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Short Abstract:  should include a general description of the article (10 word minimum, 50 word maximum)
The ability to activate and silence neural circuits in precise spatiotemporal patterns would help reveal how the brain generates behavior.  We here present a targetable optical fiber array, and programmable controller, that enable millisecond-timescale manipulation of activity of cell types and pathways distributed in three dimensions within the brain.

Long Abstract:  (150 word minimum, 400 word maximum)
Understanding how neural circuits mediate the computations that subserve sensation, thought, emotion, and action, and are corrupted in neurological and psychiatric disorders, requires the ability to resolve the contribution of specific cell types to brain functions with high spatial and temporal precision.  One key feature of neural circuits in the mammalian brain is their 3-dimensionality and geometric complexity.  We and others have synthesized optical sensitization reagents, including channelrhodopsin-2 (ChR2, mediating blue-light activation of neurons), and halorhodopsins (Halo/NpHR, and other molecules, mediating yellow-light silencing of neurons) (Boyden, Zhang et al. 2005; Han and Boyden 2007; Zhang, Wang et al. 2007; Chow, Han et al. 2009), that, when virally or transgenically delivered to specific cell types, allow them to be activated or silenced, respectively, by pulses of light.  The use of a laser-coupled optical fiber has proven valuable for activating neurons at single locations within the brain of mammals such as mice and primates (e.g., 
 ADDIN EN.CITE 
(Aravanis, Wang et al. 2007; Bernstein, Han et al. 2008; Han, Qian et al. 2009)
).  However, many neural circuits of interest, such as the hippocampus and thalamus, possess complex 3-dimensional shapes, and many scientific questions (such as those involving cross-region synchrony, or involving a region that projects to multiple downstream targets) demand the ability to activate and silence multiple, spatially-distributed brain circuits in a temporally-precise fashion.  Accordingly, we here present a design of, and a methodology for making, inexpensive end user-fabricatable arrays of LED-coupled optical fibers (“fiber arrays”) that enable easily-customized deployment of light to multiple points within complex brain structures.  We also describe a programmable controller for these fiber arrays, enabling spatiotemporally-precise computer control of activity in distributed neural circuits within the brain of the awake behaving mammal.  When used in conjunction with parallel injector arrays capable of delivering viruses (or other fluids) to dozens of defined points within the 3-dimensional structure of the brain, described in a companion JoVE article(Chan, Bernstein et al. 2009), these innovations will open up the ability to interrogate not only circuits of complex geometry, but of multiple interconnected circuits within the brain, revealing how they interact to generate the complexity of behavior.  These inventions may also serve as prototypes for a new generation of ultra-precise, cell-type specific, optical neural control prosthetics.
Text: should include a step-by-step description of the experimental procedure (protocol). Describe procedures in sufficient detail so that the work can be reproduced.   Please use complete sentences, and write with a style similar to the example below, so that the protocol sounds natural when read.   
Part  1: Choosing array geometry and cooling system

1.1) Beginning with the set of brain regions to be targeted (e.g., as determined in a stereotaxic atlas), and the neuromodulation goal for each region (e.g., which are to be activated vs. silenced), the set of points where optical fibers terminate in the brain is determined, in order to cover the regions of interest (see Fig. 1 for schematic and example).  The shape of the region illuminated by a single fiber (computationally modeled in Fig. 5B) can be used to assist in this estimate; a conservative estimate may be helpful, delivering more light than is absolutely necessary for the experiment at hand.  The projection of these fiber termination points onto a 2D surface determines where LEDs will be placed on the base plate (Fig. 2C, 2K).  The minimum spacing between fibers is limited to the width of the LED dies here used, 600μm.
1.2) A fluid cooling assembly can be added to the back of the base plate (Fig. 2E, 2H, 2O) to support optical stimulation paradigms requiring long, indefinite-length periods of continuous light delivery.  For short stimulation paradigms (say, involving a single LED activated for less than 7.5 seconds within a single trial, or more generally, involving less than 7.5 (# LED x # seconds) of activation per trial), the base plate to which LEDs are attached (Fig. 2C, 2K), which is made of copper, can sink the heat produced by the LEDs without need for the fluid cooling assembly.
Part 2: Cutting base plates and (optional) cooling channel plates
2.0) The waterjet cutter can quickly cut through thick metals with high precision and a kerf (cut thickness) of only .03”.  We use the waterjet cutter to cut 1” wide, 1/16” thick copper strips into base plates (Fig. 2B), and if fluidic cooling is used, we cut coolant channel plates (Fig. 2A) from the same material.

2.1) The waterjet design file containing the descriptions of base plates and cooling channel plates (coldplate09.dxf, coldplate09.ord) is opened on the computer controlling the waterjet (Fig. 3A).

2.1) The copper strip is secured to the bed of the waterjet cutter with clamps, taking care to make the strip parallel to the machine’s axis.

2.2) The waterjet nozzle is aligned with the lower edge of the copper strip and set vertically ½ handle turn above the surface of the copper.

2.3) The waterjet bath is filled with water.

2.4) The waterjet is run (Fig. 3A).

2.5) The copper strip is removed and sprayed with water to clear away any crushed garnet residue, or metal residue.

2.6) The cut edges of the copper strip are smoothed with sand paper.

2.7) The copper strip is cut on the bandsaw into 10” long sections, small enough to be mounted on the mini-mill stage. 

Part 3: Milling base plates

3.0) The Roland (aka Modela MDX-20) mini-mill can drill holes and cut patterns out of various materials using a spinning bit that can cut laterally as well as vertically, with great precision.  The computer that controls the mill runs Ubuntu linux, which makes it easy to send raw computer code to the mill.  The Modela mill is controlled with computer code, that can be automatically generated from human instructions, using a MATLAB script (Base_Plate.m).  The MATLAB script for making the base plate (Fig. 4) includes parameters indicating the number of parts to mill, the positions of LEDs within a part, the positions of alignment holes within a part, and the depth and width of the pads which hold the LEDs (Fig. 2C).

3.1) The water-jetted strip of base plates is attached to the mini-mill stage with hot glue.

3.2) The .017” end mill is inserted into the mini-mill’s spindle, and secured with set screws.  The coordinates of the alignment hole near the bottom left corner of the copper strip are found, by iteratively modifying the coordinates in the file “move.rml” and testing them with the command “cat move.rml > /dev/ttyS0”  until the drill bit is in the right position.

3.3) The coordinates of the bottom left corner of the copper strip are entered into the “offset” parameter of the MATLAB script for making the Modela code for the base plate, and the script is then run, generating two .rml files which can be read by the mill (Base_Plate_01a.rml, Base_Plate_01b.rml).  Two files are generated, so that a .017” end mill can cut the pads for the LEDs, while a .020” end mill can be used to cut the alignment holes, switching the drill bits in between the running of the two files.

3.4) The ‘z’ coordinate is zeroed by lowering the spindle until the mill bit is a few millimeters above the surface of the copper, loosening the set screws, sliding the bit down until it contacts the surface of the copper, and retightening the set screws.

3.5) Several drops of cutting solution (Tap Magic, biodegradable cutting fluid) are deposited on the top of the copper strip, to cover the area to be milled.

3.6) The mill is run with the command “cat Base_Plate_01a.rml > /dev/ttyS0” to cut the alignment holes.
3.7) When the mill has stopped running, the spindle is raised and the .020” mill bit is swapped in place of the .017” bit.  As described above, the bit is moved back to the starting point and the z-axis is rezeroed.

3.8) Several more drops of cutting solution are added to the copper strip.

3.9) The mill is run with the command “cat Base_Plate_01b.rml > /dev/ttyS0” to mill out the LED pads.
Part 4: Milling alignment plates (Fig. 2D) from 1/16” FR1

4.0) Alignment plates to precisely position the ends of the optical fibers above the surface of the LEDs are milled out of FR1 in two steps.  The first step cuts holes which align to the alignment holes and LEDs with a .020” mill bit, matching the diameter of the alignment posts and fiber jacketing.  The second step cuts the alignment plate out of the FR1 board.
4.1) 1/16” boards made of copper-plated FR1 epoxy laminate are attached to the mill stage with 3M VHB tape (Very High Bond).

4.2) The .020” end mill is inserted into the spindle and secured with set screws.  The coordinates of the bottom left corner are found and entered into the “offset” parameter of the MATLAB script (Alignment_Plate.m).  The script is run, generating two .rml files.

4.3) The ‘z’ coordinate is zeroed.

4.4) The first file, ending in “a.rml,” is run, which cuts holes for optical fibers and guide posts.

4.5) When the mill has stopped running, the spindle is raised and the 1/16” end mill is inserted.  The bit is moved back to the starting point and the z-axis is rezeroed.

4.6) The second file, ending in “b.rml,” is run.

4.7) When the mill has stopped running, the spindle is raised, the bit is removed, the shavings are vacuumed up, the alignment plates are removed from the sheet of FR1, and the FR1 board is freed by scraping away the tape with a razor blade.

Part 5: Milling power connector boards (Fig. 2F) from 1/64” -thick Copper-Clad PCB
5.0) Power connector boards are milled out of very thin PCB stock so that the traces which are to be wirebonded to the LEDs do not sit much higher than the LEDs after the bottom of the power connector board is soldered to the base plate.  The boards are milled out in two steps.  In the first step, traces to connect the electrical connector and the wirebond pads, as well as through-holes to connect the top and bottom planes of the PCB, are milled with a 1/64” bit.  In the second step, an outline is cut out for the electrical connector, and the power circuit board is cut from the PCB strip with a 1/16” bit.

5.1) The 1/64” Copper-Clad PCB is cut into 1” strips with a bandsaw. 


5.2) The 1/64” Copper-Clad PCB strips are attached to the mill stage with 3M VHB tape.


5.3) The 1/64” end mill is inserted into spindle.

5.4) The offset starting point is found and input into the MATLAB script (Power_Connector.m), and the script is run.


5.5) The z axis is zeroed.


5.6) The first .rml file is run.


5.7) The 1/64” end mill is removed and the 1/16” end mill is inserted.


5.8) The z axis is rezeroed.


5.9) The second .rml file is run.

Part 6: (Optional) Lasercutting acrylic for coolant backing plates (Fig. 2E, top)
6.0) The lasercutter can quickly cut acrylic with high precision, leaving smooth surfaces that need no polishing.


6.1) A sheet of 1/16” clear acrylic is placed on the lasercutter stage.


6.2) The coolant backing plate file, coldplateback5.cdr, is opened in CorelDRAW (Fig. 3B).


6.3) The origin of the lasercutter is set to the upper-left corner of the acrylic sheet.


6.4) The height of the lasercutter stage is set for the laser to be focused on the acrylic.

6.5) The cooling backing file is sent to the lasercutter with a power setting of 100% and speed setting of 7%.


6.6) The file is run on the lasercutter, using the CorelDRAW print function (Fig. 3B). 

6.7) A minute after the fumes to clear after cutting is done, the plates are removed from the lasercutter.    
Part 7: Solder LEDs and power connector board to copper base plate, which acts as a ground plane for the LEDs.
7.1) Individual copper base plates are detached from the base plate strip (Fig. 2B) using pliers to twist the base plate around the tab connecting it to the strip until the tab breaks.

7.2) The base plate is cleansed of cutting oil and copper chips, using an ultrasonic cleaner with isopropyl alcohol as the solvent.  To avoid a potentially explosive buildup of alcohol vapors, the bath is filled with water, and then the base plate is placed in a 10mL centrifuge tube filled with isopropyl alcohol, which must then be capped tightly.  The tube is suspended in the center of the bath, and sonicated for 5 minutes.

7.3)  The hotplate, which will be used to heat each base plate to the solder paste reflow temperature, is set to 230 degrees Celsius.

7.4) A toothpick is used to fill each LED pad with solder paste.  Toothpicks can be whittled to a fine point with a razor blade, to facilitate this process.

7.5) The base plate is placed on the hot plate and left for 20 seconds after the solder paste first melts, allowing adequate time for solder reflow.  The base plate is briefly cooled in a dish of water.  

7.6) Each LED pad is refilled with solder paste, which loses significant volume when it melts.

7.7) Using fine-tipped tweezers, each LED die is removed from its packaging and placed in the center of the LED pad.

7.8) A thin layer of solder paste is deposited along the edge of the copper ground plane which will be bonded to the power connector board (Fig. 2F).

7.9) The base plate is placed on a glass slide, and a piece of copper of the same thickness is placed next to the edge bearing the solder paste.  The power connector board is placed hanging over the solder-paste-bearing edge of the base plate, with its traces face up, near the LEDs.  Most of the power connector board rests on the second piece of copper.
7.10) The glass slide is placed on top of the hotplate.  It is removed 5 seconds after the solder paste melts, and cooled in a dish of water.

7.11) The solder residue is cleaned from the pieces by submerging them in capped centrifuge tubes filled with isopropyl alcohol, and placing them in the ultrasonic cleaner for 15 minutes.  Uncapped tubes of isopropyl alcohol pose an explosion risk when placed in an ultrasonic cleaner.
Part 8: Solder electrical connector to power connector board 

8.1) The top and bottom sides of the power connector board are connected by inserting a short piece of AWG28 tinned copper wire into each of the two ground vias, and soldering each wire to both copper sides of the power connector board (Fig. 2G).

8.2) The Kester R276 solder paste is retrieved from the refrigerator and several cc’s are squeezed onto a mixing dish.

8.3) The electrical connector is inserted through the power connector board’s center hole such that the connector contacts overlap the power connector board traces.

8.4) A small amount of solder paste is applied along the joint between each copper trace and connector contact.

8.5) The connector is soldered to the power connector board traces by heating both the traces and solder contacts with a narrow-tipped soldering iron, careful not to let the solder paste flow down the wirebond traces (Fig. 2G, 2K).

Part 9: (Optional) Attach coolant channel and backing to base plate

9.1)  Arctic Silver Thermal Epoxy is mixed in a dish and applied in a thin layer to top of the cooling channel plate.  The cooling channel plate and base plate are aligned, clamped with alligator clips, and allowed to seal to one another (Fig. 2E).

9.2) 5 minute epoxy is mixed in a dish and applied in a thin layer to the back of the coolant backing plate.  The coolant backing plate is aligned such that its holes lie above the ends of the coolant channel plate.  They are clamped with alligator clips and allowed to cure (Fig. 2E).

9.3) The barbed connectors (Fig. 2H) are prepared by cutting 1/16” barbed elbow connectors with a razor blade at the square area of the elbow joint, leaving a flare at the bottom of the connector which will provide mechanical support during bonding.

Part 10: Wirebond LEDs to power connector board
10.1) The base plate is attached to a glass slide with a hot glue gun so that LEDs are level and the glue will be easy to remove.

10.2) The slides are brought to the wirebonder, a machine which uses 12.5μm diameter aluminum wire to make electrical contacts between very small parts.

10.3) Each LED is wirebonded to a separate copper trace (Fig. 2K, 2L).

Part 11: Prepare optical fibers 

11.1) The optical fibers must be cleaved, so that jacketing exists in the center (to mate with the aligner), enough bare fiber is left on one side to penetrate from the top of the skull to the region of interest within the brain, and enough bare fiber is left on the other end to couple to the LED.  A template for cleaving the optical fiber is drawn on the work bench with 1.5mm spacing from the end of the fiber on the LED side to the beginning of the jacketing, 1.5mm spacing for the length of the jacketing, and the desired spacing for the end of the jacketing to the region of interest (that is, to target the brain region of interest). 

11.2) A suitable number (one per LED) of 2 inch pieces of optical fiber are cut with a razor blade.

11.3) The center of each piece of optical fiber is placed in the 30AWG hole of the stripmaster wire stripper, and the handles are squeezed to expose 5 mm of bare fiber, then released.  The fiber is repositioned in the stripmaster such that the bare fiber is inside the cutting area and 1.5 mm of jacketing is left before the point where the jacketing will be stripped.  The handles are squeezed to expose 1 cm of bare fiber on the opposite side, then released.  This results in a fiber with jacketing in the center, but bare fiber on both ends.
11.4) The fiber is placed in the cleaving template such that the jacketing is in the proper place, and a piece of scotch tape is laid over the jacketing so as not to obscure the fiber where it is to be cleaved.

11.5) Both ends of the fiber are cleaved according to Thorlabs instructions.  The cleave point is marked with the diamond scribe, a drop of water is deposited around the cleave point, and one end of the fiber is pulled, until it breaks at the cleave.

11.6) The fibers are inspected under a 30x objective lens in a microscope, to make sure the cleaves went well and the ends are smooth (Fig. 2J).

Part 12: Assemble fiber aligner


12.1) The .020” wire is cut into four 1 cm pieces with a dremel, to make alignment posts.

12.2) The alignment posts fit tightly in the aligner and need to be forced into place, using one pair of pliers to firmly hold the aligner while inserting the guide wires with another pair of pliers (Fig. 2I).

12.3) The optical fiber holes are cleared out, by inserting and removing a piece of .020” wire.

12.4) The fiber is eased into place in the alignment plate by holding the fiber at the junction between jacketing and bare fiber with a pair of tweezers and gently wiggling the fiber until it slides in.  Too much force can break the glass fiber or deform the plastic jacketing, which makes it impossible to insert the fiber into the aligner.

12.5) The tips of the fibers are cleaned with methanol.  

Part 13: Align fibers and package array (Fig. 2N)
13.1) The guide wires from the aligner are inserted into the holes on the base plate with needle nose pliers.

13.2) Watching under a microscope, and being careful not to disturb the wire bonds, the aligner is lowered until the tips of the fibers are 100 μm above the surface of the LEDs.

13.3) All of the LEDs are checked by driving them with a small (20mA) current.  If any LEDs fail to light, the aligner is removed, and wire bonds are repaired as necessary.

13.4) Optics glue is applied with a toothpick to the surface of the LED and bottom of the fiber, to couple them (Fig. 2M).

13.5) The optics glue is cured with a UV lamp for 5 minutes.

13.6) The gap between the alignment plate and base plate is filled with epoxy, making sure the epoxy also covers the delicate wire bond pads on the power connector board.

13.7) When the epoxy has fully cured, the guide wires are removed with pliers, twisting the wires to release them from the epoxy, and then pulling back the wires smoothly.

13.8) The epoxy and alignment plate are painted with several coats of black nail polish to prevent light leaking out of the top of the array.

13.9) The LEDs are tested again, just to make sure they are okay still.

13.10) The bottoms of the electrical connectors are covered with a thin layer of hot glue to prevent dental acrylic from entering and obscuring the connections during surgery.

Part 14: (Optional) Attach coolant connectors

14.1) 5 mm of polyethylene tubing is cut and inserted halfway into the base of the barb connector.  The tubing is sealed to the connector with hot glue.

14.2) The tubing sticking out of the barb connector is inserted into the hole of the acrylic cooling backing plate.  The junction is sealed with hot glue, making sure the hot glue reaches above the flare at the bottom of the barb connector, causing a cohesive seal (Fig. 2O).

14.3) The edges of the cooling system are sealed with hot glue to prevent leaks.  Hot glue may have to be applied with a toothpick to the narrow area between the electrical connector and the cooling system.

Part 15: Assembling the controller and LED driver.

15.1)  Printed circuit boards for each of the three boards (Fig. 6) are ordered from a printed circuit board manufacturer.  The three boards are:  the LED driver board (LED_driver.sch,brd); the stimulus driver board (stimulus_driver.sch,brd), and the PIC board (pic_board.sch, brd). 

15.2)
Electronic components (Table B) are placed on printed circuit boards, and leads/pins are attached to the boards with a fine-tip soldering iron.

Part 16: Programming PIC-board firmware.

16.1)  Software for programming the PIC – the MPLAB IDE (development environment) and C30 (compiler) are downloaded and installed.  The compiler download will require a free Microchip website registration.  Web links of use include:
http://www.microchip.com/C30
http://www.microchip.com/MPLAB
16.2) The project (LEDcontrol6.mcp) is opened in MPLAB

16.3) If project can’t find some files, the following files must be added to the project (click View > Project):
Under “Linker Script,” add C:\Program Files\Microchip\MPLAB   


C30\support\dsPIC33F\gld\p33FJ64GP706.gld

Under “Header Files,” add C:\Program Files\Microchip\MPLAB C30\support\dsPIC33F\h\p33FJ64GP706.h

16.4) The ICD2 Debugger (Microchip) is connected to the PC with a USB cable, and to the PIC board’s RJ45 jack.  
16.5) A 6-9V supply with 2.1-mm, positive tipped plug is inserted into the board power jack, and the power switch is flipped on.

16.6) The following settings and commands are run in the MPLAB IDE menus:

Programmer > Select Programmer > [ICD2 or PM3]

Programmer > Enable/Connect

Project > Build

Programmer > Program

       Then, the PIC board is unplugged from the programming device in order to run.

Part 17: Connecting LEDs and stimuli creators to the controller system.

17.1) Inputs and outputs of all three boards (male pin headers on left and right sides, respectively; e.g., see Fig. 7 for those of the LED driver board) are plugged into electronics prototyping breadboards with 0.1” pin spacings, to enable wires to connect appropriate inputs and outputs flexibly, without requiring additional soldering.

17.2) The light-blue DIP switch modules on the LED driver board are set, as in Fig. 7, so that the three LED driver chips on the top half of the board operate in parallel, as do the bottom three chips, enabling LEDs to be driven with triple the current.  The LED driver board thus contains two units, comprising three driver chips each.  Since a single driver chip allows independent control of 8 LEDs, with 150 mA per LED, two triple-driver units allow independent control of 16 LEDs (2 units x 8 LEDs) at up to 450 mA (3 chips x 150 mA) per LED.
17.3) Outputs (on right-hand side) of the PIC board are wired to the inputs (left-hand side) of the LED driver board by connecting appropriate points on the breadboard.  Each unit on the LED driver board has five input types (Fig. 7): data (LOGIC), data clock (CLOCK), high/low-current mode (HI/LO), output enable (OUTPUT-ENABLE), and latch enable (LATCH).  Current-mode and output-enable inputs may be tied to logic ground for all chips.

17.4) Each LED cathode is wired via to an output of the LED driver board.  

17.5) The common anode of the implant is wired to a benchtop voltage supply outputting 5V, and capable of supplying sufficient current to control all desired LEDs.

17.6) PIC board outputs are wired, through the breadboard, to devices that control sensory stimuli such as tones, shocks, and lights, as well as behavioral elements like controls for operant levers or maze gates.  These external stimuli must be self-powered, taking TTL pulses as triggers.  For any stimuli with higher current or voltage requirements than TTL levels, PIC-board outputs are first routed through the stimulus driver board, by making appropriate connections on the breadboard.

17.7)   The PIC board, LED driver board, and stimulus board are each powered with a 6-9V power supply, for example with an AC/DC wall converter with 2.1-mm, positive tipped plug.

Part 18: Setting up and using the MATLAB interface in Windows.
18.1) Connect the LED driver board cable to the head apparatus on the mouse, and also attach cooling tubes to the cooling connectors on the head apparatus of the mouse if desired.
18.2) The PIC board is connected to a PC using a USB cable with a mini-B termination, and the power switch of the PIC board is flipped on.  XP and Vista should automatically install the FTDI Virtual COM Port driver.  If not, the driver can be downloaded from http://www.ftdichip.com/Drivers/CDM/CDM%202.04.16.exe. (There may be no on-screen indication that the driver is being/has been installed, other than the appearance of a COM port in Device Manager.)

18.3) The COM port number of the device is found in Device Manager under the heading “Ports (COM & LTP).”  If the driver is successfully installed, the device appears as “COM3” or “COM4,” for example.  To start Device Manager, press the Windows key + R, type devmgmt.msc, and hit Enter.  Alternatively, in XP: click Start > Run…, then type devmgmt.msc;  in Vista: click the Start Menu, then type devmgmt.msc into the “Start Search” box

18.4) In MATLAB, an array is defined which contains event times in milliseconds (column 1), event codes (column 2), and event parameters (columns 2 and 3).  For example:
eventTable = [

1 2 0 0 

% at t=1 ms, turn on LED(0,0)
2 2 0 2 

% at t=2, turn on LED(0,2)
4 1 0 0

% at t=4, turn off LED (0,0)
5 1 0 2

% at t=5, turn off LED (0,2)
];

18.5) The custom MATLAB functions sendTable.m and executeTable.m are placed in the MATLAB working directory so that they can be executed.

18.6) eventTable is sent to the PIC board, using the sendTable function and the COM number found in Device Manager.  Then the PIC is commanded to begin execution of the table using the executeTable function.  For example:

sendTable('COM3',eventTable);

executeTable('COM3');

Part 19: Testing output power (Fig. 5A)
19.1) Light output power is measured with an integrating sphere (Thorlabs).  A custom fiber array fitting is lasercut from 1/16” acrylic and screwed into place on the integrating sphere.

19.2) The fiber array is carefully lowered into place in the fitting and secured with tape.

19.3) The cable is plugged in to the power connector.

19.4) The array outputs are run, one by one, and their power is measured.

Part 20:  Representative Results:

The optical fiber arrays are shown in successive stages of completion in Figures 1 and 2.  Screenshots of waterjet and lasercutter files are shown in Figure 3.  Example MATLAB code for generating the Modela mini mill file and the resultant file is shown in Figure 4.   Power output from one fiber run at 500mA is shown in Figure 5A, sufficient to illuminate over a cubic millimeter of brain tissue.

Discussion: Short discussion on critical steps, possible modifications, applications, significance, etc…

A key feature of neural circuits in the mammalian brain is their 3-dimensionality and geometric complexity.  Although the use of optical control molecules is becoming widespread in neuroscience, at the hardware level all existing approaches for illuminating brain structures focus on delivering light to a single point in the brain, e.g. a single laser-coupled optical fiber 


(Aravanis, Wang et al. 2007; Bernstein, Han et al. 2008) ADDIN EN.CITE .  This approach is inadequate for many scientific questions, in which the neural circuits of interest possess complex 3-dimensional shapes.  For example, inactivating a structure like the CA1 region of the hippocampus, to determine when in a spatial navigation task it is needed, or whether such silencing could ameliorate an ongoing seizure, requires the ability to deliver light in a complex 3-dimensional pattern, to many points deep within the brain.  In addition, performing bilateral inactivation of redundant structures such as the right and left amygdala is not possible with a single optical fiber.  Furthermore, perturbing multiple brain regions in a temporally-patterned fashion (e.g., driving two connected regions out of phase to study how cross-region synchrony depends upon activity within each region, or stimulating inputs to a region while silencing a subset of the targets in order to understand which of the several targets are critical for mediating the effects of those inputs), also requires the ability to deliver light at multiple points in the brain, with independent control of the timing of light delivery at each site.  Finally, for large brains like those in the primate, in which we have recently demonstrated optical cell-type specific neural activation (Han, Qian et al. 2009), inactivating or perturbing a large area may require an array of light sources, in order to illuminate enough of the brain to cause a behavioral effect.  It is not obvious how to generalize existing fiber-coupled single laser probes to target multiple regions, due to laser expense, and fiber fragility.  
Here we began with Monte Carlo simulations to forecast that a single LED and a single 200 micron fiber can easily illuminate brain volumes ranging from arbitrarily small to over 1 mm3 .  In practice, it may be optimal to delimit the area to be activated or silenced by precise viral injection, and then to use more light than needed, to guarantee that the entire volume will be manipulated appropriately.  We have chosen LEDs for making such arrays due to their compact size and inexpensive nature.  One critical consideration is the heat produced:  when the LEDs used here are run at ~500 mA, they will generate approximately 1.5W of heat.  With a heatsink of 1 gram of copper, like the kind used here, one LED running at peak power will raise the temperature of the block at a rate of about 4K/s.  To avoid dangerous levels of heating, the cumulative LED run time for a stimulus paradigm should be less than 7.5s if cooling is not employed.  With cooling, the LED array can be run for arbitrarily long durations.
A few technical comments on the milling are in order.  End mill sizes are chosen to balance simplicity of construction, ease of part acquisition, and time of fabrication.  For example, the .020” end mill utilized in the fabrication of the base plate and alignment plate is chosen to match the jacketing of the optical fiber, and also to enable .020” stainless steel wire to be used for alignment posts.  The x,y coordinates of the mini mill are hard-coded so it is necessary to locate the origin of the work piece in the mini mill’s coordinates.  Units are 1/1000th of an inch.  The mini mill has a very small instruction set:

“PA;PA;” – initializes a program

“VS[value];” – sets the lateral cutting speed

“!VZ[value];” – sets the vertical cutting speed

“!MC[0,1];” – turns the motor off (0) or on (1)

“!PZ[value,value];” – sets the height of the bit in the down and up positions, respectively

“!PU[value,value];” – moves the mill bit to the up position and then to the x,y coordinate set by the values

“!PD[value,value];” – moves the mill bit to the down position and then to the x,y coordinate set by the values

See representative results for sample .rml files and the MATLAB scripts which generate them.  Notably, these instruction sets are rich enough that if you do not have a waterjet cutter, the mini-mill can be used to cut out the base plates and coolant channels.  ​​​​

It’s important to note that the techniques and structure of the fiber arrays described here allow for extensive modification and customization.  Optical fibers and LEDs of different dimensions would allow much finer or coarser control of optical activation.  A critical future extension of the fiber arrays would include integration with neural recording.
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Tools and Materials:
A.  Optical Fiber Arrays

A1. Optical Fiber Array Components
	Purpose
	Component
	Vendor
	Part #

	Copper Base Plane & Cooling Channel
	1” x 1/16” x 3 ft copper strip
	McMaster Carr
	8964K301

	Alignment Plate
	Copper-plated FR1 epoxy laminate
	Global Laminates
	FR1 .062 1/0 40"x48"



	Coolant backing
	1/16” thick acrylic
	Mcmaster Carr
	8560K171

	LED (in bare die form)
	Cree C460EZ600
	III-V Compounds
	C460EZ600-S20000

	Connect top and bottom of Power connector Board
	AWG28 Tinned Copper Wire
	Smallparts
	TCW-28-01

	Power connector Board
	1/64” 2-Side Copper-Clad PCB
	Digikey
	473-1013-ND

	Electrical Connector
	.8mm Samtec CLE-105-01-G-DV
	Newark
	11P3688

	Coolant Connectors
	1/16” barbed elbow connectors 
	Smallparts
	TFP-BE062-C

	Coolant Connectors
	.038” OD polyethylene tubing
	VWR
	63018-667

	Optical Fiber
	.48NA 200μm core silica fiber
	Thorlabs
	BFH48-200

	Alignment Posts
	.020” Stainless Steel wire
	Smallparts
	GWX-0200


A2. Optical Fiber Array Tools and Consumables
	Purpose
	Tool
	Vendor
	Part #

	Cutting ground planes and cooling channels
	Waterjet Cutter
	OMAX
	2652 Jet Machining Center

	Precision machining
	Modela Mini Mill
	Roland
	MDX-20

	Cutting alignment holes on ground plane and alignment plate
	.020” End Mill
	Mcmaster Carr
	8916A22

	Cutting LED pads
	.017” End Mill
	Mcmaster Carr
	8916A18

	Cutting PCB traces
	1/64” End Mill
	Mcmaster Carr
	8977A111

	Cutting acrylic cooling backing
	Lasercutter
	Universal Laser Systems
	X2-600

	Cleaning base plane
	Ultrasonic Cleaner SH80-2L
	Blitzinc.net
	Ultrasonic Cleaner SH80-2L

	Designing coolant backings
	Corel Draw
	Corel Co.
	

	Writing mini mill code
	MATLAB
	Mathworks
	

	Lubricating mill bit while cutting copper
	Tap Magic Biodegradable Cutting Fluid
	Mcmaster Carr
	10015K14

	Securing FR1 for aligners to mill stage
	VHB tape
	Mcmaster Carr
	76665A82

	Soldering electrical connector to power connector board
	Kester 245 Sn63Pb37 Solder
	Digikey
	KE1410-ND

	Soldering LEDs to base plane
	Kester R276 Solder Paste
	Digikey
	KE1507-ND


	Solder LEDs to ground plane
	Hot Plate Model 615-HP
	VWR
	12365-348

	Placing LEDs
	Dumont Jewelers Style Forceps, number 5
	Samuel Perkins
	19-364

	Clamping cooling pieces in place during bonding
	Alligator Clips
	Digikey
	314-1036-ND

	Bonding coolant channels to base plate
	Arctic Silver Thermal Adhesive
	Bestbyte.net
	COTIASASA

	Bonding coolant backing to coolant channels and alignment plate to base plate
	Permatex 5 Min Epoxy
	VWR
	101400-754

	Wire bonding
	Wire Bonder
	West Bond
	747677E-79C

	Fiber Cleaving
	Diamond Wedge Scribe
	Thorlabs
	S90W

	Fiber Cleaving
	Instructions
	Thorlabs
	FN96A

	Stipping fiber jacketing
	Stripmaster 20-30 AWG
	Mytoolstore.com
	IDE-45-098

	UV Lamp for Curing optics blue
	Dual-Lite
	Lightningenterprises.com
	Dual-Lite

	Measure Light Power Output
	Integrating Sphere
	Thorlabs
	PM140


B. Programmable Controller
The leftmost column * indicates the reference numbers printed on the PCB silkscreen layer, for ease of assembly.
B1. LED driver board

	*
	Description
	Digi-Key Part #
	Qty

	IC1
	Allegro A6277, 20-SOIC (constant-current 8-bit LED driver)
	620-1087-ND
	6

	
	Power
	
	

	IC2
	5V regulator powering A6277 logic
	576-1173-ND
	1

	S1
	Power switch
	EG1903-ND
	1

	J1
	Power jack for size P-5 plug (2.1x5.5x9.5)
	SC1313-ND
	1

	
	Miscellaneous
	
	

	-
	3x2 female header
	S7106-ND
	1

	-
	0.1” male header (I/O pins for PIC-board/breadboard interface)
	S1012E-36-ND
	

	P1
	200-ohm potentiometers (current-setting for A6277 chips)
	490-2879-ND
	6

	S2
	Input switches: SPST 5-pos switch (controls 5, 1 at a time)
	CT2065-ND
	3

	S3
	Output switches: DPST 4-pos switch (controls 8, 2 at a time)
	CT206214-ND
	3

	C1
	0.1 uF (for regulator Vin)
	311-1141-1-ND
	1

	C2
	10 uF tantalum (for regulator Vout) (POLARIZED)
	478-1751-1-ND
	1


B2. Stimulus driver board

	*
	Description
	Digi-Key Part #
	Qty

	IC1
	Vishay Si3861BDV load switch (PIC microcontroller)
	SI3861BDV-T1-E3CT-ND
	8

	IC2
	5V regulator
	497-3417-5-ND
	1

	C1
	10 uF caps for regulator Vin and Vout
	PCC2414CT-ND
	2

	S1
	Power switch
	EG1903-ND
	1

	J1
	Power jack for size P-5 plug (2.1x5.5x9.5)
	SC1313-ND
	1

	-
	0.1” male header (I/O pins for PIC-board/breadboard interface)
	S1012E-36-ND
	

	
	Components for load switch 
	
	

	R1
	1 M-ohm resistor (pull-up)
	541-1.0MECT-ND
	6

	R2
	51 k-ohm resistor (optional slew-rate control)
	541-51KECT-ND
	(6)

	Ci
	10 uF
	PCC2414CT-ND
	6

	Co
	1 uF
	PCC1893CT-ND
	6

	C2
	1000 pF (optional slew-rate control)
	311-1144-1-ND
	(6)


B3. PIC board
	*
	Description
	Digi-Key Part #
	Qty

	IC1
	Microchip dsPIC33FJ64GP706 (PIC microcontroller)
	DSPIC33FJ64GP706-I/PT-ND
	1

	IC2
	FTDI FT232RL (UART-USB converter)
	604-00043-ND
	1

	
	Power
	
	

	-
	9 VDC wall transformer, pos. center, 660 mA, P-5 plug
	T1020-P5RP-ND
	(3)

	IC3
	3.3V regulator for PIC board power
	576-1172-ND
	1

	S1
	Power switch
	EG1903-ND
	1

	J1
	Power jack for size P-5 plug (2.1x5.5x9.5)
	SC1313-ND
	1

	L1
	Green LED (power indicator) POLARIZED
	67-1060-ND
	1

	56
	56 ohm resistor (for indicator LED) 
	56QBK-ND
	1

	
	Miscellaneous
	
	

	27k
	27K ohm resistor (MCLR pullup)
	27KQBK-ND
	1

	4.7k
	4.7K ohm resistor
	4.7KQBK-ND
	1

	10k
	10K ohm resistor
	10KQBK-ND
	1

	X1
	20 MHz crystal (for PIC oscillator)
	X439-ND
	1

	20pF
	20 pF caps for crystal
	490-3703-ND
	2

	-
	0.1” male header (I/O pins for PIC-board/breadboard interface)
	S1012E-36-ND
	

	J2
	Mini-B USB jack
	WM5461CT-ND
	1

	J3
	6p6c RJ12 jack (ICD2 Debugger jack)
	A31417-ND
	1

	H1
	4-position female header
	S7037-ND
	1

	
	Debugging LEDs (optional)
	
	

	L2
	1206 SMD orange LED POLARIZED
	516-1441-1-ND
	(8)

	R1
	1206 56 ohm resistors (current-limiters for LEDs)
	RHM56ERCT-ND
	(8)

	T1
	16-SOIC NPN, quad transistor package
	MMPQ2222ACT-ND
	(2)

	R2
	1206 560 ohm resistors (transistor base)
	RHM560ERCT-ND
	(8)

	-
	8-position DIP switch
	GH7176-ND
	(1)

	-
	8-position female header
	S4108-ND
	(1)

	L3
	Green 0603 SMD LED (FTDI RX indicator) POLARIZED
	P14140CT-ND
	(1)

	R3
	47 ohm resistor (for green)
	47QBK-ND
	(1)

	L4
	Red 0603 SMD LED (FTDI TX indicator) POLARIZED
	475-2506-1-ND
	(1)

	R4
	560 ohm resistor (for red)
	RHM560HCT-ND
	(1)

	
	Decoupling capacitors: dsPIC, FTDI, voltage regulator (all 0806 SMD)
	

	-
	0.1 uF (for regulator Vin)
	311-1141-1-ND
	1

	C1
	10 uF tantalum (for regulator Vout) POLARIZED
	478-1751-1-ND
	1

	-
	0.01uF (dsPIC decoupling)
	PCC103BNCT-ND
	4

	-
	0.1uF (dsPIC decoupling)
	311-1141-1-ND
	4

	-
	1uF (dsPIC decoupling)
	PCC2314CT-ND
	4

	C2
	10uF tantalum (dsPIC VIO) POLARIZED
	478-1751-1-ND
	1

	-
	0.1uF (FTDI decoupling)
	311-1141-1-ND
	2

	-
	4.7uF tantalum (FTDI decoupling) POLARIZED
	478-2391-1-ND
	1

	-
	0.1uF (FTDI 3v3 out)
	311-1141-1-ND
	1


Figure legends:
Figure 1.  Optical fiber arrays for spatiotemporally-precise targeting of complex brain circuits.  A, illustration of an array of 6 LED-coupled optical fibers targeting a complexly-shaped brain structure.  B, photograph of a four-fiber array showing light emission from the ends of the fibers.  Visible is also the housing of the fiber array (including transparent water cooling tubes, top), as well as electrodes running parallel to the fibers (bottom).
Figure 2.  Optical fiber array, and components thereof, in successive stages of completion.   A, coolant channel plate, after waterjet cutting and sanding, still embedded in a copper strip.  B, base plate, after waterjet cutting and sanding, still embedded in a copper strip.  C, base plate, with LED pads (two in this case) and alignment holes milled.  D, alignment plate.  E, stack comprising, from bottom to top, base plate, coolant channel plate, and coolant backing plate, before sealing.  F, power connector board, bottom side.  G, power connector board, top side, with power connector inserted.  H, a coolant connector.  I, alignment plate with alignment posts and optical fibers (two in this case) inserted.  J, close up of poorly-cleaved (left) and well-cleaved (right) optical fibers.  K, base plate, bearing LEDs, and wirebonded to the power connector board, mounted on a glass slide with hot glue.  L, close-up of K, showing the wirebonds between LEDs and terminals of the power connector board.  M, close-up of the connection between LEDs and optical fibers, sealed with optics glue.  N, alignment plate, holding optical fibers, in position above the LEDs on the base plate.  O, close up of the cooling assembly, on a finished fiber array.  P, a completed LED-coupled optical fiber array, shown without the cooling assembly.
Figure 3.  Screenshots of machining programs.  A, CAD layout (top) and machine control (bottom) for the waterjet cutter, for making base plates and cooling channel plates out of copper.  B, CAD layout in Corel Draw (top) and printing options for laser cutter (bottom), for making coolant backing plates out of acrylic.

Figure 4.  Screenshot of MATLAB code for generating Modela mini-mill command files for machining the LED pads and alignment holes, in the neural circuit target-customized base plates.  The resultant command files are shown in the two lower right windows, with the trailing “!MC0;” commands, which normally prevent the mill from stopping prematurely, truncated.

Figure 5.  Fiber power output.  A, measurement of power output of a one-fiber (200 m diameter) fiber array, with the blue LED running at 500mA, using a power meter (left) and an integrating sphere detector (right).  The fiber array is held in place by a custom fitting (shown attached to the integrating sphere, right, as well as alone, center).  B, light intensity in the brain as a function of distance from a 200 m fiber surface, computed using a Monte Carlo light scattering/absorption simulation, and displaying the contours of 100, 10, 5, 2, and 1 mW/mm2 radiant flux.  As in panel A, the LED is run at 500mA, resulting in a total fiber output of 7mW.
Figure 6.  Schematic of programmable controller, with printed circuit board (PCB) layouts for the PIC board, LED driver board, and stimulus driver board, shown in insets.  
Figure 7.  Notes on configuring the hardware of the LED driver board.  To configure a single LED driver board to drive 16 LEDs (e.g., pooling the six driver chips in two parallel banks of three to increase the maximum LED drive current possible), set the light-blue DIP switches as shown.  This configuration ties together the inputs and outputs of the driver chips in parallel banks of 3, sharing control signals from the PIC, and combining output currents in parallel.  Specifically, for the inputs to the LED driver board, each bank of three driver chips is controlled by a single set of LOGIC, CLOCK, and LATCH inputs from the PIC.  Wiring the LATCH, CLOCK, and LOGIC inputs to the LED driver board is shown through color-coded wires:  blue wires carry information (LATCH, CLOCK, LOGIC) from the PIC board to control the first bank of three driver chips, and green wires carry information (LATCH, CLOCK, LOGIC) from the PIC board to control the second bank of three driver chips.  The OUTPUT-ENABLE and HI/LO inputs to the LED driver board should always be tied to the digital ground of the PIC board, here shown via brown wires.   
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