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Engineered Axonal Tracts as “Living Electrodes”  
for Synaptic-Based Modulation of Neural Circuitry

Mijail D. Serruya, James P. Harris, Dayo O. Adewole, Laura A. Struzyna, 
Justin C. Burrell, Ashley Nemes, Dmitriy Petrov, Reuben H. Kraft, H. Isaac Chen, 
John A. Wolf, and D. Kacy Cullen*

Brain–computer interface and neuromodulation strategies relying on pen-
etrating non-organic electrodes/optrodes are limited by an inflammatory 
foreign body response that ultimately diminishes performance. A novel 
“biohybrid” strategy is advanced, whereby living neurons, biomaterials, and 
microelectrode/optical technology are used together to provide a biologi-
cally-based vehicle to probe and modulate nervous-system activity. Micro-
tissue engineering techniques are employed to create axon-based “living 
electrodes”, which are columnar microstructures comprised of neuronal 
population(s) projecting long axonal tracts within the lumen of a hydrogel 
designed to chaperone delivery into the brain. Upon microinjection, the 
axonal segment penetrates to prescribed depth for synaptic integration  
with local host neurons, with the perikaryal segment remaining externali zed 
below conforming electrical–optical arrays. In this paradigm, only the bio-
logical component ultimately remains in the brain, potentially attenuating 
a chronic foreign-body response. Axon-based living electrodes are con-
structed using multiple neuronal subtypes, each with differential capacity 
to stimulate, inhibit, and/or modulate neural circuitry based on specificity 
uniquely afforded by synaptic integration, yet ultimately computer controlled 
by optical/electrical components on the brain surface. Current efforts are 
assessing the efficacy of this biohybrid interface for targeted, synaptic-based 
neuromodulation, and the specificity, spatial density and long-term fidelity 
versus conventional microelectronic or optical substrates alone.
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1. Introduction

Brain–computer interface and neuromo­
dulation devices provide a means to record 
and stimulate the nervous system to miti­
gate neurological deficits and/or provide 
a communication platform to drive peri­
pheral devices/prosthetics. Indeed, future 
initiatives to treat and correct myriad neu­
rological conditions rely on a precise inter­
face with the nervous system for optimal 
monitoring and modulation. There has 
been substantial progress using pen­
etrating, inorganic microelectrode arrays 
and optically based methods to record and 
stimulate from the central nervous system 
(CNS). However, conventional microelec­
trodes produce a chronic foreign body 
response with concomitant signal deg­
radation over time. Moreover, electrical 
stimulation and recording currently lack 
specificity in targeting specific neuronal 
subtypes (e.g., excitatory versus inhibi­
tory) and/or compartments (e.g., den­
dritic/somatic versus axonal). Although 
optogenetics methods can be highly spe­
cific, this approach currently requires a 
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viral injection that must diffuse throughout a volume of brain 
tissue. Also, light can only penetrate a certain depth into tissue, 
thus limiting the potential range of stimulation. Like micro­
electrodes, penetrating optical waveguide fibers also result in 
inflammation and a chronic foreign body response. As such, 
there is currently a need for a chronically stable and highly spe­
cific modality for input to and output from the CNS.

Over the last several years, we have developed microtissue 
engineered neural networks (micro­TENNs), which are implant­
able, three­dimensional (3D), anatomically­inspired constructs 
that replicate the general systems­level anatomy of the nervous 
system: functionally similar groups of neurons connected by 
long­spanning axonal tracts.[1–5] Specifically, micro­TENNs are 
precisely formed, miniature constructs composed of discrete 
neuronal population(s) connected by long axonal tracts within 
hydrogel microcolumns, which, to date, have been fabricated 
using dorsal root ganglia neurons, cerebral cortical neurons 
(e.g., mixed glutamatergic and GABAergic), and ventral mes­
encephalic neurons (e.g., dopaminergic).[1–5] Although initially 
developed to reconstitute degenerated axonal pathways in the 
brain,[1,5] we have recently been applying the micro­TENN 
platform as a biologically­based “living electrode” technology 
to modulate neural circuits.[6] In this radical approach for a 
neural interface, non­organic components reside on the cortical 
surface with organic components (i.e., living axon tracts) pen­
etrating the brain. The goal of this interface is to provide high 
fidelity connectivity via synaptic integration with endogenous 
neural networks to allow biologically based neuromodulation 
while mitigating the chronic foreign body response that cur­
rently limits conventional penetrating electrodes (Figure 1). If 
successful, this biohybrid neural interface strategy could open 
the door for an entirely new platform for the controlled modu­
lation of neural activity to treat neurological disease and injury.

In this article, we outline existing approaches to modu­
late the CNS and present these in contrast to our living elec­
trode approach, linking preliminary studies to outstanding 
clinical challenges and mapping a path forward. Specifically, 
we focus on the capability of axon­based living electrodes to 
provide targeted, synaptic­based modulation of neuronal cir­
cuitry (although their capability to transmit information to the 
brain surface—in essence a form of “recording”—is briefly 
considered). For the purposes of this article, we consider the 
delivery of electricity, light, or chemicals to specific anatomical 
targets in the brain all as forms of stimulation or modulation. 
In this sense, we here define neuromodulation as “the inten­
tional modification of the electrophysiological activity of neu­
rons within well­defined anatomical targets within the brain, in 
order to ameliorate aberrant activity in that target region and 
compensate for disease and injury in other areas, bias existing 
endogenous diffuse modulatory systems, or forge alternate 
connectivity patterns.” We further specify that biologically­
mediated neuromodulation refers to approaches that deploy 
constructs built of living cells to interface and modulate brain 
activity. As the spatial and temporal scale of such modulation 
is refined, and as the connectivity becomes more constrained 
(less divergent: from one­to­many to one­to­one), the modula­
tion can achieve a far more specific effect, and can ultimately 
input information (such as relaying a receptive field) rather 
than merely biasing diffuse tone.
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2. Overview of Axon-Based “Living Electrodes”

As a component of a biohybrid neural interface, our current­
generation living electrodes consist of a precisely formed 
columnar biomaterial encasement with the internal lumen 
functionalized via the presence of anatomically constrained 
living axonal tracts (Figure 2),[5,7] Building on our previous 
work, we have recently devised methodology to create long­
projecting unidirectional axon­based living electrodes for 
tailored neuromodulation. These consist of excitatory living 
electrodes built using neurons derived from the cerebral cortex 
(predominantly glutamatergic), dopaminergic living electrodes 
built using neurons isolated from the ventral mesencephalon 
(enriched in dopaminergic neurons), and most recently, inhibi­
tory living electrodes built using neurons isolated from the 
medial ganglionic eminence (source of GABAergic neurons) 
(Figure 2). These axon­based living electrode constructs are on 
the order of several hundred microns in diameter—similar to 
the diameter of a human hair—yet may extend at least on the 
order of centimeters to reach deep layers/nuclei in the brain 
with a relatively small microinjection footprint (Figure 3).[3,4] 
As such, these engineered living electrodes can be considered 
a type of composite functionalized biomaterial on multiple 
levels: 1) the characteristics of the hydrogel microcolumn and 
extracellular matrix constituents require optimization for each 

neuronal subtype used to allow for health and long­projecting 
axonal outgrowth within the lumen prior to implantation; 2) 
the neuronal­biomaterial encasement scheme allows for con­
trolled functional versatility via the choice of neuron subtype 
(i.e., to get different neurotransmitters, and hence different 
excitatory/inhibitory/modulatory effects) and localized drug 
delivery to foment various implant­host interactions (e.g., 
pro­survival, controlled outgrowth/plasticity); 3) the protec­
tive hydrogel encasement precisely delivers the fundamental 
integrative units—growth cones from living axonal tracts—to 
a prescribed location of the brain where they are intrinsically 
programmed to synaptically integrate with a specific local sub­
population based on phenotype(s) of source axons and target 
neurons. Indeed, we have previously demonstrated that pre­
formed micro­TENNs may be stereotaxically microinjected into 
the brain, where they exhibited neuronal survival, maintenance 
of axonal architecture, and perhaps most importantly, evidence 
of synaptic integration with host neurons.[1,5] As such, these 
living axon­based microconstructs may be useful as the biolog­
ical component of a biohybrid neural­electrical­optical interface, 
exploiting synaptic integration for target specificity while poten­
tially mitigating biocompatibility and biostability limitations 
described in other approaches (Figure 3). Although beyond the 
scope of this article, custom planar optical/electrical arrays are 
being developed to couple with our axon­based living electrodes 
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Figure 1. Advantages of Axon-Based “Living Electrodes” for Neuromodulation: Mechanisms and specificity of neuronal stimulation for “living elec-
trodes” (left) versus conventional electrodes (center) and optrodes (right). Living electrodes provide engineered axonal tracts, fully differentiated 
neurons, and a controlled 3D cytoarchitecture, potentially improving survival versus delivery of cell suspensions. Construct neurons may be transfected 
to express opsins in vitro (days prior to implant), thereby avoiding the injection of virus directly into the host while constraining the spatial extent of 
transfected cells. Living electrodes could offer high specificity, as the constructs can be designed to synapse with specific neuronal subtypes in a given 
anatomical region (as shown by living electrode axons synapsing with only blue neurons, not black) as opposed to conventional electrodes that inher-
ently stimulate or record from a relatively large 3D volume around the electrode (as shown by large red area of stimulation affecting many layers and 
neurons). While optrodes can achieve a high level of specificity, the in vivo delivery of opsins generally relies on injection of virus that may diffuse and 
affect non-target regions (spread of optogenetic transduction is illustrated by yellow neurons in multiple layers). Also, optical methods may have a 
limited extent due to tissue absorption of light. Finally, living electrodes provide a soft pathway to route signals to/from deep brain structures compared 
to rigid materials used in electrodes/optrodes, thus potentially minimizing signal loss due to mechanical mismatch/micromotion and glial scarring.
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Figure 2. Neuronal-Axonal Living Electrodes: (A) Phase contrast images of unidirectional (left) and bidirectional (middle) “living electrodes” built using 
cerebral cortical neurons, each at 5 days in vitro (DIV), next to a single human hair (right). (B) Confocal reconstruction of a living electrode built using 
dorsal root ganglia neurons showing unidirectional axonal tracts immunolabeled to denote neuronal somata (MAP-2; purple) and axons (tau; green), 
with nuclear counterstain (blue). (C) Confocal reconstruction of a unidirectional, cerebral cortical neuronal living electrode at 11 DIV, immunolabeled 
for axons (β-tubulin-III; red) and synapses (synapsin; green), with a nuclear counterstain (Hoechst; blue). The surrounding hydrogel micro-column is 
shown in purple. (D) Confocal reconstruction of a unidirectional cortical neuronal living electrode stained for viability at 10 DIV (green: live cells via 
calcein-AM; red: nuclei of dead cells via ethidium homodimer-1). Scale bars A-D: 100 μm. (E-G) Long-projecting unidirectional axon-based living elec-
trodes for tailored neuromodulation. (E) Confocal reconstruction of an excitatory living electrode built using neurons derived from the cerebral cortex 
(predominantly glutamatergic), immunolabeled at 28 DIV for axons (β-tubulin-III; red) and neuronal somata/dendrites (MAP-2; green), with nuclear 
counterstain (Hoechst; blue). Insets of the aggregate (e’) and axonal (e”) regions are outlined and shown to the right. Scale bars: 100 μm. (F) Confocal 
reconstruction of a dopaminergic living electrode built using neurons isolated from the ventral mesencephalon (enriched in dopaminergic neurons), 
immunolabeled at 28 DIV for axons (β-tubulin-III; green) and tyrosine hydroxylase (dopaminergic neurons/axons; red), with nuclear counterstain 
(Hoechst; blue). Insets of the aggregate (f’) and axonal (f”) regions are outlined and shown to the left. Scale bars: 250 μm. (G) Confocal reconstruction 
of an inhibitory living electrode built using neurons isolated from the medial ganglionic eminence (source of GABAergic neurons), immunolabeled at 
14 DIV for axons (β-tubulin-III; purple) and GABA (inhibitory neurons/axons; green), with nuclear counterstain (Hoechst; blue). Insets of the aggregate 
(g’) and axonal (g”) regions are outlined and shown below. Scale bars: 100 μm.
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Figure 3. Neuronal Survival, Synaptic Integration, and Host Response Following Living Electrode Implantation In Vivo: (A) Host response to living 
electrodes versus conventional microelectrodes. Representative confocal micrographs at 1-month post-implant of brain sections orthogonal to a needle 
stab (negative control), a Michigan microelectrode (positive control), acellular hydrogel micro-column, or a living electrode (hydrogel micro-column 
encasing neurons + axonal tracts) immunolabeled for microglia/macrophages (IBA-1; red) and astrocytes (GFAP; purple). Peri-electrode host reactivity 
was reduced around living electrodes, even though current-generation living electrodes have a larger footprint than Michigan microelectrodes. (B-D) 
Confocal reconstructions showing survival and integration of living electrode neurons/axons at 1-week or 1-month post-implant. (B) Superficial (dorsal) 
living electrode neurons on the brain surface transduced to express GFP (on the synapsin promoter; green) and immunolabeled for the neuronal marker 
NeuN (red) and the synaptic marker synapsin (purple) with various dual- and tri-channel combinations. (C) Living electrode neurons and aligned 
axons (GFP+) within the lumen of the micro-column stained to identify neuronal somata and dendrites (MAP-2; red) and axons (β-tubulin-III; purple). 
(D) Neurons and neurites projecting in the cerebral cortex from the deep end of the living electrode, with callout boxes showing putative synapses 
(synapsin+ puncta; purple) between host and living electrode neurons/neurites (GFP+). Scale bars: 50 μm.
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on the brain surface, and there has also been previously pub­
lished technology that may be useful in this regard.[8–13]

2.1. Theoretical Advantages of Axon-Based “Living Electrodes”

Axon­based living electrodes have the potential to exploit 
biological mechanisms­of­action to achieve an unparalleled 
combination of specificity, spatial density, and long­term fidelity 
in neural stimulation (Figure 4). The biologically­mediated 
neuromodulation theoretically attained by axon­based living 
electrodes offers the following attributes: 1) Target specificity 
and synaptic integration: based on intrinsic programming, 
implanted axons should preferentially integrate with specific 
neuronal subtype(s) and form synapses, which are the natural 
vehicle for inter­neuron communication and offer nuanced 
inputs not possible with standard approaches; 2) High spa­
tial density of inputs via biological multiplexing: hundreds to 
thousands of synapses are possible per implanted axon, thus 
a robust effect may be elicited by relatively few axons; 3) Long­
term stability/tolerance: as the columnar hydrogel encasement 
is gradually resorbed, only living axonal tracts remain that by 
then would have integrated with host neurons via synapses, 
which theoretically can last the lifetime of an organism; these 
biological components are far less likely to evoke a chronic 
foreign body response than non­organic electrodes. Although 
micro­TENNs are currently created from allogeneic neurons 
that have yet to evoke an immune response, the more likely 

choice for clinical deployment are autolo­
gous cells, such as patient­specific neurons 
derived from induced pluripotent stem cells 
(iPSCs), because implanted “host” axons 
are even less likely to provoke an immune 
response.[14–16] Moreover, in ongoing efforts 
we are employing computational modeling to 
further our understanding of specificity, bio­
logical multiplexing, and stability as related 
to the living electrodes, and these functional 
simulations also serve as a platform for the 
design and optimization of living electrodes 
in the future. In principle, the living elec­
trode strategy addresses key challenges in the 
neural interface field, although these puta­
tive advantages need to be validated experi­
mentally in comparison to conventional 
approaches.

Although explored in detail later in this 
article, applications of axon­based living 
electrodes include nuanced control of spe­
cific facets of a neural circuit­of­interest, for 
instance increasing synaptic input to directly 
strengthen/augment a pathway (inhibitory 
or excitatory), or even indirect inhibition via 
excitation of inhibitory neurons. Also, living 
electrodes may provide highly localized 
delivery of modulatory neurotransmitters, 
for instance reward/arousal circuitry using 
dopamine or other modulatory neurotrans­
mitters. As specific examples, our existing 

repertoire of living electrodes provide an opportunity to target 
specific neural circuitry: motor control in Parkinson’s Disease 
(using dopaminergic neurons),[3] sensory input/feedback to 
deep nuclei (using excitatory neurons), inputs to visual cortex 
for visual prosthetics (using excitatory neurons), learning and 
memory (using hippocampal neurons), and inhibition of sei­
zure foci (using inhibitory neurons) (Figure 5). First, we will put 
our living electrode strategy in context with existing approaches 
for brain­machine interface and neuromodulation.

2.2. Overview of Existing Approaches

Several prominent neural interface strategies have been devel­
oped to modulate nervous system activity, toward the goal of 
mitigating deficits associated with neurological injury and/or 
improving our understanding of CNS function. These tech­
niques include non­invasive electromagnetic stimulation (such 
as repetitive transcranial magnetic stimulation,[17,18] and tran­
scranial current stimulation,[17,19] electrical macrostimulation 
using low­impedance electrodes at the cortical surface or in 
deep brain structures,[20–24] electrical microstimulation using 
high­impedance microelectrodes implanted into the cortex 
or deeper via microwire,[25–28] microfluidic approaches that 
deliver chemicals from a reservoir to be infused at targeted 
areas,[29–31] and optogenetic approaches that leverage light deliv­
ered by waveguides to neural tissue that has been genetically 
transformed to respond to light.[32,33] Beyond light, neurons can 

Adv. Funct. Mater. 2017, 1701183

Figure 4. Mechanisms-of-Action for Axon-Based Living Electrodes: Synaptic Specificity, Biolog-
ical Multiplexing, and Stability. “Living electrodes” may offer high specificity, as the constructs 
can be designed to synapse with specific neuronal subtypes, as demonstrated conceptually by 
living electrode axons synapsing with only circle neurons, not star neurons (left cartoon). This 
may be exploited in mixed neuron living electrodes where a subpopulation (blue cells) is excited 
with red light while another subpopulation (dark green cells) could be inhibited by green light 
(right cartoon). Multiplexing: one living electrode axon can (in theory) synapse with hundreds 
to thousands of host neurons – creating a significant amplification effect. We currently build 
living electrodes with 5000–50 000 neurons within a column less than twice the diameter of a 
human hair. Moreover, living electrodes may offer stability as synaptic integration offers per-
manence not possible with standard approaches while the biological nature of the constructs 
may mitigate the chronic foreign body response.
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be genetically engineered to respond to ultrasound, magnetic 
fields and other stimuli; each such approach would require 
a device to deliver the stimuli into the brain.[34,20] The two 
most successful neurotechnologies to date have been cochlear 
implants to restore auditory perception following sensorineural 
hearing loss, and deep brain stimulation (DBS) to treat move­
ment disorders. More recently, DBS has been used successfully 
to arrest seizures in patients with epilepsy, and to improve cer­
tain types of medically refractory depression.[35,36] While coch­
lear implants (and auditory brainstem implants used when 
cochlear stimulation is compromised by afferent dysfunction 
in neurofibromatosis) operate by “playing” the tonotopy of the 
spiral ganglion (or cochlear nuclei in the medulla), the mecha­
nism by which DBS quenches tremors, dystonias, seizures and 
other aberrant activity has not been fully elucidated.[37]

The dominant modalities of neuromodulation are electrical 
stimulation (the mechanism utilized in cochlear implants 
and DBS) and, more recently, optogenetic methods. Electrical 
stimulation can nonspecifically activate a large population 
of cells while optogenetic methods allow for more spatially 

selective stimulation via genetic transduction with opsins and 
activation using optical fibers. Each current technology has 
advantages and inherent limitations in stability, selectivity, or 
spatial density that limit usage for large­scale network integra­
tion. Electrical microstimulation with microelectrode inter­
faces suffer from a lack of specificity: Even in the best case 
scenario, electrical micro­stimulation is spatially non­specific, 
given that current alters the potential of a large volume of 
tissue, changing the membrane potential of neurons/dendritic 
fields adjacent to the electrodes (excitatory as well as inhibitory 
interneurons) as well as axonal fibers of passage.[38,39] The spec­
ificity can deteriorate further with neuronal loss in the vicinity 
of the electrodes or electrode movement.[40] Gliosis can lead to 
increasing impedance requiring increased current levels,[41,42] 
thus leading to more frequent battery changes and the risk of 
diathermy as higher currents are needed to achieve adequate 
electrophysio logical stimulation levels.[43] Chronic electrical 
stimulation appears to accelerate the degradation of micro­
electrode arrays in a manner that both reduces their function­
ality to stimulate and record, and poses risks to the patient as 
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Figure 5. Potential Applications of Axon-Based Living Electrodes: Custom engineered living electrodes consisting of a phenotypically-controlled popula-
tions of neurons extending long axonal tracts through a biocompatible micro-column may be stereotactically transplanted to span various regions to 
treat particular disease processes. (A) Axons projecting from dopaminergic living electrodes may form synapses within local striatal architecture, and, 
due to in vitro functionalization with channelrhodopsins, may release dopamine upon optical stimulation of the perikaryal segment at the brain surface. 
This mimics the substantia nigra pars compacta input to the striatum in a manner that can be externally controlled. (B) Axons from glutamatergic 
living electrodes may preferentially synapse onto layer IV neurons within primary sensory cortex to convey illusory haptic feedback via surface optical 
stimulation to achieve closed-loop control of neuromotor prosthetics in patients with paralysis. (C) Axons from GABAergic living electrodes could 
be implanted to oppose seizure foci such that optical stimulation would cause net suppression of seizure activity in patients with lesional epilepsy.
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device materials break down into the brain and circulate in 
physiological fluid.[44] Optogenetic strategies have the distinct 
disadvantage of needing to deliver (e.g., microinject) viruses 
into the brain to transduce neurons to express opsins; how­
ever, with the use of phenotype­specific expression promoters 
this can be highly specific. Gliosis and loss of neurons in the 
vicinity of micro­fiber optical probes would also detrimentally 
affect optical stimulation, although less is understood about 
these potential effects.

2.2.1. Existing Approaches: Invasive Electrical Stimulation

DBS is a clinically established and approved treatment for 
essential tremor, dystonia and Parkinson’s disease.[45] DBS 
may be considered an electrical macrostimulation approach 
in which current is passed across two or more low­impedance 
macro­electrode (generally 1–2 mm in diameter) contacts in 
a target nucleus within the brain. Despites its approval, use, 
and efficacy over the past several decades, the exact mecha­
nism by which DBS achieves its therapeutic benefit remains 
controversial. While electrical macrostimulation oriented in 
parallel with the long axis of a neuronal soma and axon tends 
to depolarize a neuron and increase firing rate, the effects of 
electrical stimulation within the brain may be far more com­
plex based on the position and geometry of the electrode, 
neighboring neurons, and fibers of passage. Whether a given 
electrical stimulation event tends to depolarize and hence 
increase the firing rate of target neurons, hyperpolarize and 
hence decrease the firing rate of target neurons, affect excita­
tory or inhibitory neurons, or simply disrupt the fine timing 
of neural activity (hence “releasing” circuits from pathologic 
hypersynchronous resonant activity) is not well understood.[37] 
Although DBS has become a key treatment option for certain 
types of essential tremor and Parkinson’s disease, it has proven 
unexpectedly difficult to treat other conditions with this tech­
nology. Except for the recently approved application of DBS for 
certain types of medically refractory epilepsy (either open­loop, 
e.g., anterior nucleus of the thalamus;[35] or closed­loop, e.g., 
Neuropace),[46] and despite numerous small trials in human 
patients with chronic pain syndromes, refractory depression, 
refractory obsessive­compulsive disorder, and Alzheimer’s 
disease, DBS has not been shown to be consistently effective 
for these conditions or numerous other neurological condi­
tions.[47–50] Part of the success of DBS for certain movement 
disorders likely relates to the extremely stereotyped anatomy 
and pathophysiology of these conditions such that an electrical 
“reversible lesion” in the globus pallidus pars internus or sub­
thalamic nucleus can normalize activity in well­characterized 
basal ganglia­corticothalamic circuits; other conditions may not 
offer this discrete anatomical simplicity in targeting and thus 
may require technologies that better take into account global 
network activity and are able to target specific neuronal types 
within target areas.

While DBS deploys larger, low­impedance macro­electrodes, 
electrical micro­stimulation can be achieved by using microw­
ires or machined arrays of rigid microelectrodes. These micro­
stimulation approaches can precisely target an anatomic site 
with greater spatial specificity and more controlled current 

spread than macro­DBS; however, like all electrical stimula­
tion in the brain, there is no way to target particular neurons 
and exclude others, or avoid modulating non­target fibers of 
passage. Electrical microstimulation has attracted interest as a 
mode to provide sensory feedback in patients implanted with 
neuromotor prosthetic systems to restore movement following 
paralysis from spinal cord injury, amyotrophic lateral sclerosis 
or brainstem stroke.[51–56] In this setting, electrical microstim­
ulation of sensory cortex could provide somatosensory haptic 
feedback from robotic arms or peripheral nerve recordings, to 
allow the paralyzed patient to “feel” the position of the device 
and the texture and sensation of objects the effector would con­
tact.[57–59] A major confound of both DBS and microstimula­
tion approaches is that the stimulation itself introduces a large 
artifact that precludes simultaneous recording and this in turn 
limits the fidelity of closed­loop systems modulating a target 
brain area.

2.2.2. Existing Approaches: Optogenetics

Optogenetics comprises an approach in which a targeted set 
of cells, such as neurons of a particular phenotype, are trans­
duced with viruses (usually an adeno­associated virus or a len­
tivirus) to express photosensitive ion channels (i.e., opsins) 
or G­protein coupled receptor components.[33,60–64] Microbe­
derived proteins can be tailored to respond to particular 
wavelengths of light and can be coupled to different types 
of channels with permeability to different ions and different 
membrane kinetic properties to achieve unprecedented speci­
ficity in achieving targeted effects, either inhibition or excita­
tion. However, simply rendering target neurons photosensitive 
will not suffice: light must be delivered to the tissue. In vivo, 
this is usually done with implantable waveguides that deliver 
light generated by an external laser. There are also approaches 
in which other sets of neurons are rendered capable of lumi­
nescing, and hence they can optically stimulate optogenti­
cally­modified neighbors.[62,65] Unlike electrical macro­ and 
microstimulation, where thousands to millions of neurons are 
activated, optogenetic approaches can selectively modulate the 
activity of single neurons or even single neurites on a target 
neuron. This spatial selectivity is both the strength and weak­
ness of optogenetic approaches compared to electrical stimula­
tion approaches: the same extraordinary specificity in spatial 
precision also renders the approach vastly underpowered to 
drive large populations of neurons, which appears necessary 
in DBS applications, such as disrupting aberrant basal ganglia 
activity in tremor or dystonia.

While optogenetics have proven an extraordinary basic neu­
roscience tool in culture and non­human animal models, and 
are presently explored in clinical trials for retinal disease,[66] 
thus far this approach has not yet been introduced into the 
human brain itself. Optogenetic stimulation faces clinical chal­
lenges of how to transduce cells without resulting in the vector 
straying from the desired site and hence limiting spatial selec­
tivity and potentially evoking an immune response. Moreover, 
the optical properties of the brain curtail consistent, reliable 
transmission of light, thereby limiting the spatial density and 
extent.[67,68] While opsin proteins can be engineered to respond 
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only to specific wavelengths of light, there do not yet exist tech­
niques to ensure that the photons emitted from a waveguide 
target a particular neuron in the spherical volume within which 
photons would diffract. Implantation of additional optrodes, 
with the goal of enhancing spatial coverage, risks causing addi­
tional disruptive trauma.[69–73]

Both electrical and optogenetic methods generally rely on 
relatively stiff inorganic electrodes/optrodes to interface with 
the CNS. For microstimulation/activation, these relatively 
rigid, inorganic electrodes must be inserted into the brain, 
which inevitably leads to an eventual astrogliotic inflamma­
tory response that diminishes the robustness and consistency 
of recordings.[74–76] An implanted intracortical interface impacts 
the tissue response and affects neural recordings through many 
pathways. For instance, microelectrode interfaces suffer from a 
lack of specificity and signal drift, possibly due to neuronal loss 
in the vicinity of the electrodes or electrode movement (from 
motion of pulmonary or cardiac sources, or from movement 
of the head itself). Inflammatory gliosis can also ultimately 
compromise electrical stimulation by driving up impedance, or 
optical stimulation by physically blocking the path of light. An 
implanted electrode causes damage, initiates an acute response, 
and continually agitates a chronic response. This chronic 
response has many feedback loops and mechanical factors that 
limit and prevent restoration of the tissue to native levels. The 
chronic response is considered the leading cause of the gen­
eral degeneration of signals over time. Interactions between 
many complex factors contribute to the chronic response to an 
implant including size, shape, material stiffness, surface rough­
ness, porosity, and chemical modification; however, in general 
stiff inorganic electrodes/optrodes result in decreased perfor­
mance over time. Although significant improvements have 
been made using more mechanically compliant electrodes or 
co­factors to modulate the inflammatory response,[77–80] to date 
there is no reliable strategy to prevent a chronic foreign body 
response to inorganic electrodes.

2.2.3. Existing Approaches: Biomaterials Functionalized  
Via Living Cells

The use of decellularized tissue subsequently populated with 
living cells is already part of human clinical care and comprises 
an area of intensive research to repair organs and structures 
throughout the body.[81–83] In the nervous system, inert scaffolds 
seeded with neural progenitors have thus far only been used 
as conduits to accelerate peripheral and cranial nerve regen­
eration.[84–87] Embryonic and other progenitor neural cells have 
been implanted into the brain (including in humans), and these 
serve more as microscopic “drug factories” than functional 
components capable of interfacing with external devices.[88–90] 
There has been tremendous effort to add bioactive molecules to 
otherwise inert electrodes and other devices implanted into the 
brain,[80,91–97] Beyond coating electrodes with peptides and other 
bioactive molecules, certain groups have seeded living neurons 
and other support cells directly onto electrodes and have shown 
survival upon implantation.[98,99] While these approaches may 
enhance biostability and biocompatibility of the electrodes, they 
do not completely ameliorate the foreign body response and 

the cell­seeding techniques do not appear to fully leverage the 
information processing capabilities of the neurons.

2.3. Our Approach: Biologically-Based Neuromodulation  
Using “Living Electrodes”

2.3.1. Basis for Axon-Based Living Electrodes

As noted previously, our recently developed neuron/axon­based 
“living electrodes” have built on our previously established 
micro­TENN platform that was developed for the targeted neu­
rosurgical reconstruction of long­distance axonal pathways in 
the brain.[1,2,5] Indeed, a common goal in deploying preformed 
neural constructs, which we often refer to as “living scaf­
folds”, is to mimic specific neuroanatomical and functional 
features to allow for direct integration with the nervous system 
to facilitate targeted axonal pathfinding, drive endogenous 
stem cell migration, or assume a functional role in neural cir­
cuitry.[1,5,7,14,100–102] By appropriately leveraging these reparative 
mechanisms, and in particular the ability of our various tissue 
engineered constructs to structurally and functionally integrate 
with host cells, we can create new methods to interface devices 
(e.g., electronic, optical, and/or mechanical) with the nervous 
system.[103–106] While the development of novel electrodes/
optrodes could lead to a capture of more single neurons, our 
living electrode strategy presents another solution. For brain–
machine interfaces (BMIs; also called brain–computer inter­
faces, or BCIs) our tissue engineered living electrodes serve 
as a biological intermediary between the host nervous system 
and devices, theoretically providing the ability to input informa­
tion (i.e., neuromodulation), output information (i.e., recording 
neural activity), or both simultaneously.

These living electrodes are preformed 3D constructs con­
sisting of neural cells and biomaterial matrices in a defined 
cytoarchitecture, and primarily function as axon/synaptic­
based inputs for controlled neurophysiological stimulation. 
The living electrodes are anisotropic, consisting of long, 
aligned axonal tracts extending from discrete neuronal 
population(s).[2,7] To enable precise control of neuronal pheno­
typic composition, axonal architecture, and functional attrib­
utes, these constructs are generated in vitro prior to delivery in 
vivo.[1,2,5] Axon­based living electrodes can achieve biologically 
mediated neuromodulation with control from external devices, 
e.g., driven by externalized microelectrodes and/or optrodes 
coupled to microprocessors.[1,2,5,7,100,103,105,107,108] This neuro­
modulatory design would be comprised of unidirectional living 
electrodes, i.e., only possessing a neuronal population at one 
of the ends. However, bidirectional living electrodes would, 
theoretically, be able to transmit information both to and from 
the brain. In this case, because neural populations within the 
living electrodes, and between the living electrodes and the 
host tissue, couple reciprocally, these constructs may also be 
used to facilitate a sort of “recording”, such that a facsimile of 
neural activity within the brain is synaptically relayed to neu­
rons within the living electrode. This activity could be reflected 
on the aspect of the construct externalized to the surface of the 
brain where non­penetrating subdural, epidural or subgaleal 
multielectrode arrays could record and transmit these signals 
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to either external computers or microprocessors implanted 
elsewhere in the body.

2.3.2. Engineered Neuronal/Axonal “Living Electrodes”  
as a Functionalized Composite Biomaterial

We have pioneered microtissue engineering techniques to 
create preformed, injectable constructs containing discrete neu­
ronal populations spanned by long axonal tracts within minia­
ture tubular hydrogels (microscale diameter and extending up 
to several centimeters) (see Figure 2).[1,2,107] Hydrogel microcol­
umns were optimized in vitro to support neuronal survival and 
directed axon growth. Microcolumns are generally 5–30 mm 
in length with an outer diameter of 350–500 μm, and are fab­
ricated using agarose alone or with a carboxymethylcellulose 
outer shell to permit needleless injection into the brain.[1,2,5] 
The central lumen (150–400 μm inner diameter) contains the 
neuronal somata at one or both ends, and contains an opti­
mized extracellular matrix cocktail to direct axonal outgrowth 
longitudinally.

We assert that these neuronal/axonal­based constructs with 
controlled architecture within a custom biomaterial encase­
ment may collectively be considered as a functionalized com­
posite biomaterial. Indeed, the principal components of this 
system are each precisely engineered and are crucial for the 
overall functionality: 1) the outer hydrogel shell, 2) the inner 
ECM lumen, and 3) the specialized neuronal populations with 
prescribed architecture of axonal tracts. For instance, the outer 
agarose shell aids in the generation of the ideal neuronal cyto­
architecture, ensures biocompatibility within the brain, and 
serves to protect the construct following transplantation. Aga­
rose is stable in vitro, and the pore size is large enough to allow 
for lateral diffusion of oxygen and nutrients from media, but 
small enough to prevent the escape of neurite growth cones 
(e.g., the pore size of 3% agarose is <100 nm).[109] Therefore, 
the outer agarose shell directs the longitudinal outgrowth of the 
neurites by constraining their growth to the tube interior. Also, 
this hydrogel encasement protects the construct throughout 
the transplantation process and acts as a physical barrier 
between the construct neurons/axons and the potentially 
“hostile environment” of the micro­stab wound (e.g., blood, 
immune cells) that is inevitable for virtually all approaches 
that deliver exogenous cells into the brain. Once in vivo, the 
agarose is relatively inert and, based on the concentration, the 
stiffness may match that of the brain for mechanical parity.[110] 
This mechanical parity is of the utmost importance as it has 
been shown that mechanical mismatch within the brain exac­
erbates fibrosis.[111,112] The ends of the agarose tube are open 
to allow for neuronal integration with the brain immediately, 
but the vast majority of the surface area of the construct only 
interacts directly with brain tissue after the hydrogel encase­
ment degrades over a period of several weeks.[2] This con­
trolled degradation gradually introduces the cells into the brain 
(ideally after the “hostile” environment has subsided), and is 
not believed to create by­products that exacerbate an inflam­
matory response. Moreover, the transparency of agarose ena­
bles straightforward imaging of the neuronal aggregates and 
axons throughout their growth, as well as during histological 

assessment following transplantation (only relevant at relatively 
short­term time points). This preformed hydrogel encasement 
also gives us the ability to readily tune the dimensions of the 
living electrodes. We can alter the inner and outer diameters 
of the agarose tubes, as well as the wall thickness, stiffness, 
and length in order to select specific bulk mechanical proper­
ties, degradation times, and the “dose” of neurons/axons that 
can be delivered per living electrode. Bioactive ligands (e.g., col­
lagen IV and laminin) may be conjugated to agarose through 
controlled chemical coupling.[113,114] Collectively, this approach 
allows us to create an optimal/reproducible microenvironment 
as a vehicle to deliver axonal tracts to precise locations in the 
brain for local synaptic integration—effectively bringing the 
local microenvironment along with the preformed neuronal 
networks. Lastly, we can apply multiple living electrodes in an 
array to achieve a multifasciculated structure. Due to this mul­
titude of attractive properties, we have primarily utilized aga­
rose for the outer shell of our biomaterial encasement scheme; 
however, it is noteworthy that there are several other mate­
rials that may fit these criteria, including hyaluronic acid and 
alginate.[115,116]

In addition to the outer hydrogel encasement, the char­
acteristics of the inner lumen are also precisely engineered 
to contribute to the overall functionality of the living elec­
trodes. For instance, we developed the inner ECM cocktails 
(either 1 mg mL−1 collagen or 1 mg mL−1 collagen + 1 mg mL−1 
laminin) over extensive work in both 2D and 3D culture sys­
tems as well as within the microcolumns in order to optimize 
neuronal adhesion, cell health/viability, axonal outgrowth, and 
axonal tract cytoarchitecture.[1,107,114,117–121] We established these 
final ECM cocktails for our current living electrodes after testing 
the use of various densities and mixtures of laminin, collagen I, 
Matrigel, fibrin, hyaluronic acid, and collagen IV. The densities 
of our current ECM cocktails provide structural support for the 
neuronal aggregates without inhibiting axonal penetration and 
outgrowth through the ECM. Moreover, we have found that it 
is generally necessary to optimize the individual ECM cocktails 
for each neuronal subtype utilized. Of note, this hydrogel­ECM 
encasement scheme is a versatile biomaterial platform that can 
be further “functionalized” by providing a vehicle for controlled 
release of compounds to mitigate acute host inflammation, 
improve implant survival, and both control and facilitate axonal 
outgrowth and synaptic integration.[122–126]

As described above, to date we have generated these con­
structs using multiple neuronal subtypes, including primary 
dorsal root ganglion neurons, cerebral cortical neurons 
(predominantly glutamatergic), ventral mesencephalic neurons 
(enriched in dopaminergic), and medial ganglionic eminence 
neurons (predominantly GABAergic). Aggregates of neurons 
precisely delivered within the proteinaceous lumen at one or 
both ends of the microcolumns can be cultured for weeks to 
months in vitro based on the desired length of axonal out­
growth. These constructs exhibit robust neuronal survival with 
the majority of the somata remaining in a tight cluster at the 
seeding site(s). Electrical stimulation of one population of neu­
rons causes action potentials to travel across the axonal region 
to the other population as measured by real­time calcium fluc­
tuations.[127] By adjusting culture conditions and days in vitro, 
living electrodes can be made at lengths of at least several 
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centimeters to reach deep brain structures or can be tailored 
to the scale of hundreds of microns to millimeters to penetrate 
specific layers in the cortex.[1,5,107,127] For in vivo delivery, the 
hydrogel casing provides structural support to protect the micro­
tissue during transportation and transplantation.[1,5] Cultured 
living electrodes can be drawn into a needle, slowly inserted 
into the cortex, and expelled using a plunger. We previously 
reported that following micro­TENN delivery into the brain, 
immunohistochemistry and fluorescent microscopy revealed 
surviving neurons in the construct interior, which maintained 
a tight cluster with axonal fascicles extending parallel to the 
axis of implantation.[1,2,4] The neurons within the construct sur­
vived, maintained their axonal architecture, and integrated with 
the surrounding cortex as dendrites from implanted neurons 
gave rise to synapses with host neurons.[1,2] We have recently 
adapted techniques for transducing light­activated opsins using 
cortical neurons in vitro that will allow for precise activation of 
the transplanted living electrodes in vivo. This approach allows 
for activation of the construct neurons without activating the 
host cells, allowing for a clear understanding of the role of the 
transplanted construct in affecting host circuitry. Thus, to date 
we have demonstrated electrophysiological activity and infor­
mation flow across the living electrodes as well as implant 
survival and synaptic integration with host neurons. In total, 
these living electrodes should be considered as a functionalized 
composite biomaterial, where the combination of the hydrogel 
encasement, ECM lumen, and optically­active neurons/axonal 
tracts work synergistically towards the ultimate goal of ena­
bling biologically­relevant, synaptic­based augmentation of 
deep neural circuitry with accessibility/control from the brain 
surface.

2.3.3. Attributes of Axon-Based Living Electrodes

With further development, these axon­based living electrodes 
may effectively serve as a functionalized material to allow for 
biologically­based neuromodulation that embodies three fea­
tures impossible to achieve with any existing electrical, optical, 
microfluidic­chemical, genetic or pharmaceutical approach: 
stability, specificity, and biological multiplexing. Because these 
constructs are made of engineered living neurons and axonal 
tracts, they are biocompatible (allogeneic neurons alone appear 
to not elicit a foreign body response and inflammation; and 
living electrodes could be made using autologous sources of 
neurons as noted previously), biostable (they are themselves 
not damaged by the brain and should not be affected by micro­
motion), and can generate synaptic contacts onto host paren­
chyma neurons that in principle could last the lifetime of the 
organism. These features can thus achieve a notable stability: 
the constructs are stable in space, physically integrating into 
the brain parenchyma, and stable in time, able to achieve 
their modulation­stimulation and relay­recording functions. 
By virtue of being forged in vitro of preselected neuron types, 
cell/genetic engineering, and biomaterial/matrix chemistry, the 
constructs can also achieve unprecedented specificity. Neuron 
phenotypes can be selected to release/secrete certain specific 
neurotransmitters to restore levels relevant to particular dis­
ease processes. Constructs can be tailored to specific lengths 

to achieve connectivity at specific anatomical targets and syn­
apse with specific neuronal subtypes within those regions. The 
proteinacious matrix and co­delivered factors can be altered 
to haptotactically and chemotactically attract specific host 
neuron­types to be targeted by the modulation. Unlike electrical 
stimulation that non­specifically activates a somewhat indis­
criminate 3D volume of tissue, or optical stimulation limited 
by diffraction and waveguide placement, the construct neurons 
can target specific neurons without any extraneous, artifac­
tual activation (provided that synaptic specificity is achieved). 
Finally, because the constructs can be seeded with one or more 
populations of neurons, these living neural networks can per­
form multiplexing operations both within themselves and by 
achieving high­information targeted output to parenchyma. 
This biological multiplexing can be defined broadly to encom­
pass biological versions of the types of channel selection, multi­
plexing and demultiplexing used in telecommunications. Such 
biological multiplexing comprises both convergent and diver­
gent signaling: signal processing within many neurons of the 
construct can converge on to single host parenchyma targets, 
and one construct neuron can have axons divergently branching 
to target many host parenchyma neurons (Figure 6). Likewise, 
because neurons in the host brain are themselves embedded in 
endogenous neural networks, the ability of the living construct 
to send axonal outputs to one of these host neurons allows a 
specific, stable, activation of that endogenous neural network. 
Because one axon can in principle synapse onto thousands of 
target neurons, a relatively small population of neurons within 
the construct could achieve a widespread effect. By deploying 
micropatterning techniques, living electrodes can be forged in 
vitro to enable fine­grained time­division multiplexing when 
implanted in vivo (Figure 7).

2.3.4. Potential Applications for Axon-Based Living Electrodes

Current clinical and experimental applications of DBS are 
the most likely initial applications for axon­based living elec­
trodes; however, given the potential for increased specificity 
and reduced footprint of living electrodes, the investigation 
of this technology to mitigate other disorders may be war­
ranted. Indeed, living electrodes may be deployed to augment 
or replace traditional forms of neuromodulation, or may be 
applied for more far­reaching drug delivery applications. For 
instance, living electrodes may be precisely delivered to key 
locations to influence the strength of specific connections. 
Here, inhibitory (e.g., GABAergic) living electrodes may be 
designed to form synapses to modulate pathways that are 
exerting too much influence and causing detrimental func­
tional effects, for example to dampen hypersynchronous activity 
in a circuitry exhibiting epileptiform activity (described in more 
detail below). Conversely, excitatory (e.g., glutamatergic) living 
electrodes may form synapses to augment weak pathways, for 
example with axons from the construct releasing glutamate at 
the target of a degenerating pathway. Living electrodes may also 
act by bulk release of neurotransmitters at the axonal terminal, 
either via tonic (self pacing/continuous) activity, by responding 
to inputs from the host to the living electrode neuronal 
somata/dendrites, or controlled from externalized hardware 
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or computer. This type of biological neuromodulation can 
provide direct (i.e., synaptically­mediated) excitatory or inhibi­
tory inputs, or both simultaneously, or can provide controlled 
release of diffuse modulatory neurotransmitters (e.g., dopa­
mine) to augment circuit function. Axon­based living electrodes 
can uniquely fulfill this role—over more common neuronal 
transplants for instance—by acting based on network feed­
back relayed and processed reciprocally between the construct 
and the surrounding brain with the potential for computer­
controlled regulation/feedback. There are no current technolo­
gies that could exceed the theoretical targeted connectivity and 

potential lifetime stability of biological synapses, underscoring 
the promise of this micro­tissue engineering based approach 
to neural interface. A sample of such future applications is 
detailed below:

Parkinson’s disease: We are developing micro­TENNs grown 
using dopaminergic neurons to be implanted into the degen­
erating nigrostriatal pathway in Parkinson’s disease.[3,5] These 
dopaminergic micro­TENNs exhibiting both neuronal somata 
and axonal components are uniquely suitable to simultane­
ously replace the lost dopaminergic neurons within the sub­
stantia nigra pars compacta (SNpc) and recapitulate the entire 
nigrostriatal pathway spanning many centimeters to provide 
dopaminergic inputs into striatum. Dopaminergic output of the 
micro­TENN would be continuously modulated by striatal feed­
back and SNpc input to alleviate potential runaway dopamine 
excess and dystonia, a potential side effect from mesencephalic 
dopaminergic cell transplants into the striatum. Unlike DBS, 
which attempts to disrupt pathologic activity in the indirect 
pathway, micro­TENNs are themselves an auxiliary pathway. 
This engineered circuit is unique in that it is mimicking the 
function of dopaminergic axons projecting from the SNpc to 
the striatum and seeks to provide dopaminergic inputs that can 
be tuned and controlled. In addition to direct circuit reconstruc­
tion, optogenetically active micro­TENNs may also be deployed 
as dopaminergic living electrodes to provide controlled neuro­
modulatory input via engineered axonal tracts (see Figure 5a). 
Here, the neuronal somata population is left quasi­externalized 
on the brain surface to allow for controlled interface with a 
sub cranial micro­LED array. The interface beyond the nigros­
triatal tract would provide a mechanism whereby information 
from other brain areas (e.g., beta oscillations recorded from 
primary motor cortex), external sensors (e.g., gyroscopes and 
accelero meters both within the battery case in the chest wall 
or streamed from implanted or externally worn sensors in 
the hands or feet), and external computers (e.g., processing 
3D motion capture and force sensors embedded in the shoes, 
treadmill and gait analyzer surfaces), could modulate the basal 
ganglionic circuitry into a healthier activity pattern.
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Figure 7. Potential for Time-Division “Biological Multiplexing” in Living 
Electrodes. Future iterations of living electrodes may exploit delay lines 
emanating from a single “clock” circuit formed by a cluster of neurons 
linked by gap junctions (coupled damped oscillators) and micropatterned 
inhibitory and excitatory connections. Thus, multiple parallel input chan-
nels can be multiplexed serially with each clock cycle to a single target 
output neuron that in turn links to the brain. The rate of the clock (and 
hence the multiplexing sampling duration) can be altered by driving the 
clock circuit directly.

Figure 6. Exploiting “Biological Multiplexing” in Living Electrodes. More sophisticated living electrodes may be developed to further exploit so-called 
biological multiplexing. By fabricating the constructs in vitro using microprinting and micropatterning techniques, specific synaptic architectures can be 
achieved to yield certain fine-grained signal manipulations linking the construct to the brain. (A) In the simplest form, “channel select” bundles of axons 
can transmit signals to select which other bundles transmit signals into the brain, and which are silenced. (B) Multiple channels that converge on to 
one final common output can likewise be toggled by the “channel select” in a biological instantiation that most resembles the kind of multiplexing used 
in telecommunications. (C) Likewise, a single input channel can be selected and diverted to one or more parallel outputs to “demultiplex” that signal.
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Friedrich’s ataxia: In most cases of Friedrich’s ataxia, the 
expansion of the trinucleotide (GAA) repeat in intron 1 of 
both alleles of the frataxin gene on chromosome 9q13 leads 
to reduced transcription of the gene (i.e., silencing), decreased 
expression of the gene product frataxin, and ultimate destruc­
tion of the dorsal column pathways. Patients consequently 
develop severe motor impairments in the absence of pro­
prioceptive and epicritic signals from the periphery. Living 
electrodes could provide an artificial sensory arc: by tapping 
into signals from periphery (such as strain gauges, accelero­
meters and gyroscopes worn at joints in all four limbs, or 
from implanted cuff recordings of peripheral nerves), living 
electrodes implanted into primary sensory cortices could pro­
vide sensory feedback and allow improved voluntary move­
ment and functional independence. Grown with glutamatergic 
neurons, these living electrodes could be implanted to termi­
nate in layer IV of the post­central gyrus; because living elec­
trodes are themselves quite small, multiple constructs could be 
implanted corresponding to different joints (e.g., gyros from 
the left knee driving a living electrode implanted in the right 
medial sensory cortex, left elbow and shoulder to right lateral 
sensory cortex, and vice versa for the right extremities and left 
hemisphere).

Severe motor impairment and sensory feedback: In brainstem 
stroke, spinal cord injury, muscular dystrophy and amyotrophic 
lateral sclerosis, people are rendered paralyzed because the 
substrate of voluntary motor control (primary motor cortex) 
is functionally disconnected from the skeletal muscles (and 
in certain cases bulbar­pharyngeal muscles also). Neuromotor 
prosthetics comprise a class of brain­computer or brain­
machine interfaces that seek to overcome this paralysis by 
recording directly from the brain and decoding this recorded 
activity to control devices in the environment, trigger robotic 
actuators, or drive implanted neuromuscular stimulators. 
While several human trials have shown the safety and efficacy 
of this approach, patients achieve control purely by visual feed­
back. While the sensory arc may be retained in certain patients 
with motor neuron or muscular disease, it is lost in complete 
spinal cord transection and is unavailable in all patients when 
using external robotics. Several groups have attempted to pro­
vide haptic feedback by linking tactile signals to electrical stim­
ulation provided by macro­ and microelectrodes implanted into 
primary sensory cortex.[51,128] This type of artificial haptic feed­
back appears to be effective in non­human primates and has 
not yet been tested in humans. As with children and adults with 
Friedrich’s ataxia, living electrodes offer the promise of reca­
pitulating and expanding the sensory arc by being implanted 
directly into sensory cortex (see Figure 5b). In addition to being 
driven by externally worn sensors, living electrode activity could 
be triggered by sensors mounted on robotic arms, powered 
robotic exoskeletal braces, wheelchair components and other 
assistive devices. In this way, a paralyzed patient could liter­
ally “feel” their own limbs and the “limbs” of these devices to 
facilitate enhanced voluntary control. Additionally, by providing 
a bidirectional interface to both motor and sensory cortex that 
is routed through internally implanted microprocessors, the 
living electrodes could modulate inter­cortical communication 
in a real­time closed­loop to restore motor function and sen­
sory/proprioceptive feedback.

Chronic pain: Tailored living electrodes may be useful to 
modulate inputs to a pain­dampening circuit. Living elec­
trodes could be created using peptidergic neurons secreting 
endorphins or enkephalins and then implanted in the sub­
stantia gelatinosa of the spinal cord, the periaqueductal gray, 
ventroposterior thalamus or the anterior cingulate cortex. This 
would replace the non­specific approaches of spinal and brain 
electrical stimulators. Control of this neuromodulation could 
be user­dependent (e.g., analogous to a systemic pharmaceu­
tical pump) and, unlike microfluidics that would directly inject 
opiates or other peptides, and unlike electrodes that would non­
specifically modulate a target volume, living electrodes com­
prised of neurons would themselves undergo up­ and down­
regulation hence providing additional prophylaxis against the 
development of tolerance, abuse or withdrawal.

Alzheimer’s disease and Dementia with Lewy Bodies: A hall­
mark of both Alzheimer’s disease (an amyloid­tauopathy) and 
dementia with Lewy bodies (an alpha­synucleinopathy), is loss 
of cholinergic neurons in the basal forebrain. These neurons 
are reciprocally linked to medial temporal lobe structures, 
including the hippocampal formation, and are necessary to 
form episodic memories. Living electrodes built using cholin­
ergic neurons could be implanted into the septal nuclei or other 
adjacent basal forebrain nuclei such as the nucleus basalis of 
Meynert or the diagonal band of Broca. A living electrode stereo­
tactically implanted in the basal forebrain and semi­externalized 
to the brain service (following the path of the columns of the 
fornix) could allow closed­loop control with external computers: 
different subpopulations of neurons within the living electrode 
(cholinergic, GABAergic, glutamatergic) could be triggered dif­
ferentially via optogenetics and intraosseous anchored wave­
guides, depending on detection of memory interference local 
field potential signatures decoded from the activity of separate 
living electrodes implanted into the temporal lobe to enhance 
episodic encoding. Likewise external cues (e.g., reminders on 
a smart phone, and user­triggered push button flagging) could 
be used to modulate basal forebrain activity to enhance storage 
and recall. A second living electrode could be implanted into 
entorhinal cortex and the hippocampus and then linked, via 
external computers, to the living electrode implanted into the 
basal forebrain to functionally re­instantiate the bidirectional 
fornix septohippocampal pathway.

Frontotemporal dementia and autism spectrum disorder: For 
agrammatic primary progressive aphasia, a frontotemporal 
dementia (FTD) tauopathy affecting the dominant inferior 
frontal gyrus, living electrodes could be implanted both to 
link Broca’s area to premotor and primary motor cortices 
(to compensate for aphemia and allow motor substitution ges­
tures) and to link Broca’s area to Wernicke’s area as an artifi­
cial arcuate fasciculus. In behavioral variant frontotemporal 
dementia (a TDP­43opathy and sometimes tauopathy), con­
structs linking degenerating orbitofrontal cortices to intact dor­
solateral prefrontal, frontopolar, and anterior cingulate cortices 
could reinstantiate behavioral inhibition and self­regulation. In 
the semantic dementia variant of FTD (TDP­43 or tau), degen­
eration of the fronto­ventral aspects of the temporal lobe may 
occur leading to loss of semantic knowledge stores and a variety 
of reading and perceptual disturbances. An excitatory gluta­
matergic living electrode implanted into the visual word form 
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area of the fusiform gyrus could conceivably boost residual 
function in this area, and the living electrode could be crafted 
as an auxiliary axonal bundle linking primary and secondary 
visual cortical areas to the ventral temporal lobe to recreate the 
lost “ventral­what” pathway and restore semantic processing. In 
both autism­spectrum disorder and behavioral variant fronto­
temporal dementia, social perception and interaction are com­
promised. A living electrode built with glutamatergic neurons 
at the surface and within left dorsolateral prefrontal cortex[129] 
and oxytocinergic neurons apposed to supraoptic and paraven­
tricular nuclei in the hypothalamus[130] could quench behavioral 
disinhibition and recover social behavior;[131] the surface cortical 
population could be triggered by external computers tracking 
social cues decoded from microphones and micro­cameras 
mounted unobtrusively in the frames of glasses, hearing aids, 
bracelets or other apparel.[132]

Stroke and cerebral palsy: Both ischemic and hemorrhagic 
stroke result in focal brain tissue destruction and varying 
degrees of inflammation. In ischemic stroke, a surrounding 
penumbra of tissue may remain functional and simultane­
ously metabolically vulnerable to further insult (such as from 
decreased blood pressure or hypoxia). When occurring in utero 
or in the perinatal period, stroke (e.g., germinal matrix hemor­
rhage) can lead to a static insult around which the rest of the 
brain attempts to develop normally, in certain cases leading 
to cerebral palsy with varying degrees of motor and cognitive 
impairment. When an area of the brain is damaged, two 
aspects of function are lost: the local gray matter “computation” 
and also the axonal (both focal intrinsic and also crossing fibers 
of passage) “connectivity.” Micro­TENNs could directly restore 
both computation and connectivity and serve as “replacement 
parts” for the irreversibly damaged piece of the brain and to 
metabolically, electrically and functionally revive and support 
the surrounding penumbra. In an animal model of stroke with 
middle cerebral artery occlusion, optogenetic grafts were shown 
to restore functional mobility. Whereas this graft was “driven” 
by an external laser, a functionalized living electrode could 
allow both intact areas of the brain, and external modulation 
triggered by body sensors or computer­driven rehabilitation, 
to do the “driving” to restore activity within the penumbra and 
restore functional mobility and behavior following stroke.[133]

Refractory depression: Severe clinical depression that is 
refractory to pharmacotherapy, psychotherapy and elec­
troconvulsive therapy, is characterized by neurometabolic 
derangements including disrupted glucose uptake in limbic 
structures including the cingulate gyrus. Micro­TENNs could 
be implanted to enhance connectivity between frontopolar 
cortex and the anterior cingulate, or to link supragenual to 
subgenual anterior cingulate cortices so that the former modu­
lates the latter to restore normal metabolic activity and relieve 
symptoms. Likewise, if seeded with dopaminergic neurons, 
living electrodes implanted into the nucleus accumbens could 
be deployed to provide dynamic, phasic alteration of catechola­
mine tone and hence alter mood salience labeling of thoughts 
and perception to relieve depressive symptoms without causing 
rebound dysphoria or tolerance post­synaptic upregulation.

Epilepsy: The application for epilepsy exhibits two ways in 
which the advanced functionality of living electrodes could 
achieve treatment goals in a manner impossible with existing 

approaches. In the first, living electrodes could be forged 
such that the population of neurons closest to the target area 
secreted the inhibitory neurotransmitter GABA diffusely to the 
target region, either constitutively or evoked from the brain 
surface based on measurements of early epileptiform activity 
(as described below). In this approach, the living electrode 
effectively serves as a GABA reservoir and delivery system (see 
Figure 5c). Alternatively, the living electrode could be seeded 
with excitatory glutamatergic neurons in an extracellular 
matrix decorated with neuroligins to coax synaptogenesis with 
local endogenous GABAergic neurons. Either approach could 
achieve disruption of hypersynchronous activity and hence 
arrest generation or transmission of pathological seizures from 
a target region in the brain, and further experimental work 
will be needed to identify which approach, or a hybrid of both, 
would be most effective. Because neurons in the epileptiform 
network within the brain may form synapses onto dendrites 
extending out from neurons within the construct, the construct 
could achieve focal, closed­loop self­attenuating circuits such 
that focal epileptiform activity would quench itself via this auto­
inhibitory loop mediated by the inhibitory living electrode. For 
multi­focal epilepsy, living electrodes could be implanted at two 
or more epileptigenic foci (e.g., identified by intracranial sur­
face and depth recording). Sensors (e.g., intraosseous or sub­
galeal leads capturing ongoing local field potentials) could be 
used to pick up signatures of pre­seizure or seizure activity to 
trigger photostimulation of optogenetically modified surface 
externalized micro­TENNs to pre­emptively arrest seizure prop­
agation in a manner impossible with conventional electrodes.

2.4. Challenges in Deploying Living Electrodes

While living electrode strategies provide key advantages for 
restoring aspects of nervous system structure and function, they 
are in an early stage of development and present several for­
midable hurdles. Living cells may induce an immune response 
from host tissue leading to inflammation or rejection of the 
graft.[90] This immune response differs depending on the cell 
type transplanted: while glial cells elicit a vigorous response and 
generally show poor attrition upon transplantation, constructs 
consisting of pure neurons appear to be well tolerated by the 
host with increased survival.[100,134–137] A deleterious immune 
response may also be mitigated through the use of autologous 
cells from patients. Neurons, oligodendrocytes, astrocytes, 
and Schwann cells can be differentiated from human embry­
onic stem cells, induced pluripotent stem cells, and adipose­
derived stem cells,[15,137–140] Although direct in vivo delivery of 
stem cells may replace lost cells and encourage neural regen­
eration through the release of trophic factors, the mechanism 
by which they stimulate the nervous system remains unclear, 
and they have the potential to differentiate into undesirable 
phenotypes and/or result in tumorigenesis.[138] In comparison, 
there are notable advantages to the use of differentiated neu­
rons within living electrodes. Existing protocols to differentiate 
stem cells into specific neuronal sub­types—such as cortical 
projection neurons, interneurons, dopaminergic A9 neurons, 
spinal motor neurons—can be used to engineer living elec­
trodes with specific neuronal compositions. Because neurons 
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are both terminally differentiated and physically constrained by 
the 3D architecture of the engineered construct, this approach 
likely carries less risk for tumorigenesis, but more carefully 
conducted studies are needed to prove this supposition. Tanta­
lizingly, differentiated neurons can be genetically modified to 
enhance regenerative responses. Prior studies suggest that the 
low survival of transplanted cells can be due to delivery into a 
degenerating or “hostile” injured environment. Using transfec­
tion techniques or viral transduction, the durability and regen­
erative potential of differentiated neurons could be augmented 
through the overexpression of trophic factors.[141–143] This 
approach could make engineered tissue resistant to the under­
lying pathophysiology of neurodegenerative disease.

There may also be issues with either insufficient or extra­
neous axonal integration with the host. We have found that the 
maturation and source of the living electrode neurons influence 
the promiscuity for integration with the host, and thus may be 
varied based on application. Moreover, exogenous factors may 
be co­delivered as a component of the biomaterial encasement 
of the living electrodes to enhance outgrowth and plasticity. If 
excessive and/or non­target axonal outgrowth is observed—
recently seen in neuronal transplants derived from certain stem 
cells—then inhibitory “barriers” can be delivered along anatom­
ical borders.[144] However, if living electrodes malfunction and/
or fail to elicit the desired effect, they will be inherently difficult 
to remove due to likely significant integration with host tissue, 
as opposed to an electrode or optrode, which may simply be 
pulled out. Here, living electrodes may be engineered to contain 
a controlled “kill switch” driving programmed cell death of living 
electrode neurons and hence axons. Indeed, the ability to employ 
different strategies to induce programmed cell death in trans­
planted constructs is a potentially important method to enhance 
the safety of living electrodes.[145] Hughes et al. recently devel­
oped an optogenetic protein Bax designed to induce apoptosis 
upon exposure to 488 nm light.[145] As an alternative strategy, 
there are multiple suicide­gene technologies in development that 
can be embedded into living electrode constructs. These suicide 
genes are biologically inert until activated by the introduction of 
a prodrug, and two clinically validated constructs, iCasp9 and 
HSV­TK, are well­suited for different situations based on rapid 
versus gradual apoptosis, respectively.[145–148] Despite these chal­
lenges, our proposed living electrodes may prove to be a highly 
effective strategy to naturally affect deep neural circuitry from 
the brain surface with a degree of specificity and permanence 
not possible with alternative approaches.

2.5. Conclusion

Current brain­machine interface and neuromodulatory device 
strategies suffer from impermanence, non­specificity, and 
a significant foreign­body response upon implantation. We 
are developing a novel strategy based on so­called “living 
electrodes”—a micro­columnar biomaterial scheme functional­
ized with preformed, anatomically­constrained living neurons 
and axonal tracts. This approach represents a blend of tissue 
engineering and micro­electrical techniques to facilitate host­
device integration, including axonal, dendritic, and synaptic 
integration to/from host. This biohybrid neural interface via 

living electrodes offers several notable advantages over tradi­
tional electrical and/or optical stimulation methods, and there­
fore may yield a more robust interface. Synaptic integration via 
engineered axonal tracts offers a permanence and target speci­
ficity not possible with conventional approaches. A robust effect 
may be driven via a novel mechanism that we refer to as “bio­
logical multiplexing”, whereby the recruitment of numerous 
host neurons may be elicited using constructs with relatively 
few axons. Moreover, purely biological living electrodes may 
mitigate the foreign body response inherent in non­organic 
electrodes/optrodes. Collectively, these mechanisms may 
enable prosthetic/device control, sensory or proprioceptive 
feedback, and/or neuromodulation using living electrodes. 
This biological “wet” interface with transplanted living neu­
rons/axons shows promise by acting as a natural intermediary 
between host and electronic device(s). If successful, this poten­
tially transformative technology at the interface of neuroscience 
and engineering will lay the foundation for preformed implant­
able neural networks as a viable alternative to conventional 
electrodes to treat a range of nervous system disorders.
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