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Advanced in vivo fluorescence 
microscopy of neural electronic interface
Qianru Yang and X. Tracy Cui* 

Neuroelectronic devices are essential tools in neuroscience research, diagnosis, and/or 
treatment of neurological diseases, as well as in neuro-prosthetics and brain–computer 
interfaces. Despite a long history of application, neuroelectronic devices are still facing 
challenges of unsatisfactory chronic stability and a  lack of understanding of cellular 
mechanisms for recording and stimulation. To improve the information transfer between the 
neural tissue and electronic devices, a comprehensive understanding of the biological activities 
around the neural electrode is critical. In vivo fluorescent microscopy technologies are rapidly 
developing and have revolutionized our understanding of cellular dynamics in response to 
neural interfacing materials. Here, we will provide an overview of the in vivo fluorescence 
microscopy systems and imaging configurations for studying the neural electronic interface, as 
well as recent findings in biological mechanisms learned using these advanced optical imaging 
modalities. Finally, we will discuss the current challenges and future directions.
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Introduction
Since the discovery of action potentials, neural electrodes 
have been vital tools to read out and modulate neural activi-
ties. By recording and stimulating with implanted electrodes, 
researchers can determine the functions and connections of 
different brain regions.1,2 The clinical value of brain electrodes 
was found first in treating tremor with deep brain stimula-
tion (DBS), followed by successful treatments of a variety 
of neurological diseases, such as depression, epilepsy, pain, 
addiction, dementia, and stroke recovery.3 Neural prosthetics 
based on implanted neural electrodes are evolving at a rapid 
pace and have shown great potential in restoring functions 
of the central nervous system (CNS), including motor, visual, 
auditory, somatosensory sensation, etc.4–6 Despite these prog- 
resses, the mechanisms of neural prosthetics at the cellular 
level and the interactions between the implanted device and 
host tissue remain poorly understood, and the elucidation of 
such is absolutely important for improving their efficiency, 
precision, naturalness, and safety.

To date, all of the neural interfacing implants are still facing 
a significant challenge—the foreign body responses of brain 
tissue, including blood–brain barrier (BBB) disruption, microg- 
lia activation, macrophage infiltration, astrogliosis, fibrosis, 

and neuronal loss and neurodegeneration.7 These responses 
are believed to contribute to the low yield and degradation 
of neural recording. Traditionally, postmortem histochemistry 
has been the gold standard to evaluate biological responses 
toward neural implants because of the rich choices of chemi-
cal compounds and antibodies that can label many types of 
biomolecules and cells. However, postmortem histochemistry 
only provides a snapshot at discrete end points, omitting the 
dynamic information in between. Additionally, conventional 
histochemistry requires removal of the implant for tissue 
slicing and staining, which inevitably damages the original  
tissue–device interface. Device-capture histology maintains 
the electrode–tissue interface by slicing the tissue parallel to 
the probe shank in thick sections (350–450 μm).8 This method 
allows direct visualization of the probe in situ, but is still a 
postmortem approach.

Recent technology advancements in in vivo fluorescence 
microscopy allow investigations of real-time and long-term 
changes of cellular activity in living animals. Here, we will 
discuss the currently available in vivo fluorescence microscopy 
technologies for studying cellular activities around implanted 
neural electronics and findings obtained using these imaging 
technologies.

Qianru Yang, University of Pittsburgh Swanson School of Engineering, Pittsburgh, USA; qiy24@pitt.edu
X. Tracy Cui , University of Pittsburgh Swanson School of Engineering, Pittsburgh, USA; xic11@pitt.edu

http://orcid.org/0000-0002-0470-2005
http://crossmark.crossref.org/dialog/?doi=10.1557/s43577-023-00530-7&domain=pdf


AdVAncEd in ViVO fLUOrEscEncE MicrOscOpY Of nEUrAL ELEctrOnic intErfAcE

MRS BULLETIN • VOLUME 48 • MAY 2023 • mrs.org/bulletin              507

In vivo fluorescence microscopy
In vivo fluorescent imaging is a well-established and widely 
used method to study biological systems. There are three 
most popular types of in vivo fluorescence imaging methods: 
wide field microscopy, confocal microscopy, and multipho-
ton microscopy. Wide field microscopy illuminates a large 
field (typically enough to cover the whole cranial window on 
rodents) and collects emission light by a camera on a fluo-
rescence microscope.9 It is relatively low cost and has faster 
imaging speed compared to confocal and multiphoton micros-
copy, but lacks depth specificity because it receives emitted 
light from both in-focus and out-of-focus planes, making it 
difficult to visualize fine cellular structures in thick tissues.10 
Technological improvements for high-resolution wide field 
microscopy are growing.11 For instance, structured illumina-
tion and reconstruction algorithms can remove out-of-focus 
signals, and when combined with adaptive optics, have 
achieved synapse-resolving imaging in vivo.10,12

Confocal microscopy reduces the out-of-focus signals by 
focusing the illumination light to the focal point and placing 
a pinhole before the detector, enabling optical sectioning of 
thick tissue.13 However, due to scattering and absorption of 
light in the biological tissue, the imaging depth is limited. One 
approach to increase imaging depth is to extend the excita-
tion and emission wavelengths to 1000–1700 nm, the second 
near-infrared window (NIR-II).14 Together with development 
of long wavelength fluorescent probes and improvement of 
single-photon detectors, the imaging depth of confocal micros-
copy has recently demonstrated up to 1.7 mm below the sur-
face of the mouse brain.15,16

Multiphoton laser scan microscopy has been the most 
widely employed high-resolution in vivo fluorescent imaging 
method. Multiphoton microscopy utilizes a laser with a dou-
bled or tripled long wavelength compared to single-photon 
fluorescent microscopy. The fluorescence excitation requires 
two or more photons to arrive at the point simultaneously, 
which significantly reduces the out-of-focus fluorescence 
excitation therefore decreases out-of-focal plane noises 
and is safer for long-term imaging than traditional single-
photon microscopy. In addition, the longer laser wavelength 
can penetrate deeper into the scattering tissue. Two-photon 

microscopy typically can reach 500-µm deep, and three-photon 
microscopy about 900-µm deep, and using longer wavelength 
could further improve the imaging depth to ~1.6 mm.17,18 
Despite the high resolution and deep optical penetration, the 
imaging speed and the field of view of traditional multiphoton 
microscopy is limited to <10 Hz and <1  mm2.19 Methodology 
advancements of multiphoton microscopy are heading toward 
large field of view, kilohertz scan rate, multiplane, multiregion, 
and miniaturization for imaging in free-behaving animals.20–23

In vivo imaging configurations for electrode–
tissue interface studies
Currently, there are three major types of setup configurations 
for visualizing brain tissue and neural electronic device 
interfaces with optical imaging systems differentiated based on 
the position of the electrode and optical light path (Figure 1).

Brain surface electrodes
Advancements in fabricating transparent electrode arrays 
have allowed optical imaging directly through a brain surface 
electrode. After craniotomy, the electrodes can be positioned 
above or underneath the dura to record the electrocorticogram 
(ECoG) signals and to deliver electrical stimulation (Fig-
ure 1a). The electrodes are usually flexible, sheet-like, and 
consist of several layers of different materials. Typically, the 
conductive material is sandwiched between insulation layers, 
except for the electrode sites and the bonding pads. The insula-
tion materials need to be nonconductive, flexible, transparent, 
and biocompatible. Popular polymers for the insulation sub-
strate are poly(dimethylsiloxane) (PDMS), parylene C, par-
ylene HT, SU-8, polyimide, liquid crystal polymer, hydrogel,24 
etc. Different materials have different properties and different 
ways of fabrication that could influence their applications.25 
The commonly used conductive materials include metals, 
carbon/graphene,26,27 indium tin oxide (ITO),28 and poly(3,4-
ethylenedioxythiophene) (PEDOT)-based conducting poly-
mers. Metallic materials, such as platinum (Pt), gold (Au), and 
iridium/iridium oxide (Ir/IrOx), have a long history of mak-
ing neural electrodes due to their high conductivity, chemical 
inertness, high charge-storage capacity, and good biocompat-
ibility. However, metallic materials are not transparent. The 

a b c

Figure 1.  Experiment setup configurations for imaging neural electrode tissue in vivo. (a) Brain surface electrode. (b) Penetrating 
electrode. (c) Microprism combined with microelectrode array (MEA).
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accessible region for optical imaging is often limited to areas 
outside of metal parts. To improve the light transmittance of 
metal parts, several groups have developed different methods 
to create mesh-shaped metal.29–31 There are also an increasing 
number of studies of other materials with better optical trans-
parency. For example, the carbon-nanotube/PDMS electrode 
array has a greater than 85% transmittance across light wave-
lengths from 400 to 2500 nm.32 However, the electrochemical 
impedance of most of the transparent materials is high. Surface 
modification with conductive polymers or nano-sized metal 
have been used to improve the electrochemical impedance of 
transparent materials at the cost of decreased transparency.26,27

Multiphoton imaging and concurrent electrophysiological 
recording/stimulation through transparent ECoG arrays have 
been demonstrated in animals.33 The animals are either trans-
genically labeled with fluorescent proteins or locally injected 
with virus or dyes to indicate neural activity. One big chal-
lenge for concurrent multiphoton imaging and electrophysiol-
ogy recording is the photoelectric artifact. The photoelectric 
effect happens when the light hits the electrode material (sites 
and traces), electrons in the material absorb the energy and 
are emitted, producing a current that can be captured by the 
recording equipment.34 The amplitude of the artifact has been 
shown to be related with the laser power and scan rate.35,36 
This artifact is also stronger for metal materials because the 
electrons in metal have lower binding energy than nonmetal 
conductors.27,28,36 Increasing transparency can effectively 
reduce the photoelectrical artifact. When the amplitude of the 
photoelectric artifact does not saturate the recording ampli-
fier, it is possible to remove the recording artifact by post-
processing algorithms, such as multiple band-stop filters or 
subtracting an average artifact template based on laser scan-
ning triggers.35,37

Compared to intracortical microelectrodes, brain surface 
electrodes usually are limited to recording local field potentials 
(LFPs) and multiunit activity. Resolving single unit activities 
from surface electrodes is difficult because of the distance to 
neuronal somas. On the other hand, they are considered less 
invasive and introduce less damage to the underlying brain 
parenchyma tissue. Both epidural and subdural implants are 
usually encapsulated by collagenous tissue and inflammatory 
cells further increasing the distance to cortical neurons.38,39 
Softer implants that are more conformal to the brain curvature 
could reduce mechanical stress and fibrous encapsulation.40 
Yet, chronic in vivo imaging studies of brain surface electrode 
arrays have been rare.41

Penetrating electrodes
To date, the most common imaging setup for studying for-
eign body responses and extracellular electrophysiology is to 
insert a silicon electrode device into the brain parenchyma 
at an angle between 30 and 45 degrees to the brain surface 
with electrode sites facing  up42,43 (Figure 1b). This allows the 
visualization of the electrode sites interfacing with the brain. 
Ultraflexible electrodes, developed for seamless integration in 

the soft brain tissue, can also penetrate the brain, but usually 
need an accessary shuttle (a needle or a metal wire) or some 
temporary stiffening strategies to facilitate the insertion.44–46 
When the electrodes are transparent or sufficiently thin, they 
could be inserted more vertically without significantly affect-
ing the imaging.45

In the acute setup, the cranial window can be left open for 
at least 6 h.47 The advantage of having an open cranial win-
dow is to be able to rinse the blood out or make adjustment of 
the implant. However, with the skull open, the brain tissue is 
essentially exposed to pollution and pathogens in the environ-
ment that could influence the brain activity. Alternatively, the 
cranial window can be sealed with a cover glass and transpar-
ent filler such as saline, artificial cerebrospinal fluid (ACSF), 
silicone, agar, etc. Solid filler can also reduce the micromotion 
of the brain, thus improving the image stability.

In the chronic setup, the cranial window can be sealed with 
transparent medium and a cover glass on top. The clarity of 
the window, however, can be difficult to maintain.43 For exam-
ple, it was shown that the imageable depth drops from 600 to 
300 µm within a week.43 The decreased window clarity and 
imaging depth resulted from cascades of host tissue responses 
including bleedings, bone regrowth, fibrous tissue thickening, 
recruitment of inflammatory cells at meninges and around the 
electrode, and sometimes infections due to contaminations 
or incomplete seal.48 Placing the cover glass intimately onto 
the brain surface is the key to keeping a clear window by 
physically inhibiting tissue regrowth. Using a cover glass 
with a small hole and inserting silicon electrodes through the 
hole afterward, Mols et al. showed two-photon imaging of 
the electrode down to 500 µm below the pia after two-week 
implantation and 200 µm below the pia after 10-week implan-
tation.49 For flexible electrodes, it could be slightly easier to 
keep a clear window over time because the cover glass can be 
placed more seamlessly onto the brain surface.44,45 Addition-
ally, ultraflexible electrodes are expected to cast less chronic 
mechanical stress to the brain compared to stiff electrodes.

Electrodes combined with penetrating optical devices
To date, in vivo imaging of surface and penetrating electrodes 
has been mostly limited to superficial layers (layer 1–3) of the 
cortex. In order to see deeper brain tissue, researchers have 
been developing optical devices that can break the imaging 
depth limit of conventional configurations. Optical fiber, 
microlens, and microprism are the three commonly used opti-
cal devices for deep brain imaging.

Optical fiber can be implanted to any depth into the brain 
and/or interface with other optical devices, allowing imag-
ing in free-behaving animals due to its flexibility.50 The same 
optic fiber can both deliver excitation light into the brain tissue 
and collect emission signals. The conventional optical fibers 
are based on silica, whereas other materials such as silk,51 
hydrogel, and synthetic polymers have also been investi-
gated.52 There are several categories of optic fiber, including 
conventional step-index fiber, fiber bundles, tapered optical 
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fiber, gradient refractive index (GRIN) fiber, etc.53,54 The 
classic step-index fibers deliver light based on total internal 
reflection between the outer cladding and the inner core with 
distinct refractive indexes. Fiber bundles consist of up to  
~100,000 densely packed step-index fibers to transform pix-
ilated images.55 The GRIN fiber has refractive index declines 
with radius from the central axis, so that light propagates at 
the same speed across different locations within the fiber. The 
tapered optical fiber has a special tapered tip compared to the 
traditional flat-cleaved tip, which can extend the light illumi-
nation and collection region from a restricted volume near the 
fiber tip to  ~2 mm along the taper.56,57 The size of optical fiber 
is customizable, ranging from  ~10 µm to several millimeters 
in diameter.58 To enable electrophysiology, microwire elec-
trodes (tetrodes) and flexible electrode arrays can be adhered 
to the side wall of the optic fibers.59 Alternatively, multifunc-
tional fibers have been fabricated by combining different 
components and materials for simultaneous electrophysiology 
and optical simulation/drug delivery.60 However, optical fiber-
based photometry has limitations on the spatial resolution as 
they measure integrated photon count from a large population 
of cells near the probe tip (within  ~500 µm).61

Microlenses, including miniaturized objective lenses and 
GRIN lenses, can provide better spatial resolution and sig-
nal efficiency than optic fibers. Objective lenses can provide 
the best resolution and fluorescent efficiency, but the minia-
turization is challenging (minimally  ~3 mm in diameter).62 
GRIN lenses can be miniaturized to 350–1000 µm in diam-
eter and can be customized to lengths from several milli- 
meters to several centimeters to approach deep brain regions 
in rodents or larger animal models.63 GRIN lenses can be used 
for wide field, confocal, multiphoton microscopy, or integrated 
with optic fibers.63–65 Similar to optical fibers, stiff and flexible 
electrodes can be placed on the side wall of GRIN lenses.66

Microprisms are tiny glass prisms, with size customizable 
from 500 µm to several millimeters. The coating (usually alu-
minum) on the slant side will reflect light at 90 degrees, chang-
ing the focal plane from horizontal to vertical. This vertical 
view is favorable for high resolution imaging of interlaminar 
activities.67 Microprisms can be directly glued under the cover 
glass or combined with GRIN lens or optic fibers.68,69 Flex-
ible electrode arrays can be attached to the microprism imag-
ing face after bending to comply the 90 degree angle formed 
between the microprism and the cover  glass70 (Figure 1c).

The footprint of optical devices is usually much larger 
than microelectrode arrays, as such tissue damages caused by 
implanting these optical devices bring about some concerns. 
Optic fibers or lenses smaller than 1 mm in diameter could be 
implanted without removing brain tissue but would squeeze or 
push tissue to the side or to the bottom, resulting in mechani-
cal damage and chronic compression stress. Devices larger 
than 1 mm could require removing part of the brain tissue to 
reduce the compressive damage. During insertion, the opti-
cal devices will inevitably damage some blood vessels, and 
the bleeding will cast a shadow in the images due to light 

absorption by red blood cells. It has been reported that bleed-
ing and vascular remodeling take about two weeks to settle 
down after the 1-mm-microprism implantation,71 while the 
microglial responses need four to eight weeks to return to the 
homeostatic state.72 In addition, because most optical devices 
are rigid and need to be anchored to the skull, the mechani-
cal mismatch between the brain tissue and the optical glasses 
increases the possibility of postsurgery damage due to micro-
motion.73 Soft optical fibers have shown reduced inflammatory 
responses compared to rigid fibers.59,74,75 The foreign body 
responses after implanting optical devices with various shapes 
and materials await further examination.

Recent biological findings at neural electrode–
tissue interface
The research on brain tissue and electronic interface using the 
advanced imaging modalities can be categorized in two major 
directions. One direction is to characterize and understand the 
foreign body responses in order to improve the integration 
and biocompatibility of neural electrodes. The other direc-
tion is focused on investigating the cellular mechanisms of 
electrophysiology recording and stimulation for better decod-
ing and encoding brain activities. Here, we will summarize 
discoveries from in vivo imaging modalities in both directions 
in recent years.

Studies of neurons and neuron–electrode interaction
All brain functions, from locomotion, sensing to emotion, 
learning, and memory, are carried out by neuronal activities. 
It is estimated that an electrode can detect neuronal action 
potential signals within a cylinder of 140 µm radius, which 
contains ~1000 neurons in layer 2/3 of rat cortex.76–78 Yet in 
practice, only a few neurons can be reliably identified through 
electrical recording on each electrode site. This large dis-
crepancy is hypothesized to be due to neural damage by the 
implanted electrode, or presence of silent neurons or signal 
amplitude being too small.78 Electrophysiology recording 
alone cannot pinpoint these mechanisms because the record-
able neuron for an electrode is not only dependent on the dis-
tance between the electrode and neuron soma, but also related 
to the anatomical structures. For example, action potentials 
from layer 5 pyramidal neurons can be recorded up to 400 µm 
from the soma along the apical dendrite, but not detectable at 
100 µm in the opposite direction.79 Combining in vivo imag-
ing of neural activity and electrophysiology recording has the 
potential to better uncover the ground truth of extracellular 
recording. Simultaneous neural calcium imaging and elec-
trophysiology recording have been done with surface ECoG 
arrays and intracortical microelectrodes.27,70 Yet, there has 
not been a conclusive study correlating electrophysiologi-
cal recording with all recordable neural population activity 
imaging. With continuous technology advancement in fast, 
volumetric in vivo calcium/voltage imaging, and fabrication of 
transparent, flexible, and low impedance microelectrode array, 
this problem is hopefully to be resolved in the near future.
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The inserted electrode directly ruptures cell membranes and 
blood vessels, leading to neuronal death near the implanted 
device as soon as 1 h postimplantation.80 The neuronal density 
drop was observed most dramatically in the first two weeks.81 
After two weeks, the neural degeneration marker was found 
mostly in neural processes rather than the cell body, and was 
increasing over time.80 In addition to neural degeneration, 
neural activity and excitability could change after electrode 
implantation.82 These studies are limited to discrete timepoints 
due to the postmortem nature of histology method.

In vivo multiphoton imaging of neural calcium activity 
provided an important method to study neuronal health and 
activity after device implantation in real time, which can be 
correlated with electrophysiology recording/stimulation.83 
Calcium imaging has been extensively used in neuroscience 
as calcium influx is associated with most neural depolarization 
electrical activity.19 During implantation of microelectrodes in 
mice cortex, both neuron soma and neurites exhibit abnormally 
prolonged high calcium levels.84 Specifically, the neural 
calcium activity was observed to peak in several seconds 

postinsert within 150 µm, then goes down and stabilizes within 
a  minute84 (Figure 2a–b). After 6 min, the calcium level in 
neural somas subsided to baseline, while the neurites in layer 
1 showed sustained high calcium over 27 min.84 This calcium 
elevation is thought to result from the mechanical distortion of 
neurons and neurites, potentially through mechanoporation,85 
opening of voltage-gated calcium channels triggered by 
mechanically sensitive sodium channels,86 or intracellular 
calcium release.87 From 1 to 3 h postinsertion, spherical 
protrusions were observed in the cortical layer 1, suggesting 
damage to the neurites.84,88 Additionally, the visually evoked 
calcium activity around the electrode declined gradually and 
became unresponsive after two weeks of implantation.88 In a 
longer-term study, dendritic arbors of fluorescently labeled 
layer 5 pyramidal neurons near a multicontact electrode shank 
were tracked in Thy1-YFP transgenic mice using two-photon 
microscopy (TPM), where persistent dendritic atrophy was 
observed for three  months.89

Electrical stimulation has been widely used in neurosci-
ence research to dissect neural circuitries, and in clinical 

a b

c d

Figure 2.  In vivo two-photon microscopy of neural calcium responses to probe insertion and electric stimulation with different 
surface materials. (a) Electrode array implantation causes neuronal calcium elevation in the vicinity of the implant site. (b) Calcium 
signal intensity within the dotted blue box in panel (a) showing a steep increase and gradual decrease after implantation. Adapted 
with permission from Reference 84. (c) Calcium responses to a 35 μA stimulation on electrode sites from a single-shank array. 
The top row shows responses from IrOx sites. The bottom row shows responses from their neighbor PEDOT/carbon nanotube 
(CNT) (PC) sites, 50 μm away. (d) Mean normalized calcium responses as a function of stimulation amplitude from two materials. A 
significantly higher response was observed from the PC electrode at all current amplitude tested demonstrating higher efficiency 
of the PEDOT/CNT electrodes. Adapted with permission from Reference 107.



AdVAncEd in ViVO fLUOrEscEncE MicrOscOpY Of nEUrAL ELEctrOnic intErfAcE

MRS BULLETIN • VOLUME 48 • MAY 2023 • mrs.org/bulletin              511

treatment of neurological diseases and sensory restora-
tions.6,90–94 However, what happens between the electri-
cal stimulation and behavior outcomes remains largely 
unknown. In addition, continuous stimulation can lead to 
neural reorganization and damage.95,96 There are emerging 
studies utilizing simultaneous in vivo imaging and electri-
cal stimulation to study the cellular mechanism of electrical 
stimulation. Early electrophysiology and modeling works 
suggest that increasing stimulation current leads to increas-
ing radius of neural activation,97,98 but Histed et al. revealed 
sparsely distributed neural activation even at low currents 
using in vivo two-photon imaging around the inserted metal 
wire electrode in layer 2/3.99 It is explained that distant neu-
rons are activated via neural fibers passing by the electrode 
tip. In contrast, ex vivo studies indicated a laterally con-
fined activation field of cortical microstimulation mainly 
through transsynaptic activation.100,101 Using two-photon 
calcium imaging and iridium microelectrodes on silicon 
probes inserted into layer 2/3 of mouse cortex, the Kozai 
group has published a series of works looking at the effects 
of stimulation parameters and patterns on the spatial and 
temporal dynamics of neural activity.102–105 Although these 
studies began to systematically characterize the neuronal 
response to microstimulation paradigms, the imaging is only 
limited to superficial brain layers. By combining transparent 
and flexible microelectrode array with microprism implanta-
tion, Yang et al. expanded the imaging depth and volume, 
and illustrated the depth dependent neuronal responses of 
stimulation amplitudes and frequencies across all cortical 
layers in awake mice.70

Microstimulation with high spatial resolution requires 
advanced electrode materials with high charge injection 
capacity and stability. As new electrode materials are devel-
oped, characterization of the stimulation performance is nec-
essary. Although evaluation of stimulating materials has been 
conventionally done via in vitro and in vivo electrochemical 
tests, electrophysiology and histology, in vivo imaging can 
offer much higher temporal and spatial resolution. To com-
pare newly developed poly(3,4-ethylenedioxythiophene) 
(PEDOT)/carbon nanotubes (CNTs) (PC) electrode coating 
to clinically applied iridium oxide (IrOx), Zheng et al. coated 
silicon probes with PC and IrOx on electrode sites in alter-
nation and evaluated the neuronal calcium activation upon 
electrical stimulation in head-fixed behaving GCaMP mice for 
up to 12 weeks.106,107 Surprisingly, PC electrodes activated a 
larger and brighter GCaMP response than IrOx (Figure 2c–d) 
at the same current amplitude, showing higher stimulation 
efficiency from the PC electrodes.107 Abnormal ictal corti-
cal responses or cortical spreading depression were observed 
through the imaging using stimulation parameters commonly 
considered safe in intracortical stimulation, which could oth-
erwise be overlooked in conventional characterization setup. 
These studies demonstrate the potential and need to evaluate 
the efficiency and safety of different electrode materials using 
real-time imaging.

Imaging glial responses to implants
As the resident inflammatory cells in the brain, microglia 
respond rapidly to neural electrode implantation and can initi-
ate cascades of inflammatory responses. In immunohistochem-
istry studies, activated microglia are found in the vicinity of 
an implanted electrode, usually surrounded by a dense layer 
of astrocytes.108,109 Microglia and astrocytes together form the 
“glial scar” around the electrode, which is believed detrimental  
to the signal transduction between the electrode and the  
neural tissue.110 Microglial morphology is highly associated 
with their functional status. In the homeostatic state, microglia  
have ramified processes protruding almost evenly to all 
directions. When the brain is damaged, microglia transform 
to a phagocytic state featured with enlarged cell bodies and 
shortened processes. Advances in two-photon imaging and 
transgenic mice that express fluorescent proteins in microglia  
reveal that in resting state, microglial processes dynami-
cally survey around while the soma stay immobile.111 These  
moving processes will make intimate but transient contact 
with neuronal synapses.112 This surveillance of microglial 
processes is dependent on  K+ channel.113 Once the brain is 
damaged or injured, surrounding microglia respond rapidly by 
sending processes toward the injury within several minutes, 
then depending on the degree of damage, they could become 
motile and migrate to the injury in several hours, phagocytose 
cell debris and proliferate in the following days, and remain 
residing at the injury site for months.42,72,114,115 The direc-
tional response of microglial processes is potentially regulated  
by ATP release from damaged tissue through G-protein  
coupled purinergic P2Y receptors.116 Anesthesia can influence 
microglial surveillance and activation.117 Hence, it is important  
to take careful consideration of the effect of anesthesia while 
doing live imaging. When possible, imaging in awake animals 
is recommended for unbiased microglial analysis.

The role of microglia in neuronal health is complex. On 
one hand, absence of microglia after brain injury leads to 
much more severe neuronal loss, showing the critical role of  
microglia in neuroprotection.118 On the other hand, activated 
microglia can secrete cytotoxic factors that result in excessive  
neural degeneration.119 Modulating the extent of microg- 
lia activation to the appropriate level could be the key to  
improving neuron survival after electrode implantation.120 
Coating of neural electrodes with biomimetic protein 
or antifouling zwitterionic polymer have been shown to 
effectively reduce inflammatory responses in postmortem 
histology studies.121–123 Recently, using two-photon imaging, 
the dynamic interactions between the microglia processes 
and implant surface with and without coatings have been 
investigated (Figure 3a–b).47,124 It was revealed that a 
neuronal adhesion molecule L1 coating inhibited the microglia 
coverage on the surface of neural probes (Figure 3a).47 
Zwitterionic coating also significantly decreases the 
microglial coverage, and the mechanism is by suppressing the 
spreading of microglial end-feet, but not reducing the number 
(Figure 3b).124 Anti-inflammatory drugs, such as melatonin 
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and dexamethasone, have also been shown to attenuate 
microglial responses and improve electrophysiology record
ings.125–127

Besides microglia, other types of glial cells in the brain are 
important for maintaining brain health, including astrocytes, 
oligodendrocytes, and pericytes. Astrocytes have thin, branchy 
processes extensively contacting neural synapses and blood 
vessels.128 Cumulative evidence indicates that astrocyte 
processes sense synaptic activity and regulate blood vessel 
diameters accordingly.129–131 The perivascular processes 
of astrocytes also play a critical role in water homeostasis 
and blood–brain barrier permeability.132,133 Astrocytes do 
not produce action potentials like neurons, but they exhibit 
spontaneous and neural activity correlated intracellular 
 Ca2+ increases.134,135 In pathological conditions, activated 
microglia induce a subtype of reactive astrocytes—termed as 
A1 astrocytes—by releasing cytokines Il-1α, TNF, and C1q.136 
A1 astrocytes lose most of the normal neuro-supportive 
functions and become neurotoxic.136 The astrocyte response 
to microelectrode implantation has been characterized using in 
vivo two-photon imaging, showing that astroglia scar develops 
within the first two weeks and remains stable from week 2 
to week 10 postimplantation (Figure 4).49,137 Two-photon in 
vivo calcium imaging in both neuron and astrocytes reveals 
that astrocytes start to show calcium response to electrical 
stimulation at longer pulse width and higher current intensity 

than neurons.138 Moreover, the astrocyte activity is induced by 
noradrenergic and glutamatergic signaling from neurons.138

Oligodendrocytes generate myelin sheaths along axons 
in the central nervous system (CNS) that can increase 
the action potential propagation.139 The myelin sheath 
development is regulated by neural activity through calcium 
influx in oligodendrocytes.140 In addition to myelination, 
oligodendrocytes also provide neurotrophic and metabolic 
support to neurons.141,142 Ablation of oligodendrocytes 
has been shown to cause neurodegeneration and excessive 
inflammation.143,144 Pharmaceutical oligodendrocytes 
depletion impairs electrophysiology recording quality.145 
A four-week long two-photon imaging study characterized 
the oligodendrocyte soma deformation and myelinosome 
formation around implanted silicon electrodes, showing a 
progressive myeline degeneration (Figure 5a–b).146

Oligodendrocyte precursor cells (OPCs) or NG2 + cells, 
the major proliferating cells in the adult CNS, continuously 
differentiate into myelinating oligodendrocytes in healthy 
tissue.147 OPCs play an important role in remyelination, as 
they can proliferate and differentiate into oligodendrocytes 
and astrocytes after demyelination.148–150 In vivo two-
photon imaging illustrates that OPCs have motile filopodia 
surveying around, which is similar to microglial processes, 
but without bulbous endings and move more slowly (0.3 ± 

a

b

Figure 3.  In vivo two-photon microscopy of microglial responses to implanted silicon probes with different coatings. (a) Microglial 
encapsulation after implantation of silicon probes with and without L1 protein coating. Blue squares indicate the implanted probe. 
Adapted with permission from Reference 47. (b) Zwitterionic PSBMA coating decreases the size but not the number of microglial 
end-feet on the surface of implanted silicon probe. Adapted with permission from Reference 124. Scale bar = 20 µm.
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0.01 μm  min−1 of  OPCs151 versus 1.47  ±  0.1 μm  min−1 of 
 microglia111). In addition, most OPCs continuously change 
their soma locations and processes orientation except for 
perivascular cells,151 whereas microglia largely maintain 
their territory over time. After electrode insertion, OPCs 
also extend processes toward the implant, but at later time 
(>12 h) compared to microglia (within several minutes) 
(Figure 5c–d).152

Implantation‑induced vascular changes
Neural tissue is highly vascularized. Implanting electronic 
devices inevitably disrupts the vascular network and 
damage the BBB. The BBB regulates substance exchanges 
between the peripheral circulation system and the CNS. 
Vascular endothelial cells together with astrocytes, pericytes, 
neurons, and the extracellular matrix, form a “neurovascular 
unit” that is essential for regulating blood flow and BBB 

permeability.153 Vascular damages caused by neural electrodes 
implantation not only disrupt nutrient and metabolic supply, 
but also leak the cells and molecules that are cytotoxic to 
brain tissues.154 For example, erythrocyte/hemoglobin entry 
increases iron levels in the brain, which leads to oxidative 
stress, excitotoxicity, and neuronal injury.154–157 Cumulative 
evidence suggests that a higher level of BBB damage is 
correlated with increased foreign body responses and worse 
recording performance.158–160 Two-photon microscopy has 
the capability to illustrate blood vessel anatomical structures 
at high resolution and to measure blood flow with injected 
intravascular fluorescence dyes.161,162 Localized bleeding as 
a result of neural probe insertion has been characterized using 
two-photon microscopy as early as 2009, while shrinkage of 
capillary and decrease in perfusion at the vicinity of implants 
have lately been documented.162 Using OIS-BOLD under 
wide field microscopy, decreases in blood oxygenation 

b

a

Figure 4.  Astrocyte response to penetrating electrode implantation. (a) Astrocyte (green) soma area increases in the first several 
days postimplantation. Adapted with permission from Reference 137. Blood vessels are labeled using SR101 (red). Scale 
bar = 50 µm. (b) No significant increase in astrocyte response from week 2 to week 10 postimplantation. Adapted with permission 
from Reference 49. Scale bar = 100 µm.
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were observed around the implanted electrode on day 2 and 
returned to normal levels by day 7.88 Decreases in blood 
perfusion could contribute to decreased neural activity in the 
injured tissue area. With chronic two-photon microscopy, it 
has been shown that angiogenesis and vascular remodeling 
are most pronounced in the first two weeks after intracortical 
implantation of flexible electrodes, coincident with a rapid 
improvement of electrophysiology recording performance.45 
Chronic two-photon imaging of both microglia and blood 
vessels reveals persistent microglia aggregations around 
ablated capillaries, suggesting that BBB breakage even in a 
single microvessel could lead to long-term inflammation.72

Characterizing meningeal response
The meninges are a thin structure embedding the brain, consist-
ing of three layers in general—dura, arachnoid, and pia matter. 
Cerebrospinal fluid (CSF) is filled in the subarachnoid space 
between dura and pia. Recently a fourth layer membrane was 
uncovered that divides the subarachnoid space into two com-
partments.163 There are abundant immune cells residing the 
meninges, including macrophages and dendritic cells (DCs). 
Macrophages are numerous in dura and pia and usually respond 
the quickest to inflammatory stimuli.164 Although DCs are fewer 
in number, they are antigen-presenting cells that can stimulate 
and recruit T cells.165 The recent discovery of lymphatic vessels 
in the meninges further highlights the importance of meninges in 
the immune system.166,167 The meningeal fibrous encapsulations 
of neural implants have been well documented in postmortem 
histology studies for both brain surface arrays and intracortical 

implants.41,168,169 Lymphangiogenesis of meningeal lymphatic 
vessels and increased CSF influx are more recently reported after 
implantation of brain surface EEG electrodes.170 Implanting neu-
ral probes into the brain without connection to the meninges 
has been shown to significantly reduce the glial scar formation 
compared to trans-meninges unanchored implants, suggesting 
that part of the glial encapsulation originated from meninges.171 
In vivo two-photon microscopy has been used to evaluate menin-
geal inflammatory responses and meningeal collagen remodeling 
around implanted silicon probes.48 The collagen fiber is visu-
alized by second-harmonic generation signal. It is shown that 
the meningeal inflammatory cell migration along electrodes is 
most robust during the first day and attenuate by two days post-
implantation, while the collagen continues to grow over the next 
month.48 Meninges is a potentially powerful target region that 
can relieve fibrous encapsulation of chronic implants. Our under-
standing of meningeal responses are still preliminary and remain 
to be elucidated with more chronic in vivo imaging studies.

Current limitations and future directions
Optical methods for in vivo imaging of neural electrode arrays 
have been vastly progressing in recent years. Direct two-pho-
ton imaging of silicon probes inserted at 30–45 degrees in a 
cranial window has been a popular setup that greatly improved 
our understanding of dynamic properties of different types of 
cells in response to electrode implantation. Although it is a 
facile model, the optically accessible depth is limited to layer 
2/3 of cortex and decreases over chronic implantation. Intro-
ducing optic fibers, GRIN lenses, or microprisms could help us 

a b

c d

Figure 5.  Demyelination and oligodendrocyte precursor cell (OPC) responses to penetrating electrode implantation. (a) 
Myelinosomes (red arrows) near the implant dynamically change diameter over time. Scale bar = 20 µm. (b) Demyelination occurs 
near the implant over the four-week implantation. Adapted with permission from Reference 146. Green: OPCs. Red: Blood vessels 
(SR101). (c) OPC processes extend toward the probe surface (blue rectangle) beginning 12 h post-insertion. Scale bar = 15 μm. (d) 
OPCs migrate toward the surface of the probe (blue rectangle). Scale bar = 15 μm. Adapted with permission from Reference 152.
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gain greater imaging depth. While there are emerging studies 
on combining optical devices with electrode arrays, most of 
them are at the stage of proof-of-concept demonstration. Sev-
eral areas can be further improved for broad applications: (1) 
The flexible, transparent microelectrodes are more compatible 
with optical imaging modalities than the commercial silicon 
probes. However, almost all transparent and flexible arrays are 
fabricated in individual academic labs. The product quality 
could vary from batch to batch, and lab to lab. Standardiza-
tion and commercialization of such flexible and transparent 
microelectrodes would encourage more usage and accelerate 
studies in this field. (2) Implanting optical devices generate 
foreign body responses, which could be a confounding factor 
for understanding the cellular dynamics at the brain-electronic 
interface. Multiple timepoints or in vivo characterizations of 
tissue responses to optical devices are needed to validate the 
methods. Furthermore, it will be beneficial to develop meth-
ods to improve the biocompatibility for optical devices, such 
as antifouling coating, anti-inflammatory coating, etc. (3) 
Insertion of the optical devices can inevitably cause bleed-
ing that impedes imaging in the first several weeks. To be 
able to acquire information during that recovery period, tech-
nological advancements are necessary. For example, to have 
a removable cranial window that allows inserting electrodes 
after the tissue reaction subsides. (4) Flexible electrode arrays 
for concurrent optical imaging and for the next generation 
of brain–machine interface are rapidly developing recently. 
Flexible electrodes have often shown reduced foreign body 
responses compared to conventional rigid electrodes. Yet, flex-
ible electrodes are usually more difficult to handle and less 
durable than rigid electrode material wise, and lack quanti-
tative long-term biocompatibility studies. Therefore, flexible 
electrode devices need to be further studied and optimized in 
terms of biocompatibility and durability before broad applica-
tions. With the continuous technological improvement in in 
vivo fluorescent imaging for neural interfacing electronics, we 
expect to gather more knowledge on the cellular and subcel-
lular mechanisms related to electrophysiological recording and 
stimulation, which would greatly help to determine the best 
electrode material and design in the coming future.
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