

μm. (G) is the normalized intensity values for 4HNE expression (histological samples for 

control N=5 animal, N=6 sample; acute MT N=6 animal, N=6 sample; chronic MT N=5 

animal, N=6 sample). Intensities are calculated 10 μm from the implant site until 50 μm 

away, with 20 μm bin size. Data presented as mean ±SEM; * indicates p<0.05.
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Figure 6. MT reduces chronic microglial activation and BBB leakage.
Representative Immunofluorescence examination of IgG (BBB leakage; A-C), and Iba-1 

(microglia; D-F) around implanted electrode in the control, acute MT and chronic MT mice 

at week 16. (G-I) are the overlay images with Hoechst. Scale bar in A-I, 50 μm. (J,K) are 

the normalized intensity values for IgG and Iba-1 expression, respectively. Histological 

samples for IgG and Iba-1 staining (control N=5 animal, N=7 sample; acute MT N=5 

animal, N=6 sample; chronic MT N=6 animal, N=7 sample). Intensities are calculated 10 

μm from the implant site until 230 μm away, with 20 μm bin size. Data presented as mean 

±SEM; * indicates p<0.05.
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Figure 7. MT reduces Astrocyte activation.
GFAP (A-C) and tomato lectin (D-F) expression around implanted probe in the control, 

acute MT, and chronic MT mice at weeks 16. GFAP and lectin stain for astroglia and 

vascular endothelium, respectively. (G-I) are the co-labeled overlay images including 

Hoechst staining of control, acute MT and chronic MT Mice. Scale bar in A-I = 50 μm. 

(J,K) are the normalized intensity values for GFAP and lectin at week-16, respectively. 

Number of histological samples quantified for GFAP (control N=5 animal, N=10 sample; 

acute MT N=5 animal and N=6 sample; chronic MT N=6 animal and N=8 sample) and 

lectin (control N=5 animal, N=6 sample; acute MT N=6 animal and N=7 sample; chronic 

MT N=6 animal and N=4 sample). Intensities are calculated 10 μm from the probe-tissue 

interface until 240 μm away, with bin size of 20 μm. Data presented as mean ±SEM; * 

indicates p<0.05.
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Figure 8. MT increases M2 macrophages and attenuates M1 macrophages.
Chronic immunohistochemical staining of ED-1 (activated macrophage/microglia; A-C), 

iNOS (M1 macrophages; D-F), Arg1 (M2 macrophages; G-I) response to the implantation 

of a silicon probe in the control, acute MT and chronic MT mice at week 16. (J-L) are the 

overlay images of ED1, iNOS, Arg1 with Hoechst. Scale bar in A-O, 50 μm. (M) is the 

density of activated macrophages (histological samples for control N=4 animal, N=6 sample; 

acute MT N=5 animal, N=12 sample; chronic MT N=6 animal, N=9 sample). (N) is the 

density of co-labeled iNOS-ED1 macrophages and (O) is the density of co-labeled Arg1-

ED1 macrophages. Densities are calculated 10 μm from the implant site until 50 μm away, 

with 20 μm bin size. Data presented as mean ±SEM; * indicates p<0.05.
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Table 1.

Antibodies used for immunohistochemistry characterization

Antibody Specificity

NeuN Neurons

Caspase-3 Apoptotic cell death

GFAP Astrocytes

Iba-1 Microglia

IgG BBB leakage

Lectin Blood vessels

iNOS M1 macrophage

Arg1 M2 macrophage

ED-1 Macrophage/microglia

4HNE Lipid peroxidation
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