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The idea that the damaged brain can functionally reorganize itself — so when one part
fails, there lies the possibility for another to substitute — is an exciting discovery of the
twentieth century. We now know that motor circuits once presumed to be hardwired are
not, and motor-skill learning, exercise, and even mental rehearsal of motor tasks can
turn genes on or off to shape brain architecture, function, and, consequently, behavior.
This is a very significant alteration from our previously static view of the brain and has
profound implications for the rescue of function after a motor injury. Presentation of the
right cues, applied in relevant spatiotemporal geometries, is required to awaken the
dormant plastic forces essential for repair. The focus of this review is to highlight some
of the recent progress in neural interfaces designed to harness motor plasticity, and the
role of miniaturization in development of strategies that engage diverse elements of the
neuronal machinery to synergistically facilitate recovery of function after motor damage.

Keywords: motor plasticity, motor repair, brain~-computer interfaces, neuromodulator delivery, optical neural
interfaces, hybrid neuroprostheses, miniaturization

INTRODUCTION

The idea that neuronal maps in the motor cortex are in a constant state of flux can be traced back to
the early 1900s when Charles Sherrington conducted a series of motor-mapping experiments
and found that the response obtained from an individual cortical point varied over time. In his
seminal work, On the Instability of a Cortical Point, Sherrington noted that the movement evoked
from a given cortical site could switch direction (e.g., from flexion to extension) or even change
to a completely different movement during individual mapping sessions (Brown and Sherrington,
1912). Decades of research following Sherrington’s work have emphasized the importance of such
remodeling in motor learning [for reviews, see Buonomano and Merzenich (1998), Sanes and
Donoghue (2000), and Monfils et al. (2005)]. Motor skills develop through the selection, and rep-
etition, of specific combinations of muscle movements, known as synergies, from a larger pool of
potential synergies. This involves strengthening the connectivity between selected cortical neurons
while weakening others via alterations in their synaptic efficacies. Movement synergies used during
skill training are linked together, leading to long-term potentiation (LTP) of motor-cortical synapses
(Iriki et al., 1989; Hess and Donoghue, 1994; Racine et al., 1995; Hess et al., 1996), associated redis-
tribution (Nudo et al., 1996; Kleim et al., 1998) and expansion (Monfils et al., 2004) of movement
representations, and, finally, persistence of the skilled movement in the absence of continued training.

The molecular basis of motor plasticity lies in the activation of neurotransmitter receptors and
associated second-messenger signaling pathways, which lead to cytoskeletal rearrangements [for
reviews, see Kandel (2001) and Cingolani and Goda (2008)]. Such structural remodeling increases
gene transcription (Kleim et al., 1996) and protein synthesis (Kleim et al., 2003), which in turn act as
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precursors of dendritic hypertrophy (Matsuzaki et al., 2004) and
synaptogenesis (Kleim et al., 1996), ultimately resulting in motor-
map reorganization. A large number of chemicals participate in
this complex array of molecular events.

Several neurotransmitters, such as glutamate (Hess et al.,
1994), y-aminobutyric acid (Hess and Donoghue, 1994), acetyl-
choline (Conner et al., 2003), serotonin (Musienko et al., 2011),
noradrenaline (Musienko et al., 2011), and dopamine (Musienko
et al., 2011), are involved at motor-cortical synapses. Studies in
the last decade have also illustrated important roles played by
neurotrophins, especially brain-derived neurotrophic factor
(BDNF), in orchestrating plastic changes. Exogenous application
of BDNF in cultured neurons promotes neurite elongation, arbo-
rization, and hypertrophy (Horch and Katz, 2002; Ji et al., 2010).
Ata synaptic level, BDNF enhances basal transmission (Kang and
Schuman, 1995; Ji et al., 2010) and facilitates LTP (Korte et al.,
1995; Kovalchuk et al., 2002; Ji et al., 2010). A single-nucleotide
polymorphism producing a valine-to-methionine substitution at
codon 66 in the human BDNF gene is associated with abnormal
cortical morphology (Pezawas et al., 2004) and impairments in
motor-skill acquisition (Kleim et al., 2006). The extracellular
matrix (ECM) is another key mediator of synaptic plasticity.
ECM maturation, which manifests itself as dense perineuronal
nets surrounding neurons, has been shown to halt neuronal
plasticity, marking the end of the highly plastic critical period of
development (Pizzorusso et al., 2002; Dityatev et al., 2007; Carulli
et al., 2010).

LTP and motor learning have often been artificially induced
with electrical stimulation delivered to individual sites in the
motor cortex (Jackson et al., 2006a) and spinal cord (Ichiyama
etal.,2005; Lavrovetal.,2008; Nishimuraetal.,2013). Transcranial
magnetic stimulation (Peinemann et al., 2004) and pharmacologi-
cal interventions, mainly in the form of acute systemic delivery
of neurotransmitter-receptor agonists (Antri et al., 2003, 2005;
Lapointe and Guertin, 2008), are alternate routes exploited for
promoting functional reorganization of motor output. Lastly,
complex motor-skill training has also been shown to induce
BDNF-dependent learning and plasticity (Klintsova et al., 2004).

The knowledge that the organization of mature neural circuits
can be changed holds promise for rehabilitation after motor injury.
Recently, Courtine and coworkers employed electrical stimulation
in conjunction with administration of neurotransmitter-receptor
agonists to restore voluntary control over sophisticated locomo-
tor movements after a complete spinal-cord injury in adult rats
(van den Brand et al., 2012; Minev et al., 2015). Such studies are
relatively few and recent, but promising for clinical applications.

This review presents snapshots of the current state-of-the-art
in electronic, optical, and chemical neural interfaces by high-
lighting several leading studies, followed by a discussion of their
implications toward the development of next-generation hybrid
devices for enhancing motor plasticity, and the contribution of
the nanosciences to this enterprise.

THE SILICON REVOLUTION

The transistor, which is a solid-state amplifying switch and the
building block of silicon chips, was invented at Bell Laboratories

in 1947, marking a seminal event in the history of electronics.
Following the arrival of the transistor, the concept of an integrated
circuit (IC) was materialized in 1958 and consisted of merely
four transistors in this first incarnation. The following decades
have seen an explosive growth, as predicted by Gordon Moore,
co-founder of Intel Corporation, with the number of transistors
on ICs doubling approximately every eighteen months (Moore,
1965). This exponential growth pattern, fueled by miniaturiza-
tion achieved through developments in silicon-micromachining
technology, triggered the microelectronics revolution, effectively
reducing the size of a transistor, which was roughly the size of
the thumb in 1947, to less than 50 nm (Forester, 1981). At the
height of the microelectronics revolution, Kurt Petersen extended
the use of silicon as a mechanical material in a seminal review
article (Petersen, 1982), leading to miniaturized electronic and
mechanical devices becoming commonplace in the market.

EMERGENCE OF BRAIN-COMPUTER
INTERFACES

Advances in the microelectronics industry enabled develop-
ment of printed circuit boards (PCBs), which contain electronic
components connected by conductive tracks laminated onto a
non-conductive substrate. Microelectrode arrays, consisting of
electrodes of varying lengths, can be easily interfaced with PCBs
to enable high-throughput operations by simultaneously record-
ing different types of signals (such as neuronal action potentials,
electrocorticogram surface potentials, intracortical field poten-
tials, and electromyographic signals) from multiple nervous
system and muscle sites. On-chip battery-powered signal proces-
sors can extract and modulate different features of the recorded
signal in real time to deliver stimuli contingent on behavioral
states (e.g., during activity or sleep). The reduction in feature
sizes, driven by the microelectronics revolution, has enabled
high-resolution electrical targeting of cellular sites and cramming
of more electronic components on tiny PCBs. This compactness
allows for easy implantation of PCBs, and its sophisticated
electronic capabilities facilitate continuous electrical recording
and stimulation during free behavior for long durations (Jackson
etal., 2006a; Guggenmos et al., 2013; Nishimura et al., 2013), thus
yielding a rich data set that is not obtainable using conventional
rack-mounted equipment. PCBs have been constructed from a
variety of materials, including flexible materials that can tolerate
considerable deformation (Pickard et al., 1979). Lastly, wireless
interfaces have recently emerged, which permit untethered trans-
fer of recorded signals (Rizk et al., 2009; Schwarz et al., 2014) and
real-time control of stimulation parameters (Sharma et al., 2010).

Since the late 1960s, microelectrodes have been implanted to
perform long-term electrical recording and stimulation in several
species, such as rats (Nicolelis and Chapin, 1994; Racine et al.,
1995), cats (John and Morgades, 1969; Rousche and Normann,
1998; Liu et al., 1999), and non-human primates (NHPs; Schmidt
et al,, 1976; Fetz et al.,, 1980; Cheney and Fetz, 1985; Nicolelis
et al., 1998).

The early 2000s have seen the implantation of electronic
chips with advanced functionalities to operate as sophisticated
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closed-loop systems. An example is the “Neurochip,” which is
an autonomous head-fixed recurrent brain-computer interface
(rBCI), developed by Fetz and coworkers, that records activity of
neurons and processes this activity in real time to deliver electri-
cal stimulation contingent on neural events (Mavoori et al., 2005;
Jackson et al., 2006b). This rBCI can operate continuously during
days of unrestrained animal behavior, which permits detailed
investigations of synaptic plasticity and behavioral adaptation.
Jackson et al. employed the Neurochip in the motor cortex of
monkeys to create artificial connections between neuronal sites
by using action potentials recorded on one microwire electrode to
trigger electrical stimuli, which were delivered to a neighboring
site. At the end of their conditioning, the motor output elicited
from the recording sites (Nrec) shifted toward the output evoked
from the stimulation sites (Nstim), while the output from the
nearby control sites (Nctrl) remained unchanged (Figure 1). The
induced plasticity lasted for up to ten days post conditioning

(Jackson et al., 2006a). This conditioning paradigm has also been
used to modify corticospinal connections in freely-behaving
monkeys through an artificial recurrent connection between
single corticomotoneuronal cells and their terminal spinal sites
(Nishimura et al., 2013). Such experiments provide important
insights into the function and interaction of brain sites during
behavior. Corresponding to these fundamental research oppor-
tunities are prospects for translating circuit-retraining investiga-
tions into clinical therapies. By delivering stimuli synchronized
with cell activity, continuous operation of the Neurochip can
strengthen weak biological connections. Also, the artificial
connections created by such bidirectional interfaces can bridge
impaired neural circuitry to replace lost or damaged pathways.
Two studies have provided compelling evidence underscoring
the clinical applicability of closed-loop electronic neural inter-
faces. First, Moritz et al. created a direct connection between
cortical cells and forearm muscles to restore volitional control of
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FIGURE 1 | Reorganization of motor output using a closed-loop electronic neural interface. (A) Intracranial microstimulation (ICMS) at three neuronal sites
in the motor cortex, designated as Nrec, Nstim, and Nctrl, with the monkey at rest, evoked different muscle responses (Mrec, Mstim, Mctrl), measured using
electromyography (EMG) and two-dimensional isometric wrist torques (left panel). Pre-conditioning ICMS predominantly activated distinct descending projections
from Nrec to Mrec, Nstim to Mstim, and Nctrl to Mctrl (middle panel). Right panel shows the average wrist-torque responses to ICMS, superimposed on a
flexion—extension (F-E) and radial-ulnar (R-U) background. (B) Cortical conditioning with the Neurochip involved two days of delivering triggered microstimuli at
Nstim for every spike recorded at Nrec during free behavior and sleep. (C) Post-conditioning ICMS of Nrec now activated Mstim through horizontal projections to
Nstim, and Mrec through the direct projection, while the output from Nctrl remained unchanged. The mean torque generated by ICMS at Nrec also shifted toward
the output produced from Nstim. For (A,C), arrows in the right panels indicate means of torque trajectories, denoted by the dashed lines. Image adapted, with
permission, from Jackson et al. (2006a).
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movement to paralyzed limbs in monkeys (Moritz et al., 2008).
In a second study, a miniaturized head-mounted wireless neu-
roprosthesis, similar, in principle, to the Neurochip, was used to
bridge communication between motor and somatosensory areas
in the cerebral cortex for restoration of reaching and grasping
functions in adult rats after a traumatic brain injury (Figure 2;
Guggenmos et al., 2013).

Advances in electronic interfaces followed by experiments
in several animal models, especially NHPs, have led to some
encouraging human studies. Donoghue and colleagues recently
demonstrated that neural signals decoded from the motor
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FIGURE 2 | Restoration of function after brain injury using a
closed-loop electronic neural interface. (A) Left panel shows normal
connectivity of primary motor cortex (M1), primary somatosensory cortex
(S1), and premotor cortex (PM). Both M1 and PM send substantial outputs to
the spinal cord. Right panel shows disruptions in connectivity between M1
and other regions (S1, PM, spinal cord) due to a focal M1 injury. The dashed
line indicates enhanced functional connectivity between PM and S1,
proposed to be mitigated by a brain-machine—brain interface (BMBI), which
might contribute to the recovery of forelimb function after injury by restoration
of somatosensory—-motor communication. (B) Performance of rats after injury
to M1. The plot compares success on a skilled reaching task, which is a
sensitive measure of forelimb motor function, between groups of rats that
received activity-dependent stimulation (ADS), open-loop stimulation (OLS),
and no electrical stimulation (Control) after a M1 lesion. ADS involved
detection of spikes in PM and subsequent delivery of electrical stimulation to
S1 after a 7.5-ms delay. The OLS group received S1 stimulation uncorrelated
with spikes in PM, while the control rats had no implanted microdevices. The
dashed line indicates pre-lesion pellet-retrieval performance, with the 95%
confidence interval shown by the gray box bounding it. Error bars represent
95% confidence intervals. Asterisks indicate P < 0.05 significance between
ADS and OLS groups. Rats were included in the analysis even if the
microdevice was no longer functional, which is indicated by #. Diamonds,
squares, and triangles represent individual animal data points. Image
adapted, with permission, from Guggenmos et al. (2013).

cortex can be used to control external devices for performing
reach and grasp movements. This study was conducted in two
subjects with long-standing tetraplegia. The researchers used
the activity of a small population of neurons, recorded using a
96-channel intracortical silicon microelectrode array, during
research sessions to recreate useful multidimensional control of
a robotic arm (Hochberg et al., 2012). Another study reported
in the Lancet showed that task-specific training in combination
with epidural electrical stimulation of the spinal cord, which
was delivered during laboratory sessions using a chronically
implanted 16-electrode array, was able to restore supraspinally
mediated movements, allowing a man with paraplegia to stand
for up to four minutes at a time (and up to an hour with peri-
odic assistance), supplying the muscular push himself while
his spinal cord was being stimulated. The patient was also able
to voluntarily move his toes, ankles, knees, and hips during
stimulation. In addition, he experienced improved temperature
regulation and some recovery of autonomic function (Harkema
et al,, 2011). Similarly, deep-brain stimulation (DBS) is associ-
ated with improvement of motor function in many patients with
Parkinson’s disease (Rodriguez-Oroz et al., 2005). Such studies
demonstrate the clinical relevance of using electrical interfaces to
repair or replace damaged neural pathways after injury or disease.

More sophisticated Dbattery-powered microdevices that
can perform continuous neural recording and deliver activity-
dependent electrical stimulation over days of free behavior
were found to be more effective than open-loop approaches for
promoting motor recovery after brain injury in rats (Figure 2B;
Guggenmosetal.,2013). Cortico-pallidal closed-loop stimulation,
contingent on the occurrence of action potentials in the globus
pallidum or the primary motor cortex, was also more successful
in ameliorating parkinsonian akinesia and pathological neuronal
discharges in monkeys compared to continuous high-frequency
DBS (Rosin et al., 2011). The advancement of such closed-loop
technologies to the clinic represents the next step in promoting
brain repair using electronic neuroprostheses.

Finally, incorporation of technologies that exploit the
molecular basis of plasticity, such as delivery of neuromodula-
tors, could further enhance the effects of electrical conditioning.
Simultaneous optical imaging will allow correlation of the func-
tional gains produced by electrical stimulation with microscopic
structural changes. The following sections will discuss advances
in the development of optical and chemical neural interfaces.

OPTICAL INTERFACES FOR PROBING
AND MODULATING PLASTICITY

To bridge the gap between microscopic structure and macroscale
function, cells need to be observed in their natural environments,
but imaging within intact tissue presents many challenges.
Biological tissue strongly scatters light, blurring images obtained
with conventional wide-field fluorescence microscopy, which
uses linear (i.e., one-photon) absorption processes for contrast
generation, limiting its use to imaging structures at or near the
tissue surface [reviewed in Lichtman and Conchello (2005)].
Confocal microscopy, which also uses one-photon absorption,
is able to achieve three-dimensional optical sectioning using a
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detection pinhole that focuses the fluorescence generated at
the laser-scanning spot (which lies at the center of the in-focus
plane) by rejecting all emission that originates elsewhere in the
specimen [reviewed in Conchello and Lichtman (2005)]. Lateral
resolutions as high as 300 nm with an axial resolution of ~800 nm
have been obtained using this approach (Wilson, 1995). Despite
its high resolution, confocal microscopy yields shrinking payoffs
within deep tissue, where the accompanying signal loss is often
compensated by high laser-excitation intensities, which in turn
lead to photobleaching and phototoxicity, making it unacceptable
for long-term tissue imaging. Wide-field and confocal micros-
copy are, thus, techniques best applied to thin specimens, such as
cellular preparations or the most superficial cell layer in a tissue
(< 20 pm; Lichtman et al., 1987).

Non-linear or multiphoton microscopy allows researchers to
maintain high resolution (comparable to confocal microscopy;
Denk et al., 1990) and contrast within tissue by using deep red
and near-infrared excitation wavelengths that are less susceptible
to scatter compared to ultraviolet and visible light employed in
one-photon microscopy. Distinct from the confocal approach,
multiphoton microscopy achieves three-dimensional resolution
by strongly confining the region in which excitation takes place.
This is important in limiting the spatial extent of photodamage,
which permits chronic imaging within deep tissue and even
behaving animals [for reviews, see Denk and Svoboda (1997),
Shear (1999), and Svoboda and Yasuda (2006)]. Recent advances
in femtosecond lasers have allowed two-photon microscopic
examination at depths up to a millimeter while leaving the tis-
sue intact (Theer et al, 2003). Minimally invasive approaches
employing needle-like gradient-index lenses that can directly
penetrate into the specimen have also been used to look deeper
into the brain (Levene et al., 2004).

The first applications of two-photon microscopy in neurobiol-
ogy exploited its exquisite resolution to study dendritic spinesinrat
hippocampal (Yuste and Denk, 1995) and cerebellar (Wang et al.,
2000) brain slices, shedding light on calcium-dependent memory
and learning mechanisms at the synaptic level. To track long-term
synaptic changes in the intact brain, in vivo two-photon imaging
studies of neural circuitry were performed in anesthetized rodents,
demonstrating that sensory experience drives spine dynamics,
which underlies the structural basis of experience-dependent
synaptic plasticity (Grutzendler et al., 2002; Trachtenberg et al.,
2002; Levene et al., 2004; Ohki et al., 2005). Since anesthetized
preparations greatly limit the type of neural studies that can be
conducted (Berg-Johnsen and Langmoen, 1992), efforts in the
last decade have focused on chronic imaging in awake animals.
Tank and coworkers reported a technique to perform two-photon
fluorescence imaging in awake mice with their head restrained
under the microscope objective while they ran on a spherical
treadmill (Figures 3A,B; Dombeck et al., 2007). The researchers
then used this approach for functional imaging of hippocampal
place cells, with subcellular resolution, over several weeks dur-
ing virtual navigation (Figures 3C,D; Dombeck et al., 2010).
Miniaturization of optical components has led to the develop-
ment of head-mounted microscopes (Ghosh et al., 2011), which
permit observation of neural dynamics in freely moving animals
under a wider range of behavioral paradigms, allowing a direct

correlation of cellular-activity patterns with animal behavior and
experience (Ziv et al., 2013).

Development of fluorescent indicators is crucial to obtain new
insights into the cellular mechanisms of plasticity. In addition
to the availability of a variety of exogenous fluorescent indica-
tors, the advent of genetically encoded fluorescent reporters
has permitted visualization of numerous subcellular structures
and measurement of cellular dynamics [reviewed in Tsien
(1998)]. Availability of fluorescent agents that record changes in
membrane potentials (Kuhn et al., 2004; Dombeck et al., 2005)
and expression of second-messenger signaling molecules, such
as cyclic adenosine monophosphate (Dunn et al., 2006) and
Ras (Yasuda et al., 2006), in addition to intracellular sodium
(Rose et al., 1999) and calcium (Mank et al., 2008; Zhao et al.,
2011; Chen et al,, 2013) concentrations has greatly expanded
the imaging palette available to neuroscientists. Moreover,
transgenic-labeling strategies allow for genetically targeting dif-
ferent neuronal populations (Livet et al., 2007).

The most powerful example of the integration of optics and
genetic engineering comes from optogenetics, which allows for
perturbation of activity in selected neuronal populations through
optical control of action potentials. This is achieved through the
introduction of microbial opsin genes, encoding light-sensitive
ion channels and pumps, in specific cellular populations to
confer gain or loss of function — depending on the type of opsin
used - by shining light on the brain [for reviews, see Deisseroth
(2011) and Yizhar etal. (2011)]. Matyas et al. used optogenetics to
elucidate the role of the primary somatosensory cortex in evoking
whisker movements, presumed to be mainly controlled by the
primary motor cortex, thus providing important insights into
the functional organization of cortical maps and sensorimotor
interactions (Matyas et al., 2010).

Optogenetics has also been used to deconstruct the neural
circuitry involved in Parkinson’s disease. Although DBS has
been employed in thousands of Parkinson’s patients, very little is
understood about how it works, pointing to the limited knowl-
edge available on neuronal misfiring involved in Parkinson’s
disease [for reviews, see Dostrovsky and Lozano (2002), Vitek
(2002), and MclIntyre et al. (2004)]. While some researchers
believe that DBS dampens the overall level of neuronal activity in
the subthalamic nucleus (STN), a component of the basal ganglia
that is commonly targeted, a competing hypothesis suggests that
DBS works by increasing the firing of STN neurons. Yet another
theory emphasizes the importance of nearby glial cells in modu-
lating the effects of DBS. In a groundbreaking study, conducted
in the laboratory of Karl Deisseroth at Stanford University, these
theories were systematically tested using optogenetic approaches
and proven to have little effect on parkinsonian symptoms. The
researchers, instead, found that the manipulation of axons
that carried signals from the primary motor cortex to the STN
were key to ameliorating symptoms to a degree similar to DBS
(Gradinaru et al., 2009). With the localization of the cortex as a
major player in modulating the effects of DBS, one can envision
stimulation paradigms that minimize the mood and cognitive
disturbances commonly associated with DBS while maximiz-
ing its therapeutic efficacy. This emphasizes the importance of
optical approaches for unraveling neural circuitry. Moreover,
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FIGURE 3 | Optical interface for high-resolution imaging during virtual navigation. (A) Chronic imaging of neuronal activity was performed in awake
head-restrained mice while they ran on an air-supported spherical treadmill. The mouse was surrounded by a toroidal screen that covered a wide area to
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accommodate the rodent’s field of view. An image was projected onto the screen from a digital light-processing projector. The visual display was updated on
the basis of the animal’s movements, measured as rotations of the treadmill using an optical computer mouse. The treadmill and the virtual-reality apparatus
were combined with a custom two-photon microscope, consisting of a titanium:sapphire laser (Ti:S), galvanometers (X-Y), scan lens (SL), mirrors (M), tube lens
(TL), dichroic mirror (DM), collection lens (CL), biconcave lens (L), bandpass filter (BP), focusing lens (FL), photomultiplier tube (PMT), a Z-translation stage, and
a rubber tube (for blocking background light from entering the microscope objective). (B) In vivo two-photon images obtained at different depths through a
chronic hippocampal window, which was created in mice by removing the overlying cortex. (C) Left panel shows a two-photon image of neuronal cell bodies in
stratum pyramidale of the CA1 region of the hippocampus labeled with the genetically encoded calcium indicator GCaMP3. Regions of interest (ROIs) for
example cells are shown in red in the right panel. (D) Left panel shows GCaMP3 baseline-subtracted change-in-fluorescence (AF/F) traces in black for selected
ROls from (C). Red traces indicate significant calcium transients. Right panel shows an expanded view of the dashed box. Image adapted, with permission,

from Dombeck et al. (2010).

Deisseroth and coworkers have also used optogenetics for direct
activation of basal-ganglia circuitry in vivo to rescue deficits
in freezing, bradykinesia, and locomotor initiation in a mouse
model of Parkinson’s disease (Kravitz et al., 2010). A two-photon
optogenetic toolbox that has been developed to target neurons
with an even higher degree of spatiotemporal resolution within
intact volumes offers promise for more studies in this direction
(Prakash et al., 2012).

Indeed, an exciting recent study combined two-photon
imaging, optogenetics, and in vivo photoactivation in freely
moving mice to elucidate the crucial role of dendritic spines in
representation of motor-memory traces. Kasai and colleagues
abolished motor learning by selective optical shrinkage of
learning-evoked spines, showing that a newly acquired motor
skill depends on the formation of task-specific synaptic ensembles
(Figure 4; Hayashi-Takagi et al., 2015), and demonstrating the
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FIGURE 4 | Optical erasure of acquired motor learning. (A) Schematic illustrating the experiment performed by Kasai and coworkers (Hayashi-Takagi et al.,
2015). When a mouse learns a new motor task, such as running on a rotating rod (called a rotarod), dendritic spines involved in learning this task become
potentiated, i.e., there is formation of new spines and enlargement of existing ones, shown here in green. To necessitate the role of spines in motor learning, an
optogenetic construct based on a photoactivatable form of the small signaling protein Rac1 was targeted to newly potentiated spines. Activation of the modified
Rac1 construct with blue light induced shrinkage (or elimination) of learning-evoked spines, which caused the mouse to forget the skill it had acquired, so it soon fell
off the rotarod. (B) Experimental setup. Spine shrinkage was optogenetically induced with light pulses delivered through bilateral optical fibres placed onto cranial
windows created over the primary motor cortex. Drilled cranial holes were covered with glass coverslips, sealed with dental cement, followed by placement of the
optical fibres for in vivo photoactivation (in freely moving animals), and attachment of the headgear for in vivo two-photon imaging. (C) Spines were labeled with
Discosoma sp. red fluorescent protein (DsRed). Photoactivation induced selective shrinkage of spines containing AS-PaRac1, a light-sensitive probe that specifically
labels newly potentiated spines. (D) Spine volume (V) following low-frequency pulsed activation. Dark green circles represent eliminated spines. (E) Photoactivation
disrupted acquired learning in the rotarod performance of the AS-PaRac1 group, while the control mice were not affected, when it was performed immediately (i.e.,
0 day) post training (Protocol 1). Photoactivation disrupted the acquired learning even one day post training (Protocol 2), when the majority of learning-evoked
spines contained AS-PaRac1. By contrast, the photoactivation treatment two days post training (Protocol 3) failed to disrupt acquired learning even though a
comparable number of spines contained AS-PaRac1 in protocols 2 and 3, suggesting that the learning-evoked spine potentiation visualized by

AS-PaRac1 (at +1 day), but not spontaneous potentiation (at +2 days), accounted for the cortical-memory traces. Gray lines indicate individual task performance.
Error bars represent standard error of the mean. Asterisks denote significant differences between compared groups. Scale bar in (C), 5 pm. NS, not significant; PA,
photoactivation; AS, AS-PaRac1. Image adapted, with permission, from Hayashi-Takagi et al. (2015) and Lu and Zuo (2015).
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power of optical technologies for correlating synaptic-plasticity
mechanisms with observed behavior.

DELIVERY OF PLASTICITY-ENHANCING
NEUROMODULATORS

Two-photon studies have provided long-sought evidence for
the involvement of synapse gain and elimination processes in
behavioral learning (Grutzendler et al, 2002; Trachtenberg
et al., 2002). Stabilization, affected through the enlargement of
dendritic spines, and associated second-messenger signaling
and cytoskeletal changes, is another key reversible property of
individual synapses that is linked to the induction of plasticity
(Matsuzaki et al., 2004). There is high synaptic turnover during
development, which significantly decreases in the adult brain, but
a substantial capacity for circuit rewiring is maintained through-
out life and can be reactivated by injury [reviewed in Holtmaat
and Svoboda (2009)]. Molecular studies have elucidated the roles
played by a host of chemicals, including neurotransmitters and
neurotrophins, and the ECM in modulating synaptic plasticity
and motor learning [for reviews, see Monfils et al. (2005) and

Caroni et al. (2012)], and these studies have laid the foundation
for the delivery of neuromodulators to promote recovery after
motor injury.

Systemic delivery of neurotransmitter-receptor agonists has
been commonly employed to restore function after spinal-cord
injury in rodents (Antri et al., 2003, 2005; Lapointe and Guertin,
2008; Musienko et al., 2011). Compared to the use of targeted
electrical stimulation, there are relatively fewer examples of site-
specific delivery of chemicals to affect motor plasticity.

In the context of spinal-cord injury, the glial scar represents
an inhibitory environment for regenerating axons to negotiate.
The scar is composed primarily of astrocytes that produce
proteoglycans, in a gradient increasing from the circumfer-
ence towards the center of the lesion, in response to the injury
[reviewed in Silver and Miller (2004)]. Extensive work has
demonstrated that chondroitin sulfate proteoglycans (CSPGs), a
key family of proteoglycans upregulated at the lesion site (Jones
et al.,, 2003), are extremely inhibitory to axon outgrowth in
culture, repelling both embryonic and adult axons by selective
retraction of filopodia that come in contact with them (Snow
etal.,, 1990; Hynds and Snow, 1999). CSPGs have been identified
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FIGURE 5 | Delivery of chondroitinase ABC (ChABC) promotes functional recovery after spinal-cord injury. (A) Descending corticospinal tract (CST)
axons calculated as a percentage of the fibres seen 4 mm above the lesion, where the CST was intact. Higher fiber counts were seen in the presence of ChABC
(Les + ChABC) compared to treatment with vehicle (Les + veh), but the axon numbers were significantly lower compared to the unlesioned sham controls.
Asterisks denote significant difference between vehicle and ChABC treatment. (B) Plot shows the average size of cortical evoked cord dorsum potentials (CDPs)

1 segment above the lesion site and at 1-mm intervals caudal to this site. Data were normalized to the size of the rostral recording. ChABC treatment increased the
size of CDPs below the lesion compared to treatment with vehicle, which was abolished by a re-lesion, indicating CST regeneration. (C) Number of forelimb foot
slips made when rats crossed a narrow beam or grid. In both the beam and grid tasks, lesioned rats treated with vehicle made significantly more foot-slip errors
compared to unlesioned sham controls. By contrast, lesioned rats treated with ChABC made a marked functional recovery on both these tasks over time. Asterisks
denote significant difference from sham controls. All data are shown as mean + standard error of the mean. Les, lesion; Veh, vehicle. Image adapted, with
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as crucial barriers to axon navigation across the lesion (McKeon
etal, 1991).

Intrathecal microliter-bolus infusions of chondroitinase ABC
(ChABC) have been used for enzymatic degradation of CSPGs
to promote recovery of locomotor and proprioceptive behaviors
after spinal-cord injury in rats (Figure 5; Bradbury et al., 2002).
Alilain and coworkers also employed (nanoliter-volume) ChABC
injections in rats for digestion of CSPGs upregulated around
phrenic motor neurons, which, in conjunction with a peripheral
nerve graft, resulted in functional regeneration of respiratory
pathways after spinal-cord injury (Alilain et al., 2011).

The encounter of regenerating axons with the glial scar leads
to formation of dystrophic endings, which render the axon
immobile by compromising its ability to extend growth cones
(Ramoén y Cajal, 1928). Recent research has shown that the
application of neurotrophins can promote reversal of dystrophy,
allowing the axon to return to an active growth state.

Continuous localized microliter-volume administration of
BDNF and neurotrophin-4/5 over seven days, using an osmotic
minipump, prevented atrophy of rat rubrospinal neurons after
cervical axotomy and promoted axonal regeneration. The positive
effects were still evident two weeks after termination of neuro-
trophin delivery (Kobayashi et al., 1997). The researchers also
showed that chronically injured adult axons treated with BDNF,
which was applied at the cell bodies (using an osmotic minipump)
one year after alesion to the rubrospinal tract, were able to sprout,
extend active growth cones, express growth-associated proteins,
and, finally, navigate across the lesion (Kwon et al., 2002).
Similarly, Mamounas et al. employed continuous intracortical
nanoliter infusion of BDNF for three weeks, also using an osmotic
pump, to successfully stimulate regenerative sprouting of injured
serotonergic axons in the adult rat brain (Mamounas et al., 2000).

Recent research has indicated that neuromodulators can evoke
very different morphological and synaptic effects depending on
their delivery paradigm. Acute (or fast) increases in the concen-
tration of neuromodulators has been shown to evoke short-term
changes, while sustained chronic delivery, with a gradual increase
in the ligand concentration at the delivery site, has been associ-
ated with more durable effects. Ji and colleagues reported that
acute administration of BDNF boosted basal synaptic transmis-
sion, while gradually increasing its concentration facilitated
LTP (Ji et al., 2010). The latter may lead to sustained activation
of signal-transduction events, which in turn may induce very
different patterns of gene and protein expression in target cells,
perhaps contributing to its superior effects over bolus infusions.
Moreover, delivery of boluses results in a surge of drug levels
that can be toxic, and yet the drug concentration may quickly be
reduced to ineffective levels because of degradation and diffusion
away from the delivery site. Continuous infusion, on the other
hand, reduces toxicity by eliminating this surge while maintain-
ing an effective drug concentration at the targeted location for a
longer period.

To enable complex chemical-delivery paradigms, implantable
electromechanical microinfusion pumps, whose development
has been fueled by advances in miniaturization technologies,
have become available (Gilmartin et al., 2000; Rauck et al., 2010;

Tan etal,, 2011). In contrast to the continuous-delivery constant-
flow-rate osmotic pumps, electromechanical pumps can be
programmed, often remotely (Tan et al, 2011), to implement
localized delivery of varying profiles. The availability of pro-
grammable pumps should facilitate the direct comparison of
functional outcomes achieved using different chemical-delivery
paradigms. Some preliminary clinical trials have employed local
delivery of neurotrophins in patients with Parkinson’s disease
using such electromechanical pumps (Gill et al., 2003; Lang et al.,
2006). Although implantable pumps that can implement complex
profiles offer significant advantages over their osmotic coun-
terparts, further technology development is required to enable
closed-loop administration, which will permit event-triggered
delivery of chemicals.

LOOKING AHEAD TOWARDS CHRONIC
INTEGRATED NEURAL INTERFACES

The openness toward the adoption of technological innovations
by neuroscientists has played a major role in advancing the field.
Two-photon microscopy [reviewed in Svoboda and Yasuda
(2006)], laser photolysis (Pettit et al., 1997; Brown et al., 1999),
optogenetics [reviewed in Yizhar et al. (2011)], and miniaturized
electronic implants [for reviews, see Kipke et al. (2008) and Spira
and Hai (2013)] are a few examples of technologies widely used
for probing and manipulating neural function. While micro-
electronics was naturally poised to play an important role in the
field, many technologies, such as two-photon microscopy and
photolysis, that offered profound implications for biology found
dissemination in the neurosciences at least a decade before they
were adopted by other biological communities. Even structure-
based design of molecules (Banghart et al., 2004), including
opsins (Zemelman et al., 2002), was used to control neuronal
firing remotely with light before optogenetics became common-
place. Yet we are far from obtaining a complete picture of how
the brain works with most motor impairments that profoundly
compromise the quality of life lacking both cures and effective
ways of management.

Recent studies have shown that the chances of successful
recovery from motor injuries can be enhanced by using scientific
knowledge derived from diverse fields to create combinatorial
strategies for affecting changes (Ichiyama et al., 2008; Courtine
et al,, 2009; van den Brand et al., 2012). These studies employed
continuous epidural electrical stimulation and systemic delivery
of neurotransmitter-receptor agonists during locomotor-training
sessions to promote recovery after a complete spinal-cord injury.

Higher levels of motor control may be achievable by further
targeting the stimulation, which will maximize therapeutic
benefit while minimizing cellular damage. Ultimately, chronic
site-specific chemical administration must be time locked with
electrical or optical stimulation (at the same site), whose delivery
can in turn be made contingent on neural activity, to mimic the
natural recruitment pattern during LTP. Such spatiotemporal
chemical synchronization will hopefully enhance the plastic
effects achieved using electrical or optical stimulation, and make
them longer lasting. Simultaneous optical imaging will allow
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monitoring changes at the cellular and synaptic levels in real time
to correlate functional gains produced by the artificial stimula-
tion with observed structural modifications. This knowledge can
then be used to improve interventions.

Such studies will require high-resolution portable optics,
electronics, and mechanical components operating continuously
during free behavior. This demands a dramatic reduction in
individual component sizes to fit the hybrid implant within the
confines of the skull. The complexity of the brain, thus, poses
unique challenges that require combinatorial technologies to fur-
ther harness plasticity mechanisms for therapeutic gains, and the
nanosciences are poised to play an important role in this endeavor.

REFERENCES

Alilain, W. ., Horn, K. P, Hu, H., Dick, T. E., and Silver, J. (2011). Functional regen-
eration of respiratory pathways after spinal cord injury. Nature 475, 196-200.
doi:10.1038/nature10199

Antri, M., Barthe, ].-Y., Mouffle, C., and Orsal, D. (2005). Long-lasting recovery of
locomotor function in chronic spinal rat following chronic combined pharma-
cological stimulation of serotonergic receptors with 8-OHDPAT and quipazine.
Neurosci. Lett. 384, 162-167. doi:10.1016/j.neulet.2005.04.062

Antri, M., Mouffle, C., Orsal, D., and Barthe, J. Y. (2003). 5-HT1A receptors are
involved in short- and long-term processes responsible for 5-HT-induced loco-
motor function recovery in chronic spinal rat. Eur. J. Neurosci. 18, 1963-1972.
doi:10.1046/j.1460-9568.2003.02916.x

Banghart, M., Borges, K., Isacoff, E., Trauner, D., and Kramer, R. H. (2004). Light-
activated ion channels for remote control of neuronal firing. Nat. Neurosci. 7,
1381-1386. doi:10.1038/nn1356

Berg-Johnsen, J., and Langmoen, I. A. (1992). The effect of isoflurane on excitatory
synaptic transmission in the rat hippocampus. Acta Anaesthesiol. Scand. 36,
350-355. doi:10.1111/j.1399-6576.1992.tb03480.x

Bradbury, E. J., Moon, L. D. E, Popat, R. J., King, V. R., Bennett, G. S., Patel, P. N,
et al. (2002). Chondroitinase ABC promotes functional recovery after spinal
cord injury. Nature 416, 636-640. doi:10.1038/416636a

Brown, E. B., Shear, J. B., Adams, S. R., Tsien, R. Y., and Webb, W. W. (1999).
Photolysis of caged calcium in femtoliter volumes using two-photon excitation.
Biophys. J. 76, 489-499. doi:10.1016/S0006-3495(99)77217-6

Brown, T. G., and Sherrington, C. S. (1912). On the instability of a cortical point.
P R. Soc. Lond. B-Conta. 85, 250-277. d0i:10.1098/rspb.1912.0050

Buonomano, D. V., and Merzenich, M. M. (1998). Cortical plasticity: from
synapses to maps. Annu. Rev. Neurosci. 21, 149-186. doi:10.1146/annurev.
neuro.21.1.149

Caroni, P,, Donato, E, and Muller, D. (2012). Structural plasticity upon learning:
regulation and functions. Nat. Rev. Neurosci. 13, 478-490. doi:10.1038/nrn3258

Carulli, D., Pizzorusso, T., Kwok, J. C. E, Putignano, E., Poli, A., Forostyak, S., et al.
(2010). Animals lacking link protein have attenuated perineuronal nets and
persistent plasticity. Brain 133, 2331-2347. d0i:10.1093/brain/awq145

Chen, T.-W,, Wardill, T. J., Sun, Y., Pulver, S. R., Renninger, S. L., Baohan, A., et al.
(2013). Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature
499, 295-300. doi:10.1038/nature12354

Cheney, P. D., and Fetz, E. E. (1985). Comparable patterns of muscle facilitation
evoked by individual corticomotoneuronal (CM) cells and by single intracor-
tical microstimuli in primates: evidence for functional groups of CM cells.
J. Neurophysiol. 53, 786-804.

Cingolani, L. A., and Goda, Y. (2008). Actin in action: the interplay between
the actin cytoskeleton and synaptic efficacy. Nat. Rev. Neurosci. 9, 344-356.
doi:10.1038/nrn2373

Conchello, J.-A., and Lichtman, J. W. (2005). Optical sectioning microscopy. Nat.
Methods 2, 920-931. doi:10.1038/nmeth815

Conner, J. M., Culberson, A., Packowski, C., Chiba, A. A., and Tuszynski, M. H.
(2003). Lesions of the basal forebrain cholinergic system impair task acquisition
and abolish cortical plasticity associated with motor skill learning. Neuron 38,
819-829. doi:10.1016/50896-6273(03)00288-5

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

ACKNOWLEDGMENTS

I am very grateful to Eberhard E. Fetz for reviewing this article
and providing critical feedback. I would also like to acknowledge
financial support from the Center for Sensorimotor Neural
Engineering, a National Science Foundation Engineering
Research Center (EEC-1028725).

Courtine, G., Gerasimenko, Y., van den Brand, R., Yew, A., Musienko, P.,, Zhong, H.,
et al. (2009). Transformation of nonfunctional spinal circuits into functional
states after the loss of brain input. Nat. Neurosci. 12, 1333-1342. doi:10.1038/
nn.2401

Deisseroth, K. (2011). Optogenetics. Nat. Methods 8, 26-29. doi:10.1038/
nmeth.f.324

Denk, W, Strickler, J. H., and Webb, W. W. (1990). Two-photon laser scanning
fluorescence microscopy. Science 248, 73-76. doi:10.1126/science.2321027

Denk, W,,and Svoboda, K. (1997). Photon upmanship: why multiphoton imaging is
more thana gimmick. Neuron 18,351-357.d0i:10.1016/S0896-6273(00)81237-4

Dityatev, A., Briickner, G., Dityateva, G., Grosche, J., Kleene, R., and Schachner, M.
(2007). Activity-dependent formation and functions of chondroitin sulfate-rich
extracellular matrix of perineuronal nets. Dev. Neurobiol. 67, 570-588.
doi:10.1002/dneu.20361

Dombeck, D. A., Harvey, C. D,, Tian, L., Looger, L. L., and Tank, D. W. (2010).
Functional imaging of hippocampal place cells at cellular resolution during
virtual navigation. Nat. Neurosci. 13, 1433-1440. doi:10.1038/nn.2648

Dombeck, D. A., Khabbaz, A. N., Collman, E, Adelman, T. L., and Tank, D. W.
(2007). Imaging large-scale neural activity with cellular resolution in awake,
mobile mice. Neuron 56, 43-57. doi:10.1016/j.neuron.2007.08.003

Dombeck, D. A., Sacconi, L., Blanchard-Desce, M., and Webb, W. W. (2005). Optical
recording of fast neuronal membrane potential transients in acute mammalian
brain slices by second-harmonic generation microscopy. J. Neurophysiol. 94,
3628-3636. d0i:10.1152/jn.00416.2005

Dostrovsky, J. O., and Lozano, A. M. (2002). Mechanisms of deep brain stimulation.
Mov. Disord. 17, $63-568. doi:10.1002/mds.10143

Dunn, T. A., Wang, C.-T,, Colicos, M. A., Zaccolo, M., DiPilato, L. M., Zhang, J.,
et al. (2006). Imaging of cAMP levels and protein kinase A activity reveals that
retinal waves drive oscillations in second-messenger cascades. J. Neurosci. 26,
12807-12815. doi:10.1523/JNEUROSCI.3238-06.2006

Fetz, E. E., Finocchio, D. V., Baker, M. A., and Soso, M. J. (1980). Sensory and motor
responses of precentral cortex cells during comparable passive and active joint
movements. J. Neurophysiol. 43, 1070-1089.

Forester, T. (1981). The Microelectronics Revolution. Cambridge, MA: MIT Press.

Ghosh, K. K., Burns, L. D., Cocker, E. D., Nimmerjahn, A., Ziv, Y., El Gamal, A.,
et al. (2011). Miniaturized integration of a fluorescence microscope. Nat.
Methods 8, 871-878. doi:10.1038/nmeth.1694

Gill, S. S., Patel, N. K., Hotton, G. R., O’Sullivan, K., McCarter, R., Bunnage, M.,
etal. (2003). Direct brain infusion of glial cell line-derived neurotrophic factor
in Parkinson disease. Nat. Med. 9, 589-595. d0i:10.1038/nm850

Gilmartin, R., Bruce, D., Storrs, B. B., Abbott, R., Krach, L., Ward, J., et al. (2000).
Intrathecal baclofen for management of spastic cerebral palsy: multicenter trial.
J. Child Neurol. 15, 71-77. doi:10.1177/088307380001500201

Gradinaru, V., Mogri, M., Thompson, K. R., Henderson, J. M., and Deisseroth, K.
(2009). Optical deconstruction of parkinsonian neural circuitry. Science 324,
354-359. doi:10.1126/science.1167093

Grutzendler, J., Kasthuri, N., and Gan, W.-B. (2002). Long-term dendritic spine
stability in the adult cortex. Nature 420, 812-816. doi:10.1038/nature01276

Guggenmos, D. J., Azin, M., Barbay, S., Mahnken, J. D., Dunham, C., Mohseni, P,
etal. (2013). Restoration of function after brain damage using a neural prosthesis.
Proc. Natl. Acad. Sci. U.S.A. 110, 21177-21182. d0i:10.1073/pnas.1316885110

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

April 2016 | Volume 4 | Article 30


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://dx.doi.org/10.1038/nature10199
http://dx.doi.org/10.1016/j.neulet.2005.04.062
http://dx.doi.org/10.1046/j.1460-9568.2003.02916.x
http://dx.doi.org/10.1038/nn1356
http://dx.doi.org/10.1111/j.1399-6576.1992.tb03480.x
http://dx.doi.org/10.1038/416636a
http://dx.doi.org/10.1016/S0006-3495(99)77217-6
http://dx.doi.org/10.1098/rspb.1912.0050
http://dx.doi.org/10.1146/annurev.neuro.21.1.149
http://dx.doi.org/10.1146/annurev.neuro.21.1.149
http://dx.doi.org/10.1038/nrn3258
http://dx.doi.org/10.1093/brain/awq145
http://dx.doi.org/10.1038/nature12354
http://dx.doi.org/10.1038/nrn2373
http://dx.doi.org/10.1038/nmeth815
http://dx.doi.org/10.1016/S0896-6273(03)00288-5
http://dx.doi.org/10.1038/nn.2401
http://dx.doi.org/10.1038/nn.2401
http://dx.doi.org/10.1038/nmeth.f.324
http://dx.doi.org/10.1038/nmeth.f.324
http://dx.doi.org/10.1126/science.2321027
http://dx.doi.org/10.1016/S0896-6273(00)81237-4
http://dx.doi.org/10.1002/dneu.20361
http://dx.doi.org/10.1038/nn.2648
http://dx.doi.org/10.1016/j.neuron.2007.08.003
http://dx.doi.org/10.1152/jn.00416.2005
http://dx.doi.org/10.1002/mds.10143
http://dx.doi.org/10.1523/JNEUROSCI.3238-06.2006
http://dx.doi.org/10.1038/nmeth.1694
http://dx.doi.org/10.1038/nm850
http://dx.doi.org/10.1177/088307380001500201
http://dx.doi.org/10.1126/science.1167093
http://dx.doi.org/10.1038/nature01276
http://dx.doi.org/10.1073/pnas.1316885110

Moorjani

Miniaturized Technologies for Enhancement of Motor Plasticity

Harkema, S., Gerasimenko, Y., Hodes, J., Burdick, J., Angeli, C., Chen, Y., et al.
(2011). Effect of epidural stimulation of the lumbosacral spinal cord on volun-
tary movement, standing, and assisted stepping after motor complete paraple-
gia: a case study. Lancet 377, 1938-1947. d0i:10.1016/S0140-6736(11)60547-3

Hayashi-Takagi, A., Yagishita,S., Nakamura, M., Shirai, F, Wu, Y.I, Loshbaugh, A. L.,
et al. (2015). Labelling and optical erasure of synaptic memory traces in the
motor cortex. Nature 525, 333-338. doi:10.1038/nature15257

Hess, G., Aizenman, C. D., and Donoghue, J. P. (1996). Conditions for the induc-
tion of long-term potentiation in layer II/IIT horizontal connections of the rat
motor cortex. J. Neurophysiol. 75, 1765-1778.

Hess, G.,and Donoghue, J. P. (1994). Long-term potentiation of horizontal connec-
tions provides a mechanism to reorganize cortical motor maps. J. Neurophysiol.
71, 2543-2547.

Hess, G., Jacobs, K. M., and Donoghue, J. P. (1994). N-methyl-D-aspartate receptor
mediated component of field potentials evoked in horizontal pathways of rat
motor cortex. Neuroscience 61, 225-235. doi:10.1016/0306-4522(94)90226-7

Hochberg, L. R, Bacher, D., Jarosiewicz, B., Masse, N. Y., Simeral, J. D., Vogel, J.,
et al. (2012). Reach and grasp by people with tetraplegia using a neurally con-
trolled robotic arm. Nature 485, 372-375. doi:10.1038/nature11076

Holtmaat, A., and Svoboda, K. (2009). Experience-dependent structural synaptic
plasticity in the mammalian brain. Nat. Rev. Neurosci. 10, 647-658. doi:10.1038/
nrn2699

Horch, H. W, and Katz, L. C. (2002). BDNF release from single cells elicits local den-
dritic growth in nearby neurons. Nat. Neurosci. 5, 1177-1184. doi:10.1038/nn927

Hynds, D. L., and Snow, D. M. (1999). Neurite outgrowth inhibition by chondroitin
sulfate proteoglycan: stalling/stopping exceeds turning in human neuroblas-
toma growth cones. Exp. Neurol. 160, 244-255. d0i:10.1006/exnr.1999.7212

Ichiyama, R. M., Courtine, G., Gerasimenko, Y. P, Yang, G. ], van den Brand, R.,
Lavrov, I. A,, et al. (2008). Step training reinforces specific spinal locomotor
circuitry in adult spinal rats. J. Neurosci. 28, 7370-7375. doi:10.1523/
JNEUROSCI.1881-08.2008

Ichiyama, R. M., Gerasimenko, Y. P, Zhong, H., Roy, R. R., and Edgerton, V. R.
(2005). Hindlimb stepping movements in complete spinal rats induced by
epidural spinal cord stimulation. Neurosci. Lett. 383, 339-344. doi:10.1016/j.
neulet.2005.04.049

Iriki, A., Pavlides, C., Keller, A., and Asanuma, H. (1989). Long-term potentiation
in the motor cortex. Science 245, 1385-1387. doi:10.1126/science.2551038

Jackson, A., Mavoori, J., and Fetz, E. E. (2006a). Long-term motor cortex plasticity
induced by an electronic neural implant. Nature 444, 56-60. doi:10.1038/
nature05226

Jackson, A., Moritz, C. T., Mavoori, J., Lucas, T. H., and Fetz, E. E. (2006b). The
Neurochip BCI: towards a neural prosthesis for upper limb function. IEEE
Trans. Neural Syst. Rehabil. Eng. 14, 187-190. doi:10.1109/TNSRE.2006.875547

Ji, Y., Lu, Y, Yang, E, Shen, W,, Tang, T. T.-T,, Feng, L., et al. (2010). Acute and
gradual increases in BDNF concentration elicit distinct signaling and functions
in neurons. Nat. Neurosci. 13, 302-309. doi:10.1038/nn.2505

John, E. R., and Morgades, P. P. (1969). Neural correlates of conditioned responses
studied with multiple chronically implanted moving microelectrodes. Exp.
Neurol. 23, 412-425. d0i:10.1016/0014-4886(69)90088-0

Jones, L. L., Margolis, R. U., and Tuszynski, M. H. (2003). The chondroitin sulfate
proteoglycans neurocan, brevican, phosphacan, and versican are differentially
regulated following spinal cord injury. Exp. Neurol. 182, 399-411. doi:10.1016/
S0014-4886(03)00087-6

Kandel, E. R. (2001). The molecular biology of memory storage: a dialogue between
genes and synapses. Science 294, 1030-1038. doi:10.1126/science.1067020

Kang, H., and Schuman, E. M. (1995). Long-lasting neurotrophin-induced
enhancement of synaptic transmission in the adult hippocampus. Science 267,
1658-1662. doi:10.1126/science.7886457

Kipke, D. R., Shain, W.,, Buzséki, G., Fetz, E., Henderson, J. M., Hetke, J. E, et al.
(2008). Advanced neurotechnologies for chronic neural interfaces: new
horizons and clinical opportunities. J. Neurosci. 28, 11830-11838. doi:10.1523/
JNEUROSCI.3879-08.2008

Kleim, J. A., Barbay, S., and Nudo, R. J. (1998). Functional reorganization of the
rat motor cortex following motor skill learning. J. Neurophysiol. 80, 3321-3325.

Kleim, J.A., Bruneau, R, Calder, K., Pocock, D., VandenBerg, P. M.,
MacDonald, E,, et al. (2003). Functional organization of adult motor cortex is
dependent upon continued protein synthesis. Neuron 40, 167-176. doi:10.1016/
$0896-6273(03)00592-0

Kleim, J. A., Chan, S., Pringle, E., Schallert, K., Procaccio, V., Jimenez, R,
et al. (2006). BDNF val66met polymorphism is associated with modified
experience-dependent plasticity in human motor cortex. Nat. Neurosci. 9,
735-737. doi:10.1038/n1n1699

Kleim, J. A., Lussnig, E., Schwarz, E. R., Comery, T. A., and Greenough, W. T.
(1996). Synaptogenesis and Fos expression in the motor cortex of the adult rat
after motor skill learning. J. Neurosci. 16, 4529-4535.

Klintsova, A. Y., Dickson, E., Yoshida, R., and Greenough, W. T. (2004). Altered
expression of BDNF and its high-affinity receptor TrkB in response to complex
motor learning and moderate exercise. Brain Res. 1028, 92-104. d0i:10.1016/j.
brainres.2004.09.003

Kobayashi, N. R., Fan, D.-P, Giehl, K. M., Bedard, A. M., Wiegand, S. J., and
Tetzlaff, W. (1997). BDNF and NT-4/5 prevent atrophy of rat rubrospinal
neurons after cervical axotomy, stimulate GAP-43 and Tal-tubulin mRNA
expression, and promote axonal regeneration. J. Neurosci. 17, 9583-9595.

Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H., and Bonhoeffer, T. (1995).
Hippocampal long-term potentiation is impaired in mice lacking brain-derived
neurotrophic factor. Proc. Natl. Acad. Sci. U.S.A. 92, 8856-8860. doi:10.1073/
pnas.92.19.8856

Kovalchuk, Y., Hanse, E., Kafitz, K. W,, and Konnerth, A. (2002). Postsynaptic
induction of BDNF-mediated long-term potentiation. Science 295, 1729-1734.
doi:10.1126/science.1067766

Kravitz, A. V., Freeze, B. S., Parker, P. R. L., Kay, K., Thwin, M. T., Deisseroth,
K., et al. (2010). Regulation of parkinsonian motor behaviours by optoge-
netic control of basal ganglia circuitry. Nature 466, 622-626. doi:10.1038/
nature09159

Kuhn, B., Fromherz, P, and Denk, W. (2004). High sensitivity of Stark-shift volt-
age-sensing dyes by one- or two-photon excitation near the red spectral edge.
Biophys. J. 87, 631-639. doi:10.1529/biophys;j.104.040477

Kwon, B. K., Liu, J., Messerer, C., Kobayashi, N. R., McGraw, J., Oschipok, L.,
etal. (2002). Survival and regeneration of rubrospinal neurons 1 year after spinal
cord injury. Proc. Natl. Acad. Sci. US.A. 99, 3246-3251. doi:10.1073/pnas.
052308899

Lang, A. E,, Gill, S., Patel, N. K,, Lozano, A., Nutt, J. G., Penn, R, et al. (2006).
Randomized controlled trial of intraputamenal glial cell line-derived neu-
rotrophic factor infusion in Parkinson disease. Ann. Neurol. 59, 459-466.
doi:10.1002/ana.20737

Lapointe, N. P.,, and Guertin, P. A. (2008). Synergistic effects of D1/5 and 5-HT1A/7
receptor agonists on locomotor movement induction in complete spinal cord-
transected mice. J. Neurophysiol. 100, 160-168. doi:10.1152/jn.90339.2008

Lavrov, L, Dy, C. J., Fong, A. ]., Gerasimenko, Y., Courtine, G., Zhong, H., et al.
(2008). Epidural stimulation induced modulation of spinal locomotor networks
in adult spinal rats. J. Neurosci. 28, 6022-6029. doi:10.1523/JNEUROSCI.
0080-08.2008

Levene, M. J., Dombeck, D. A., Kasischke, K. A., Molloy, R. P, and Webb, W. W.
(2004). In vivo multiphoton microscopy of deep brain tissue. J. Neurophysiol. 91,
1908-1912. d0i:10.1152/jn.01007.2003

Lichtman, J. W., and Conchello, J.-A. (2005). Fluorescence microscopy. Nat.
Methods 2, 910-919. doi:10.1038/nmeth817

Lichtman, J. W., Magrassi, L., and Purves, D. (1987). Visualization of neuromus-
cular junctions over periods of several months in living mice. J. Neurosci. 7,
1215-1222.

Liu, X., McCreery, D. B,, Carter, R. R,, Bullara, L. A, Yuen, T. G., and Agnew, W. E.
(1999). Stability of the interface between neural tissue and chronically
implanted intracortical microelectrodes. IEEE Trans. Rehabil. Eng. 7, 315-326.
doi:10.1109/86.788468

Livet, J., Weissman, T. A., Kang, H., Draft, R. W,, Lu, J., Bennis, R. A,, et al. (2007).
Transgenic strategies for combinatorial expression of fluorescent proteins in the
nervous system. Nature 450, 56-62. doi:10.1038/nature06293

Lu, J,, and Zuo, Y. (2015). Forgetfulness illuminated. Nature 525, 324-325.
doi:10.1038/nature15211

Mamounas, L. A., Altar, C. A,, Blue, M. E., Kaplan, D. R., Tessarollo, L., and
Lyons, W. E. (2000). BDNF promotes the regenerative sprouting, but not
survival, of injured serotonergic axons in the adult rat brain. J. Neurosci. 20,
771-782.

Mank, M., Santos, A. E, Direnberger, S., Mrsic-Flogel, T. D., Hofer, S. B., Stein, V.,
et al. (2008). A genetically encoded calcium indicator for chronic in vivo
two-photon imaging. Nat. Methods 5, 805-811. doi:10.1038/nmeth.1243

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

April 2016 | Volume 4 | Article 30


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://dx.doi.org/10.1016/S0140-6736(11)60547-3
http://dx.doi.org/10.1038/nature15257
http://dx.doi.org/10.1016/0306-4522(94)90226-7
http://dx.doi.org/10.1038/nature11076
http://dx.doi.org/10.1038/nrn2699
http://dx.doi.org/10.1038/nrn2699
http://dx.doi.org/10.1038/nn927
http://dx.doi.org/10.1006/exnr.1999.7212
http://dx.doi.org/10.1523/JNEUROSCI.1881-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1881-08.2008
http://dx.doi.org/10.1016/j.neulet.2005.04.049
http://dx.doi.org/10.1016/j.neulet.2005.04.049
http://dx.doi.org/10.1126/science.2551038
http://dx.doi.org/10.1038/nature05226
http://dx.doi.org/10.1038/nature05226
http://dx.doi.org/10.1109/TNSRE.2006.875547
http://dx.doi.org/10.1038/nn.2505
http://dx.doi.org/10.1016/0014-4886(69)90088-0
http://dx.doi.org/10.1016/S0014-4886(03)00087-6
http://dx.doi.org/10.1016/S0014-4886(03)00087-6
http://dx.doi.org/10.1126/science.1067020
http://dx.doi.org/10.1126/science.7886457
http://dx.doi.org/10.1523/JNEUROSCI.3879-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.3879-08.2008
http://dx.doi.org/10.1016/S0896-6273(03)00592-0
http://dx.doi.org/10.1016/S0896-6273(03)00592-0
http://dx.doi.org/10.1038/nn1699
http://dx.doi.org/10.1016/j.brainres.2004.09.003
http://dx.doi.org/10.1016/j.brainres.2004.09.003
http://dx.doi.org/10.1073/pnas.92.19.8856
http://dx.doi.org/10.1073/pnas.92.19.8856
http://dx.doi.org/10.1126/science.1067766
http://dx.doi.org/10.1038/nature09159
http://dx.doi.org/10.1038/nature09159
http://dx.doi.org/10.1529/biophysj.104.040477
http://dx.doi.org/10.1073/pnas.052308899
http://dx.doi.org/10.1073/pnas.052308899
http://dx.doi.org/10.1002/ana.20737
http://dx.doi.org/10.1152/jn.90339.2008
http://dx.doi.org/10.1523/JNEUROSCI.0080-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.0080-08.2008
http://dx.doi.org/10.1152/jn.01007.2003
http://dx.doi.org/10.1038/nmeth817
http://dx.doi.org/10.1109/86.788468
http://dx.doi.org/10.1038/nature06293
http://dx.doi.org/10.1038/nature15211
http://dx.doi.org/10.1038/nmeth.1243

Moorjani

Miniaturized Technologies for Enhancement of Motor Plasticity

Matsuzaki, M., Honkura, N., Ellis-Davies, G. C. R., and Kasai, H. (2004). Structural
basis of long-term potentiation in single dendritic spines. Nature 429, 761-766.
doi:10.1038/nature02617

Matyas, E, Sreenivasan, V., Marbach, E, Wacongne, C., Barsy, B., Mateo, C., et al.
(2010). Motor control by sensory cortex. Science 330, 1240-1243. doi:10.1126/
science.1195797

Mavoori, J., Jackson, A., Diorio, C., and Fetz, E. E. (2005). An autonomous implant-
able computer for neural recording and stimulation in unrestrained primates.
J. Neurosci. Methods 148, 71-77. doi:10.1016/j.jneumeth.2005.04.017

McIntyre, C. C., Savasta, M., Kerkerian-Le Goff, L., and Vitek, J. L. (2004).
Uncovering the mechanism(s) of action of deep brain stimulation: activa-
tion, inhibition, or both. Clin. Neurophysiol. 115, 1239-1248. doi:10.1016/j.
clinph.2003.12.024

McKeon, R. ], Schreiber, R. C., Rudge, J. S., and Silver, J. (1991). Reduction of neurite
outgrowth in a model of glial scarring following CNS injury is correlated with
the expression of inhibitory molecules on reactive astrocytes. J. Neurosci. 11,
3398-3411.

Miney, I. R., Musienko, P, Hirsch, A., Barraud, Q., Wenger, N., Moraud, E. M.,
etal. (2015). Electronic dura mater for long-term multimodal neural interfaces.
Science 347, 159-163. doi:10.1126/science.1260318

Monfils, M. H., Plautz, E. J., and Kleim, J. A. (2005). In search of the motor
engram: motor map plasticity as a mechanism for encoding motor experience.
Neuroscientist. 11, 471-483. doi:10.1177/1073858405278015

Monfils, M. H., VandenBerg, P. M., Kleim, J. A., and Teskey, G. C. (2004). Long-
term potentiation induces expanded movement representations and dendritic
hypertrophy in layer V of rat sensorimotor neocortex. Cereb. Cortex 14,
586-593. doi:10.1093/cercor/bhh020

Moore, G. E. (1965). Cramming more components onto integrated circuits.
Electronics 38, 114-117.

Moritz, C. T., Perlmutter, S. I., and Fetz, E. E. (2008). Direct control of paralysed
muscles by cortical neurons. Nature 456, 639-642. doi:10.1038/nature07418
Musienko, P, van den Brand, R., Marzendorfer, O., Roy, R. R., Gerasimenko, Y.,
Edgerton, V. R,, et al. (2011). Controlling specific locomotor behaviors through
multidimensional monoaminergic modulation of spinal circuitries. J. Neurosci.

31, 9264-9278. d0i:10.1523/J]NEUROSCI.5796-10.2011

Nicolelis, M. A. L., and Chapin, J. K. (1994). Spatiotemporal structure of somato-
sensory responses of many-neuron ensembles in the rat ventral posterior
medial nucleus of the thalamus. J. Neurosci. 14, 3511-3532.

Nicolelis, M. A. L., Ghazanfar, A. A., Stambaugh, C. R,, Oliveira, L. M. O., Laubach,
M., Chapin, J. K, et al. (1998). Simultaneous encoding of tactile information
by three primate cortical areas. Nat. Neurosci. 1, 621-630. doi:10.1038/2855

Nishimura, Y., Perlmutter, S. I., Eaton, R. W,, and Fetz, E. E. (2013). Spike-timing-
dependent plasticity in primate corticospinal connections induced during free
behavior. Neuron 80, 1301-1309. doi:10.1016/j.neuron.2013.08.028

Nudo, R. J., Milliken, G. W.,, Jenkins, W. M., and Merzenich, M. M. (1996). Use-
dependent alterations of movement representations in primary motor cortex of
adult squirrel monkeys. J. Neurosci. 16, 785-807.

Ohki, K., Chung, S., Ch'ng, Y. H., Kara, P, and Reid, R. C. (2005). Functional
imaging with cellular resolution reveals precise micro-architecture in visual
cortex. Nature 433, 597-603. doi:10.1038/nature03274

Peinemann, A., Reimer, B., Loer, C., Quartarone, A., Miinchau, A., Conrad, B.,
et al. (2004). Long-lasting increase in corticospinal excitability after 1800
pulses of subthreshold 5 Hz repetitive TMS to the primary motor cortex. Clin.
Neurophysiol. 115, 1519-1526. doi:10.1016/.clinph.2004.02.005

Petersen, K. E. (1982). Silicon as a mechanical material. Proc. IEEE 70, 420-457.
doi:10.1109/PROC.1982.12331

Pettit, D. L., Wang, S. S.-H., Gee, K. R., and Augustine, G. J. (1997). Chemical
two-photon uncaging: a novel approach to mapping glutamate receptors.
Neuron 19, 465-471. doi:10.1016/S0896-6273(00)80361-X

Pezawas, L., Verchinski, B. A., Mattay, V. S., Callicott, J. H., Kolachana, B. S.,
Straub, R. E., et al. (2004). The brain-derived neurotrophic factor val66met
polymorphism and variation in human cortical morphology. J. Neurosci. 24,
10099-10102. doi:10.1523/JNEUROSCI.2680-04.2004

Pickard, R. S., Joseph, P. L., Collins, A. J., and Hicks, R. C. J. (1979). Flexible
printed-circuit probe for electrophysiology. Med. Biol. Eng. Comput. 17,
261-267. doi:10.1007/BF02440939

Pizzorusso, T., Medini, P, Berardi, N., Chierzi, S., Fawcett, ]. W., and Maffei, L.
(2002). Reactivation of ocular dominance plasticity in the adult visual cortex.
Science 298, 1248-1251. doi:10.1126/science.1072699

Prakash, R., Yizhar, O., Grewe, B., Ramakrishnan, C., Wang, N., Goshen, I,
et al. (2012). Two-photon optogenetic toolbox for fast inhibition, excitation
and bistable modulation. Nat. Methods 9, 1171-1179. doi:10.1038/nmeth.
2215

Racine, R. J., Andrew Chapman, C., Trepel, C., Campbell Teskey, G., and
Milgram, N. W. (1995). Post-activation potentiation in the neocortex.
IV. Multiple sessions required for induction of long-term potentiation
in the chronic preparation. Brain Res. 702, 87-93. d0i:10.1016/0006-8993(95)
01025-0

Ramon y Cajal, S. (1928). Degeneration and Regeneration of the Nervous System.
London: Oxford University Press.

Rauck, R., Deer, T., Rosen, S., Padda, G., Barsa, J., Dunbar, E., etal. (2010). Accuracy
and efficacy of intrathecal administration of morphine sulfate for treatment of
intractable pain using the Prometra® Programmable Pump. Neuromodulation
13, 102-108. doi:10.1111/§.1525-1403.2009.00257.x

Rizk, M., Bossetti, C. A., Jochum, T. A., Callender, S. H., Nicolelis, M. A. L.,
Turner, D. A., et al. (2009). A fully implantable 96-channel neural data
acquisition system. J. Neural Eng. 6, 1-14. doi:10.1088/1741-2560/6/2/
026002

Rodriguez-Oroz, M., Obeso, J., Lang, A., Houeto, J.-L., Pollak, P., Rehncrona, S.,
et al. (2005). Bilateral deep brain stimulation in Parkinson’s disease: a multi-
centre study with 4 years follow-up. Brain 128, 2240-2249. doi:10.1093/brain/
awh571

Rose, C. R., Kovalchuk, Y., Eilers, J., and Konnerth, A. (1999). Two-photon Na*
imaging in spines and fine dendrites of central neurons. Pfliigers Arch. 439,
201-207. doi:10.1007/s004249900123

Rosin, B., Slovik, M., Mitelman, R., Rivlin-Etzion, M., Haber, S. N., Israel, Z.,
et al. (2011). Closed-loop deep brain stimulation is superior in ameliorating
parkinsonism. Neuron 72, 370-384. doi:10.1016/j.neuron.2011.08.023

Rousche, P. J., and Normann, R. A. (1998). Chronic recording capability of the
Utah Intracortical Electrode Array in cat sensory cortex. J. Neurosci. Methods
82, 1-15. doi:10.1016/S0165-0270(98)00031-4

Sanes, J. N., and Donoghue, J. P. (2000). Plasticity and primary motor cortex. Ann.
Rev. Neurosci. 23, 393-415. doi:10.1146/annurev.neuro.23.1.393

Schmidt, E. M., Bak, M. ], and McIntosh, J.S. (1976). Long-term chronic
recording from cortical neurons. Exp. Neurol. 52, 496-506. doi:10.1016/0014-
4886(76)90220-X

Schwarz, D. A., Lebedev, M. A., Hanson, T. L., Dimitrov, D. F, Lehew, G.,
Meloy, J., et al. (2014). Chronic, wireless recordings of large-scale brain activ-
ity in freely moving rhesus monkeys. Nat. Methods 11, 670-676. doi:10.1038/
nmeth.2936

Sharma, V., McCreery, D. B., Han, M., and Pikov, V. (2010). Bidirectional telemetry
controller for neuroprosthetic devices. IEEE Trans. Neural Syst. Rehabil. Eng. 18,
67-74. doi:10.1109/TNSRE.2009.2036849

Shear, J. B. (1999). Multiphoton-excited fluorescence in bioanalytical chemistry.
Anal. Chem. 71, 598 A-605A. doi:10.1021/ac990670r

Silver, J., and Miller, J. H. (2004). Regeneration beyond the glial scar. Nat. Rev.
Neurosci. 5, 146-156. doi:10.1038/nrn1326

Snow, D. M., Lemmon, V., Carrino, D. A., Caplan, A. L, and Silver, J. (1990).
Sulfated proteoglycans in astroglial barriers inhibit neurite outgrowth in vitro.
Exp. Neurol. 109, 111-130. doi:10.1016/50014-4886(05)80013-5

Spira, M. E., and Hai, A. (2013). Multi-electrode array technologies for
neuroscience and cardiology. Nat. Nanotechnol. 8, 83-94. doi:10.1038/
nnano.2012.265

Svoboda, K., and Yasuda, R. (2006). Principles of two-photon excitation micros-
copy and its applications to neuroscience. Neuron 50, 823-839. doi:10.1016/j.
neuron.2006.05.019

Tan, T., Watts, S. W., and Davis, R. P. (2011). Drug delivery: enabling technology
for drug discovery and development. iPRECIO® micro infusion pump: pro-
grammable, refillable, and implantable. Front. Pharmacol. 2, 1-13. doi:10.3389/
fphar.2011.00044

Theer, P, Hasan, M. T., and Denk, W. (2003). Two-photon imaging to a depth
of 1000 pm in living brains by use of a Ti:ALOs. Opt. Lett. 28, 1022-1024.
doi:10.1364/0L.28.001022

Trachtenberg, J. T., Chen, B. E., Knott, G. W, Feng, G., Sanes, ]. R., Welker, E., et al.
(2002). Long-term in vivo imaging of experience-dependent synaptic plasticity
in adult cortex. Nature 420, 788-794. doi:10.1038/nature01273

Tsien, R. Y. (1998). The green fluorescent protein. Annu. Rev. Biochem. 67,509-544.
doi:10.1146/annurev.biochem.67.1.509

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

12

April 2016 | Volume 4 | Article 30


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://dx.doi.org/10.1038/nature02617
http://dx.doi.org/10.1126/science.1195797
http://dx.doi.org/10.1126/science.1195797
http://dx.doi.org/10.1016/j.jneumeth.2005.04.017
http://dx.doi.org/10.1016/j.clinph.2003.12.024
http://dx.doi.org/10.1016/j.clinph.2003.12.024
http://dx.doi.org/10.1126/science.1260318
http://dx.doi.org/10.1177/1073858405278015
http://dx.doi.org/10.1093/cercor/bhh020
http://dx.doi.org/10.1038/nature07418
http://dx.doi.org/10.1523/JNEUROSCI.5796-10.2011
http://dx.doi.org/10.1038/2855
http://dx.doi.org/10.1016/j.neuron.2013.08.028
http://dx.doi.org/10.1038/nature03274
http://dx.doi.org/10.1016/j.clinph.2004.02.005
http://dx.doi.org/10.1109/PROC.1982.12331
http://dx.doi.org/10.1016/S0896-6273(00)80361-X
http://dx.doi.org/10.1523/JNEUROSCI.2680-04.2004
http://dx.doi.org/10.1007/BF02440939
http://dx.doi.org/10.1126/science.1072699
http://dx.doi.org/10.1038/nmeth.2215
http://dx.doi.org/10.1038/nmeth.2215
http://dx.doi.org/10.1016/0006-8993(95)01025-0
http://dx.doi.org/10.1016/0006-8993(95)01025-0
http://dx.doi.org/10.1111/j.1525-1403.2009.00257.x
http://dx.doi.org/10.1088/1741-2560/6/2/026002
http://dx.doi.org/10.1088/1741-2560/6/2/026002
http://dx.doi.org/10.1093/brain/awh571
http://dx.doi.org/10.1093/brain/awh571
http://dx.doi.org/10.1007/s004249900123
http://dx.doi.org/10.1016/j.neuron.2011.08.023
http://dx.doi.org/10.1016/S0165-0270(98)00031-4
http://dx.doi.org/10.1146/annurev.neuro.23.1.393
http://dx.doi.org/10.1016/0014-4886(76)90220-X
http://dx.doi.org/10.1016/0014-4886(76)90220-X
http://dx.doi.org/10.1038/nmeth.2936
http://dx.doi.org/10.1038/nmeth.2936
http://dx.doi.org/10.1109/TNSRE.2009.2036849
http://dx.doi.org/10.1021/ac990670r
http://dx.doi.org/10.1038/nrn1326
http://dx.doi.org/10.1016/S0014-4886(05)80013-5
http://dx.doi.org/10.1038/nnano.2012.265
http://dx.doi.org/10.1038/nnano.2012.265
http://dx.doi.org/10.1016/j.neuron.2006.05.019
http://dx.doi.org/10.1016/j.neuron.2006.05.019
http://dx.doi.org/10.3389/fphar.2011.00044
http://dx.doi.org/10.3389/fphar.2011.00044
http://dx.doi.org/10.1364/OL.28.001022
http://dx.doi.org/10.1038/nature01273
http://dx.doi.org/10.1146/annurev.biochem.67.1.509

Moorjani

Miniaturized Technologies for Enhancement of Motor Plasticity

van den Brand, R., Heutschi, J., Barraud, Q., DiGiovanna, J., Bartholdi, K.,
Huerlimann, M., et al. (2012). Restoring voluntary control of locomotion
after paralyzing spinal cord injury. Science 336, 1182-1185. doi:10.1126/
science.1217416

Vitek, J. L. (2002). Mechanisms of deep brain stimulation: excitation or inhibition.
Mov. Disord. 17, $69-S72. doi:10.1002/mds.10144

Wang, S. S.-H., Denk, W., and Hiusser, M. (2000). Coincidence detection in single
dendritic spines mediated by calcium release. Nat. Neurosci. 3, 1266-1273.
doi:10.1038/81792

Wilson, T. (1995). Handbook of Biological Confocal Microscopy. Boston, MA:
Springer.

Yasuda, R., Harvey, C. D., Zhong, H., Sobczyk, A., Van Aelst, L., and Svoboda, K.
(2006). Supersensitive Ras activation in dendrites and spines revealed
by two-photon fluorescence lifetime imaging. Nat. Neurosci. 9, 283-291.
doi:10.1038/nn1635

Yizhar, O., Fenno, L. E., Davidson, T. J, Mogri, M., and Deisseroth, K.
(2011). Optogenetics in neural systems. Neuron 71, 9-34. doi:10.1016/j.
neuron.2011.06.004

Yuste, R., and Denk, W. (1995). Dendritic spines as basic functional units of
neuronal integration. Nature 375, 682-684. doi:10.1038/375682a0

Zemelman, B. V, Lee, G. A., Ng, M., and Miesenbock, G. (2002). Selective photo-
stimulation of genetically chARGed neurons. Neuron 33, 15-22. doi:10.1016/
S0896-6273(01)00574-8

Zhao, Y., Araki, S., Wu, J., Teramoto, T., Chang, Y.-F, Nakano, M., et al. (2011).
An expanded palette of genetically encoded Ca®* indicators. Science 333,
1888-1891. doi:10.1126/science.1208592

Ziv, Y., Burns, L. D., Cocker, E. D., Hamel, E. O., Ghosh, K. K., Kitch, L. J., et al.
(2013). Long-term dynamics of CA1 hippocampal place codes. Nat. Neurosci.
16, 264-266. doi:10.1038/nn.3329

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Moorjani. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

13

April 2016 | Volume 4 | Article 30


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://dx.doi.org/10.1126/science.1217416
http://dx.doi.org/10.1126/science.1217416
http://dx.doi.org/10.1002/mds.10144
http://dx.doi.org/10.1038/81792
http://dx.doi.org/10.1038/nn1635
http://dx.doi.org/10.1016/j.neuron.2011.06.004
http://dx.doi.org/10.1016/j.neuron.2011.06.004
http://dx.doi.org/10.1038/375682a0
http://dx.doi.org/10.1016/S0896-6273(01)00574-8
http://dx.doi.org/10.1016/S0896-6273(01)00574-8
http://dx.doi.org/10.1126/science.1208592
http://dx.doi.org/10.1038/nn.3329
http://creativecommons.org/licenses/by/4.0/

	Miniaturized Technologies for Enhancement of Motor Plasticity
	Introduction
	The Silicon Revolution
	Emergence of Brain–Computer Interfaces
	Optical Interfaces for Probing and Modulating Plasticity
	Delivery of Plasticity-Enhancing Neuromodulators
	Looking Ahead Towards Chronic Integrated Neural Interfaces
	Author Contributions
	Acknowledgments
	References


