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Short Abstract: 

We here demonstrate an easy adaptable method for implantation of non-self-inserting, flexible electrodes to deep brain areas of rats. Some special methodical requirements were evaluated and demonstrated derived from classical stereotactic implantations that enable a precise insertion to the subthalamic nucleus (STN) with this implantation method.
Long Abstract: 

Electrophysiological stimulation of diseased brain areas is an increasingly used treatment for neurological movement and affective disorders (Pizzolato and Mandat, 2012; Schlapfer and Bewernick, 2009). Associated with those relatively new treatment methods is the necessity to optimize the brain-device-interface as the clinically used rigid electrodes for deep brain stimulation (DBS) tethered to the skull provoke strong persistent shear forces upon the surrounding tissue (Biran et al., 2007; McConnell et al., 2009). The successful electrophysiological connection between implant and neural tissue consequently becomes often impaired by chronic gliosis on the implant´s surface due to this continuous irritation (Leach et al., 2010; Turner et al., 1999). To avoid this we tested flexible DBS-electrodes in rats fitting to the compliance-match-hypothesis (Hassler et al., 2011; Williams, 2008). In contrast to rigid ones, those implants are able to follow intrinsic movements of the brain in the liquor resulting from breathing, heart beat or body movements (Mercanzini et al., 2009; Rousche et al., 2001; Rubehn and Stieglitz, 2010). For testing these approx. 20 µm thick electrodes in vivo one practical question comes up immediately while planning these experiments which is: How to insert them with minimal invasive strategies? Rigid electrodes insert themselves and good protocols as well as precise equipment exist to implant them stereotactically precise to specific brain areas (Schjetnan and Luczak, 2011) but how to do that with a flexible foil strip? We developed a method that has the power to insert in our case polyimide-based, approx. 20µm thick, 350µm width and 1,5cm long electrode to the STN based upon commercial stereotactic equipment. Simple but important modifications of the standard stereotactic procedures are shown that enables us to perform meanwhile for 70 rats good stereotactic implantations over a whole distance of 8,5mm down to the STN. Exceptionally all animals showed no post-operative abnormalities in movement or behavior, no medical complications and survived the whole monitoring period up to 6 month. Thus we recommend this method for adaption and further development. 
Protocol Text: 

NOTE: We strongly recommend on exercising this procedure with cadavers or dummies prior to in vivo application. A sensitive mastering of the instruments at each handling step is a pre-requisite to have reproducible results. 

All animal procedures in vivo are to be approved by the corresponding local ethical committee.

I. Preparation procedure

Prepare the chosen animal by disinfecting its head, anesthetising and positioning it in the stereotactic frame according to well known standardized stereotactic procedures. 

Clamp a straight 140µm tungsten wire/rod to the head of the stereotactic frames‘ insertion arm as support shuttle. The tungsten rod should extend below the clamp head not less than approx 2cm. This leaves enough space for any further manipulations. 

1. Skin incision and blunt removal of subcutaneous tissue for skull exposure
Using a 2 ¾´´ scalpel make a median incision of approx 1.5 cm length starting in the neck up to the ears (approx. up to bregma). 

1.1 Prepare the subcutaneous tissue bluntly by using two Q-tips (pea-sized) to vigorously but slowly rubb from the center to the periphery of the wound. This stretches the cutaneous und supraosseus tissues and opens the surgical area above the skull. Perform this step until the necessary area is rid of all tissues on top of the skull bone. 

NOTE: A good prepared skull is indicated by a typical squeaking sound when rubbing on the dry bone. Test it while exercising with dead animals.

2. Widening the surgical area
A wide operation area is needed for successful implantation; consequently the area mustn‘t be opened with clamps or other surgical instruments. 

2.1 Draw surgical suture material (5/0 Premilene-DS16) in loops through the skin and stretch  the operation area. Pull the skin on the rostral end of the wound and in the center of both wound sides, but parallel to the interaural bars. 

NOTE: We strongly recommend to fold the skin on the rostral end for fixation in a double layer, since it is less traumatic to the skin.  If necessary such a loop can be used as well to fix the caudal end of the wound. 

2.2 Fix the loop ends at the frame with a non-residue tape (Leukofix). Carefully pull the wound boundaries away from the exposed skull so that the anatomical orientation points are visible (in our case lambda and the interaural point). This step completes the opening and determination of the operation area.

3. Adjustment of the stereotactic frame and targeting

Prior to adjusting the stereotactic frame, wash the wound area with Ringer solution and again clean the skull using Q-tips. 

3.1 Position the stereotactic frame so that the insertion needle is referenced to the anatomical reference points of choice. 

NOTE: It is helpful to visually aim along the insertion rod from top of the insertion arm to precisely address the target point.

3.2 Use an atlas-based calculation based on the target area to determine the target coordinates according to the medial:lateral and anterior:posterior axes. Move the insertion head to the target point and carefully lower the tungsten wire until it touches the skull. Calculate the target depth by taking the thickness  of the skull into account.

NOTE: Lift the tungsten rod away from the skull for any movements or cleaning. This will  protect it against unvoluntary bending.

3.3 Clean the wound with Ringer solution and again lower the tungsten rod to the target point, short above the skull. 

4. Trepanning the skull

Before trepanning the skull mark  your target point by carefully  scraping  the bone with a 20G needle under the tungsten rod. The implantation arm of the stereotactic frame must  then be temporarily moved away from the surgical area. The marking‘s white bone splinters show the implantation site and are a perfect starting point for drilling – otherwise the skull is to slippery  for precise drilling. 

NOTE: This marking step and the following drilling step have to be exercised – otherwise a penetration with enormous brain tissue damage can easily occur. We recommend supporting the marking and drilling hand by a stable base or the ground. 

Mount a small drill bit (here 0,9mm in diameter) in a handheld drill  and start drilling into the marked cavity. Drill very carefully and in intervals, interrupted by flushing away bone chips and thus cooling the drill area. Visually control your drill result frequently. 

NOTE: For inexperienced surgeons it might be helpful minimize the potential penetration depth by a mechanical block above the drill‘s tip . This can be easily done by an adequate ring cut from a medical hose. Visibility is slightly lessened then, but the cavity is easy to feel and the risk of rushing through the skull and injuring the brain is enormously reduced, too.

NOTE: When a bigger hole is needed, drill several more holes, finally connecting them. Be prepared and compensate for the sudden loss in resistance when finally breaking though the bone. Afterwards flush the trepanation side with Ringer-Solution to wash out any bone chips and splinters. 

5. Penetration of the meninges

Check in the hole for the opalesce shimmering of the meninges. An intact dura mater is a good indication for a  minimal invasive drilling. 

5.1 Remove the dura mater by softly plucking it with the tip of a 23G cannula. Bend the cannula‘s tip and insert it carefully into the hole following the bone boundary, roughly in a 45° angle to the skull. 

5.2 Twist the needle und pull it out, which will give a  noticeable elastic resistance  followed by a rupture. 

5.3 Repeat these steps, when neccessary and flush away any blood coming from ruptured pial blood vessel.  Ensure your success in removing meninges by visually checking for leftover opaque membranes. 

6. Insertion of the agarose block in the operation area

Pour as much autoclaved 2% (w/v) low melt agarose diluted in phosphate buffered saline (PBS) into a petridish as to yield a 2mm thick layer.

6.1 Cut a suficiently sized block from the cooled layer and transfer it to the operation area with a spatula.  Push the gel block at the anterior wound edge under the skin flap.. The posterior part of the gel block may then extend  over the wound boundaries and thus increases the useful surface to apply the device. The gel‘s  slight slope to the anterior edge  facilitates the subsequent insertion. 

6.2 Remove all air bubbles trapped under the gel block by injecting Ringer solution between the block and and the skull.  Alternatively carefully lift and smoothly release the block from the posterior side. Finally deposit some Ringer solution on the agarose block to provide a slippery underground for later device positioning. 

2. Insertion

7. Positioning of the implant and insertion start

Take the device out of its sterile solution by grabbing it‘s contact pad with sterile tweezers. Do not touch any other part to avoid wrinkling  or rupturing it. 

7.1 Lay the device flat on the block as precise as possible above the insertion site. Gently correct its position after the insertion arm was flipped in range again.  Adjust the tungsten rod a few millimeters above the block and the device. 

7.2 Center the tungsten rod over the distal third of the device‘s shank. From here push the device into the agarose block. Now visually control for the device‘s shank wrapping arond the insertion rod. 

7.3 Add a drop of Ringer solution on the end of the device for lubrication. 

NOTE: Sometimes the tungsten rod is deflected anteriorly by the agarose‘s matrix elasticity or unsufficient liquid under the device. One can counteract this by pushing the gel block at its poterior end and repositioning the tungsten rod. 

NOTE: Don‘t panic on seemingly missing the drill hole on the way down! The agarose block‘s diffraction properties are misleading, but with some exercise one is able to compensate for that error. 

NOTE: Avoid bleedings and blood to be dragged into deep brain regions by the inserted device. Stop immediately and flush the blood. In some case the meninges have to be disrupted  again.

7.4 Carefully insert the device/rod ensemble in the deep brain by continuously progressing the micromanipulator towards target. Leave at least 2 mm of the device´s shank outside the agarose block. 

7.5 Cut across the whole anterior part of the agarose gel immediately in front of the tungsten rod with a scalpel.

8. Removal of the agarose block and finishing insertion

Remove the posterior gel block by pushing it backwards away from the tungsten. 

8.1 Secure the device‘s contact pad by flipping it towards the rod and fix it there with extreme caution. Now flip the anterior triangle of the gel out of the wound area. 

NOTE: We recommend to handle the gel pieces with a sharp scalpel tip (#23) instead of tweezers. 

8.1 With the gel block out of the way finish insertion of the device/rod to target depth. 

3. Finishing

9. Mounting of the implant

Flush the surgical area with Ringer solution and gently dry the skull with Q-tips. Deposit a small spot of medical glue at least 5 mm posterior of the hole. 

9.1 Flip the device´s contact pad carefully into the glue using a sharp scalpel. 

IMPORTANT NOTE: DO NOT USE TWEEZERS  for flipping the device here! Tweezers will shut solid rapidly on crazy glue. Then the whole implantation will be lost when trying to free it. A scalpel can be twisted and cuts itself free easily.  

9.2 Now cover the first drop of glue with another one. Test the polymerization and the device´s fixation with a scalpel. Remove the tungsten rod from the target site by continuously pulling it up.  

9.3 Finally clean the surgical field by washing with Ringer-solution. All liquid glue will polymerize with this step. Control your glued structure -especially its boundaries - and remove all adherent tissue with tweezers. 

All procedures in vivo were approved by the corresponding local ethical committee.
Representative Results: 

So far 70 animals were operated upon with this method and all of them behaved, moved and survived normally. Until now the longest postoperative lifetime is 6 months.

The representative result is the successful implantation into deep brain regions with minimal tissue disruption.

Short after implantation (1 week) we observed the inevitable lesion by the insertion needle behind the implant (Fig. 1). The tissue reaction was indicated by a thin glial layer homogeneously surrounding the implantation lesion. A clear, but thin brain-device-interface without cysts is extremely promising for a good connectivity to the electrophysiological target area in front of the implant.
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Figure 1: Modified micrograph of the implantation area one week after implantation. The insertion of the electrode yields an implantation channel on the backside. Invading cells to this region are indicated by stained nuclei (DAPI, blue). Surrounding the lesion a thin glial layer (glial fibrillary acidic protein, green) reflects a mild tissue reaction. The missing increase of extracellular matrix (chondroitinsulfate proteoglycan, red) supports this observation. The brain-device-interface showed no cysts. Magnification 20x with an PlanApochromat-Objective at AxioObserver Z.1 (Carl Zeiss MicroImaging GmbH, Germany).
The repopulation of the implantation channel after four weeks in vivo indicated a good biocompatibility and the absence of shear forces by the flexible implant (Fig.2). Additionally the good tissue integration was depicted by no compression of the surrounding tissue in transmitted light.

[image: image2.png]



Figure 2: Implant (moon-shaped strip) in a horizontal section of the subthalamic nucleus of an implanted rat 4 weeks post operation. Blue stained are nuclei with DAPI. Magnification 10x with an PlanApochromat-Objective at AxioObserver Z.1 (Carl Zeiss MicroImaging GmbH, Germany).

Supporting the histological data we finally were very well able to record clear signals from the adjacent neuronal tissue at the target area (subthalamic nucleus) directly after implantation and four weeks later (Fig.3). 
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Figure 3: Example of signals recorded directly after insertion at the subthalamic nucleus using a bandpass filter (400-4000kHz) and 24414 kHz sampling rate.

Discussion: 

We developed this technique out of a need. There is no yet a described solution for minimal invasive insertion of a flexible device in the brain as far as we know Thus we started with the established technique for implantation of rigid electrodes and modified it to our needs. The animals implanted with this technique survived all the implantation without exception. Post operation no abnormalities of movements and/or behavior were visible. By histological examination we were able to confirm the successful positioning of the implant with less tissue disruption. For a good reproducibility and adequate need of time, in respect to the anesthesia, we strongly recommend exercising this procedure with dead animals before starting with living ones. There are several fine tuned handling steps which need a good feeling for the instruments, electrode and surgical technique. If exercising was done with two or three animals the time reduces in our experiment from 2-3 hours per operation to less than 1 hour. It has consequently a benefit for the animals’ health, when this time was shortened, because one initial anesthesia dosage (100µl/100gKetamin, 40µl/100gRompun) was sufficient for the whole operation time. The exercising also promotes a good feeling for the drilling step that contains obviously a risk for enormous tissue damaging. Similar to the most other operation techniques we hope for an evolution of this through the community by improvement of certain steps with new ideas, other experiences or existing solutions for similar handlings. This may include the positioning of the device, that needs some training and feeling for the sample. The type of insertion needle may be changed depending upon individual needs. The most optimization potential in our view has the design of the needle-electrode-connection. A better adaption of the electrode tip for anchoring the insertion needle precisely and sufficiently strong is desirable. For future experiments with recording and stimulation steps we need to develop an elegant anchoring technique of the electrode´s head above the skin. For this histological experiment we were able to demonstrate with relative simple adaption a precise implantation of these flexible electrodes to deep brain areas of rats. This technique may be applicable as well for minimal invasive delivery of other flexible implants to other parts of the body, e.g. in the field of hand or eye surgery.
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number

	Surgical disposable scalpel 2¾´´ #21
	Braun Aesculap AG
	5518075

	Surgical disposable scalpel #23
	Braun Aesculap AG
	5518016

	Q-tips, walnut-size
	Henry Schein Medical GmbH
	9003187

	5/0 Premilene-DS16
	Braun Aesculap AG
	2090212

	Leukofix fixing tape
	Henry Schein Medical GmbH
	220-544

	Tungston Rod 0.008x4 inch
	A-M Systems, Inc.
	7166

	Loctite 4061 rapid glue
	Henkel Loctite GmbH
	26085

	0.9 mm drill bit
	FineScienceTool, U.S.A.
	19007-09

	Rechargeable Cordless Micro Drill
	Stoelting Co., U.S.A.
	58610

	Small Animal Stereotaxic Instrument
	David Kopf Instruments, U.S.A.
	Model 900
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The insertion process for all animals, histochemical staining, paper conception and writing was done by Anja Richter. The previous evaluation of the technique by Anja Richter was performed with technical ideas of Ulrich G. Hofmann, Daniel H. Rapoport, Sandra Danner and Charli Kruse at the Fraunhofer EMB. At the same institution the video (Jafaar Al-Hasani) and sound recording (Daniel H. Rapoport) was done. All animal experiments were carried out in the University of Luebeck under supervision of Ulrich G. Hofmann and Andreas Moser. In the experimental realization participated Yijing Xie, Anett Schumacher and Susann Löffler. She performed the first functional measurements with this technique.
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