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A B S T R A C T

The recent development of optogenetic tools introduced a novel ap-
proach for the interrogation of the nervous system. The exploitation
of genetically encoded fast acting light-activated microbial opsins al-
lows for cell-type specific control of neuronal excitability with high
temporal precision. In combination with established multi-channel ex-
tracellular electrophysiology both observation and perturbation can
be achieved simultaneously. However, the spatial resolution of stim-
ulation in awake behaving animals is limited by the tethering and
weight limitations for required optics imposed by the small size of
laboratory rodents.

Coupling miniature light-emitting diodes (LEDs) or laser diodes
(LDs) to small core optical fibers yielded light sources with high
power densities. Their small mass and minimal tethering requirement
permits placement of several diode-fiber couplets onto the animals
head without compromising the freedom of movement.

Optoelectric arrays were constructed by combining multi-shank sil-
icon probes or multiple tetrodes mounted on movable micro-drives
with several diode-coupled fibers. Reduction of the fiber diameter by
thinning of the cladding and shaping of pointed tips by etching of the
fibers allowed to position the fiber tips close (< 50µm) to the record-
ing electrodes. A custom-built multi-channel current source granted
high temporal resolution and precise control over stimulation inten-
sity with arbitrary stimulus waveforms.

Diode-probe or diode-tetrode arrays were implanted into the brains
of rats and mice expressing channelrhodopsin-2 (ChR2) in cortical
and hippocampal neurons. Stimulation reliably evoked cell-type spe-
cific optogenetic activation. A large fraction of isolated units was light
modulated. The spatial expanse of activation depended on the stim-
ulus intensity with weak light limiting activation to the illuminated
shank.

Thus, diode-probes and diode-tetrodes enable precise and versatile
spatiotemporal control of specific types of cells in freely behaving
animals expressing exogenous opsins.
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P U B L I C AT I O N S

Ideas and figures of have previously appeared in the Stark et al. work
“Diode probes for spatiotemporal optical control of multiple neurons in freely
moving animals” published 2012 in the Journal of Neurophysiology
[59].
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An original idea.
That can’t be too hard.

The library must be full of them.

— Stephen Fry [20]
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1
I N T R O D U C T I O N

Small laboratory animals, foremost rodents like mice and rats, are
a crucial platform for behavioral and circuit level neuroscience [68].
They offer a wide range of genetic tools and behavioral paradigms
and their anatomy is well documented. However, their body size
imposes limitations on recording hardware and tethering for exper-
iments involving the awake freely moving animals [7, 17, 41]. The in-
troduction of optogenetics increased the challenge in designing high-
fidelity miniature recording gear with an increasing number of chan-
nels, while accommodating concurrent optogenetic stimulation [8, 1].

1.1 optogenetics

While a large variety of methods for perturbation of excitable cells ex-
ists, these traditionally have substantial limitations for interrogation
of neural circuits. Electrical and physical methods provide temporal
precision but have poor spatial selectivity, while genetic and pharma-
cological methods have severely limited temporal resolution and are
often accompanied by unwanted or unknown side effects [13].

Optogenetics as a very recent addition to the neuroscience toolbox
is promising to greatly extend the ability of scientists to interact with
neuronal circuitry. The core of optogenetics is the use of genetically
encoded light-controlled molecular actuators [8, 14, 69]. The combi-
nation of existing genetic and proteomic tools, a large and quickly
increasing variety of such actuators (Figure 1, [72, 19]) and the use of
photons as the signaling channel combines spatiotemporal precision
with cell type specificity [9, 15, 24, 35]. A steadily increasing num-
ber of publications has already demonstrated its power and ease of
adoption (see review by Tye and Deisseroth [61]).

1.1.1 Optogenetic actuators

A wide range of optogenetic probes for different use cases exists
(Figure 1, [40]). The most commonly used are engineered versions
of natural microbial or mammalian opsins (others include control
of protein activity using fluorescent proteins [73]). Opsins are seven
transmembrane domain (7TM) proteins which are able to interact with

1
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Figure 1: A large variety of opsins available is covering available the spec-
trum of peak absorption wavelengths and activation kinetics. Most no-
tably fast depolarizing probes like channelrhodopsins (ChR2, VChR1)
and the significantly improved mutations, as well as the hyperpolariz-
ing halorhodopsin variants (NpHR) and archaerhodopsin (Arch). See Lin
[40] for review; adapted from Yizhar et al. [67]

.

chromophores (retinal or vitamin A) for light sensitivity [52, 14, 50].
Their activation by light pulses typically allows the translation of ions
across the membrane, altering the electric potential of the targeted
cell [9, 23, 26, 42]. Alternatively chimeric proteins with G-protein cou-
pled receptors (GPCRs) allow the modulation of intracellular signaling
[32, 34].

1.1.1.1 Depolarizing probes

Depolarizing optogenetic probes shift the membrane potential of af-
fected neurons, greatly increasing the likelihood of action potential
(AP) initiation. The most widely used in current in vivo research are
channelrhodopsins. These non-specific light-gated cation channel are
permeable to H+, Na+, K+ and Ca2+ ions [49, 5]. Channelrhodopsin-
1 (ChR1) and channelrhodopsin-2 (ChR2) are the most prominent ex-
amples, expressed by the green algae Chlamydomonas reinhardtii as
part of its phototaxis cascade [50]. The wild type channelrhodopsin
has a peak activation wavelength of 480nm [4]. A range of engi-
neered versions with shifted peaks exist, allowing to match the opsin
to available stimulation optics and the use of multiple optogenetic
probes with sufficiently separated spectra [53, 61]. Opsin activating
absorbs photons via its chromophore (retinal or vitamin A) [50, 49],
causing a conformation change and opening the channel pore and
ions can diffuse passively across the membrane. Without light, the
chromophore relaxes within milliseconds (Figure 1, [9, 70], quickly
closing the pore. These fast activation and deactivation kinetics al-
low tight temporal control over targeted cells. The maximum stimu-
lation frequency of 40Hz has been greatly increased with recent engi-
neered variants reaching up to 250Hz. Most notably the ChR2 muta-
tions ChETA, ChiEF and ChEF, but also mutations with novel kinet-
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ics, like step-function opsin (SFO) and stabilized step function opsins
[9, 24, 41, 70]. Opsins from other species, like VChR1 from Volvox
multicellular algae, can contribute novel characteristics, in this case a
red-shifted activation peak of 535nm allows use of multiple opsins
and deeper penetration of activation.

1.1.1.2 Hyperpolarizing probes

In contrast to depolarizing probes, hyperpolarizing optogenetic ac- There are exceptions
where the chloride
current depolarizes,
for example when
the chloride reversal
is sufficiently
shifted.

tuators typically inhibit spike initiation of cells, down to completely
silencing neurons. At the time of writing, halorhodposin (NpHR), a
light-driven Cl− pump expressed by the halobacterium Natronomonas
pharaonis, is the most commonly used hyperpolarizing opsin in vivo [6,
39, 38, 57]. The activation mechanics are similar to channelrhodopsin
with a chromophore (retinal or vitamin A) absorbing photons and ac-
tivating the probe. The wild type protein has a peak activation with
yellow light at around 570nm. While the conductance is passive for
channelrhodopsins, halorhodopsin is a ion pump, actively carrying
ions across the membrane [38]. For efficient use in mammalian neu-
rons halorhodopsin was improved by adding and improving traffick-
ing sequences (enhanced halorhodopsin, eNpHR, [22]) and increased
photocurrents (eNpHR3.0), improving overall membrane hyperpolar-
ization in response to light [23, 42].

Recently the palette of microbial rhodopsins able to efficiently in-
hibit neuronal activity has been extended with the discovery of the
light-driven proton pump Arch from Halorubrum sodomense [15, 23],
responding to yellow light, and its stronger homolog ArchT [27]. Mac
and eBR, engineered from Leptosphaeria maculans [30] and Halobac-
terium salinarum bacteriorhodopsins expand the available spectrum
for optogenetic inhibition to blue-green light [15].

1.1.2 Gene delivery and selective neuron targeting

Optogenetic probes are genetically encoded with relatively small gene
sizes (< 1000DNA bp) and usually do not require the addition of lig-
ands into the target tissue. This exposes the full range of available
genetic methods, from gene delivery, cell type specific expression
and control over intracellular trafficking [43]. Existing techniques in
molecular biology aide the quick development of advanced versions
and the construction of fusion proteins for complex control schemes
and precise labeling [40].

The most common method for genetic transfer of optogenetic probes
is injection of viral vectors into the volume of interest. Vectors typi-
cally consist of replication defective lentiviruses or recombinant adeno-
associated viruses [43, 67, 71]. The payload of viruses is very limited
however, making it difficult to place the optogenetic transgene under
control of a cell type specific promoter, as those are often too large.
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Additionally, lentiviruses integrate the genetic material into the host
genome where it can interfere with normal function and becomes
susceptible to epigenetic silencing [71].

In-utero electroporation (IUE) allows to introduce the transgene at
specific time points during the development, allowing for tissue speci-
ficity [63, 48] by timing the with the formation of cell layers. IUE how-
ever is invasive and can have other risks (e.g. mosaic expression).

For mice (and in a limited number also for rats) a wide range of
transgenic strains are available. These allow better control over cell
type specific transgene expression.

A major addition to the transgenic toolbox are Cre-recombinase
based expression systems [44, 45, 66]. By controlling Cre-expression
with the often weak cell-type specific promoter, the transgene itself
can be placed under control of a strong ubiquitous promoter and
flanked by sites recognized by Cre. In cells expressing Cre even in
small quantities, the enzyme will recognize the sites and allow expres-
sion of the strongly driven transgene. In addition, this allows to com-
bine viral and non-viral gene delivery methods. The result is a highly
modular system for transgene expression. A great example of this
modularity is the combination of Cre-driver lines with Cre-reporter
lines. For example the PV::Cre and CamKIIa::Cre combined with Ai32

reporter line carrying a ChR2H134R-EYFP construct [44, 45].

1.2 light delivery

In principle, any light source could be used if the intensity achieved
at the target location is higher than the activation threshold for the
opsin. But in the real use case each application has further require-
ments that have to be taken into consideration. Most notably the com-
bination of intended intensity at required and available wavelengths,
size and location of the target volume. Furthermore, trade-offs ex-
ist between achievable light penetration depth and thermal effects,
which can cause tissue damage or alter cell activity and neuronal ex-
citability [33, 68].

1.2.1 Light sources

While arc lamps or diode-pumped solid state (DPSS) lasers can be
applicable for most applications and deliver high intensities [2, 55, 12],
they are impractical for placing light sources close to the area of effect
due to size and cooling requirements. Small high efficiency solid state
light sources like laser diodes (LDs) and light-emitting diodes (LEDs)
on the other hand allow scalable integration at high intensities [33,
59].

LEDs and LDs are electrically behaving like typical semiconductor
diodes, however with higher forward voltage (Vf) drops (1V to 6V
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compared to 0.2V to 0.5V for most small-power diodes) primarily de-
pending on the wavelength and material. This forward voltage trans-
lates to a high threshold at which the characterizing I/V function
dramatically increases in slope. Diodes are highly linear devices over
their operating range, especially LEDs emit light in mostly linear de-
pendence to the applied forward current (If). In the last decade large
progress has been made in extending the variety of available wave-
lengths, as well as greatly improving the efficiency, the latter which is
expressed as Haitz‘s law [25], predicting an exponential development
in the efficiency of LEDs. With Auger recombination identified as the
major mechanisms behind current limitations in increasing the light
density, this development is likely to continue [31]. High efficiencies
translate to low thermal losses and reduced heating at the component
level, but also to a luminous flux in small surface areas, lending these
light sources to coupling into fibers with small core diameters.

At low currents laser diodes (LDs) operate similar to LEDs. How-
ever, their bulk light output is achieved by an electrically pumped
laser. Once the applied If reaches a threshold, photons in an optical
cavity cause an avalanche effect in the pumped medium, emitting a
highly coherent and high intensity beam from the facet of the crys-
tal. This lasing threshold complicates the electrical control of LDs, as
they have both, a threshold voltage and a threshold current. For most
LDs available, these parameters vary between individual components.
Additionally, the employed crystals are mechanically fragile and sus-
ceptible to heating, being high power devices in small packages. Fur-
thermore the emitting facet can easily be overloaded with photons,
as pulses of less than a millisecond duration can cause catastrophic
optical damage (COD).

1.2.2 Drivers and control

To facilitate independent driving of diodes with common anodes (e.g.
multi-color LDs) requires a current source. While diode-based light-
sources are partly operating in a linear fashion, their characteristics
impose several requirements on the circuitry driving them. The driver
has to supply the forward voltage required even by short wavelength
LEDs and LDs and relatively high currents (6 100mA) for multiple in-
dependent diodes. Additionally stimulation timing and intensity has
to be controlled with precision even at high frequencies by analog or
digital input signals. Most commercially available drivers are insuffi-
cient in at least one of those requirements, and are available only in
single or low channel counts.
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1.2.3 Wave guidance

Targeted light delivery to deep brain structures is routinely achieved
by implantation of optical fibers [2, 58]. The efficiency of stimula-
tion however is limited by the conductance and kinetics of the ex-
pressed opsins in combination with the capacity of the fiber to de-
liver suprathreshold intensities within the tissue volume of interest
[67]. The opsin activation is determined by the light intensity. The
achievable intensity in turn is determined by the efficiency of the
light source-fiber coupling and increasing the fiber diameter does not
increase the intensity for homogenous waveguides. Highly coherent
sources like lasers can be coupled into small diameter single mode
fibers [55]. Other light sources require larger diameter fibers [2] to
achieve usable light intensities. While the capacity can be increased
with higher fiber diameters, a large waveguide size can cause local
ischemia and neuronal damage at the implantation site [36].

1.3 concurrent electrophysiology and optogenetics

While a large variety of solutions for in-vivo electrophysiology in
awake behaving animals are available [11], with high channel counts,
sampling rate and signal fidelity for both high resolution local field
potential (LFP) and unit recordings, optogenetic requirements add
new challenges. Several systems for stimulation of deep brain struc-
tures and concurrent recording have been described or are commer-
cially available, but most are intended for large scale activation using
large diameter fibers, far from the recording electrodes while deliver-
ing large amounts of light [58, 55].

Understanding the circuit-level functional organization, develop-
ment and pathology requires concurrent stimulation of a small set
of neurons or circuits and the concurrent recording of electrical ac-
tivity of affected neurons. Furthermore, some require perturbation of
multiple distinct sites in parallel. Recent solutions for such localized
light delivery and concurrent recording are limited in the number of
independent light paths as they rely on external sources for illumina-
tion, constraining the experiment by both rigid and fragile fibers. As
many behavioral tasks for freely moving animals emphasize mono-
tonic movement patterns (i.e. circular mazes), this quickly leads to
twisting, which greatly increases encumbrance of the animal and can
lead to destruction of the fiber [68]. Commutators for both optical and
electric connections can offset this for single fibers and low channel
counts, but are currently not feasible for more than two fibers.

Here, I describe work published as Stark et al. [59] in which the au-
thors placed miniature solid-state light sources on the animals head
by coupling them to optical fibers terminating close to the recording
electrodes [1, 55]. This approach greatly reduces additional tether as
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only a thin flexible electric connection is required. Additionally, this
approach can be scaled (albeit the number of fibers and light sources
is still limited) and allows highly localized stimulation with great
temporal precision and fine tuning of the stimulus intensity.





2
M E T H O D S

2.1 light delivery

To allow multi-site optogenetic control of concurrently recorded neu-
rons in small laboratory rodents, we manufactured light-weight head-
mounted optics by coupling small-diameter waveguides to solid state
diode-based light sources (LEDs or LDs). These couplets were glued to
tetrodes or the shanks of high-density multi-electrode arrays (MEAs)
and mounted on moveable micro-drives. Diode-probe assemblies were
implanted into the brains of mice or rats expressing microbial opsins
under neuron-specific promoters. To control light intensity with high
precision, we built a multi-channel programmable current source that
allows to independently stimulate multiple light sources in arbitrary
temporal patterns.

2.1.1 Diode-fiber couplets

2.1.1.1 Fiber preparation

To minimize tissue damage while placing the fiber tip close to the
recording sites, step-index multi-mode fibers with small core diame-
ters (50µm, AFS50/125Y; 105µm, AFS105/125Y; numerical aperture
(NA) 0.22± 0.02; Thorlabs) were used. Fibers were cut to length (2–
4 cm) with a diamond wedge scribe (S90W; Thorlabs) and 10–12mm
of the acrylate jacket were mechanically removed on one end using a
fiber stripping tool (T08S13; Thorlabs).

The cladding diameter of the exposed end was then reduced in
discrete steps and the core formed to a pointed tip to further mini-
mize local tissue damage by etching with hydrofluoric acid (HF). The Note: HF is a very

strong corrosive and
a contact poison.
Handling and use
require appropriate
care!

etchant was filled into a small plastic well and covered with a thin
layer (≈ 1mm) of mineral oil. Several fibers were held with a micro-
manipulator, lowered into the acid and retracted at predetermined
times (10min at 8mm, 5min at 5.5mm, and 15–20min at 0.5mm).
The resulting stepped profile retained 10–20µm of cladding at the
thinnest section and the tip was over-etched into a cone (≈ 12° half-
angle) at the acid/oil interface. The proximal end of the fibers were
hand polished with 5µm lapping sheets (LFG5P; Thorlabs) to a sym-

9
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10 mm

1mm 1 mm

10-30 mm 2.5 mm 2.5 mm 5.0 mm

cement
silver paint

diode

jacket fiber distal

Figure 2: Composition of diode-fiber couplets. The principle of LEDs applies
to LDs. Top left: Top view of a 2mm LED (LB P4SG; Osram) with a 250µm
die (white arrow). Note the bonding wire pad in the center. Top right:
Schema of an LED coupled to a tapered and pointed fiber. Inset: Photo-
mosaic of a magnified 125µm/50µm core diameter multi-mode fiber
showing the removed acrylate jacket (left) and step profile towards the
tip at the distal end (right). Bottom: Photo of a finished couplet with
three light-weight wires for power (white and blue) and grounding of
the shielding (violet).

metrical shape. Optionally, the fiber terminal can be polished further
following standard fiber preparation procedures.

2.1.1.2 Diode preparation

LEDs (2mm round surface mount technology (SMT) package; 470nm;Note: Osram LB
P4SG LEDs are

distributed with a
large spread in

individual rated
brightness

(220–1800mcd).

LB P4SG; OSRAM, 250µm die side length, Figure 2, bottom) and
single- (5.6mm TO-can package; 639nm; HL 6359MG; Opnext; or
405nm) or tri-color (405nm, 650nm and 780nm; SLD6562TL; Sony)
LDs were prepared by shortening the leads and manually soldering
flexible lightweight wires (3–4 cm) to the respective anode and cath-
ode pads. Soldering times were kept to a minimum to prevent ther-
mal damage, especially for LEDs. To reduce weight and size of laser
diodes (5.6mm laser diode package), the skirt of the metal housing
base was cut down to the diameter of the metal can, taking care to
minimize mechanical stresses to the laser housing.

The If-light power relation of the diodes before, during and after
coupling were documented using a calibrated current source (see
2.1.4) and a wavelength-calibrated photodiode power meter (S130A;
Thorlabs). These measurements were used to calculate the coupling
efficiency (power after coupling divided by initial value) at each step
of the assembly process. Diodes with insufficient initial power, out-
put instability or unexpectedly high output losses at any step were
discarded.

2.1.1.3 Alignment and fortification

During the coupling process, the fiber was kept in a fixed position
by a base plate with double-sided adhesive tape mounted on a micro-
manipulator (figure 3, top, I). The diode was held by a 6-degrees
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I

III

II

Figure 3: Setups for manufacturing of diode-fiber couplets and mounting
those couplets onto silicon probes. Top: Alignment of the prepared LED

[I] with the proximal end of an etched optical fiber. The fiber is held
by a micro-manipulator and weakly stuck to double sided tape [II]. The
photodiode of a light power meter is held close (< 1mm) to the fiber tip.
Bottom: Curing of index-matching glue in the fiber-diode interface with
a UV gun (white arrow). Right: Mounting four diodes (two 405.639nm
dual-color laser diodes, red arrows; two 470nm LEDs, blue arrows) onto
a four-shank high-density silicon probe (Buzsaki32P, white arrow) ce-
mented to a moveable micro-drive. A micromanipulator holds the diode
and arranges it to be glued onto a shank. The base of the setup can move
in a plane and rotate the probe for additional alignment control. A sec-
ond micromanipulator can optionally be used for fine adjustment of the
fiber position.
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of freedom (DOF) micro-manipulator perpendicular to the proximal
end of the fiber (figure 3, top, II), close enough to generate a visi-
ble emission of light from the fiber. The sensor of a photodiode light
power meter (PM30 meter; S130A sensor; Thorlabs) was positioned
close (6 500µm) to the distal tip of the fiber using a third micro-
manipulator (figure 3, top, III). To prevent illumination by light not
originating from the fiber tip, black pieces of paper with pinholes
were threaded onto the fiber, shadowing and covering the sensor
opening.

After initial setup, the diode position was adjusted in three dimen-
sions to maximize the light power emitted from the fiber tip. Without
touching the light source housing, this typically yielded coupling ef-
ficiencies of 0.1–0.15% for LEDs, and ≈ 2.5% for laser diodes. A small
droplet of UV-curable index-matching adhesive (refractive index (RI)
1.56; NOA-61; Norland Products) was placed between fiber end and
diode housing and the diode-position adjusted again. The resulting
reduction in Fresnel losses and increase in the acceptance angle for
skew rays drastically increased coupling efficiency to ≈ 0.25% for
LEDs and ≈ 3–5% for laser diodes [59]. The glue was then cured with
a UV-gun (ELC-410; Thorlabs) over 10min from various angles (Fig-
ure 3, bottom). A larger drop of glue was added, spread onto the
diode housing and cured to increase mechanical stability and pre-
vent the intrusion of cement solvent into the glue/housing interface.
The assembly was reinforced with dental cement (Grip cement; Caulk
Dentsply). The fortifying layer was added in multiple steps and ap-
plied uniformly to avoid deterioration of the alignment by the shrink-
age of the cement during solidification. To prevent contact of the fol-
lowing shielding with leads of the diode, electrical insulation quality
of the cement layer was checked by immersing the coupled diode-
fiber in 0.9% saline and measuring the impedance at 1 kHz between
medium and the shorted leads. Cement was added until > 15MΩ
were achieved. A ground wire was attached to the cement with cyano-
acrylate glue (454; Loctite). A thin layer of conductive silver paint
(> 60% w.v.; M.E.Taylor Engineering Inc.) was applied as shielding
to reduce electromagnetic artifacts and minimize light leakage, thor-
oughly covering the lead of the ground wire. Insulation quality was
checked again and assemblies with markedly reduced impedance
were discarded.

2.1.2 Diode-probe assembly

Diode-fiber assemblies were glued to silicon probe (e.g., Buzsaki64SP;
NeuroNexus) shanks. The procedure of gluing small diameter fibers
to silicon probes has been described by [55] and has been modified
for diode couplets. First, the probe was cemented onto a micro drive.
Micro dives were constructed from rectangular brass frames and a
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Figure 4: Diode-probes.

tightly fitting threaded plastic sled. Silicon probes and a T-shaped
metal bar were cemented to the moveable sled (Figure 4, left). Using
two micro-manipulators, fibers and silicon probe shanks were aligned
under microscopic guidance to be collinear. The fiber was lowered
onto the shank at about 20–30° angle, bending shank until fiber and
probe were aligned over the majority of the shank length. The fiber
tip was positioned 50µm above the first recording site (Figure 4, top).
Using tetrode wire or single bristles of cotton tips single droplets of
UV-curable glue (NOA-61; Norland Products) were placed onto the
fiber-probe contact. Care had to be taken to keep the glue from run-
ning into the divergence of fiber and silicon at the fiber tip and touch
the core, as light would be lost at this point, and to keep glue from
covering recording sites. Once alignment initial alignment was sat-
isfactory, the glue was cured for 5–10min with a UV gun (ELC-410;
Thorlabs). The fiber was then slowly retracted to pull the shank into
its original plane and the position fixed by gluing both the remain-
ing fiber-probe interspace and the fiber to the probe base. Couplets
were mounted sequentially from the lateral to the medial shanks. The
diode body was carefully displaced to leave space for following cou-
plets and cemented to the T-shaped bar. Finally, the ground wires
were soldered together and power-connections were soldered to small
connectors (Millmax) and all fibers and couplets solidly cemented to
the drive. Depending on number of couplets and diode type, finished
devices weighed 0.5–1 g.
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10 mm10 mm

Figure 5: Fully assembled implantation-ready optoelectric arrays. Left: 4-
shank silicon probe with two 470nm LEDs and two dual-color LDs (405nm
and 639nm, arrow) couplets. Right: Multi-tetrode drive with 8 wire-
tetrodes and up to 8 (here: 6) 470nm LEDs couplets (arrow).

2.1.3 Diode-tetrode assembly

Alternatively, diode-couplets were glued to tetrodes. Tetrodes were
manufactured by twisting four 12µm tungsten wires (California Fine
Wire) and melting the insulation with a heat-gun, microscopically
checked for faults and then placed into silica tubes (inner/outer di-
ameter 76/153µm resp.; Polymicro). The tetrode was then aligned
with the fiber of a diode coupled. The the fiber tip was positioned
≈ 100µm above the tetrode end (Figure 4, bottom-right). To secure
the alignment both were glued in together using UV curable glue (see
2.1.2). The proximal part of the fiber was equally glued to the silica
tube, resulting in a combined diameter of ≈ 403µm. Multiple such
assemblies were combined on a multi-tetrode drive (Figure 5, left)
built as a modified of the silicon probe drive. Each tetrode-assembly
was attached to an independent movable sled on a screw and sup-
ported by 5–10mm rods slightly angled to maintain a minimum dis-
tance between the diode-couplets. Fiber and tubing were threaded
into an array consisting of of 23 american wire-gauge (AWG) stainless
steel hypodermic needle tubes in required arrangement. This freely
accommodated the assemblies while maintaining precise anatomic
positioning. Finally ground and power wires were prepared as in the
previous section.

2.1.4 Programmable multi-channel precision current source

Each diode was controlled by a separate channel of a custom-built 16-
channel programmable linear current source (Figure 6). The choice
of a source device over a current sink alternative allows independent
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Figure 6: The high-precision multi-channel current source. Top: Schematic
for a single channel with input stage (left side) and current control stage
(right side) driving a single diode (right bottom corner). Bottom: View of
the front panel. Control elements of a single channel are labeled.

and parallel driving of up to 16 grounded loads with currents of up to
100mA per channel, while simplifying wiring and allowing program-
ming relative to ground. The circuit was powered by ±18V regulated
bench power supplies. This allowed linear compliance with 0–5V pro-
gramming signal and driving of diodes with high forward voltages,
such as blue LEDs and LDs. The device consisted of four modules
of printed circuit boards (PCBs) carrying circuitry for four channels
each, and a 16-channel all-to-all multiplexing board. The multiplexing
board allows to arbitrarily select the analog input channel, including
selecting the same input channel for multiple diodes, for any of the 16

individual circuits. Source selection is executed by 16-channel analog
multiplexer integrated components (ICs) (CD74HC4067) whose input
is controlled by 4 bit dual inline package (DIP) switches.

The digital input stage of the circuit consisted of a NPN transistor
(2N3904) in emitter-follower configuration, receiving either transistor-
transistor logic (TTL) input or manually 5V from a push button (S1).
The signal was then digitally buffered by a non-inverting buffer of
two in-series NAND gates with shorted inputs.

Digital or analog input signals were selected by a toggle switch
(S2) and buffered by an operational amplifier (op-amp) in voltage-
follower configuration. The current control stage consists of an op-amp

(LF347N) in differential configuration and a PNP transistor (2N3906)
with an op-amp with negative-feedback, using a high-resolution 1 kΩ
potentiometer to adjust the maximum allowed current per channel.

For digital control, the current limited was fixed and adjusted for
each individual diode (typically 20–60mA) and the maximum set
current switched by the digital output of the digital signal proces-
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sor (DSP) (RP2.1; Tucker-Davis Technologies). Analog signals were
supplied by the analog output of the DSP or a separate computer-
based digital-analog conversion (DAC) card (PCI-6129; National In-
struments). A 12-channel lightweight wire (30 AWG; New England
Wire Technologies) were used to connect current channels and return
paths to diodes on the animal.

2.2 animal procedures

All protocols were approved either by the Institutional Animal Care
and Use Committee of Rutgers University or New York University.

Animals were housed individually in plastic cages in a temperature
(22± 1 ◦C) and humidity (40–60%) controlled facility on a 12h/12h
light/dark schedule. Food and water were available ad libitum un-
less water was restricted for experiments. When on water restriction,
body weight was monitored daily and animals provided with water
to maintain 90% ad libitum body weight. Additionally, duration of wa-
ter restriction was limited to 5 days followed by a recovery day with
freely accessible water.

2.2.1 Behavior

Animals were trained to run for water reward on a fully automated
elevated linear track (rats: 150× 8 cm, mice: 140× 4 cm). The behav-
ioral apparatus was controlled by a programmable DSP (RP2.1; Tucker-
Davis Technologies) configured with MATLAB (The MathWorks) via
ActiveX. Two solenoid valves (Parker) at either end of the track dis-
pensed de-ionized millipore water (rats: ≈ 50µl, mice: ≈ 10–20µl)
when the animal passed infrared photoelectric switches (Omron) near
the reward platforms after having triggered the previous sensor, re-
quiring it to alternate over the full track length. A third moveable
infrared center sensor provided a trigger signal for location depen-
dent light stimulation at a variable position.

2.2.2 Opsin expression

2.2.2.1 Rats

For experiments using rats, opsin expression was facilitated using re-
combinant adeno-associated viruses (AAV) locally injected into the tar-
get brain region. Vectors were provided by Dr. Karel Svoboda (rAAV2/5

CAG-ChR2-tdTomato; Janelia Farm Research Campus, Howard Hughes
Medical Institute) and the University of North Carolina viral core fa-
cility (rAAV5 CAG-ChR2-GFP; courtesy of Dr. Ed Boyden; rAAV5

CaMKII-eNPHR3.0-EYFP, courtesy of Dr. Karl Deisseroth [23]), with
estimated titers of 1012 IU ml−1.
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Wild-type Long-Evans rats (300–500 g) were injected with 55nl vi-
ral solution using a microinjector (Nanoject II, Drummond). Animals
were placed under isoflourane anaesthesia and the skin over the skull
was parted along a small midsigittal cut. Targeting the hippocam-
pal formation, three 200µm craniotomies were drilled using a dental
drill (3.3± 0.5mm posterior-anterior and 3.0± 0.5mm mediolateral).
Vector solution was injected in 200µm intervals along the dorsoven-
tral axis of the hippocampus (CA1: 2.2± 0.2mm dorsoventral; DG:
3.3± 0.2mm; CA3: 3.3± 0.2mm) and the somatosensory cortex (dorso-
ventral 1.5± 0.2mm). After the injections the scalp was sutured and
animals were allowed at least two weeks to recover.

2.2.2.2 Mice

For experiments using freely moving mice, two adult male mice were
injected with recombinant adeno-associated viruses carrying ChR2 un-
der control of the Calcium/calmodulin-dependent protein kinase type
II alpha chain (CaMKIIα) promoter (CaMKIIa-hChR2(h134R)-EYFP).
Small amounts of viral solutions (55nL) were injected into a sin-
gle small craniotomy −1.6mm posterior-anterior and 1.1mm medi-
olateral relative to bregma at five depths (cortex: 0.7± 0.2mm; CA1:
1.1± 0.2mm dorsoventral; see 2.2.2.1 for procedure). Alternatively,
male mice heterozygous for a loxP-ChR2 conditional allele (Rosa-
CAG-LSL-ChR2(H134R)-EYFP-WPRE; Ai-32; Allen Institute) were cross-
bred with homozygous females expressing Cre recombinase [45] un-
der the control of the CaMKIIα or PV promoter (B6.Cg-Tg(Camk2a-
cre)T29-1Stl/J and B6;129P2-Pvalb tm1(cre)Arbr/J; The Jackson Lab-
oratory). At eight weeks age transgenic pubs were genotyped and
adult transgene positive or virus injected animals chronically implan-
ted with optoelectric arrays.

2.2.3 Surgery and diode-probe implantation

Surgery followed common procedures for implantation of multi-chan-
nel electrodes in rodents1. Animals were put under general isoflurane
anesthesia and head fixed in a stereotactic frame (Kopf Inc.) after the
skin was shaved and cleaned for surgery. A local analgesic (bupiva-
caine hydrochloride-epinephrine; Marcaine) was administered subcu-
taneously before opening a midsaggital cut. The skull was exposed
and thoroughly cleaned. Multiple stainless steel screws were inserted
(#000-120×1/16; Small Parts; see fig. 7) as anchors into the frontal and
parietal bones. For mice, the skull was reinforced with dental acrylic
cement, for rats the muscles along the lateral crests were cut and
additional screws inserted horizontally. Two screws were inserted
above the cerebellum and served as ground and indifferent. A cran-

1 See [62] for a detailed guide.
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Figure 7: Ventral view of the skull of a rat implanted with a six shank diode-
probe after 2 months of recording in the dorsal hippocampus. Three
fibers are lit by 470nm LEDs. Steel anchor screws embedded in the bone
are clearly visible (arrows).

iotomy was made and after carefully cleaning the skull periphery
the dura mater was nicked and removed. The microdrive carrying
the diode-probe assembly was positioned above the opening with
stereotactic arm, lowered to about 1mm above the target structure,
and fixed to the skull with dental acrylic (C&B-METABOND; Parkell).
The probe shanks and craniotomy were sealed with low-viscosity sil-
icone gel (3-4680; Dow Corning). A grounded copper mesh (3 CU6-
050 FA; Dexmet) Faraday cage was built up to the height of drive
and headstages and cemented to the skull and anchor screws and
reinforced with dental cement (Grip cement; Caulk Dentsply) for me-
chanical stability. The wound was sutured, and the animal treated
with postoperative antibiotics (7.5mg kg−1 enrofloxacin; Baytril) and
analgesics (0.05mg kg−1 buprenorphine; Buprenex). During the fol-
lowing 7 days animal were allowed to recover while the probe was
slowly moved towards the target position.

2.2.4 Electrophysiology

During recording neural activity was examined for spiking, LFP pat-
tern and optical responses online by the experimenter. Neural signals
was filtered (1–5000Hz) and amplified 20× by 32-channel headstages
(HST/32V-G20; Plexon) on the animals head, followed by 50× ampli-
fication and digitization (16 bit resolution, 20 kHz sampling rate) on
a 128-channel direct current (DC) amplifier recording system (Data-
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Max; RC Electronics). The system concurrently recorded signals of in-
frared sensor beam crossings, 3-axis head acceleration, online feature
detection triggers and video synchronization signals (see following).
Additionally all currents applied to the diodes were recorded via 1Ω
current sensing resistors (Figure 6).

Signals from up to four channels were further band-pass filtered
(300–6000Hz) and amplified (20×), and spikes detected online using
amplitude-based windowing (0.15ms delay, NeuroLog; Digitimer) or
detected and sorted using template matching hardware (2.6ms delay,
ASD; Alpha Omega). For online LFP pattern matching, signals were
processed using a programmable DSP (RP2.1; Tucker-Davis Technolo-
gies) to detect θ (5–11Hz) activity, power and phase in real time. Trig-
gered digital signals could be used in conjunction with behavioral
signals (infrared sensor crossings) to trigger closed-loop stimulation.

The video feed of a CCD camera (Sony) was recorded (Premiere Pro
CS1; Adobe). Two LEDs (blue and red, ≈ 8 cm spaced) attached to and
powered by the headstages were used to calculate animal position,
velocity and heading. The video frames were synchronized to the
physiological data from the DataMax system by a current-mirrored
LED (green) flashing in regular intervals (≈ 1Hz) within the field of
view of the camera.

2.2.5 Histology

Recording site locations were marked by electrolytic lesions. Anodal
currents (5µA, 5–10 s) were injected between two to three sites per
probe shank and a rectal steel probe. 24h later animals were per-
fused through the left ventricle with 0.9% saline, followed by 4%
paraformaldehyde in 0.1m phosphate buffered saline (PBS). Brains
were carefully extracted, postfixed overnight and stored in 0.1m PBS.
80µm sections were cut with a microtome (Leica). Alternating sec-
tions were either Nissl stained for light microscopy, or covered with a
protective medium (Vectashield H1400; Vector Laboratories) and cov-
erslipped for fluorescence microscopy (BH2; Olympus).

2.2.6 Light stimulation

The established setup allowed to apply arbitrary stimulation patterns
by letting DSPs drive the analog input of the current source. Stimuli
were constructed as matrices (Matlab, The MathWorks), their correct-
ness checked and uploaded to the DSPs using ActiveX. Once triggered
by software or external triggers (sensor crossings, LFP or spike detec-
tion feedback) the DSP DACs translated the digital values into voltages
controlling the current flow. Conversion sampling rate was typically
≈ 6 kHz or ≈ 50 kHz for closed-loop experiments. Applied currents
were monitored and recorded concurrently with the electrophysiol-
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ogy signals. For offline power conversion LEDs and LDs were assumed
to follow near linear light power/If relation. For that purpose LDs

were offset by an individually determined If threshold.
To assess the effect of light stimulation on spiking of concurrently

recorded units we applied rectangular pulses with varying intensity.
Pulse intensities were titrated for each site and session by the ex-
perimenter to a value that elicited robust spiking without causing
spike superpositions. Additionally values above and below the cho-
sen threshold were noted and used for following stimuli to further
map response parameter space. Typical stimulation sessions included
multiple short duration pulses (1–10ms) at various frequencies and
white noise. For LFP effects and sustained spiking were assessed by
rectangular pulses of medium (15–70ms) and extended durations (up
to 400ms with low duty cycle (D), sine waves of static or dynamically
changing frequency, and combinations thereof.

2.2.7 Data analysis

2.2.7.1 Spike detection and sorting

Spike were detected in the wide-band (1–5000Hz) signal and their
waveforms projected onto a common basis obtained by principle com-
ponent analysis (PCA) of the data and sorted into single units automat-
ically [28], followed by manual adjustment of the clusters to remove
artifacts and reduce over-clustering. Units were required to fulfill the
following criteria:

1. amplitude: A minimum peak-to-peak amplitude of 50µV

2. morphological isolation: Lratio < 0.05 [56]

3. temporal isolation: inter-spike interval histogram with clear re-
fractory period (count in the first 2ms below 0.2 of the expected
count given the counts in the first 20ms [18]

To be included in statistical analysis, units were required to fire at
least 100 spikes at a baseline rate over 0.01 spikes s−1. Units were
classified as putative pyramidal cells (PYRs) or putative interneurons
(INTs) based on short-latency features in baseline cross-correlation his-
tograms [21], responses to DC light pulses (20–70ms) and/or wave-
form features.

2.2.7.2 Effect of light stimulation on spiking

The time interval during light delivery was defined as the stimulus
period. Baseline was defined as the interval three to one stimulus pe-
riods before stimulation onset. The spike trains were reduced to 1ms
bins and raster and peri-stimulus time histograms (PSTHs) constructed
around the light onset. To further characterize the difference between
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stimulated and spontaneous unit activity, the following parameters
were calculated:

mean firing rate The mean number of spikes per bin during
the stimulus period or baseline period, divided by the number of
stimuli and bin size.

optimal intensity The light stimulus strength activating a max-
imum of targeted cells on the stimulated shank.

gain Firing rate during stimulation divided by the baseline firing
rate.

light-modulated units Neurons with a significant difference
(P<0.05; Mann-Whitney U test) in the median number of spikes per
bin between stimulus and baseline period over all stimulation trials.

spiking probability The number of trials with at least one spike
during the stimulus period, divided by the total number of trials,
calculated for trials with stimulation and for randomized stimulation
onset times.

waveform consistency Spike waveforms were recorded on 4–
10 sites. Waveforms for each unit and spike were projected onto a
common basis obtained by PCA of three eigenvectors per site. Result-
ing coefficients were averaged as mean waveform description vectors
for spikes during stimulation and during baseline. The consistency
of the waveform was calculated as the correlation between the de-
scription vectors. This consistency measure could then be compared
with the recalculated coefficient for randomly permuted spike labels
(stimulation and baseline).

latency Time between onset of the stimulus and the first statisti-
cally significant bin of the PSTH. Significance was computed by Pois-
son distribution with Bonferroni correction for the number of bins
over the stimulation period.

center-of-mass The center-of-mass of spike times (relative to
stimulus onset) in significantly high PSTH bins was computed for each
trial and averaged over all stimulation trials during which at least
one spike was detected over the stimulus period. Significance was
determined the same way as for latency.

precision Precision in respect to the stimulus was computed as
the standard deviation across trials of the trial-to-trial center-of-mass
(see above).
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R E S U LT S

3.1 construction and control of diode-probes

The constructed current source allows to drive solid-state light sources
at high precision and with high temporal resolution. (over 100 kHz
with 50µs rise time for digital input control). While the output sig-
nal is highly linear over the majority of the input signal range, at
low intensities improper tuning of the channel offsets introduces non-
linearities (see figure 16, top left, the sine wave troughs are cut off).
The lack of fault detection or prevention circuitry allowed improper
input signals to pose risk to the attached components, foremost laser
diodes. The output channels of the DSPs, providing digital-to-analog
conversion, are in digital HIGH stages until the controllers have been
programmed, e.g. after rebooting or after crashes.

Finished LED-fiber couplets weighted 100–120mg, which depended
on the amount of added cement and silver-paint. While the specific
light-emitting diodes used were only rated for a maximum If of 20mA
[51], we were able to reliably drive them for extended durations
(> 10 s) applying currents up to 60mA. Despite the lack of intended
heat bridges for these SMT components, this resulted in only minimal
thermal intensity loss and no failed diodes during experimentation.
At maximum currents this typically yielded up to 30–45µW of light
at the tip for 50µm core, 0.22 NA fibers, corresponding to coupling ef-
ficiencies of around 0.25%. At the time of implantation this resulted
in 35± 7µW (mean±standard deviation (SD), n=48) blue light at the
tip of the fibers. This allows illuminating a brain volume with supra-
threshold intensities for ChR2 activation [2, 9] volume of a truncated
cone 180µm by diameter 150µm of ≈ 1.2× 10−3mm3. For blue laser
diodes, the intensity of mounted couplets at the point of implantation
was 231± 62µW (n=6).

Red laser diodes driven at similar low currents (20–40mA) reached
substantially higher light intensities (100–400µW, 3–5% coupling ef-
ficiencies). However, laser diodes are inherently susceptible to me-
chanic or thermal failure and require close control of the forward
current to prevent catastrophic optical damage. Additionally, light in-
tensity decline due to heating was much more pronounced due to
insufficient cooling. Despite the higher absolute intensities red light
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Figure 8: Proposed intensity distribution of 639nm red light and 470nm
blue light. Proposed ranges for activation of ChR2 (blue lines) and
eNpHR3.0 (red lines) activation based on reported activation thresholds.
Left: Light intensity distribution based on measurements in fluorescin
bath [59] for a tipped 50µm fiber. Right: Light intensity as a function of
distance from the fiber tip.

stimulation reaches supra-threshold intensities for eNpHR3.0 (Halo) ac-
tivation (> 7mW mm−2, [23]) in a similar volume to stimulation with
blue LED and ChR2.

The number of illuminated cells is directly proportional to the light
intensity of the source, which can be controlled by adjusting the diode
current. Assuming cortical and hippocampal cell densities of 20 000–
100 000 cells mm−3 [10, 29, 65] this number can be estimated to be in
the range of 20–100 cells, many of which can be recorded from MEAs

in sufficient quality for isolation and identification [11].
To characterize the effect of localized light stimulation on the spik-

ing activity of cortical and hippocampal neurons, optoelectronic ar-
rays were implanted into mice and rats expressing exogenous opsins
under neuron specific promoters. Rats were expressing ChR2 under
control of the neuronal cell-type unspecific CAG promoter or Halo

specifically in putative excitatory pyramidal cells via the CaMKIIα pro-
moter. Mice were expressing ChR2 under CaMKIIα promoter control in
putative interneurons via the PV promoter.

3.2 histology

The efficiency and specificity of expression of the optogenetic con-
structs was assessed by immuno-labeling and fluorescence of the
reporter genes. Unfortunately the CaMKIIα antibody used to label
putative pyramidal cells was not working at the time these brains
were processed. However, labeling of putative interneurons with PV

antibodies shows clear co-localization with EYFP, the ChR2 reporter
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Figure 9: Example of activity modulation of a rat CA1 unit responding to
weak light stimulation. 100 stimuli, (rectangular pulse, 10ms, light power
at fiber tip of 4µW corresponding to intensity of 0.12mW mm−2, blue
background). Top: Stimulus onset centered raster plot of spiking of all
trials. Bottom: PSTH of spiking over all trials. Inset: Auto-correlation his-
togram with clear refractory period. Right: Wide-band signals of 10 sites
of shank single unit. Spike waveforms were preserved between spon-
taneous spikes (right) and light-evoked spikes (left, permutation test,
P= 0.12)

gene in PV-cre::Ai32 mice, but not in rats unilaterally injected with
rAAV5/CamKIIa-hChR2(H134R)-EYFP viral vectors (Figure 10). In
PV-cre::Ai32 animals (n=5), all 84 EYFP positive cells were also parval-
bumin positive while 84/93 of PV positive cells were EYFP positive
(90%).

Probe tracks were confirmed by tracing tissue damage caused by
probe penetration and electrolytic lesioning. In both Nissl and DAPI

stainings tracks paths are clearly visible (Figure 11). The shown Nissl
stained section is taken from a rat after 2 months of recording with a
6-shank diode-probe, the same animal as the shown skull explant in
figure 7. The probe passes through CA1 and the dorsal DG blade. The
final position in CA3 is indicated by the electrolytic lesion. Anatomical
stainings (Nissl) show no immediate sign of increased tissue damage
or local ischemia beyond the extent expected from chronic implanta-
tion of rigid electrodes.

3.3 behavior

The weight of the implanted drive, including the additional mass of
the optical assembly, was less then 10% b.w. for all animals, and did
not encumber the animals beyond the typical initial accommodation
required after implantation. The electrical tether was insignificant rel-
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Figure 11: Nissl staining of coronal section of a rat brain after two months
recording in dorsal hippocampus. Track passes through CA1, the dorsal
blade of the DG and ends in the CA3 pyramidal layer with the electrolytic
lesion.
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Figure 12: Localized blue light stimulation modulates the firing rate of a
substantial population of recorded neurons. Left: Spike rates during stim-
ulation versus baseline rates. Red circled unit corresponds to example
shown in figure 9. Right: Histogram of non-responsive/light modulated
units (medians 0.045/0.76; Mann-Whitney U test, P< 0.001).

ative to the tether from recording wiring. This preserved behavior,
as judged by the experimenter. Animals exhibited a usual palette
and frequency of consummatory and exploratory behavior, as well
as sleep and grooming during the recording sessions. The degree of
freedom preserved is expressed in the good performance during be-
havioral tasks. Animals ran up to 100 (rats) or 80 (mice) laps in a
single session. Mice were easily able to traverse the full length of the
narrow linear track (4× 140 cm) at high speeds. The average lap du-
ration was 3.5± 1.0 s (mean ± SD).

3.4 stimulation efficiency

The efficiency of stimulating neurons with blue light was charac-
terized in adeno-associated virus (AAV) transduced wild-type rats
expressing ChR2 under the CMV early enhancer/chicken beta actin
promotor (CAG) promoter. 135 hippocampal and 39 neocortical units
met the minimum firing rate requirement and were included in the
analysis. Localized low-intensity (3–30µW at the tip of the fiber, 0.1–
1mW mm−2 at the center of the illuminated shank) light stimula-
tion (470nm, 30ms median duration rectangular pulses, D< 0.05) of
neurons in freely moving rats reliably evoked spiking with high spa-
tial and temporal resolution. The firing rate of 42% of isolated units
(57/135 units, 13 shanks recorded in four rats) was stimulation mod-
ulated (Mann-Whitney U test, P< 0.05) and showed a clear bimodal
distribution in modulation indices (Figure 12, right).

The fraction of light-modulated/non-responsive units was not de-
pendent on part of the tested hippocampal structures (CA1, DG, CA3,
0.51/0.38/0.39; χ2-test, P= 0.7).
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Figure 13: Spike waveforms are preserved for light-modulated and non-
responsive units, as measured by correlation between spike description
vectors for light/no-light conditions.
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Figure 14: Histograms of timing characteristics of light induced spiking in
the CAG::ChR2 expressing wild-type rats during 30ms (median) rectan-
gular pulses. Dashed red lines represent medians. Left: Spiking center-
of-mass (CoM) relative to the onset of the stimulus. Center: Latency of
light induced spiking relative to the stimulus onset. Right: Precision of
the light-induced spiking response (SD of per-trial CoM).

Despite proximity to the tip of the fiber, all sites were able to
record units, even those closest to the fiber (e.g. for the unit shown
in figure 9 the center-of-mass (CoM) lies across the topmost two prox-
imal sites). This indicates that the substantial additional volume of
the fiber does not cause excessive local ischemia or neuronal damage.
Light stimulation with weak blue light did not cause superimposition
of spikes [55] and spike waveforms were preserved to a high degree
(median waveform consistencies for light-modulated/non-responsive
units: 0.977/0.986; U test, P= 0.19; figure 13).

3.5 temporal precision of induced spiking

Spiking response to short rectangular pulses (median 30ms) in virus-
transduced rats (see 3.4) was evoked with a center-of-mass (CoM) (me-
dian, 12ms; n= 57; figure 14 left), latency (median, 5.5ms; figure 14

center) and precision (median, 2ms; figure 14 right) within expecta-
tions for optogenetic activation of neurons with ChR2 [3, 9]. No dif-
ference in spiking latency was observed between the tested regions
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in of the hippocampal formation (CA1, DG, CA3; medians 6/6.5/5ms,
Kruskal-Wallis test, P= 0.61)

3.6 spatial resolution of activation

The spatial extent of neuronal activation was quantified in CA1 (1089

units), where cells are presumed to have few recurrent connections
[16, 60] to avoid indirect activation of the investigated cell-type, and
neocortex (Cx) (324 units). To further investigate cell-type specific ac-
tivation, isolated units were classified as putative putative pyramidal
cells (PYRs) or putative interneurons (INTs) based on monosynaptic
connectivity, light-modulation and/or spike waveform features (for
n-numbers see figure 15). Weak light activation with rectangular (DC)
pulses (50–70ms) on single shanks typically elicited spiking limited
to the illuminated shank. In CaMKIIα::ChR2 mice (n=4) 33% (101/309)
of locally stimulated pyramidal cells were activated at the optimal
level of light (mean 0.56mW mm−2 at the center of the shank). Ad-
ditionally, a large fraction of interneurons was indirectly activated in
a stimulus-intensity dependent manner (Figure 15, left). In contrast,
local stimulation in PV::ChR2 mice (n=8) activated a high fraction of
locally recorded interneurons (59% (108/184) at 1.1mW mm−2), but
did not result in activation of non-targeted pyramidal cells (Figure 15,
right).

Interestingly, a small fraction of distant pyramidal cells was acti-
vated with several fold gain over their baseline firing rate during PV
stimulation (Figure 15, right). This might be facilitated by the dis-
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Figure 15: Single-shank stimulation with short (50–70ms) rectangular pulses
results in activation of local cells in CA1 and cortex of mice. Bars represent
group means and SEM error bars. Vertical graphs show relative intensity
of optimum stimulation strength at the local shank. Horizontal graphs
represent fraction of locally activated cells (top) or firing rate gain (bot-
tom). Left: Stimulation of CaMKIIα cells activates pyramidal cells locally,
and additionally a fraction of interneurons, including distant cells at high
intensities. Right: Stimulation of PV cells activates interneurons, but not
pyramidal cells.
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Figure 16: Stimulation with a chirp of linear increasing frequency elicits
phase-locked firing. Top: Wide-band signal and firing of putative pyrami-
dal cells (PYR, red) and interneurons (INT, blue) in response to the light
stimulus, monitored by the current applied to the diode (LED) of two rep-
resentative segments of the stimulus. Bottom: The frequency (0–40Hz) of
the sine wave increases linearly over stimulus period (10 s).

inhibition of pyramidal cells while connected basket cells are inhib-
ited by the locally induced interneuron activity.

Similar results of stimulation locality were obtained by weak light
(0.1–0.2mW mm−2) stimulation in CAG::ChR2 expressing wild-type
rats (see 3.4; 3 animals, 10 shanks, 200µm spacing), where 52% of
locally recorded units responded to light, but distant cells were not
activated above baseline (data not shown).

A commonly used signal pattern for investigation of stimulation
frequency preferences (e.g. tuning curves) are time-variant sequences
like sine-waves, white noise and other complex patterns. Such stim-
uli can probe the response of a system over a large frequency range
within a short period of time, but their application requires high pre-
cision control over the stimulation intensity and timing. Here, a sine-
wave stimulus with linearly increasing frequency, a “chirp” (Figure
16) is applied. The optogenetic stimulation of neurons elicits spiking
with high coherence to the stimulus phase and frequency. During
both stimulation of PV and CaMKIIα cells interneurons fired at the
peak of the stimulation, but at much higher frequency during direct
activation. Pyramidal cells in contrast were activated at the stimulus
peak when stimulated directly, but fired close to the trough of the
stimulus during PV stimulation (Figure 16, top right).



4
D I S C U S S I O N

Optogenetics is progressing fast, with new advances in opsin tech-
nology improving temporal control, activation kinetics, cell specific
expression and intracellular trafficking. Current stimulation method-
ology limitations for in vivo local control, using large external light
sources and high intensities. To allow activating and concurrent record-
ing of small but defined volumes of neural tissue, close integration of
light source and recording electrode is required. To facilitate a scal-
able approach while maintaining recording quality and stimulation
precision, we combined miniature diode based light sources with
fiber optical waveguides integrated in the recording electrode arrays.
These devices were then implanted into the brains of opsin express-
ing rodents.

A substantial fraction of recorded and isolated units were modu-
lated by the light stimulation. One reason for this is likely the high
transduction rate achieved by recombinant AAV vectors (40–80% [12]).
While the histological characterization of the expression in CaMKIIα

animals is incomplete, the robust response achieved in these animals,
even at minimal intensities, leaves little doubt about the successful
delivery of the opsins. Secondly, the close positioning (> 50µm) of
the fiber tip relative to the recording sites and recorded units are
contributing. While fibers have a several-fold cross-section of silicon
probes, the close placement of the fiber tips to the neurons did not pre-
vent event the most proximal electrode sites from contributing to the
recording. This indicates that the additional neuronal damage does
not deteriorate the recording quality. The stimulation of the microbial
opsins also seemed to leave the spike shape of the neurons unaffected
as spike waveforms were highly conserved. While the quality of the
spikes was not affected acutely, the expression of opsins has recently
raised alarm to cause long-term changes in the neuronal morphology
and connectivity [47]. Further analysis to isolate a possible differences
in regards to the expression system and duration is currently under-
way.

The analysis of the spatial extent unit activation demonstrated the
ability to stimulate specific types of cells in a well defined localized
volume with a resolution on the scale of the fiber spread (≈ 200µm).
The range of activation could be controlled by the stimulus intensity,

31
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and was similar to the expected light distribution. This allows allows
to dissect the differential contributions of distributed cells to neuronal
circuits and circuit phenomena.

While stimulation with blue LEDs generally achieved good results,
the principally superior light power of laser diodes not provide the
expected advantage. The available wavelengths at the required power
levels only barely match common optogenetic probes. Blue laser diodes
typically emit light at 405nm, which is deep violet and far from the
peak activation frequency for ChR2. This requires approximately a
ten-fold intensity over 470nm light to compensate for the spectral
offset and the reduced tissue penetration. While the higher output
of laser diodes and higher coupling efficiency makes them viable op-
tions, the majority of the potential of LDs is wasted. Recently diodes
with 450nm have become available, but are difficult to source at the
time of writing.

For Halo with a activation peak wavelength in yellow, the situation
is more difficult for LEDs based light sources. While even stimula-
tion with 640nm red laser diodes achieved effects only at high power,
currently there are no LEDs that can provide the power density re-
quired to drive Halo efficiently, especially when coupled into small
diameter fibers to, despite available color-matching diodes. Ideally,
yellow laser diodes should be used for this purpose, especially when
inhibiting larger populations or structures. However, laser diode tech-
nology is limited by the available semiconductor materials with the
required energy band-gaps. Currently, this technology does not ex-
ist. Other hyperpolarizing optogenetic probes have similar excitation
spectra from yellow-green (Arch) to green-blue (Mac/eBR), but can
alleviate this problem by achieving higher photo-currents and lower
activation thresholds. As with blue laser diodes, the addition to the
range of available compact and high powered diodes will likely ex-
pand, and the continued evolution of diode-technology will continue
to support the close integration of light sources.

Coupling small diode light sources (i.e. laser- or light-emitting di-
odes) to small core fibers yields sufficient light to perturb the volume
recorded by current electrophysiology technology and causes min-
imal recording artifacts. Both types of diodes (LEDs and LDs) have
are fast switching. Both, but especially LEDs have excellent stability.
Many DPSS lasers suffer from fluctuating power levels, speckle noise
and mode hopping, and may require mechanical shutters and neutral
density filters to regulate intensity reliably. For experiments involving
long stimulation periods (e.g. tonic inhibition) or stimulation with
high duty cycles however, the unmediated heating of head-mounted
diodes can be a limiting factor.

As far as the current source design is concerned, the possibility of
damaging the attached optical assemblies, albeit very small, has to be
addressed in future iterations. To solve the mismatch in default states
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of driving hardware and the current source input, the incoming sig-
nal of the analog stage could be inverted, and the signal line pulled
high. A digital HIGH signal erroneously applied by the DAC would
no longer cause a current to be applied. However, this approach is
vulnerable to accidental short circuits of the signal and ground. An
alternate, yet more complex solution is the inclusion of fault-state de-
tecting circuitry, which could temporarily disable the input stages to
prevent damage. Furthermore the demonstrated non-linearity (16) in
the DAC-to-current step likely reflects improper tuning of individ-
ual channels and is easily correct, or can be dealt with by offsetting
generated signals for selected channels.

4.1 outlook

The demonstrated hardware allows independent optogenetic control
at multiple sites. The range of activation can be adjusted through the
intensity of the applied stimulus. This provides a high spatial resolu-
tion for analyzing neuronal circuits. The combination of high density
electrode arrays with head mounted diodes for light delivery allows
application in freely moving animals. This scalable approach only
adds minimal additional weight and tethering encumbrance. Given
that the majority of necessary components are already miniaturized,
it lends itself to fully wireless operation. The circuitry involved simpli-
fied and reduced in size, and the high-efficiency light sources would
have moderate power requirements, allowing to place the necessary
stimulation control and power source on freely moving animals, even
mice, where implant size has close weight limits.

The largest contributor to weight is not the probe assembly itself,
but the larger hat required by the height of the diode-fibers. The
height of the copper mesh hat requires to be reinforced, otherwise
hats tend to crumble during long recording (>4 weeks). With care,
the copper mesh can be reinforced with cement at strategically chosen
segments. For the future, alternative materials should be considered.
Initial experiments with carbon fiber crowns were promising given
the light weight of the composite. Combined with a finer shielding
mesh, the mass of the protective hat can be decreased while simul-
taneously increasing resilience. However, assembly of the composite
during surgery requires substantially more experience by the experi-
menter. Alternatively, the fiber length can be reduced to shorten the
overall height of the probe assembly. Given the high power density
of the diodes, we experienced electromagnetic artifacts when the fiber
length was reduced too much. This might be attributed to insufficient
shielding around the diodes by the silver paint layer, and can most
likely be improved. The transient artifacts are troublesome for LFP

analysis. For experiments primarily investigating spiking, this may
be an acceptable trade-off.
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The manual assembly limits feasibility to experiments involving
small numbers of animals. The recovery of implanted probes is diffi-
cult as the devices are extremely fragile, but can be worthwhile. On
the other hand, manual assembly offers the flexibility to adapt optics
and fiber arrangement to the scientific question. High-density silicon
probes with integrated wave guides or even LED based light sources
are in development by a number of groups and should be available
for initial testing within the next years [33, 37, 46, 54, 64]. The avail-
ability to the general science community however will most likely
not be achieved within the next decade, especially considering that
tetrodes are still preferred over silicon probes (cost effectiveness be-
ing a major factor). While integrated light guides and sources offer
tremendous potential, the described method of manufactured fiber-
diode couplets combined with proven electrophysiology tools can
provide an easy to use and highly versatile complementary approach
that can empower researchers to investigate circuit dynamics with
high precision.
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