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Short Abstract: 

We provide useful information for surgeons who are learning the process of implanting of the chronic silicon electrode systems.  We describe a surgical procedure for the implant of neural electrodes in a rodent animal model.
Long Abstract: 

The success of long-term electrophysiological recordings often depends on the quality of the implantation surgery.  Here we provide useful information for surgeons who are learning the process of implanting of the chronic silicon electrode systems. This video will provide detailed instructions for surgery, while providing useful recommendations and helpful hints.  The surgical process is described from start to finish, including detailed descriptions of each step throughout the procedure. It should also be noted that this video guide is focused towards procedures conducted in rodent models and other small animal models. Modifications of the described procedures are feasible for other animal models.
Equipment need:

ANESTHETIC:
•Anesthetic can be performed either under isoflurane gas or a ketamine/xylazine mixture.
•Isoflurane should be delivered as a known percentage (1-3% for maintenance; up to 5% for induction) in oxygen from a precision vaporizer.
•The ketamine/xylazine mixture (50 mg/ml ketamine, 5 mg/ml xylazine and 1 mg/ml acepromazine) at an injection volume of 0.125 ml/100 g body weight.

SURGERY:
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All of the above instruments are available for purchase through commercial distributors (e.g., Fine Science Tools, World Precision Instruments, etc). The one instrument that is uncommon in most neurophysiology laboratories and is important for this procedure is the Teflon (green) coated forceps (Fine Science Tools). This instrument is important for handling of the probes for several reasons:

· Minimizes static charge buildup between instrument and probe 
· Minimizes adhesion between instrument and probe

· Provides mechanical insulation between instrument and probe to protect delicate silicon from fracturing when grasped

ELECTRODE:
The chronic electrode have 16 to 64 recording sites. Below is a schematic (A) of a common 16-channel, 4-shank chronic probe, and a photograph (B) of a 16-channal probe, (C) Implanted 16-channel probe covered with a thin layer of NeuroSeal, (D) chronic 16-channel probe assembly.
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SURGEY DESCRIPTION:
A. PRE-SURGERY 

1. 2 – 3 DAYS PRIOR TO SURGERY

• Check for sufficient oxygen. 

• Check for sufficient anesthetics (e.g., ketamine, xylazine, acepromazine or Isoflurane) 

• Check for sufficient surgical supplies, (e.g., gauze, absorbent spears, dental acrylic, etc.) 

• Gas sterilize probes (e.g., Ethylene Oxide Sterilization)
2. 1 DAY PRIOR TO SURGERY

• Steam sterilize surgical instruments, stereotaxic ear-bars, cloth towels

• Prepare surgery suite 
3. 1 HOUR PRIOR TO SURGERY

• Turn on heating pad 

• Setup lights, stereotaxic frame, cameras, etc. 

• Setup preparation material (alcohol, betadine, absorbent pad, gauze, clippers)

B. PRE-IMPLANT SURGERY

1. Shaving the Animal’s Head

In order to minimize the possibility of infection and to facilitate surgery, shave the top of the animal’s head from between the eyes to well behind the ears. Be careful not to get any hair in the animal’s eyes. If you do, wipe it out with a wet cotton swab. Clean the clipped hair off the animal before putting it into the stereotaxic frame. A piece of hair in an open incision will be a source of irritation and infection during the healing process. Use electric barber’s clippers to shaving the head. Scrub head first with isopropyl alcohol. Scrub head second with betadine and then repeat 3 cycles. Apply eye lubricant
2. Mounting of the Animal
With the animal’s head pointing toward your left, grasp the tip of the animal’s right ear with your right thumb and forefinger and grasp the animal’s head firmly with your left thumb and forefinger. The fixed tip of right stereotaxic ear bar is then directed into the auditory canal of the animal’s right ear by moving the head sideways against the canal. Once the ear-bar tip is in the canal, release the ear tip and firmly grasp the sides of the animal’s neck while your left hand continues to support firmly the front of the head. If the right ear-bar tip is still in the ear canal, move the animal’s head down and forward while maintaining slight pressure against the ear bar to assure that the tip stays in the canal. Your should feel the tip slip suddenly into the auditory meatus and should not be able to move the animal’s head up, down, forward, or against

Mounting the animal is the stereotaxic ear bars is the most difficult manipulation in the entire surgical procedure and the most important step in determining the accuracy of placement of the implanted electrodes. Extreme care must be taken, therefore, to assume that each ear-bar tip is properly positioned in the auditory meatus. After assurance that the ear-bar tip is in the auditory meatus of the animal’s right ear, release the animal’s neck with your right hand while your left thumb and forefinger continue to support the head and apply pressure of the head against the ear-bar tip. With your right hand, push the loosened left ear bar into the auditory canal and apply slight inward pressure. Move the left side of the animal’s head down and forward and all around until you can feel the left ear-bar tip slip into the auditory meatus. With your right hand, continue to apply pressure on the left ear bar. Release the animal’s head and, with your now free left hand, tighten the set screw of the left ear bar.

To check whether the ear-bar tips are properly placed in the auditory meatuses, grasp the animal’s nose and wiggle it back and forth firmly. If the animal is mounted properly, it will be impossible to wiggle it out of the ear bars, and head will feel rigidly mounted.
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Move the animal back and forth as needed to center the head between the ear-bar posts. Give a final nose wiggle and visual check to assure that the animal is properly mounted. Notice that the top of the ear bars is only slightly lower than the top of the head. Now mount the animal’s teeth on the incisor bar and tighten the nose clamp. The top of the incisor bar must be exactly 5 mm above the center of the tip of the ear bars. Lastly, place the appropriate surgical drapes (that have been steam sterilized) around the animal leaving the surgical site exposed (as shown on the right). The drapery creates a sterile field.

3. Scalp Incision
Start the incision slightly behind the eyes on the midline. The incision is better controlled if the scalpel is pressed down through the skin and rests on top of the skull bone and the skin is then drawn forward with the thumb. Try to do this making a single cut, as to facilitate healthy repair and healing of the skin post-op.

The incision should be about 1 inch long (shown below), permitting the bone suture junctions, bregma and lambda, to be seen in the wound. With a pair of fine scissors, cut two half circles from the midline outwards, partially removing the scalp. Stitches will mostly likely be needed to close the wound after the dental cement head-cap is in place.
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4. Periosteum Removal
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After the incision is made, scrape and remove the periosteum connective tissue which adheres to the bone. Scraping with a blunt edge such as the back of a scalpel blade will minimize bleeding because the capillaries will be crushed rather than cut smoothly. Continue to scrape (and cut when necessary) and to remove the blood with a sterile swab until the cranial sutures are exposed and bleeding has stopped. Rub bone was over the surface of the bone to stop any bone bleeding. A cauterizer may also be used to stop the bleeding.
5. Cranial Sutures, Bregma and Lambda
Drying the bone will make the cranial sutures more clearly visible. The point bregma on the top of the skull is the intersection of the frontal and parietal skull plates at the midline. The point lambda is the intersection of the parietal and interparietal skull plates at the midline. These points, as well as the auditory meatus, can be used for stereotaxic reference points. In the rats, the variability of the bregma point is less than that of the auditory meatus with respect to certain brain structures. Therefore, bregma is a better stereotaxic reference point.
6. Drilling Trephine Holes 
A hand-held pen vise with a small machine drill will make a smooth- walled trephine hole in the rat’s skull. Furthermore, it has a built-in safety feature in that the drill can go through the skull only by the amount that the drill protrudes from the pen vise, thus eliminating the possibility of piercing the brain with the drill. Position the drill tip into one of the needle marks on the top of the skull and manually twist it while applying a slight downward pressure. If the drilling is too fast, or if the drill tip has been dulled by contact with other instruments, the thin layers of bone cells on the underside of the skull bone will not be cut smoothly and may later make bone screw placement difficult. Allow the drill to extend out of the pen vise just slightly more than the thickness of the skull. Depending upon the age, type and sex of the rats being used, the extension of the drill out of the vise is from 1 to 2 mm. Drill the holes for the skull screws which anchor the electrodes to the head with a No. 56 machine drill, the correct size for the 0-80 stainless steel screws (recommended).

7. Placement of the Screw Holes 
Drill trephine holes for each bone screw that is to be implanted and each craniotomy to be created. Drill the trephine holes for the bone screws as far lateral as possible. For implants into rat motor or sensory (e.g., barrel) cortex, 1 (or 2 if possible) bone screw should be placed anterior to the craniotomy (slightly anterior of dip in bone separating frontal lobe from olfactory bulb), and 2 bone screws should be placed posterior to the craniotomy. The bone screws are placed using a screwdriver and a pair of curved hemostats. To insert the screw, hold it with the hemostats and slide the end into the trephine hole, making sure the screw is perpendicular to the top of the hole. Then, without moving the position of the screw, put the tip of the screwdriver into the screw slot, apply a very slight pressure, and slowly twist the screw until it begins to self- tap its threads into the bone. Once the screw has started, it has advanced about 0.5 mm into the skull, which leaves only a turn or two more to be threaded. In an 0-80 screw there are about three turns per millimeter. Do not twist the screw in much farther than the thickness of the skull. The screws should be screwed in far enough so that they act as a good mechanical anchor and also a good electrical ground. For the latter, the screws must come in contact with the dura. This is important as one of these screws will be used for grounding of the animal. If your hands are shaking, rest them on a firm support while inserting the screw.

Always use stainless steel screws. Corrosive metals will damage the meninges and cortex. Small jeweler’s screws with as many threads per inch as possible are desirable; the 0-80 x 1/8” stainless steel machine screw with a fillister head is best for use in the rat.
8. Craniotomy

The last hole created should be the one used for the craniotomy. It is recommended that this hole is placed at the edge of the craniotomy, so that if any damage is done to the dura or brain tissue below the hole, it is not done over the targeted implant site for the electrode. Another recommendation is to place this hole at the right edge of the craniotomy, so that any Rangiering is done always from right to left (which is easier to do if right handed, or vise versa if left handed). [image: image4.png]



After the four holes have been made, create the craniotomy. This is the hole in the skull that will allow access to the brain for electrode implantation. With a pair of microrangiers (tip = 0.5mm) clip out the bone to expose the dura below. NEVER drill or rangier closer than 0.5 mm to the midline longitudinal suture. Directly below this suture is the Sagittal sinus, piercing of which may result in the animal’s bleeding to death or in brain damage as a result of vascular hemorrhage. If you want to implant an electrode tip directly under the sinus vein, angle the direction of insertion of the electrode. The size of the craniotomy is dependant upon the species, neuronal region, and application. The most common sized craniotomy in rats for implantation of N2T probes (1 or 2 devices) is ~4 x 5 mm (Above, left). This is enough space to allow for proper management of the dura and implantation of the probes. The dura should be left intact for as long as possible. This helps protect the brain and keeps it well-hydrated (Above, Right).
C. IMPLANT PROCEDURES

1. Mounting of the connector

Mounting of the connector to the bone screws should be done prior to the resection of the dura. Although this makes resection of the dura difficult as the probe is suspended over the craniotomy during dural resection. For novice surgeons, it is easier and highly recommended to resect the dura prior to mounting of the connector. This way the probe shanks are completely out of the way during dural resection. If it is done in this order, immediately following resection of the dura, a piece of saline-soaked (or a CSF-soaked) Gelfoam should be placed over the craniotomy to protect the brain. The time the brain is exposed to the outside environment should be minimized as much as possible (i.e., < 15 min.).

The bone screws are used as a foundation to mount the Omnetics connector(s). Prior to mounting of the connectors, apply a small amount of dental cement to one of the screws. Be careful not to cover the second adjacent screw. This screw will be used subsequently for attachment of the ground wire and must remain exposed.

Grasp the probe connector with a pair of curved hemostats such that the probe shanks are pointing in the direction of the hemostats and the ground wire is facing the opposite direction. While holding the connector with the hemostats in left hand (assuming surgery is done from animal’s left side), wrap the ground wire of probe around the left bone screw several times with forceps in right hand (bend the wire accordingly so that the shanks are near their final resting position and the connector is over the right bone screw (which is now an acrylic foundation).
Place a small amount of dental cement under the connector base and hold the connector in place until the cement cures (~3–5 minutes). Be sure not to release the connector prematurely, as the dental cement will not be strong enough to maintain the desired position of the connector. Once the connector is released (after partial curing of the cement) the position of the connector can be manipulated slightly to optimally position the shanks and recording sites over the targeted region. Take caution when positioning the device over the craniotomy to account for the bending of the silicon cable. Once a final position of the assembly is obtained, reinforce the structure with dental cement and allow it to fully cure before moving on. The excessive ground should be cut. In addition to the probe connector and supporting screw, the ground wire and screw should also be covered with dental cement.
Note: A common mistake is to position the device too far away from the desire implant site, so that when the cable is bent, the probe doesn’t reach the desired region.

Alternatively, the connector can be temporarily held in place with a manipulator until the probe shanks are implanted. Once the probes are implanted, the connector should be cemented to the skull similar to process described above. The advantage of this approach is that if the probe is damaged prior to implantation, the connector can be easily removed and replaced with a new device. The disadvantage of this approach is that there is some risk of “irritating” the implanted probe with small movements of the connector during the cementing process.
2. Resecting the Dura Mater
Ideally, the dura would be kept completely intact and the electrode would be implanted directly through it. However, with these probes, this is not possible. The dura is a very touch membrane surrounding the brain and must be cut before the probe is inserted into the brain; otherwise, the dura will bend and deflect the probe tips potentially causing damage to the probes. Since the probe shanks are very close to the craniotomy (suspended above), care must be taken to avoid touching these while handling the dura. A low powered surgical microscope (e.g., 25 X magnification) is recommended for the handling of the dura. A very sharp hypodermic needle (e.g., < 28 gauge) is ideal for cutting the dura. With the bevel of the needle pointed upwards, pierce the dura. Do not jab the needle downward through the dura; rather, slide it horizontally. Once the dura is pierced, you will notice CSF leaking out. Create a large enough hole for dura scissors to be inserted. Position one of the cutting blades of the dura scissors through the hole in the dura and slide it under the dura, meanwhile lifting the dura upwards off of the brain surface. Lifting the dura upwards will help avoid causing any damage to the brain tissue. Position the blade towards the corner of the craniotomy and make a single cut. Do this multiple times in each direction. The dura should be cut into four triangular pieces (see below). The cuts should point towards the four corners of the craniotomy and form an X-shape. Following this, pull the dural flaps back from the center and carefully lay them over the edges of the bone. This is done to help prevent direct dural regrowth immediately around the electrode insertion area. It has been found that injury and regrowth of the dura in close proximity to the electrode can cause a bad reaction and affect the functionality of the implanted probe (Maynard et al., 1997). If the dura tears in some way or cannot be completely laid over the bone, all excess dura should be removed. The edge of the dura should be as far away from the insertion site as possible.
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Throughout this process, be extremely careful not to pierce the sinus vein while performing this step. If the sinus vein is inadvertently pierced, the bleeding is most easily stopped by filling the craniotomy with a piece of saline-soaked Gelfoam. Sometimes, vessels in the dura mater cannot be avoided and bleeding cannot be prevented. If such bleeding does occur, absorbent spears (or small gauze balls) may be used to clean up the blood. The surface of the brain must be free from any coagulated blood prior to probe insertion.
3. Implanting the Probes

At this point, the brain is ready for probe insertion. The surface of the brain should be kept well hydrated with aCSF or Saline (0.9%). With a pair of closed Teflon coated micro-forceps (no. 5 FST) the probe should be parked in place. This is done by simply pressing down on the top side of the probe (while it’s suspended in air) in the region immediately above the shanks, which is coated with a silastic bead. Be cautious not to press against the ribbon cable. This cable is much thinner (~5μm) than the shanks (~15μm) and thus much more susceptible to damage if improperly handled. Only make contact with the probe in the region that is protected with the silastic bead. Press against the probe and bend the shanks down to the region to be implanted. The probe tips will slightly penetrate the pia when the probe is lowered into position. Major blood vessels on the surface of the brain should be avoided when parking the probe in place. Once the probe is parked, the probe is read for insertion. Grasp the small region between the shanks and the ribbon cable as seen below. This region is encapsulated in a silastic bead for protection. The Teflon coating on the forceps also helps protect the metal from damaging the silicon. The probes can be seriously damaged if grasped too tightly or in the wrong place.
[image: image6.png]



Be cautious that there are no residual forces in the cable of the probe, as these could result in movement of the probes. If the ribbon cable exhibits too much residual tension or compression between the connector and the implantable portion of the probe, the probe will not reside in its desired position. This may cause the probe shanks to rotate, pull out or be driven in even deeper than the desired depth. Both lateral displacement and torsional displacement can be a problem if the position of the probe is not accurate (as illustrated below).
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4. Closing Up

Various methods are available for closing up of the craniotomy and implant region. This manual will describe the method we found the most success with. Regardless of the method chosen, the brain and the silicon probe (shanks & entire ribbon cable) must be protected from the dental cement. Dental cement will cause damage to the devices if in direct contact with the silicon. Immediately following the insertion of the probe shanks, the brain should be protected in some way from the environment. We recommend using Gelfoam or NeuroSeal directly over the area of the implant.
Following application of NeuroSeal/GelFoam, a commercially available silicone polymer (e.g., WPI or NuSil) is used to encapsulate the ribbon cables. To do this properly, a temporary cavity is created to allow the silicone polymer to polymerize. Cut two large pieces of GelFoam and wet them with saline. Place them between the bone screw anterior to the craniotomy and the probe connector, one on each side of the craniotomy. These serve as barriers to restrict flow of the silicone polymer until it cures. Fill the entire cavity with silicone encapsulating the ribbon cable between the shanks of probe and the connector. This provides a mechanical buffer between the silicon ribbon cable and the rigid dental acrylic. Once the silicone polymerizes (~5 min.), remove the GelFoam barriers, leaving a translucent silicone capsule.[image: image8.png]"ﬁ)
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Formation of the head-cap is then finalized by applying a rigid shell of dental acrylic to further protect the craniotomy and to permanently mount the connector assembly to the skull. Smooth out all the rough edges and bumps in the cement. If the cement has hardened too much, a few drops of the liquid will soften it a little.
5. Postoperative Recovery

After the cement has completely hardened, suture the skin tightly around the head-cap and remove the animal from the stereotaxic frame. Apply antiseptic power or antibiotic ointment copiously around the wound. If there is any bleeding from the ears, place some antibiotic well into the ear canal. Keep the animal warm because barbiturates prevent the animal from maintaining its body heat. House each chronically implanted animal in a separate cage; if housed together, they will begin within a matter of minutes to chew on each other’s connector bases. It usually takes four to seven days for the animal to recover completely from the surgery.
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