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Described below is a method for implantation of multiple polymer electrode arrays across 44 

anatomically distant brain regions for chronic electrophysiological recording in freely moving 45 

rats. Preparation and surgical implantation are described in detail, with emphasis on design 46 

principles to guide adaptation of these methods for use in other species. 47 

 48 

ABSTRACT: 49 

Simultaneous recordings from large populations of individual neurons across distributed brain 50 

regions over months to years will enable new avenues of scientific and clinical development. The 51 

use of flexible polymer electrode arrays can support long-lasting recording, but the same 52 

mechanical properties that allow for longevity of recording make multiple insertions and 53 

integration into a chronic implant a challenge. Here is a methodology by which multiple polymer 54 

electrode arrays can be targeted to a relatively spatially unconstrained set of brain areas. 55 

 56 

The method utilizes thin-film polymer devices, selected for their biocompatibility and capability 57 

to achieve long-term and stable, electrophysiologic recording interfaces. The resultant implant 58 

allows accurate and flexible targeting of anatomically distant regions, physical stability for 59 

months, and robustness to electrical noise. The methodology supports up to sixteen serially 60 

inserted devices across eight different anatomic targets. As previously demonstrated, the 61 

methodology is capable of recording from 1024 channels. Of these, the 512 channels in this 62 

demonstration used for single neuron recording yielded 375 single units distributed across six 63 

recording sites. Importantly, this method also can record single units for at least 160 days. 64 

 65 

This implantation strategy, including temporarily bracing each device with a retractable silicon 66 

insertion shuttle, involves tethering of devices at their target depths to a skull-adhered plastic 67 

base piece that is custom-designed for each set of recording targets, and stabilization/protection 68 

of the devices within a silicone-filled, custom-designed plastic case. Also covered is the 69 

preparation of devices for implantation, and design principles that should guide adaptation to 70 

different combinations of brain areas or array designs. 71 

 72 

INTRODUCTION:   73 

An ideal neural implant would record from a very large number of individual neurons in 74 

distributed brain areas over weeks to months. Flexible polymer electrode arrays provide 75 

electrophysiological recordings with the longevity to record for months and the stability to track 76 

individual neurons1-3. However, the same mechanical properties that reduce shearing damage4 77 

and confer biocompatibility and recording capability2,3,5-8 pose a challenge to their insertion into 78 

the brain relative to their rigid counterparts. Previous work accomplished a maximum of four 32-79 

channel arrays, but the total yield of sorted putative single neurons is unreported2,3,9. Conversely, 80 

silicon-based electrode arrays have been used in high-density, multi-region implants, but these 81 

technologies lack either the ability to record spikes from neurons over months (longevity) or to 82 

track the same neurons (stability) on that timescale, or the density to record from hundreds of 83 

individual neurons across multiple brain regions. The method presented here overcomes the low 84 

number of insertions in current polymer electrode array-based methods, thereby providing 85 

means for the electrophysiologic recording of large numbers of individual neurons in multiple 86 
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anatomically distant regions for months, with the stability to record from the same individual 87 

neurons across many days. 88 

 89 

There is some debate regarding the importance of using a polymer substrate instead of 90 

microwire- or silicon- based strategies. As demonstrated by Dhawale et al.10, microwires are 91 

indeed capable of months-long stable recordings in rodents, though the implants were limited to 92 

16 tetrodes in a single region. Scaling up the size of the microwire implant reaches a relatively 93 

high upper limit, with up to 1792 implanted channels achieved in a non-human primate11. 94 

However, construction of the microwire arrays is incompatible with silicon nanofabrication 95 

processes and is, therefore, extremely time consuming, requiring manual handling of each 96 

channel individually during the construction12-14. As such, it is not clear if this technology could 97 

support an order of magnitude increase in recording channels. 98 

 99 

The latest silicon devices can place hundreds or even over a thousand electrodes on a single 100 

monolithic device15-19. The latest silicon fabrication processes generate devices with smaller 101 

cross-sectional areas, regardless of the material, resulting in less glial activation20-24 and more 102 

compliant devices. There is a variability in reports of silicon probe single-unit recording longevity, 103 

with some indicating that relatively large silicon probes can provide long-term recording25,26. 104 

Notably, the latest commercially-available silicon devices17 have the longevity to record for 105 

several months and have cross-sectional areas very similar to the shanks used in the method 106 

described here (Jun et al. 201717: 70 m x 20 m, devices described here and in Chung et al. 107 

20191: 68 m – 80 m x 14 m). Due to the difference in stability, this probe has not been 108 

demonstrated to be able to record from the same neurons over weeks. This likely is due to some 109 

combination of the use of rigid silicon as well as direct tethering to the skull, known to cause 110 

micromotion, instability, and gliosis at the array-brain interface27,28. To construct a device that 111 

can move with the neural tissue, materials that are soft5,29 and flexible7 are required. Many 112 

available polymers (see Geddes and Roeder30, Fattahi et al.31, and Weltman et al.32 for reviews) 113 

have the flexibility and stability of microwires and are also compatible with the nanofabrication 114 

processes, which allow the dense packing of silicon devices. 115 

 116 

Several neural implantation issues are specific to the use of flexible polymer electrode arrays. 117 

The first of these is the insertion of the array, as flexible arrays lack the rigidity to be advanced 118 

into the brain like silicon- or microwire-based strategies. The majority of insertion strategies for 119 

flexible devices depend on a temporary stiffening of the substrate as is done in this method (see 120 

Weltman et al.32 for review). There are five notable strategies that do not make use of a rigid 121 

shuttle. First, there are methods that make use of materials that transition from rigid to 122 

compliant upon implantation33,34. A drawback of this strategy is that it requires a relatively large 123 

cross-sectional area to achieve the force required for penetration of brain tissue before buckling 124 

as dictated by Euler’s buckling force calculation35. This increase in cross-sectional area will 125 

negatively impact the health of the surrounding tissue20-24. Second is the use of a removable 126 

supporting structure above the brain36, though this requires time-consuming removal or 127 

dissolution of scaffolding to maintain a minimal unsupported length (and high buckling force). 128 

Alternatively, it would require the array to be inserted with a longer unsupported length, thereby 129 

requiring a stiffer array substrate or a larger array cross-sectional area. Third is pre-penetration 130 
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to open a hole for the flexible array to be inserted in afterward35. This requires precise 131 

realignment or relatively large pre-penetration diameter, and electrode array rigidity and cross-132 

sectional area to permit unsupported insertion. Fourth is the use of dissolvable coatings to stiffen 133 

the flexible device. This significantly increases the cross-sectional area and acute damage caused 134 

by insertion, even when special precautions are taken to preserve the sharp tip of a device37. 135 

Fifth is the injection of the polymer array. This strategy has had success in achieving implants 136 

with up to four 32-ch insertions2, but requires using a far larger cross-sectional area for insertion, 137 

a 250 µm – 1.5 mm outer diameter glass capillary tube9, causing greater acute damage. In 138 

contrast, using a removable shuttle, while adding cross-sectional area to the acute insertion, 139 

allows for the use of the stiffest possible materials, and can, therefore, be the theoretical 140 

minimum size when inserting an arbitrarily flexible device. Thus, insertion using a rigid shuttle is 141 

currently the most attractive option for inserting flexible devices.  142 

 143 

There are two requirements of any insertion shuttle approach: a suitably stiff substrate and a 144 

way to couple the flexible device to the substrate. Insertion shuttle materials are typically 145 

silicon38-40, stainless steel8,41, or tungsten42-44, with stiffer materials allowing for smaller cross-146 

sectional areas. These are typically affixed using an adhesive such as polyethylene glycol 147 

(PEG)8,38,39,41,42, electrostatic forces40, or direct physical coupling44,45. In all cases, the challenges 148 

are the alignment and coupling of the electrode array and insertion shuttle before insertion and 149 

decoupling after insertion. Recounted below is a refinement of the method introduced by Felix 150 

et al.39 to temporarily brace the electrode array with a silicon insertion shuttle, attached using 151 

PEG, that is removed after insertion of the array to its target depth.  152 

 153 

A second challenge presented by flexible devices within a chronic implant is that of stabilizing the 154 

device within the brain while still allowing for the device to be integrated into an implant 155 

attached to the skull. The brain moves relative to the skull due to natural pulsations, post-156 

traumatic edematous changes, impact, and other causes, and the electrode array must therefore 157 

be at least somewhat free to move relative to where it is affixed to the skull and recording 158 

hardware. This is achieved using a 3D-printed plastic base piece, custom-designed for each set of 159 

implant targets, that has multiple functions: a saline reservoir during implantation, location to 160 

tether the polymer arrays, and housing for silicone gel. The tethering location above the skull and 161 

silicone gel work together to create a larger radius of curvature for the array and thereby allow 162 

for larger compressive forces on the array. This in turn allows for movement of brain relative to 163 

the anchor points of the array (skull) to be translated into buckling load. 164 

 165 

Further challenges include the need to house multiple arrays and provide ample strain relief for 166 

the animal to freely behave without transfer of vibrations or impact forces to the electrode 167 

arrays, which can cause motion relative to neural tissue. Adaptations to solutions that have been 168 

used in similar applications where the brain must be stable relative to a rigid recording window 169 

have addressed this challenge. An artificial dural sealant silicone gel (Table of Materials), which 170 

has previously been demonstrated to be non-toxic and prevent CSF leakage46, provides counter-171 

pressure to the brain to prevent outward swelling and to stabilize the array at the brain surface. 172 

An additional layer of protection is added to the device ribbons by the medium-viscosity, surgical 173 

grade silicone elastomer, previously demonstrated for use in sealing chronic neural electrode 174 
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implants47. Finally, the silicone-buffered implant and headstage is encased with 3D-printed 175 

pieces custom designed to maintain a low center of mass for minimal reduction of the animal’s 176 

normal mobility.  177 

 178 

This protocol starts with a flexible polymer microelectrode array mounted to a silicon insertion 179 

shuttle. It proceeds with mounting of the array-shuttle device to the 3D-printed insertion pieces, 180 

describes the surgical technique and implant construction steps required to successfully implant 181 

an animal, and is capable of supporting sixteen polymer multi-electrode arrays implanted in eight 182 

anatomically distant regions in a single rat1. 183 

 184 

This protocol assumes the starting materials of polymer electrode arrays attached by the 185 

biodissolvable adhesive polyethylene glycol (PEG) to a silicon insertion shuttle, as shown in Felix 186 

et al.39, and at least two independently movable insertion pieces: one to which the silicon shuttle 187 

will be glued and one to which the electrode array’s connector will be adhered. This protocol also 188 

uses a third insertion piece to more securely attach the two insertion pieces to a micron-scale 189 

micromanipulator. All files for 3D printing can be found at: 190 

https://github.com/jasonechung/PolymerProbe3DParts 191 

 192 

Each polymer electrode array, used in this method is comprised of two to four recording shanks, 193 

a ribbon that conveys the electrical traces, and, at the end of the ribbon, a hardware connector 194 

or printed circuit board. The electrode array and ribbon are fixed atop the silicon shuttle with 195 

PEG. Each ribbon has a 2 cm long x 1 mm thick polyimide tube attached to the ribbon via UV 196 

curable epoxy, extending perpendicular to the length of the ribbon. Each device (electrode array 197 

and insertion shuttle) must be loaded onto the 3D-printed insertion pieces that will be used to 198 

insert the array into the brain and retract the shuttle (Figure 1). In this design, the hydraulic 199 

insertion micromanipulator (green, Table of Materials) moves the entire insertion apparatus 200 

(piece 1, piece 2 and the retraction micromanipulator, orange) to its target depth. Once the array 201 

has been detached from the insertion apparatus and fixed, the second, retraction 202 

micromanipulator (orange) retracts piece 1 and the attached shuttle independently from the rest 203 

of the insertion apparatus, removing the shuttle without displacing the array.  204 

 205 

[place Figure 1 here] 206 

 207 

PROTOCOL:  208 

 209 

All animal-involved protocols described in this manuscript have been approved by the 210 

Institutional Animal Care and Use Committee at UCSF. 211 

 212 

1. Preparation of polymer electrode arrays for insertion (~30 min) 213 

 214 

1.1. Attach piece 1 to piece 2 by inserting a screw through aligned, vertically oriented holes to 215 

lock the pieces together (Figure 2). Hold these two pieces in a vice. Attach double-sided tape 216 

(Table of Materials) to the top of piece 2. Attach the stabilizing piece 4 to the end of piece 1. It 217 

will be held in place by friction. 218 

https://github.com/jasonechung/PolymerProbe3dParts
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 219 

[Place Figure 2 here] 220 

 221 

1.2. By hand, align the electrode array and attach the insertion shuttle with the narrow end 222 

segment of piece 1. When the probe is aligned with the longitudinal axis of piece 1, adhere the 223 

array connector to the polyimide double-sided tape on the flat portion of piece 2. 224 

 225 

1.3. With plastic tipped forceps, contacting only the polyimide wing attached to the array ribbon, 226 

lift the insertion shuttle-electrode array device tip off piece 1, to the exterior of the stabilizing 227 

piece (Figure 3A). 228 

 229 

1.4. Apply a small amount of cyanoacrylate (Table of Materials) or other adhesive (~10 µL) to the 230 

end of piece 1. Too little will not strongly adhere the insertion shuttle to piece 1, risking 231 

detachment during insertion or retraction. Too much risks overflowing the shuttle and adhering 232 

the array itself to piece 1. 233 

 234 

1.5. Using plastic tipped forceps, contacting only the polyimide wing attached to the array ribbon, 235 

re-align the device with the narrow segment of piece 1, with the square tab of the insertion 236 

shuttle (and only the shuttle) atop the glue (Figure 3B). Make small alignment adjustments by 237 

manipulating the side of the silicon shuttle or the PEG. Avoid applying excessive force to the 238 

ribbon or shanks.  239 

 240 

[Place Figure 3 here] 241 

 242 

1.6. Apply gentle downward pressure with forceps on both sides of the stabilizing piece and 243 

remove it from the assembly without moving the array. 244 

 245 

1.7. Remove the mounted device assembly (pieces 1 and 2, array, insertion shuttle, and array 246 

connector) from the vice and adhere it with double-sided tape to the base of a small plastic box 247 

for sterilization by ethylene oxide (Figure 3C). Steam sterilization is not appropriate for these 248 

devices. 249 

 250 

2. Design of base piece  251 

 252 

2.1. Determine craniectomy sizes for selected stereotactic targets as well as locations of skull 253 

screws and ground screws. Craniectomy size is determined by array footprint, with a few hundred 254 

(~300) micron circumference for placement adjustments to avoid surface vasculature. 255 

 256 

2.2. Using a design software (e.g., CAD), design the footprint of the base piece to surround the 257 

planned craniectomies and fit within the perimeter defined by the temporal ridge and skull 258 

screws, maximizing skull surface area that will be outside of the base piece to which adhesive 259 

luting cement can bind to adhere the implant to the skull.  260 

 261 
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2.3. Contour the bottom surface of the base piece so it can be adhered to the skull without gaps, 262 

reducing the chance of infection and preventing saline or silicone elastomer from seeping out. 263 

 264 

2.4. Set the height of the base piece to 3-7 mm, high enough to hold saline and silicone elastomer 265 

but low enough to not impede visibility during array insertion(s).  266 

 267 

NOTE: The base piece can be designed with vertical posts or similar features to which the 268 

polyimide wings can be tethered at a point higher above the skull. Do not allow attachment 269 

points to impede view.   270 

 271 

2.5. 3D print the base piece (Figure 4) and sterilize the base piece prior to implantation.  272 

 273 

[Place Figure 4 here] 274 

 275 

3. Preparation of skull (~2 h) 276 

 277 

3.1. Select a rat 400 g or greater to support the weight of the implant. Male Long-Evans rats, at 278 

6-12 months of age were used. 279 

 280 

3.2. Anesthetize the rat. Place the animal into an anesthesia chamber. Turn on 5% isoflurane. 281 

 282 

3.3. Inject an intraperitoneal dose of ketamine (50 mg/kg), xylazine (6 mg/kg), and atropine (0.14 283 

mg/kg). 284 

 285 

3.3.1. Monitor anesthesia depth every 20 min throughout the procedure by verifying there is no 286 

withdrawal from paw pinch and respiratory rate remains 50-75 breaths/min. 287 

 288 

3.4. Apply eye ointment to the rat. 289 

 290 

3.5. Shave the head of the rat. 291 

 292 

3.6. Place the animal into the stereotaxic holder. 293 

 294 

3.7. Inject 1% lidocaine into the scalp. 295 

 296 

3.8. Make a sagittal incision at the midline of the skull exposing at least 3 mm anterior to the 297 

bregma and 3 mm posterior to the lambda. 298 

 299 

3.9. Remove the periosteum using cotton swabs.  300 

 301 

3.10. Mark insertion and craniectomy sites by scoring the skull with a scalpel using a Cartesian 302 

coordinate plane zeroed at the bregma with a stereotactic instrument.  303 

 304 
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3.11. Drill craniectomy sites, leaving a thin layer of bone that can be removed with forceps. Do 305 

not expose dura. This allows for cleaning skull of bone dust without disrupting dura. 306 

 307 

3.12. Drill and insert bone screws, one at a time, to prevent bone dust from entering the holes. 308 

Use generous isotonic irrigation to remove bone dust. For an implant of approximately 50 grams, 309 

use 10-12 screws. Titanium screws allow osseointegration48. 310 

 311 

3.12.1.1. Advance the screws to a depth that fully penetrates the skull without impacting the 312 

brain. 313 

 314 

3.13.  Connect at least one bone screw to an electrically conductive wire to function as a circuit 315 

ground.  316 

 317 

3.14. After all drilling is complete, clean the skull of bone dust with a saline wash. 318 

 319 

3.15. Dry the skull with cotton swabs or other absorbents and apply an initial layer of adhesive 320 

luting cement (Table of Materials) to the screws (do not use enamel etchant on rodent skull). 321 

This preliminary adhesive luting cement layer will increase implant adhesion and decrease labor 322 

in later adhesion steps. 323 

 324 

3.16. Remove the thin layer of bone remaining at each craniectomy site. 325 

 326 

3.17. Incise dura using a 30-gauge needle with a bent tip while avoiding any vasculature. The 327 

length of the incision matches the dimensions of the insertion shuttle. 328 

  329 

3.17.1. If there is bleeding, irrigate manually with a gentle saline drip and do not continue until 330 

the bleeding has stopped. 331 

 332 

3.18. If multiple durectomies are being performed, keep sites moist with gel foam or another 333 

method, such as regular irrigation every few minutes with body-temperature saline.  334 

 335 

3.19. Dry the skull again with cotton swabs or other absorbents in preparation for luting cement 336 

adhesion of the base piece to the skull.  337 

 338 

3.20. Position the sterile base piece. If the base piece will cover the bregma, mark another 339 

location at a known distance away as a proxy. 340 

 341 

3.21. Apply adhesive luting cement around the perimeter of the base piece. Fill the adhered base 342 

piece with saline; identify and patch any leakage with adhesive luting cement at the interface 343 

between the base piece and the skull interface (Figure 5).  344 

 345 

NOTE: It is crucial that the base piece be completely secured to the skull to prevent leakage of 346 

the artificial dural sealant silicone gel, as this will prevent adequate adhesion of the implant to 347 

the skull. The animal is ready to have arrays inserted. 348 
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 349 

4. Serial insertions of arrays and retractions of shuttles (~1 h per array) 350 

 351 

NOTE: This procedure should be piloted with a nonviable device, particularly for multiple-array 352 

implants where one device may interfere with the implantation of subsequent devices. 353 

 354 

4.1. Load pieces 1 and 2 onto the retraction micromanipulator piston. Set piece 1’s 355 

micromanipulator to an extended position and piece 3’s micromanipulator to a retracted 356 

position. The piston will slide to a terminal depth inside of piece 1. Piece 2 fits within the top 357 

portion of piece 3, with the holes aligned. 358 

 359 

4.1.1. Load piece 3 onto the insertion micromanipulator piston, and secure in place with a screw 360 

on the underside of piece 3 (Figure 5A,B). 361 

 362 

4.1.2. Load and screw pieces 2 and 3 together, so that moving the insertion micromanipulator 363 

moves the whole insertion apparatus (Figure 5C).  364 

 365 

4.1.3. Remove the screw that holds pieces 1 and 2 together. Piece 1 moves independently of 366 

Piece 2, to allow separate retraction of the insertion shuttle from the apparatus.  367 

 368 

4.1.4. Insert this screw into the lateral hole of piece 1, perpendicular to the piston track, until the 369 

screw applies pressure on the piston. This assures that piece 1 moves in accordance with the 370 

retracting piston, as seen in Figure 5D.  Be sure to choose the lateral hole that will not impede 371 

vision when the apparatus is mounted on the stereotactic instrument. 372 

 373 

[Place Figure 5 here] 374 

 375 

4.2. Remove any gel-foam from the craniectomies. Use the real or proxy bregma for stereotactic 376 

targeting. When moving the device to the insertion site, maintain a height of at least a few 377 

centimeters above the skull.  378 

 379 

4.2.1. Avoid prolonged periods of the array-shuttle device near the skull or brain to decrease the 380 

chances that condensation will detach the array from the insertion shuttle prior to or during 381 

insertion. If this occurs, attempt to raise the array-shuttle device high above the brain and skull 382 

and wait for it to dry and re-adhere.  383 

 384 

4.3. Adjust implant coordinates to avoid surface vasculature. As during craniectomy and 385 

durectomy, avoid penetrating vessels directly. 386 

 387 

4.4. Insert the device briskly (~25 µm/s), lowering with the stereotactic instrument until the 388 

device enters the brain. The device will not penetrate the brain immediately. The degree of 389 

resistance and dimpling will depend on the target location and the device design (e.g., two versus 390 

four shanks, tip angle), but dimpling usually does not exceed 1 mm (Figure 6). 391 

 392 
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[Place Figure 6 here] 393 

 394 

4.5. Once in the brain, lower with micromanipulator, decreasing speed on approach to target 395 

depth: 396 

 397 

4.5.1. Use the stereotactic arm to start inserting at 25 µm/s. 398 

 399 

4.5.2. Use the micromanipulator to insert at 10 µm/s when 2 mm to 1 mm above the target 400 

depth. 401 

 402 

4.5.3. Slow insertion with micromanipulator to 5 µm/s when 1 mm to 500 µm above the target 403 

depth. 404 

 405 

4.5.4. Slow insertion further to 1-2 µm/s during the final 500 µm to the target. 406 

 407 

4.6. Visualize the device wings (horizontal polyimide tubing) and the point of insertion during 408 

lowering to avoid premature shuttle-array detachment. 409 

 410 

4.7. When the target depth has been reached (Figure 7A), bilaterally anchor the polyimide wings 411 

to the base piece attachment sites via light-curable acrylic or another adhesive such as 412 

cyanoacrylate (Table of Materials). Dry, if necessary, the wings or the attachment point on the 413 

base piece, as condensation can collect on these surfaces and prevent adhesion. If visibility or 414 

other space constraints require, anchoring at only one polyimide wing is typically sufficient. 415 

 416 

4.8. Prior to dissolution, the PEG will appear as a globular mass sitting atop the array and 417 

insertion shuttle interface (Figure 7A). Dissolve PEG by gently dripping body-temperature saline 418 

on the array at the point where it is adhered to the shuttle. The length of time this requires will 419 

depend on the molecular weight of the PEG selected and complete dissolution can be verified 420 

with direct visualization. When the PEG has fully dissolved the boundaries of the arrays will be 421 

completely discernable from the shuttle and piece 1 (Figure 7B). 422 

 423 

[Place Figure 7 here] 424 

 425 

4.9. Using the retraction micromanipulator, slowly withdraw the insertion shuttle. Continue 426 

saline irrigation (~1 drop/s) onto the array being retracted. Use retraction speeds that are the 427 

same as the insertion speed at relevant distances from target depth: 428 

 429 

4.9.1. Retract using the micromanipulator at 1-2 µm/s from target depth to -500 µm. 430 

 431 

4.9.2. Speed up the retraction using the micromanipulator at 5 µm/s when -500 µm to -1 mm. 432 

 433 

4.9.3. Speed up the retraction using the micromanipulator at 10 µm/s when -1 mm to -2 mm. 434 

 435 

4.9.4. Retract using the stereotactic arm at 25 µm/s from -2 mm from target and upwards. 436 
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 437 

4.10. Visualize the interface between the array and insertion shuttle during retraction. The 438 

polymer array will visibly separate from the shuttle and appear translucent as the shuttle is 439 

retracted at the semicircular junction between shanks of the insertion shuttle (Figure 7B). 440 

 441 

4.11. Remove the array connector from piece 2 and move to a location that will not interfere 442 

with subsequent insertions. The polymer electrode array is now in the brain and no longer 443 

connected to the stereotactic instrument (Figure 7C). Remove the insertion shuttle and other 444 

insertion hardware.  445 

 446 

4.10 For multiple insertions, repeat steps 4.1-4.9; do not move on to next section until all desired 447 

arrays are inserted. It is ill-advised to insert two devices within 250 µm of each other, as the slight 448 

bowing of the device ribbon between brain and wings in the strain relief region can extend at 449 

least this far. 450 

 451 

5. Implant construction (~2 h) 452 

 453 

5.1. After the final array insertion, empty saline from the base piece using a pipette or cotton 454 

swab, being careful not to disrupt the implanted arrays or ribbons.  455 

 456 

5.2. Fill the craniectomies and the base piece with low-viscosity silicone elastomer, or other 457 

artificial dural sealant. Allow it to cure (Figure 7D). With multiple insertions, place the hardware 458 

connectors where they do not interfere (Figure 8A). Appropriately orient the array connectors, 459 

and construct implant, so the ribbons are in their final desired position.  460 

 461 

5.3. Cover the arrays, array ribbons, and connectors in medium-viscosity silicone elastomer. Give 462 

special attention to the polymer-connector interface, as this soft-hard material interface is prone 463 

to damage.  Cover the array ribbons completely such that when the medium-viscosity silicone 464 

cures, they are immobilized. 465 

 466 

5.4. Enclose the elastomer-covered devices in the designed case.  467 

 468 

5.5. Reinforce the implant base with dental acrylic. Do not allow acrylic to come into direct 469 

contact with the array ribbons because expansion of the acrylic while it cures can damage the 470 

conductive traces. 471 

 472 

5.6. Apply Bupivicaine and bacitracin ointment around the incision. 473 

 474 

5.7. Close the incision using 4-0 nylon sutures and skin glue. 475 

 476 

6. Recovery and implant care 477 

 478 

6.1. Remove animal from stereotactic instrument and place on its side on a heating pad.  479 

 480 
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6.2. Give subcutaneous injection of warm Ringer’s solution (5 – 10 mL) to hydrate animal. 481 

 482 

6.3. Once animal is locomoting (10 – 60 min), transfer to a cage with half of the cage under a 483 

heating pad at 37 °C for 2-3 days. 484 

 485 

6.4. Under a heating pad, give access to softened food and water. 486 

 487 

6.5. Inject animal with 2 mg/kg Meloxicam for 1 week for pain control. 488 

 489 

6.6. Allow the rat 1-2 weeks to heal and adjust to the implant weight (Figure 8B). 490 

 491 

6.7. Perform regular chlorhexidine wash of the tissue around the implant and daily inspection for 492 

irritation, infection, or dehiscence. 493 

 494 

[Place Figure 8 here] 495 

 496 

REPRESENTATIVE RESULTS: 497 

Following this protocol, a 1,024-channel neural implant recording yielded 375 single units1 498 

(sorted with MountainSort49, noise overlap < 0.03, isolation > 0.96, 512 channels used for single 499 

unit recording, Figure 9A). This protocol can be used to implant different numbers of devices, 500 

with different channel counts and specifications, to different combinations of recording targets. 501 

Using the same protocol, single unit recording longevity has been demonstrated for at least 160 502 

days1 in data from 19 devices (18 32-channel devices in prefrontal cortices, one 64-channel 503 

device in orbitofrontal cortex) across three different rats (Figure 9B). One of the three animals 504 

had a digital electrical failure resulting in an inability to record from four devices. Of the remaining 505 

15/19 devices, there was a recording yield average of ~1 single unit per channel. Individual 506 

devices had yields of only a few single units up to ~2 units per channel. It is typical to see very 507 

different yields on devices implanted in the same animal in the same region.  508 

 509 

In addition, a different surgical team following the protocol described here implanted six 510 

additional animals each with a combination of 4-6 32-channel devices targeted to orbitofrontal 511 

cortex and nucleus accumbens, and a tetrode hyperdrive (total implant weight approximately 50 512 

g). One animal had an implant detach within one month of surgery. A second animal died during 513 

the post-operative recovery period, likely unrelated to the protocol steps described here. The 514 

remaining four animals remained healthy with stable implants that for the length of experiment, 515 

which lasted 4-11 months. Single unit counts were similar to those previously reported for 32-516 

channel devices.  517 

 518 

[Place Figure 9 here] 519 

 520 

FIGURE LEGENDS: 521 

 522 

Figure 1: Inserter components. (A) Pieces 1 and 2 are temporarily fixed to each other with a 523 

removable screw and will later be docked onto the retraction micromanipulator piston (orange). 524 
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(B) The array and insertion shuttle are adhered to piece 1 and the array connector is attached to 525 

piece 2 with double-sided tape. Piece 3 connects the retraction micromanipulator and pieces 1 526 

and 2 to the insertion micromanipulator (green). The insertion micromanipulator is fixed to a 527 

stereotactic adapter for implant positioning. Pieces 1-3 are pictured in their relative sizes. Piece 528 

4 is a stabilizing piece for proper alignment of the insertion shuttle. 529 

 530 

Figure 2: Assembly for array-shuttle alignment. (A) Assembly of pieces 1, 2, and stabilizing piece 531 

in preparation of insertion shuttle attachment. (B) Pieces 1 and 2 held together with thumb 532 

screw. 533 

 534 

Figure 3: Alignment, attachment, and sterilization of array-shuttle. (A) Proper orientation of 535 

insertion shuttle-electrode array device for application of glue on docking station of piece 1. Two-536 

shank array-shuttle shown. (B) Polymer electrode array and insertion shuttle mounted on 537 

insertion piece, with temporary stabilizing piece for alignment. Two-shank array-shuttle shown. 538 

(C) Insertion device encased in plastic box for protection during sterilization. 539 

 540 

Figure 4: Skull prepared for implant. Durectomies complete with skull screws, base acrylic layer, 541 

and base piece fixed to skull. 542 

 543 

Figure 5: Assembly of inserter. (A) Mounting of piece 3 to micromanipulators. (B) Attachment of 544 

pieces 1 and 2 onto insertion apparatus. (C) Insertion pieces with mounted electrode array-545 

insertion shuttle device. (D) Thumb screw holding piece 1 and 2 together removed. 546 

 547 

Figure 6: Array-shuttle insertion. Array-shuttle is advanced into brain to target depth. Four-548 

shank array-shuttle shown. 549 

 550 

Figure 7: Retraction of shuttle. (A) Tethering of wings before retraction. Two-shank array and 551 

shuttle shown. (B) PEG dissolution and wing adhesion with shank feature (circled, blue) that 552 

allows for visual confirmation of successful decoupling of array and shuttle during retraction. (C) 553 

A successful array insertion after insertion shuttle has been retracted. (D) Base piece with silicone 554 

gel fills for a single two-shank array insertion. The low-viscosity silicone gel used has a blue tint. 555 

 556 

Figure 8: Multiple inserted arrays and rat after recovery from implantation. (A) Hardware 557 

connectors in locations to not interfere with subsequent insertions. (B) A 1,024-channel, chronic 558 

polymer array implant. Reproduced with permission from Neuron [Supplemental Figure 1H]1. 559 

 560 

Figure 9: Single-unit yield and recording longevity. (A) Number of putative single-unit clusters 561 

from 512 channels (of the 1,024-channel implant), stratified by quality metric thresholds. 562 

Automated curation using MountainSort (noise overlap 0.03, isolation 0.96, black box in upper 563 

right) resulted in the identification of 375 single units from the 512 channels. Reproduced with 564 

permission from Neuron [Figure 2A]1. (B) Single-unit yields for polymer arrays per channel (left 565 

y-axis) or per 16-channel shank (right y-axis) over 160 days post-implantation (x-axis) in rats. Solid 566 

line is the mean cell yield across 8 shanks, dotted lines ± 1 SE. Individual time points per shank 567 

are shown as color-coded dots by region. Reproduced with permission from Neuron [Figure 3A]1. 568 
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 569 

DISCUSSION: 570 

This is a method for the implantation of multiple polymer electrode arrays to distributed brain 571 

areas for recording of single units over months. This method represents an 8x increase in 572 

recording channels and 4x increase in number of insertions from the closest large-scale polymer-573 

array based system2,3. That system utilized a polymer mesh injection-based system in mouse but 574 

did not report an absolute number of putative single-units and thus a comparison of single 575 

neuron yield is not possible.  576 

 577 

The method for insertion of a flexible device is based on an earlier protocol from Felix et al.39, 578 

with important modifications: a three-piece insertion apparatus for independent motion of the 579 

silicon shuttle during retraction, and tethering of the array at its target depth prior to retraction 580 

of the shuttle, which together eliminate the need for the quick withdrawal described in the 581 

original protocol. These changes minimize tissue damage and maintain array stability during 582 

retraction of the shuttle. Other flexible device implantation strategies, such as temporarily 583 

stiffening devices with bio dissolvable materials, are compatible with subsequent steps in this 584 

protocol. Securing the devices within the implant necessitated integrating previously validated 585 

strategies for covering the brain and protecting the delicate device ribbons.  586 

 587 

Due to their fragility, care and attention are required to avoid directly contacting or otherwise 588 

transmitting force to the polymer electrode arrays and the silicon insertion shuttles. Particularly 589 

when working with multiple devices, insertion should be observed under a microscope to avoid 590 

interference of one device with another. In general, it is possible to handle an electrode array 591 

gently with plastic tipped forceps, avoiding the traces. Such a strategy is appropriate, for 592 

example, if the polymer electrode array begins to retract with the insertion shuttle. This can occur 593 

if the PEG is not completely dissolved, or due to surface tension of saline or CSF between the 594 

polymer and silicon. 595 

  596 

One of the most common recoverable errors is array detachment from the insertion shuttle. This 597 

can occur at insertion, as the brain dimples and pressure at the device tip increases, if the array 598 

and shuttle are imperfectly aligned or if condensation has partially dissolved the PEG. To re-599 

adhere an array, raise it as high as possible above the brain surface and wait for it to dry 600 

(approximately 5 min).  601 

 602 

A critical aspect of planning a multi-array implantation surgery is the design of the base piece to 603 

accommodate all implant targets and sit without gaps against the contour of the skull. The base 604 

piece is a small plastic piece that is fixed to the skull after skull cleaning, screw placement, and 605 

partial craniectomies, prior to the insertion of the arrays. It has three functions: 1) to hold saline 606 

for dissolving the PEG following array insertion but before silicon shuttle retraction, 2) to provide 607 

a location above the skull surface to which the arrays can be attached by polyimide wings, 608 

thereby allowing strain relief along the ribbon above its insertion point in the brain, and 3) to 609 

hold artificial dural sealant, which stabilizes and protects the arrays and brain. The base piece can 610 

be fashioned by hand or 3D-printed. It was observed that draining and drying the base piece of 611 

saline are very important preceding device insertion. These steps prevent condensation and 612 
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separation of the array and insertion shuttle. Drying the base piece is also critical to filling the 613 

base piece with artificial dural sealant. It is also important that the base piece not leak, as a film 614 

of silicone gel is difficult to remove from the skull and will prevent adhesion of dental acrylic for 615 

reliable chronic attachment of the implant to the skull. It is expected that any low-viscosity, 616 

biocompatible silicone elastomer could be used to fill the craniectomies and base piece, with a 617 

higher viscosity silicone elastomer surrounding it and the exposed polymer array ribbons.  618 

 619 

Advances in polymer nanofabrication will translate to polymer-based electrode arrays, reducing 620 

feature sizes and increasing the possible number of electrodes in an array closer to those of 621 

silicon devices15-19. Similarly, the cross-sectional areas of polymer devices will shrink alongside 622 

feature sizes, providing even better biocompatibility8. Again, as is being accomplished with silicon 623 

devices, integration with amplifying, digitizing, and multiplexing chips17 will further enable larger-624 

scale neural recording. 625 

 626 
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(Hygenic Repair 

Resin, Coltene type 

II quick set)

Colten/Whaledent
8886784, 

8881627

Hydraulic 

Micromanipulator 

(x2)

Narishige Group MO-10

Kapton Polyimide 

Tape
Bertech PPTDE-1/2

Kopf Stereotax Arm  Kopf Instruments
103088R, 

103088L

Light Curable Dental 

Acrylic, Vivid Flow
Coltene/Whaledent D33-01-00

Loctite Gel Control  Henkel Corp.

 234790 

1364076 

1735574 

1752699

Metabond Quick 

Cement
Parkell S380

Polymer Electrode 

Arrays and Silicon 

Insertion Shuttles

Lawrence-Livermore 

National Laboratory
N/A

Silicone Gel Kit, Low 

Viscosity
Dow Corning Mar-80

Silicone, Medium-

Viscosity Kit

World Precision 

Instruments
 Kwik-Sil

3D Printed 

Stereotax Adapter 

Parts (3) and Base 

Piece (1)

N/A N/A
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Comments/Description

3d print parts, suggest <30 μm resolution for minimal hand finishing of parts. Files available at:

https://github.com/jasonechung/PolymerProbe3dParts

Dental acrylic for use during implant construction

1-axis micromanipulator

Double-sided tape

Standard rodent stereotax

Light curable dental acrylic for use during implant construction

Cyanoacrylate for adhering silicon shuttle to corresponding 3d printed part

For direct application to skull to create strong connection between skull and implant

Fabricated at Lawrence-Livermore National Laboratory, polyimide electrode arrays, silicon insertion shuttle

Low-viscosity silicone gel for filling of 3d printed base piece

Medium-viscosity silicone gel for protection of polymer electrode arrays



Fabricated at Lawrence-Livermore National Laboratory, polyimide electrode arrays, silicon insertion shuttle
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Title of Article:   

Author(s):  

Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access  Open Access

Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee.

 The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video.
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

Chronic implantation of multiple flexible polymer electrode arrays

Jason E. Chung, Hannah R. Joo, Clay N. Smyth, Jiang Lan Fan, Daniel F. Liu, Alex H. Barnett, Supin Chen, Charlotte 
Geaghan-Breiner, Mattias P. Karlsson, Magnus Karlsson, Kye Y. Lee, Hexin Liang, Jeremy F. Magland, Jeanine A. Pebbles, 
Angela C. Tooker, Leslie F. Greengard, Vanessa M. Tolosa, Loren M. Frank
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Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement.pdf
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5. Grant of Rights in Video – Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE. 
6. Grant of Rights in Video – Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.
9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.
11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 
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Title:  
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Jason Ern-Chi Chung

Physiology

University of California, San Francisco

M.D., Ph.D.

March 1st, 2019



Dear Dr. Bajaj, 
 
Thank you for being willing to consider a resubmission of our manuscript entitled “Chronic 
implantation of multiple flexible polymer electrode arrays.” We have made revisions to address 
all of the editorial comments and we feel that the manuscript has improved substantially as a 
result of the comments. 
 
We look forward to hearing back from you about our paper. 
 
Sincerely, 
 
Jason Chung 
 

By line in the document sent from the editors: 
 
101. Neuropixels probe - Is this a commercial term? 
This is a commercial term, and these probes are available from https://www.neuropixels.org/. 

We have changed the text accordingly: 

“Notably, the latest commercially-available silicon devices have… Jun et al. 2017” 

 
188-189. Please describe all steps in imperative tense as if telling someone how to do your 
technique. 
Please remove the redundancy and be as crisp as you can. 
Please ensure that the highlight is no more than 2.75 pages including headings and spacings.  
Also notes cannot be filmed so please remove the highlights from notes if any.  

We have made the requested changes. 

 

196-207. We cannot have paragraphs of text in the protocol section. Please move this to the 

introduction section instead. 

Alternatively, if this needs to be filmed, please convert this part into a numbered action step in 

imperative tense as if describing someone how to do the procedure. We can only film action 

steps. 

Also, some of the details which cannot be presented as action steps can be converted to a note 

(however, notes cannot be filmed).  

We have moved this paragraph to the introduction. 

 

212-213. Please mark 1, 2, and 4 in the figure 2 as well to make it comprehensive. 

We have marked 1,2, and 4 in Fig. 2. 

 

219. What is the desired orientation in this experiment? 

We have clarified this text. It now reads: 

“... the probe is aligned with the longitudinal axis of piece 1…” 

 

222. From the side? 

We have clarified this text. It now reads: 

“... to the exterior of the stabilizing piece.” 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Responsev3.docx

https://www.neuropixels.org/
https://www.editorialmanager.com/jove/download.aspx?id=1049698&guid=d16dc03f-b288-426b-b2a4-47ae14f91c70&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1049698&guid=d16dc03f-b288-426b-b2a4-47ae14f91c70&scheme=1


243. This can be made as Figure 3c. No need of having so many figures. 

We have combined the figure as recommended. 

 

250. We cannot have paragraphs of text in the protocol section. Also notes should be concise. 

Please move the details to the discussion section 

We have moved the details to the discussion section. 

 

265-267.We cannot have phrases like would be, should be, must be etc. Converted to imperative 

tense instead. Please check.  

We have converted this section to the imperative tense and removed all non-necessary steps. 

 

272-282. Please use imperative tense throughout as if describing how to do your experiment with 

all specific details.  

We have converted this section to the imperative tense and removed all non-necessary steps. 

 

288. Please ensure the how question, how is this done?  

We have made changes to this section to make it explicit. 

 

290. How is anesthesia performed? How do you check the depth of anesthesia? Before 

performing the surgery, do you apply eye ointment? Do you shave the skull? Please provide all 

specific details.  

We have made changes to this section to make it completely explicit. 

 

293-294. How?  

We have revised this section to make it explicit: “...by scoring the skull with a scalpel…” 

 

318. How? 

We have clarified this section: 

“Incise the dura using a 30-gauge needle while avoiding any vasculature. The length of the 

incision matches the dimensions of the insertion shuttle.” 

 

340. Please include a section of post-operative care. How do you let the animal recover from 

anesthesia?  

This is a one-stage procedure, there is no recovery from anesthesia at this point. Recovery from 

anesthesia is covered in section 6.1. We have clarified with the statement “The animal is ready to 

have arrays inserted.” 

 

352. Please mark these in the figure panel.  

We have now labeled the pieces in the figure panels. 

 

357. Please mark these in the figure panels. 

We have now labeled the pieces in the figure panels. 

 

363. Please mark these in the figure panel.  

We have now labeled the pieces in the figure panels. 

 



371-373. Imperative tense please. 

We have made the requested changes. The text now reads: 

“Avoid prolonged periods of the array-shuttle device in close proximity to the skull or brain to 

decrease the chances that condensation will detach the array from the insertion shuttle prior to or 

during insertion.” 

 

379-380. This is done directly after step 3.13 or do you let the animal recover from anesthesia 

first and do this step after few days? Please bring out clarity.  

We have clarified with the statement “The animal is ready to have arrays inserted,” as stated 

above (see line 340). 

 

388-395. Please rewrite this part in complete sentence in imperative tense describing the action 

being performed.  

We have revised this section to use complete sentences and the imperative tense. 

 

396-400. Please make this a numbered action step in imperative tense.  

We have revised this section to use complete sentences in the imperative tense in its own step: 

“Visualize the device wings (horizontal polyimide tubing) and point of insertion during lowering 

to avoid premature shuttle-array detachment.” 

 

420-427. Please rewrite in complete sentences.  

We have revised this section to use complete sentences in the imperative tense. For example: 

“Retract using the micromanipulator at 1-2 µm/s from target depth to -500 µm.” 

 

429-434. Please consider making this a numbered step describing the action in imperative tense.   

We have revised this section to use complete sentences in the imperative tense. This step reads: 

“Visualize the interface between the array and insertion shuttle during retraction. The polymer 

array will visibly separate from the shuttle and appear translucent as the shuttle is retracted at the 

semicircular junction between shanks of the insertion shuttle (Fig 7B).” 

 

487. Please expand the representative result in the context of the technique you have described, 

e.g., how do these results show the technique, suggestions about how to analyze the outcome, 

etc. Data from both successful and sub-optimal experiments can be included. 

How many animals were implanted with this technique? Was all of these successful. Did any of 

the animal develop any complications? Please discuss all these details as well.  

We have expanded this section of the text. It now reads: 

“Following this protocol, a 1,024-channel neural implant recording yielded 375 single units1 

(sorted with MountainSort48, noise overlap < 0.03, isolation > 0.96, 512 channels used for single 

unit recording, Fig. 9A). This protocol can be used to implant different numbers of devices, with 

different channel counts and specifications, to different combinations of recording targets. Using 

the same protocol, single unit recording longevity has been demonstrated for at least 160 days1 in 

data from 19 devices (18 32-channel devices in prefrontal cortices, one 64-channel device in 

orbitofrontal cortex) across three different animals (Fig. 9B). One of the three animals had a 

digital electrical failure resulting in inability to record from four devices. Of the remaining 15/19 

devices there was a recording yield average of ~1 single unit per channel. Individual devices had 



yields of only a few single units up to ~2 units per channel. It is typical to see very different 

yields on devices implanted in the same animal in the same region.  

 

In addition, a different surgical team following the protocol described here implanted six 

additional animals each with a combination of 4-6 32-channel devices targeted to orbitofrontal 

cortex and nucleus accumbens, and a tetrode hyperdrive (total implant weight approximately 

50g). One animal had an implant detach within one month of surgery. A second animal died 

during the post-operative recovery period, likely unrelated to the protocol steps described here. 

The remaining four animals remained healthy with stable implants that for the length of 

experiment, which lasted 4-11 months. Single unit counts were similar to those previously 

reported for 32-channel devices.” 

 
545. Include the citation number as well. 
We have now included the citation. 
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use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
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11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
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12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
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integrity of the article.
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maintain the copyright information line on the bottom of each image; A hyper-text must be
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reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
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ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
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immediately
via their non-commercial person homepage or blog
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via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
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their personal use
for private scholarly sharing as part of an invitation-only work group on
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bear a CC-BY-NC-ND license - this is easy to do
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if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
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and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
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Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
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reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
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If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
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represented as endorsing the use made of the work. The full details of the license are
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license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
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