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Abstract
Neural interface technology has made enormous strides in recent years but stimulating
electrodes remain incapable of reliably targeting specific cell types (e.g. excitatory or
inhibitory neurons) within neural tissue. This obstacle has major scientific and clinical
implications. For example, there is intense debate among physicians, neuroengineers and
neuroscientists regarding the relevant cell types recruited during deep brain stimulation (DBS);
moreover, many debilitating side effects of DBS likely result from lack of cell-type specificity.
We describe here a novel optical neural interface technology that will allow neuroengineers to
optically address specific cell types in vivo with millisecond temporal precision.
Channelrhodopsin-2 (ChR2), an algal light-activated ion channel we developed for use in
mammals, can give rise to safe, light-driven stimulation of CNS neurons on a timescale of
milliseconds. Because ChR2 is genetically targetable, specific populations of neurons even
sparsely embedded within intact circuitry can be stimulated with high temporal precision.
Here we report the first in vivo behavioral demonstration of a functional optical neural
interface (ONI) in intact animals, involving integrated fiberoptic and optogenetic technology.
We developed a solid-state laser diode system that can be pulsed with millisecond precision,
outputs 20 mW of power at 473 nm, and is coupled to a lightweight, flexible multimode
optical fiber, ∼200 µm in diameter. To capitalize on the unique advantages of this system, we
specifically targeted ChR2 to excitatory cells in vivo with the CaMKIIα promoter. Under these
conditions, the intensity of light exiting the fiber (∼380 mW mm−2) was sufficient to drive
excitatory neurons in vivo and control motor cortex function with behavioral output in intact
rodents. No exogenous chemical cofactor was needed at any point, a crucial finding for in vivo
work in large mammals. Achieving modulation of behavior with optical control of neuronal
subtypes may give rise to fundamental network-level insights complementary to what
electrode methodologies have taught us, and the emerging optogenetic toolkit may find
application across a broad range of neuroscience, neuroengineering and clinical questions.
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1. Introduction
A common goal of physiologists, physicians and bioengineers
is to elucidate the properties and control the pathologies
of specific classes of excitable cells within native tissue.
For example, in neuroscience, genetically targeted and
temporally precise manipulation of neuronal activity would
enable exploration of the causal function of individual neuron
types in intact circuits. In the clinical setting, precise
control over specific molecularly distinct cell types within
intact tissue would drive new understanding of excitable-cell
pathophysiology and almost certainly lead to development
of novel treatments.
Indeed, malfunctions in specific
types of electrically excitable cells contribute not only
to neuropsychiatric diseases such as Parkinson’s disease,
Alzheimer’s disease, pain syndromes, epilepsy, depression and
schizophrenia, but also to non-neural diseases including heart
failure, muscular dystrophy and diabetes.
The temporal precision of electrode stimulation has
led to powerful therapies in clinical neuroscience and to
remarkable insights in basic neuroscience [1–10]. Indeed,
neuromodulation of deep brain structures with surgically
implanted electrodes has brought about a revolution in
the treatment of movement disorders [11–14]. A similar
revolution is poised to take place in psychiatry, where
modulation of targeted brain structures holds great promise
for the treatment of many neuropsychiatric conditions [15].
However, difficulties persist that influence the application of
electrodes to behaving animals and human beings. Most
importantly, extracellular electrodes have limited cellular
specificity. It is generally impossible to target specific
classes of neurons in heterogeneously populated tissue
with extracellular electrodes, which indiscriminately activate
excitatory neurons, all classes of inhibitory neurons, and fibers
of passage in the stimulated area.
This problem, in addition to presenting major challenges
for neuroscientists seeking to probe the role of specific
cell types in behavior, is thought to contribute to the
inconsistent efficacy and sometimes serious side effects seen
in clinical deep brain stimulation. Stimulation-induced side
effects can result from the unintended stimulation of nontargeted brain regions [16] or from the ‘collateral damage’
of stimulating non-therapeutic cell types within the targeted
tissue. For example, DBS to the thalamus can induce
parasthesias, muscular cramps, dystonia, dizziness, dysarthria,
gait disturbance, balance disturbance, limb ataxia, impaired
proprioception and decreased fine motor movement [17,
18]. DBS to the globus pallidus can produce confusion,
depression, increased dyskinesia, gait and speech disturbances
[17, 18]. DBS to the subthalamic nucleus may produce
increased dyskinesia, spasm of the eyelids, confusion, memory
disturbance, personality changes, mood changes, apathy,
dysphonia, dysarthria and weight gain [16–20]. Because
electrical spread into non-targeted regions is one cause of DBS
side effects, side effects can often be reduced or eliminated by
adjusting the electrical pulse parameters. Unfortunately, an
improved side effect profile is frequently accomplished at the
cost of decreased treatment efficacy [18]. New technologies
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in neural stimulation are clearly needed to deliver improved
stimulation efficacy without an increased side effect profile.
Employing light to activate neurons has emerged as an
attractive new concept (for review, see [21–24]). Leveraging
advances in chemical biology and molecular genetics, several
groups have developed novel optical techniques to control
neural activity, involving optical uncaging of chemically
modified neurotransmitters [25–27], chemical modification of
native proteins to render them light-responsive [28, 29] or
introduction of light-sensitive proteins into cells [27, 30–36].
These pioneering techniques provided different levels of
temporal and spatial control of stimulation, but most required
addition of special chemical chromophores to the preparation,
a limitation which essentially prevented application to intact
mammals.
Channelrhodopsin-2 (ChR2), an algal light-activated
cation channel we have developed for use in mammals
[30], can give rise to nontoxic, light-driven stimulation
of CNS neurons on a timescale of milliseconds, allowing
precise quantitative coupling between optical excitation and
neuronal activation [22, 30–32, 37, 38]. Because ChR2
is genetically targetable, specific populations of neurons
embedded within intact circuitry in principle can be stimulated
with high temporal precision.
We recently developed
lentiviral methods to deliver ChR2 in vivo to adult rodents
by stereotactic injection. Initial experiments in brain slices
showed structurally intact neuronal somata and dendrites
expressing ChR2, and upon living acute slice preparation,
ChR2 exhibited the same rapid photoactivatable kinetics in
intact neural tissue as we had demonstrated in culture [22].
Indeed, we could drive reliable spike trains of up to 50 Hz,
and millisecond-scale spike timing precision could be
maintained even in sustained high-frequency trains. While
ChR2 requires the presence of all-trans-retinal (ATR) to
function, an important consideration for applications in vivo,
we found that endogenous ATR in the mammalian brain is
sufficient for the functioning of ChR2, allowing activation
of neurons in situ without added cofactors, in sustained yet
temporally precise trains of spikes.
These experiments from acute brain slices, while
demonstrating the safety and cofactor-independence of ChR2
in intact tissue, did not solve the problem of in vivo light
delivery to intact animals, an entirely distinct bioengineering
challenge. We therefore set out to develop a method of
performing cell type-specific optical stimulation in an intact
mammal. Development of such an optical neural interface
could allow real-time modulation of complex circuits in
awake, behaving animals, with an enormous range of possible
applications. We targeted the rodent vibrissal motor system, a
well-studied circuit [39, 40] with a validated and quantifiable
assay for activation, namely deflection of the whiskers. We
hypothesized that we could achieve optical control of whisker
deflection by expressing ChR2 in the excitatory motor neurons
of layer 5 vibrissal motor cortex. The core optical technology
we developed includes a blue laser diode coupled to an
optical fiber. The solid-state laser diode can be pulsed with
millisecond precision, outputs 20 mW of power at 473 nm,
and is coupled to a flexible stripped multimode optical fiber
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∼200 µm in diameter. The intensity of light exiting the
fiber end is ∼380 mW mm−2, sufficient to excite ChR2+
neurons within millimeters of the fiber end even accounting
for the significant attenuation seen in intact tissue. Achieving
modulation of behavior with optical control of neuronal
subtypes in this way may give rise to crucial networklevel insights, and find application across a broad range of
neuroscience and neuroengineering questions.

2. Materials and methods
2.1. Lentivirus production and transduction
Lentiviral vectors carrying the mammalianized-codon ChR2mCherry fusion gene under control of the CaMKIIα promoter,
to target excitatory cortical neurons, were constructed using
standard cloning techniques. Briefly, mCherry (courtesy of
Dr Roger Tsien at UCSD), with the start codon removed,
was fused in-frame to the carboxyl terminus of ChR2 via
a NotI linker. The ChR2-mCherry fusion gene was then
PCR amplified and inserted into a lentiviral plasmid carrying
a 1.3 kb fragment of the CaMKIIα promoter (courtesy of
Dr Pavel Osten at the Max-Planck-Institut Für Medizinische
Forschung) via the AgeI and EcoRI restriction sites. High titer
lentivirus (>109 pfu mL−1) was then produced via calciumphosphate co-transfection of 293FT cells (Invitrogen) with
the lentiviral vector, pCMVR8.74 and pMD2.G [22]. 24 h
post-transfection, 293FT cells were switched to serum-free
medium (ULTRACulture; Cambrex) containing 5 mM sodium
butyrate; the supernatant was collected 16 h later and
concentrated by ultracentrifugation at 50 000 × g with 20%
sucrose cushion. The resulting viral pellet was resuspended in
phosphate buffered saline at 1/1000th of the original volume.
2.2. Stereotactic viral delivery and preparation of acute
brain slices
Rats (male Wistars, 250–350 g) and mice (female C57/BL6,
25–30 g) were the subjects of these experiments. Animal
husbandry and all aspects of experimental manipulation of our
animals were in strict accord with guidelines from the National
Institute of Health and have been approved by members of the
Stanford Institutional Animal Care and Use Committee. Rats
were anaesthetized by i.p. injection (90 mg ketamine and 5 mg
xylazine per kg of rat body weight). Concentrated lentivirus
solution was stereotactically injected into the rat motor cortex
(anteroposterior = −1.5 mm from bregma; lateral = 1.5 mm;
ventral = 1.5 mm). For electrophysiological experiments,
2 weeks post-injection, 250 µm cortical slices were prepared
in ice-cold cutting buffer (64 mM NaCl, 25 mM NaHCO3,
10 mM glucose, 120 mM sucrose, 2.5 mM KCl, 1.25 mM
NaH2PO4, 0.5 mM CaCl2 and 7 mM MgCl2, equilibrated with
95% O2/5% CO2) using a vibratome (VT 1000 S; Leica).
After a recovery period of 30 min in cutting buffer at 32–35 ◦ C,
slices were gently removed to a recording chamber mounted on
an upright microscope (DM LFSA, Leica) and continuously
perfused at a rate of 3–5 ml min−1 with carbonated ACSF
(124 mM NaCl, 3 mM KCl, 26 mM NaHCO3, 1.25 mM
NaH2PO4, 2.4 mM CaCl2, 1.3 mM MgCl2, 10 mM glucose),
ventilated with 95% O2/5% CO2.

2.3. Cellular identification, electrophysiology and optical
stimulation methodology
Motor cortex slices were visualized by standard transmission
optics on an upright fluorescence microscope (DM LFSA;
Leica) with a 20×, 0.5 NA water immersion objective.
mCherry expressing cells located about 10–30 µm below
the surface of the slice were visualized with a TXRED
filter set (TXRED 4040B, exciter 562 nm, dichroic 530–
585 nm, emitter 624 nm; Semrock).
Images were
recorded with a cooled CCD camera (Retiga Exi; Qimaging).
Electrophysiological recordings in neurons were performed as
previously described [30]. Briefly, membrane currents were
measured with the patch-clamp technique in the whole cell
voltage-clamp configuration using Axon Multiclamp 700B
(Axon Instruments) amplifiers. Pipette solution consisted of
(in mM) 97 potassium gluconate, 38 KCl, 6 NaCl, 0.35 sodium
ATP, 4 magnesium ATP, 0.35 EGTA, 7 phosphocreatine and 20
HEPES (pH 7.25 with KOH). Pipette resistance was 4–8 M.
To obtain an estimate of the resting potential, we noted the
membrane potential at the time of establishing the whole cell
configuration. pClamp 9 software (Axon Instruments) was
used to record all data. For ChR2 activation, blue light pulses
were generated using the DG-4 high-speed optical switch with
a 300 W xenon lamp (Sutter Instruments) and a GFP filter set
(excitation filter HQ470/40×, dichroic Q495LP; Chroma).
The light pulses were delivered to the slice through a 20×
objective lens (NA 0.5; Leica) yielding a blue light intensity
of 10 mW mm−2, measured with a power meter (1815-C;
Newport). Electrophysiological experiments were performed
at room temperature (22–24 ◦ C).
2.4. Measurement of light transmission through rodent cortex
Light transmission measurements were conducted with acute
brain slices from a 300 g rat and a 30 g mouse. Brain slices
of thicknesses between 200 µm and 1 mm were cut in 0–4 ◦ C
sucrose solution using a vibratome (Leica; VT1000S). The
brain slices were then placed in a Petri dish containing the
same sucrose solution over the photodetector of a power meter
(ThorLabs; S130A). The tip of a 200 µm diameter optical fiber
(BFL37–200; Thorlabs) coupled to a blue diode laser (473 nm,
CrystaLaser) was mounted on a micromanipulator and then
positioned over the cortical tissue in the slice, normal to the
slice and detector. The tip was submerged into the solution
and moved to 1 mm above the tissue surface. Blue light from
the diode laser was delivered to the tissue via the optical fiber
and a measurement of the total light power was recorded from
the power meter. The fiber tip was then translated horizontally,
so that a blank measurement without tissue present could be
taken. For each slice, one measurement was taken from each
hemisphere. For each tissue thickness value, two different
slices were cut and measured. Transmission fraction was
calculated as the power with tissue present divided by the
power with no tissue present. Transmission of light through
the brain slices was modeled using the Kubelka–Munk model
for diffuse scattering media,
1
,
T =
Sz + 1
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where T is transmission fraction, S is the scatter coefficient per
unit thickness and z is the thickness of the sample [41]. The
model assumes that the sample is a planar, homogeneous,
ideal diffuser, which is illuminated from one side with
diffuse monochromatic light. The model further assumes that
reflection and absorption are constant over the thickness of the
sample. To further simplify the model, it was also assumed that
no absorption occurs. This assumption is based on previous
in vivo and in vitro data showing that in mammalian brain
tissue, transmission loss from scattering is much greater than
loss from absorption for wavelengths ranging from 400 to
900 nm [42, 43]. Best fit values for S were 11.2 mm−1 for
mouse and 10.3 mm−1 for rat. The complete relationship
of light intensity to tissue penetration distance was estimated
by taking the product of the measured transmission fraction
(remaining light not scattered or absorbed) and the calculated
fractional decrease in intensity due to the conical geometry
of emitted light at a given distance in the absence of tissue
scattering and absorption. The half-angle of divergence θ div
for a multimode optical fiber is


NAfib
θdiv = sin−1
,
ntis
where ntis is the index of refraction of gray matter (1.36, [41])
and NAfib (0.37) is the numerical aperture of the optical fiber.
Assuming conservation of energy, the geometric decrease in
intensity with distance from the fiber end z was calculated,
I (z)
ρ2
=
,
I (z = 0)
(z + ρ)2
where

(geometric component only)


n 2
−1
ρ=r
NA
and r is the radius of the optical fiber. The complete expression
for intensity taking into account both the scattering and
geometric losses is
I (z)
ρ2
=
.
I (z = 0)
(Sz + 1)(z + ρ)2

2.5. Implantation of optical neural interface and viral
delivery
Surgeries were performed under aseptic conditions. For
anesthesia, ketamine (90 mg kg–1 of rat body weight; 16 mg
kg−1 of mouse body weight) and xylazine (5 mg kg−1 of rat
body weight; 5 mg kg−1 of mouse body weight) cocktail was
injected i.p. The level of anesthesia was carefully monitored
and maintenance doses of anesthesia were given as needed.
Fur was sheared from the top of the animal’s head and the
head was placed in a stereotactic positioning rig. A midline
scalp incision was made and a 1 mm diameter craniotomy
was drilled: rat: anteroposterior = −1.5 mm from bregma,
lateral = 1.5 mm; mouse: anteroposterior = −1 mm from
bregma, lateral = 1 mm. A fiber guide (C313G; Plastics1)
was then inserted through the craniotomy to a depth of 1.5 mm
in the rat and 1.3 mm in the mouse. Three skull screws (00–
96 × 3/32; Plastics1) were placed in the skull surrounding
the fiber guide pedestal, and cranioplastic cement (Ortho-Jet;
Lang Dental) was used to anchor the fiber guide system to the
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skull screws. After 30 min, the free edge of the scalp was
brought to the base of the cranioplastic cement using sutures
(3–0 silk; Ethicon) and tissue adhesive (Vetbond; 3M). A 2 µL
aliquot of concentrated lentiviruses in solution (described
above) was slowly injected through the fiber guide using an
internal cannula (C313I; Plastics1) over 5 min. After waiting
10 more min for diffusion of the lentivirus, the internal cannula
was withdrawn, and a dummy cannula (C313G; Plastics1) was
inserted to keep the fiber guide patent.
2.6. Whisker deflection assay
Animals were lightly anesthetized with a 50% dose of the
ketamine and xylazine cocktail described above. For these
experiments we kept animals in only a lightly sedated state,
where whisker deflections spontaneously occurred, as heavier
sedation abolished both spontaneous and evoked responses
and with no sedation the spontaneous activity was so vigorous
it obscured any evoked activity. The method for whisker
deflection measurement was based on previous work [44].
Briefly, whiskers contralateral to the fiber guide implantation
were trimmed to 1 cm in length, and a 1 mg rare-earth magnetic
particle (neodymium-iron-boron; Magcraft) was attached to
the C2 vibrissa. The head was then placed in a stereotactic
rig with minimal pressure applied. To measure whisker
movement, a magnetoresistive sensor (HMC1001; Honeywell)
was mounted on a micromanipulator and moved near the
magnetic particle. The signal was amplified (410; Brownlee)
and recorded to a computer. Signals were high-pass filtered
at 10 Hz to remove low-frequency drift arising from head
movement and breathing. Stimulation of ChR2+ neurons was
accomplished using a multimode optical fiber (NA 0.37) with
a 200 µm silica core (BFL37–200; Thorlabs) coupled to a
473 nm diode pumped laser (20 mW output power uncoupled;
CrystaLaser). The measured light intensity emanating from
the fiber was 380 mW mm−2. The distal end of the fiber was
polished and the jacket was stripped; the fiber was inserted into
the fiber guide and advanced until flush with the fiber guide
end. The animal was then allowed to habituate to the setup.
Experiments were initiated once spontaneous whisker twitches
greater than 0.5◦ were present. During an experimental sweep,
30 s of pre-stimulus data, 20 s of intra-stimulus data (20 s pulse
of blue light) and 30 s of post-stimulus data were recorded.
2.7. Immunohistochemistry
Three weeks after photostimulation, a subset of mice
were anesthetized with ketamine/xylazine and sacrificed by
transcardial perfusion with ice cold 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS). Extracted brains
were incubated overnight in 4% PFA/PBS and for 48 h
in 30% sucrose/PBS. 40 µm sections were cut on a Leica
freezing microtome and stored in cryoprotectant at 4 ◦ C. For
immunostaining, free-floating sections were rinsed twice in
Tris-buffered saline (TBS, pH 7.5) and blocked for 30 minutes
in TBS++ (TBS/0.3% Triton X-100/3% normal donkey serum
(NDS)). Both primary and secondary antibody incubations
were conducted overnight at 4 ◦ C in TBS++ with NDS reduced
to 1%; sections were washed repeatedly in TBS after each
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antibody incubation. Antibodies used were rabbit anti-dsRed
(1:500, Clontech), mouse anti-CaMKIIα (1:200; Chemicon),
mouse anti-GAD67 (1:500, Chemicon), Cy3 donkey antirabbit (1:1000; Jackson ImmunoResearch) and FITC donkey
anti-mouse (1:1000, Jackson). Stained sections were mounted
under PVA-Dabco (Sigma). Confocal images were acquired
on a Leica TCS SP2 microscope. Statistics on cell phenotype
were determined by counting mCherry positive cells in thin
sections within the targeted deep cortical layers >50 µm from
the optical fiber tract for optimal immunohistochemistry. In
four 40 nm thick sections, 19 of 20 mCherry positive cells
were also positive for CaMKIIα. In three other 40 nm thick
sections, 0 of 30 mCherry positive cells were also positive for
GAD67.

(a)

(b)

(c)

(d)

(e)

(f)

3. Results
3.1. Optical neural interface design
Beginning with our initial adaptation of the algal ion channel
ChR2 to mammalian neurons [30], a growing number of
investigators now have demonstrated robust photoactivation of
ChR2-expressing (ChR2+) neurons in neuronal cultures and
brain slice [22, 30–33, 37, 38]. However, a method for in vivo
activation of mammalian behavior has yet to be demonstrated.
There are a number of technical challenges that must be
overcome to accomplish in vivo modulation of mammalian
behavior using ChR2. First, blue light (required for gating
ChR2) is highly scattered in brain tissue [42, 43] placing
limits on the volume of tissue in which the intensity required
for spiking is achieved (intensity 1 mW mm−2 according
to in vitro work by our lab and others [22, 30–33, 37, 38]).
For photostimulation of the superficial layers of cortex, and
perhaps deeper into cortex using two-photon systems, surface
imaging systems based on microscope objectives could be
adapted to deliver light through window craniotomies [45].
However, for deeper brain structures and for awake behaving
animals (the ultimate goal for neural interface development)
these bulky systems are not suitable. Another challenge is that
the illumination must correctly target the region that has been
rendered photosensitive with ChR2. In practice, this region
where ChR2 has been expressed is often <1 mm3 in volume,
depending on the type of viral vector, the method of injection
and the quantity of viral particles injected [22].
We developed a novel optical neural interface (ONI) to
address these problems and functionally activate ChR2 in an
intact animal. The interface consisted of an optical fiber
guide stereotactically mounted to the skull with an optical
fiber inserted through the guide (figure 1(a)). The fiber guide
is composed of a cannula embedded in a mounting pedestal.
The system serves two purposes. First, for viral transduction
of neurons, the fiber guide serves as an injection cannula to
deliver the viral vector to the motor cortex. Then following
expression of ChR2, the cannula is used to guide the optical
fiber to the correct location, positioning the tip so the light
beam is registered with the ChR2+ neurons. By using the
same cannula for viral delivery and positioning of the optical
fiber, we achieve confidence that the light beam is correctly

Figure 1. Overview of the optical neural interface. (a) Schematic of
optical neural interface mounted on a rat skull, showing optical fiber
guide, optical fiber inserted and blue light transmitted to the cortex.
2 weeks prior to testing, lentivirus carrying the ChR2 gene fused to
mCherry under control of the CaMKIIα promoter was injected
through the fiber guide. (b) Close-up schematic of the stimulated
region. The optical fiber tip is flush with the fiber guide and blue
light is illuminating the deeper layers of motor cortex. Only
glutamatergic pyramidal neurons that are both in the cone of
illumination and genetically ChR2+ will be activated to fire action
potentials. (c) Rat with optical neural interface implanted; blue light
is transmitted to target neurons via the optical fiber. (d) Close-up
view of the optical neural interface showing fiber guide attached
with translucent cranioplastic cement. Note that no scalp or bone is
exposed. (e) Low-power mCherry fluorescence image of acute brain
slice showing rat motor cortex after removal of optical neural
interface. The edge of the tissue displaced by the optical fiber is
demarcated with a dashed line. Numerous mCherry+ neurons
around the distal end of the fiber guide are present. Scale bar is
250 µm. (f) High-power image of mCherry+ neurons showing
membrane-localized fluorescence characteristic of ChR2-mCherry
fusion protein expression.

registered to the ChR2+ neurons (figure 1(b)). Figure 1(c)
shows a rat with the ONI implanted and blue light transmitted
to the ChR2+ neurons. Figure 1(d) is a close-up of the head
showing the fiber guide attached with cranioplastic cement and
an optical fiber inserted into the guide.
To validate the utility of the fiber guide system, it was first
important to verify that ChR2 could be expressed by injection
of virus through the fiber guide. Acute rat brain slices (2 weeks
post-injection through the fiber guide with lentivirus carrying
the ChR2-mCherry fusion protein) displayed large numbers
of red-fluorescent layer 4, 5 and 6 neurons in motor cortex,
S147
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revealing robust ChR2-mCherry expression (figure 1(e)). As
expected, and required for the optical interface to function,
the optical fiber creates a tract by displacing tissue. The
fluorescent neurons were located near the edge of the tissue
displaced by the optical fiber. At higher magnification, the
red fluorescence appeared to be preferentially localized to the
plasma membrane in these neurons (figure 1(f)), consistent
with previous observations of mCherry-ChR2 expression [22].
These data suggested that the targeted expression and spatial
registration functions of the cannula/fiber guide system could
be suitable for implementing an optical neural interface.

(a)

(b)

(c)

3.2. Expression of channelrhodopsin-2 in vibrissal motor
cortex
Before attempting intact-animal experiments, it was important
to confirm that functional ChR2 could be expressed in the
targeted excitatory motor neurons of layer 5 motor cortex.
To test this possibility, lentivirus carrying the ChR2-mCherry
fusion protein under the control of an excitatory neuronspecific CaMKIIα promoter [46, 47] was stereotactically
injected into rat vibrissal motor cortex, where brain slices
of the injected region made 2 weeks post-injection showed the
expected significant red fluorescence (mCherry) in the deeper
layers of the cortex (figures 2(a), (b)). In these same slices,
we next tested whether the level of ChR2 expression in these
neurons and with this promoter would be sufficient to induce
the depolarizing photocurrents required for action potential
generation. Indeed, whole cell recordings obtained from these
ChR2+ layer 5 motor neurons in acute brain slices showed
robust spiking in response to illumination with blue light
(473 nm; 10 mW mm−2 generated by a 300 W xenon lamp
and 20×, 0.5 NA objective) (figure 2(c)). In fact, the ChR2+
neurons were able to follow photostimulation trains (10 ms
pulses) at 5, 10 and 20 Hz (figures 2(c), (d) and (f)). Moreover,
the neurons generated an action potential for every light
stimulus; figure 2(e) shows that failures were never observed
even over multiple sustained trains of 10 Hz light pulses.
Having developed and validated the genetic technology
required for the in vivo experiments, we next sought to develop
and validate the optical technology. For this purpose, we
evaluated a fiber-coupled diode laser for its ability to evoke
photocurrent induced action potentials. Whole cell recordings
were obtained from a ChR2+ layer 5 motor neuron in acute
brain slices prepared as in figures 2(a)–(e), illuminated in this
case not by the xenon lamp and 20× objective but by the
polished end of a 200 µm multimode optical fiber. With
the fiber tip placed 1 mm away from the microelectrode
tip, the closest distance practically achievable for combined
whole-cell patch clamp, the neuron perfectly followed a train
of photostimuli at 2 Hz (figure 1(f)). As the frequency
increased beyond 2 Hz, there were an increasing number
of failures, where the photocurrents evoked were insufficient
to depolarize the neuron to the threshold of action potential
generation. Since the light intensity exiting the fiber end is
quite high (∼380 mW mm−2), the decrease in efficacy with
fiber illumination at higher frequencies is likely due to a rapid
decrease in the effective light intensity at significant distances
S148

(d)

(f)

(e)

(g)

Figure 2. Functional expression of ChR2 in intact rat cortical slice.
(a) Scanning confocal image of layer 4–6 pyramidal neurons in adult
motor cortex expressing ChR2-mCherry in the acute slice (mCherry
fluorescence visualized with 5× objective). Scale bar = 200 µm.
(b) Confocal image corresponding to (a) using 20× objective. (c),
(d), (f) Current clamp recordings from a layer 5 cortical pyramidal
neuron in the acute adult rat slice showing action potentials evoked
by 5, 10, or 20 Hz trains of light pulses (each blue dash represents a
single 10 ms light flash). (e) Nine consecutive spike trains at 10 Hz
(180 spikes resulted from 180 light flashes) superimposed to
demonstrate the low temporal jitter, reliability and sustainability of
ChR2-based photostimulation. Scale bars for (c) to (f) displayed in
(c) are 40 mV and 500 ms. Light pulses were delivered via the 20×
microscope objective producing a light intensity of ∼10 mW mm−2.
All experiments were performed without the addition of any
exogenous chemical cofactor. (g) Fiber optic activation of ChR2 in
acute rat cortical slice using 2 Hz trains of light pulses with 30 ms
duration. Each light pulse evoked one action potential under this
condition. The optical fiber was a 200 µm multimode silica-core
fiber coupled to a blue-laser diode (methods). The wavelength was
473 nm and the light intensity at the fiber tip was ∼380 W mm−2.
The tip of the optical fiber was placed 1 mm from the patch-clamped
neuron. Scale bars for (g) are 20 mV and 400 ms.

distal to the fiber tip. Presumably, ChR2+ neurons closer to the
fiber than were accessible by whole-cell patch clamp received
a higher light intensity and therefore followed action potential
trains more reliably.
3.3. Propagation of blue light in cortical tissue
For this work, it was important to understand the physical
processes and device parameters determining the volume of
ChR2+ neurons that can be effectively photostimulated. This
volume should correspond to the brain volume in which the
light intensity achieved is greater than ∼1 mW mm−2, the
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(a)

(b)

(c)

Figure 3. Blue light propagation through cortical tissue. (a)
Schematic of experimental setup, showing the relationship between
the optical fiber, brain tissue and attenuating light (r: optical fiber
radius; z: tissue depth from fiber end; θ div: the half-angle of
divergence). (b) The experimentally measured total transmission
fraction of 473 nm light through different thicknesses of cortical
brain tissue is shown for rat (n = 4, 2 slices from each of two
hemispheres) and mouse (n = 4, 2 slices from each of two
hemispheres). Error bars indicate one standard deviation from the
mean. The fits were produced using the Kubelka–Munk model of
light transmission through diffuse scattering media (methods). (c)
Calculated light intensity ratio of 473 nm light as a function of
tissue depth z. The ratio represents the intensity (mW mm−2) of
light after transmission through a given tissue thickness divided by
the intensity of the light emanating from the optical fiber tip.
Calculation of intensity was based on both the experimental data
and the Kubelka–Munk fits and incorporates effects of both
scattering and conical spread of the beam as determined by the
optical fiber’s numerical aperture (methods).

minimum intensity required for generation of ChR2-evoked
action potentials [22, 30–33, 37, 38]. The light intensity
exiting the 200 µm diameter optical fiber tip is ∼380 mW
mm−2, sufficiently intense to evoke action potentials. For
these experiments, the blue light used for ChR2 activation
(473 nm) is near the ChR2 peak absorption wavelength [35],
but brain tissue highly scatters and weakly absorbs light at
this wavelength [42, 43]. Figure 3(a) shows the experimental
setup. First, we directly measured the transmission fraction of

total transmitted blue light as a function of distance through the
rat and mouse cortical tissue (figure 3(b)). We found that after
passing through 100 µm of cortical tissue, total transmitted
light power was reduced by 50%, and by 90% at 1 mm
(figure 3(b)). Similar results were obtained in rat and mouse
tissue, and both sets of data (figure 3(b)) corresponded very
well with the Kubelka–Munk model for diffuse scattering
media (Methods), with best fit values for S of 11.2 mm−1
for mouse and 10.3 mm−1 for rat.
In addition to loss of light from scattering and absorption,
light intensity also decreases as a result of the conical spreading
of light after it exits the optical fiber. The light exiting
the multimode fiber is not collimated and spreads with a
conical angle of 32◦ determined by the numerical aperture
of 0.37. This effect will reduce the light intensity, which is
expected to be the relevant quantitative parameter determining
efficacy of ChR2 stimulation. We therefore next calculated the
effective intensity, taking into account the combined effects of
scattering, absorption and conical spread (figure 3(c)). The
relationship of intensity to tissue penetration distance was
estimated by taking the product of the measured transmission
fraction (total remaining light not scattered or absorbed) and
the calculated fractional decrease in intensity due to the conical
geometry of emitted light at a given distance in the absence of
tissue scattering and absorption (methods).
Together,
these experimental observations and
calculations (figure 3(c)) allowed us to estimate the expected
volume of tissue activated by this implementation of the
optical neural interface. If effective ChR2-induced spiking is
achieved at 1 mW mm−2, then with the current laser diode and
fiberoptic technology the optical neural interface in principle
will be capable of evoking spiking in neurons at least up to
1.4 mm from the fiber tip. This distance value, together with
the measured conical cross-section of 1 mm diameter at 1.4 mm
from the fiber tip, results in a total volume experiencing
1 mW mm−2 light intensity of ∼0.5 mm3. This volume
represents a substantial volume of brain tissue on the same
order of magnitude as features on the somatotopic maps on
motor cortex, and indicated to us that the optical design of
the neural interface, in combination with the previously tested
genetic design, could suffice to drive motor cortex function in
the intact animal.
3.4. Optical control of motor output
We next tested whether the optical neural interface could
be used to control motor output. Having demonstrated that
functional ChR2 can be expressed in the deeper layers of
vibrissal motor cortex, we hypothesized that activation of
these neurons using the optical neural interface would cause
detectable whisker movements. Previous work has shown
that electrical stimulation of vibrissal motor cortex results in
whisker deflections [39, 40], and that firing of even a single
layer 5 or 6 motor neuron will evoke deflections [48].
To quantify whisker deflection, we attached a magnetic
particle to the C2 whisker and tracked its movement using a
magnetic field sensor (figure 4(a)) [44]. We found that indeed
pulsed blue light delivered via the optical neural interface
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(b)
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Figure 4. Optical control of motor output in rat. (a) Schematic of whisker movement measurement setup. Top: optical neural interface used
to activate rat vibrissal motor cortex: the blue laser diode was coupled to a 200 µm multimode silica-core optical fiber. The fiber was
directed at the motor cortex using the implanted fiber guide. Blue light (473 nm) was transmitted to the vibrissal motor cortex via the optical
fiber. Whisker movements were measured magnetically (methods); a magnetic particle was attached to the contralateral C2 vibrissa and a
magnetoresistive sensor was placed near the particle. Changes in the voltage were amplified electronically and recorded to a computer. The
signal was high-pass filtered at 10 Hz to remove low-frequency drift. (b) Whisker activity in a ChR2+ rat in response to a 20 s continuous
pulse of blue light. Three consecutive sweeps are shown. Scale bars: 5◦ and 5 s. (c) Rat mean whisker activity pre-stimulus, intra-stimulus
and post-stimulus. The mean number of whisker twitching events was significantly greater in the ChR2+ rats (lentivirus injected through the
fiber guide, n = 2) than in the ChR2− rats (vehicle injected through fiber guide, n = 2), ∗ p < 0.05. (d) Histogram of behavioral latency;
time from stimulus onset to whisker deflection; 4 s bins; all events included.

repeatedly evoked whisker deflections in the rat (figure 4(b))
of up to 10◦ . The mean number of whisker deflection events
during stimulation was significantly higher in the ChR2+ rats
than in the ChR2– control rats (p < 0.05) (figure 4(c)). The
control rats had an ONI implanted, but received a vehicle
injection through the fiber guide in lieu of the virus. The lack
of increase in whisker activity during stimulation in the
control rats indicates that the evoked activity was directly
due to ChR2 activation and not due to a non-ChR2 effect
related to the light delivery, such as a startle response or
local nonspecific tissue effects of light delivery. Individual
whisker deflection events occurred throughout the duration
of the stimulus (figure 4(d)). The successful generation of a
motor output indicates that ChR2 under control of the ONI
is not only able to optically stimulate targeted cells but also
to trans-synaptically recruit downstream neurons [21] (e.g.
thalamic and cranial nerve neurons) in the motor pathway
leading to muscle contraction.
The laboratory rat is a widely used animal model for
many neurological and psychiatric diseases relevant to brain
stimulation work. However, mice are the ideal animal
model for studying genetic contributions to nervous system
physiology and pathology, despite the fact that mice can
be more challenging for neural interface work due to their
much smaller size. Therefore, the optical neural interfaces
were also implanted and tested in mice. As in the rat, 20 s
blue light pulses delivered with the ONI evoked whisker
deflections (figure 5(a)) up to 20◦ . Again, the mean number of
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deflections during the stimulus period was significantly higher
in the ChR2+ mice than in the ChR2– mice (p < 0.05)
(figure 5(b)). The amplitude of the whisker deflections
was also analyzed, and demonstrated an increase in the
amplitude of whisker deflection during the stimulus period
when compared with the pre-stimulus period (p < 0.05)
(figure 5(c)). Latencies to behavioral output (figure 5(d)) were
similar to those observed in the rat and presumably reflect
complexities of motor circuit function in vivo; these data are
consistent with the interpretation that optogenetic activation
of this population of cells in motor cortex stably increases
the probability of triggering functional motor output during
the period of illumination. Together, these data demonstrate
successful implementation of an optical neural interface.
3.5. Neuron type-specific activation via optical stimulation
Finally, we sought to confirm that we were indeed
stimulating a select genetically defined set of neurons
via this integrated optical and genetic technology. We
employed immunohistochemistry to verify that ChR2 was
expressed specifically in the excitatory cortical pyramidal
neurons (figure 6), as hypothesized from our use of the
glutamatergic, neuron-specific, CaMKIIα promoter to drive
ChR2 expression. Fixed brain sections of injected animals
were immunostained as floating sections with an antibody
for dsRed to label ChR2-mCherry, along with antibodies
for either CaMKIIα or glutamate decarboxylase (GAD67),
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Figure 5. Optical control of motor output in mouse. (a) Whisker activity in a ChR2+ mouse in response to a 20 s pulse of blue light. Six
consecutive sweeps are shown. (b) Mouse mean whisker activity pre-stimulus, intra-stimulus, and post-stimulus. ChR2+ mice (lentivirus
injected through the fiber guide, n = 4) had significantly more whisker twitching events than ChR2− mice (vehicle injected through fiber
guide, n = 3), ∗ p < 0.05. Comparisons of whisker activity pre-stimulus and post-stimulus were not significantly different in either the
ChR2– or ChR2+ mice, both p > 0.5. (c) Mouse mean whisker deflection amplitude pre-stimulus, intra-stimulus, and post-stimulus.
Deflection amplitude was significantly larger during the light pulse, ∗ p < 0.05. (d) Histogram of behavioral latency; time from stimulus
onset to whisker deflection; 4 s bins; all events included.

a GABA-producing enzyme that is specifically expressed
in inhibitory interneurons. Representative confocal images
of ChR2/CaMKIIα and ChR2/GAD67 immunostaining are
shown (figure 6). We observed that 95% of the ChR2-positive
cells in the cortex also expressed CaMKIIα (illustrated in
figures 6(a)–(c)), and 0% expressed GAD67 (illustrated in
figures 6(d)–(f)). Thus, ChR2 expression was specific to the
excitatory CaMKIIα-expressing cortical neuron population.
As a consequence, the optical neural interface selectively
activates excitatory cortical neurons and not other cell types
such as inhibitory neurons or glial cells, a key advantage of
this interface design.

4. Discussion
4.1. Summary of results
In this paper we present results showing the successful
development and implementation of a novel optical neural
interface based on integrated fiberoptic and optogenetic
technology [21]. This interface employs an implanted fiber
guide to target the brain region of interest (vibrissal motor
cortex in this case). This fiber guide was used to (1) deliver

the engineered viruses that render specific neuronal types
optically sensitive through ChR2 expression and (2) direct the
illumination beam of the optical fiber to the ChR2+ neurons.
Using this interface, optical control of the rodent’s motor
system was achieved. Indeed, robust, high-amplitude whisker
deflections were evoked when blue light was delivered by
the optical neural interface. The interface was implemented
in both a rat and a mouse model, and was verified to target
specific neuronal cell types.
4.2. Comparison with other methods
Traditionally, electrodes have been the most valuable tool for
stimulating neurons, both in the laboratory and in the setting of
clinical neuromodulation. Electrodes can ‘speak the language’
of neurons, approximating natural excitatory cellular signals
on the millisecond timescale. While large myelinated axons
may be preferentially activated [49–52], electrodes are largely
agnostic with regard to the type of the neurons that they
stimulate. Consequently, physical proximity of an electrode
pole to the neuron may be the single largest determining factor
with regard to which neurons will be stimulated. Accordingly,
it is generally not feasible to restrict stimulation absolutely
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Figure 6. ChR2 expression is specific to excitatory glutamatergic neurons. (a), (d) Cortical sections of mouse brains infected with
lentiviruses carrying the ChR2-mCherry fusion protein under the CaMKIIα promoter were immunostained for mCherry. (b) Same section in
(a) immunostained for the excitatory glutamatergic neuronal marker CaMKIIα. (c) Merged image of (a), (b) showing colocalization
between ChR2-mCherry and CamKIIα. (e) Same section as (d) immunostained for the inhibitory GABAergic neuronal marker GAD67.
(f) Merged image of (d), (f) showing no colocalization of ChR2-mCherry with GAD67. Scale bar is 50 µm.

(a)

(b)

Figure 7. Comparing effects of electrical and optogenetic stimulation of neural tissue. (a) Electrical stimulation non-specifically affects all
cell types near the electrode. (b) By contrast, optogenetic stimulation affects only those neurons of a specific type that have been genetically
targeted to express ChR2. Schematic not to scale.

to a single class of neuron, in contrast to the level of control
afforded by the optical neural interface technology described
here.
With electrode-based deep brain stimulation (DBS), the
distinctions among treatment efficacy failure, stimulationinduced side effects and even successful therapeutic effects are
sometimes unclear. For example, does the eventual rebound
of tremor and rigidity in a Parkinson’s patient implanted with
a DBS electrode result from electrode failure, peri-electrode
glial scarring or neurophysiological adaptation of the targeted
neurons? Alternatively, might the rebound of symptoms be
inevitable even with ongoing successful stimulation of the
target neurons, resulting instead from chronic stimulation
of a non-targeted neuron population resulting in a gradually
acquired functional adaptation? Similarly, are the promising
effects of DBS to brain area Cg25 in patients with chronic
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depression attributable to direct inhibition of Cg25 [15], or
might electrical spillover of a magnitude sufficient to cause
effects in the basal ganglia be separately inducing therapeutic
activity elsewhere? Such questions remain compelling areas
for future investigation, now perhaps more accessible with
the advent of optogenetic control [21], with greater spatial
precision sufficient to permit the selective control of distinct
cell types in specific neural circuits (figure 7). Even in cases
where non-specific stimulation could be desirable, gaining
knowledge of which cell types are responsible for therapeutic
success or failure is crucial to furthering our understanding of
these neuromodulation therapies.
Additional problematic features of electrode stimulation
could become less significant with the optical interface. For
example, on the timescale of months, deep brain stimulation
(DBS) electrode-leads frequently become encapsulated by
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Table 1. Comparison of neuromodulation modalities (electrical, magnetic, and optogenetic).

Implantation
Spatial precision
Neural depolarization
Neural hyperpolarization
Cell-type specificity
Temporal precision

Electrical

Magnetic

Optogenetic

Electrode and wire
Moderate (mm)
Yes
Not readily
Low
High (ms)

Not necessary
Low (cm)
Yes
Not readily
Low
High (ms)

Light source and gene
High (single cell)
Yes
Yes (direct inhibition)
High
High (ms)

glial cells [53], elevating the electrical impedance and
therefore the electrical power delivery required to reach
targeted cells. However, compensatory increases in voltage,
frequency or pulse width to increase spread of electrical
current may increase unintended stimulation of non-target
cell populations, with the emergence of side effects [52, 54,
55]. Glia are effective electrical insulators, but are also
largely optically transparent, and therefore the optical neural
interface has the potential to serve as a much more stable
long-term interface technology in the setting of inevitable
glial scar formation. The movement of the brain relative to
the skull is another potential source of local tissue damage
if the optics are hard-anchored to the skull [56, 57]. Such
problems may be overcome through the use of optoelectronic
elements implanted within the brain tissue. Additional longterm experimental work, tracking implant efficacy on the
timescale of many months to years, will be needed to test
this hypothesis.
Another method of brain stimulation is transcranial
magnetic stimulation (TMS), which is emerging as a safe
and effective treatment for conditions including depression,
tinnitus and trigeminal neuralgia. In this method, large
magnetic fields (>1 T) are generated by custom coils apposed
to the head carrying large currents (up to 8000 A) in very
brief pulses (<1 ms); the resulting rapidly changing magnetic
fields cross the scalp and skull without significant pain or
discomfort and induce electrical currents in cortical brain
tissue. While appealing because of its noninvasive character,
TMS is limited by rapid fall off of power with distance from
the surface of the coil [58–60] and cannot, at present, achieve
focus at depth [61, 62]. Consequently, only surface cortical
structures can be directly stimulated in a spatially focused
manner. This contrasts with implantable electrical and optical
neural interfaces, both of which can target arbitrarily deep
structures. Additionally, enormous currents and large amounts
of electrical energy are required due to the inefficient inductive
conversion process, and finally, like electrodes, TMS is of
course generally agnostic with respect to the type of neurons
activated.
4.3. Challenges and future directions in development of the
optical neural interface
Potential challenges relating to the ONI include the fact that
the gene must be introduced into the target tissue, and that
the volume of tissue activated is currently limited by the
light intensity delivered through the fiber. Regarding the
genetic aspect, gene therapy in neurons (nonproliferative
cells that are non-susceptible to neoplasms) is proceeding

rapidly, with active, FDA-approved clinical trials already
underway involving viral gene delivery to human brains
(www.ceregene.com). Moreover, the utility of this technology
extends far beyond direct clinical applications. First, important
clinical utility will result from application of this method
to animal models of DBS, for example in Parkinsonian rats
[63–65], to identify the target cell types responsible for
therapeutic effects (an area of intense debate and immense
clinical importance [13, 66]). This knowledge alone may lead
to the development of improved pharmacological and surgical
strategies for treating human disease. Second, for basic
neuroscience investigations, this method appears powerful
enough to link genetically defined cell types with complex
systems-level behaviors, and may allow the elucidation of the
precise contribution of different cell types in many different
brain regions to high-level organismal functioning.
Regarding volume of tissue activated, while the volumes
activated with this technology sufficed to control systems level
functioning in the work presented here, larger volumes of
activation could be important in other settings, for example
in large-scale neural prosthetic applications. However, our
measurements and calculations very likely give rise to a
lower limit on volume of tissue activatable with the ONI.
Neurons at higher physiological temperatures will be more
excitable than those in our in vitro experiments in which light
power requirements were quantitatively measured. Moreover,
our optical fiber is several-fold thinner than the diameter of
current DBS electrodes (1.27 mm, www.medtronic.com), and
enlarging the fiber will markedly enlarge the volume of tissue
activated (20 mm3 for a 1 mm diameter optical fiber).
The ONI described in this paper provides a method for
increasing neural activity. While useful for many applications,
direct neural inhibition may be more appropriate for others.
Toward this end, our lab and others have developed optogenetic
techniques for suppressing neural activity in intact living
neural circuits; a vertebrate rhodopsin has been shown to
inhibit neural activity in chick spinal cord [32], and we
recently have demonstrated that a specific halorhodopsin from
Natronomonas pharaonis (NpHR, a light-activated chloride
pump) can be used to suppress neural activity, in slices of intact
mammalian neural tissue, with high temporal precision [67].
It has also been suggested from work in cell culture that this
method could be used to desynchronize or inhibit neurons [68].
This approach opens up the possibility of making inhibitory
ONIs for intact mammalian brain tissue; the ability to ‘turn
off’ neurons in vivo in a fast reversible manner will likely be
useful in both basic and clinical neuroscience.
In summary, this combined optical and genetic
(optogenetic [21]) neural interface design offers several
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possible advantages over electrical and magnetic techniques
(table 1). First, the ONI provides a privileged channel
of communication that does not affect non-targeted cell
populations. Second, the ONI will likely be less susceptible
to signal attenuation due to gliosis. Third, the diffuse light
scattering and gradual, acute-angle beam divergence from the
depth-targeted optical fiber source give rise to a suitable depth
penetration profile. The ONI also conserves important features
of electrical and magnetic stimulation, including millisecondscale temporal precision. Finally, the hardware involved with
the ONI is not significantly more bulky than current DBS
hardware, and the long, flexible, lightweight optical fiber
method separates resistive heat-generating elements from the
target tissue.

5. Conclusion
Optical neuromodulation remains in the early stages of
research, but offers a number of promising technological
advantages.
While a great deal of engineering and
technology development remain to be conducted, the optical
neural interface raises the prospect of specific interventions
such as controlling motor fibers while leaving immediately
adjacent pain fibers undisturbed (or vice versa), and
selectively controlling excitatory or inhibitory neurons in
DBS target regions. On the basic science side, ChR2expressing animals have been useful for fast and precisely
targeted electrophysiological circuit mapping [69–71]. The
optical neural interface mediating behavior in intact animals
described here now pushes optogenetic technology beyond
electrophysiological studies to determining the causal role of
specific cell types in complex animal behaviors. Targeted,
temporally precise control of specific neuronal subtypes may
lead to insights into clinically relevant neuromodulation with
fewer side effects and more robust therapeutic efficacy, as well
as insights into the cellular basis of systems-level neural circuit
function.
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