Cytometric Catheter for Neurosurgical Applications
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Abstract

Implantation of neural progenitor cells into the central nervous system has attracted strong interest for treatment of a variety of pathologies. For example, the replacement of dopamine-producing (DA) neural cells in the brain appears promising for the treatment of patients affected by Parkinson’s disease. Previous studies of cell-replacement strategies have shown that less than 90% of implanted cells survive longer than 24 - 48 hours following the implantation procedure. However, it is unknown if these cells were viable upon delivery, or if they were affected by other factors such as brain pathology or an immune response. An instrumented cell-delivery catheter has been developed to assist in answering these questions by facilitating quantification and monitoring of the viability of the cells delivered. The catheter uses a fiber optic probe to perform flourescence-based cytometric measurments on cells exiting the port at the catheter tip. The current implementation of this design is on a 3.2 mm diameter catheter with 245 micrometer diameter optical fibers. Results of fluorescence testing data are presented and show that the device can characterize the quantity of cell densities ranging from 60,000 cells/ml to 600,000 cells/ml with a coefficient of determination of 0.93.
I. Introduction

Cell replacement therapy appears to be a promising approach to the treatment of Parkinson’s Disease, which afflicts over one million Americans at a cost of about 25 billion dollars annually.
 The delivery of neural stem cells or other multipotent cells also appears promising for the treatment of brain pathologies due to stroke, tumor, trauma and other diseases or conditions. To this end, our laboratories are focusing on development of an autologous stem cell modality that is coupled with novel delivery techniques.
 
Most studies involving the transplantation of neural cells have shown that less than 10% of implanted cells survive 24 hours following implantation. For example, in a study by Brudin and others, using fetal rat dopamine neurons cultured in vitro, the number of surviving cells was approximately 81 cells for every 105,000 implanted, or about 1:1000.
 In double-blind clinical trials by Freed, Green, and others, it was estimated that 90-95% of cells transplanted died of apoptosis, i.e. programmed cell death, within 24 hours of implantation.
,
,
,
 Previous research by Studer showed that DA neurons could be produced in vitro by expanding ventral mesencephalic precursor cells; however, once implanted in rat models these expanded cells had a survival rate of 3-5%.
 Research by Nikkhah showed that the survival rate could be improved from 5-10% to 15-20% by implanting smaller grafts of cells.
,
 Other studies have shown that the implantation of higher densities of embryonic stem cells is associated with the formation of tumorous regions of tissue or teratomas.10,14 It is currently unknown whether a majority of cells that do not survive are alive and viable or if they are already in the process of apoptotic or necrotic cell death at the time of delivery.
Improvements in cell survival have been attributed to delivering precise quantities of cells to the host brain and understanding how growth factors and nutrients nurture the neural niche in the host brain.
 Other factors influencing transplant survivability include the cell transplant source or sources,
 in vitro cell culture conditions and expansion of cell quantities,
,
,
 the use of immune suppression therapy,7,10,
 graft vascularization,
 and the age or maturity of the transplant source.7 Insulin-like growth factor (IGF-I), basic fibroblast growth factor (bFGF), and glial cell line-derived growth factor (GDNF) have been shown to provide significant reductions in transplanted cell apoptosis when concurrently administered.
,
 These results and others have demonstrated that it is imperative to deliver a highly-controlled amount of cellular tissue into the host brain, and that understanding cell viability at the delivery point is critical for meaningful comparison of experimental results. This goal will likely only be achieved using novel cell delivery techniques capable of monitoring the quantity and viability of cells at the point of delivery.

In this article, we discuss the design and initial testing of a catheter for the delivery of neural cells. The cell monitoring device (CMD) has been developed to allow for monitoring the quantity of viable cells at the point of delivery. Monitoring is accomplished by incorporating optical fiber elements into the tip of the delivery device. The tip design also enables a multimode approach combining the measurement of fluorescence, scatter, and attenuation within the existing optical platform based on the requirements of the measurement materials. 
For engineering proof-of-principle purposes, the 3RT1 rat gliomal cell line, which has been stably transfected to express green fluorescent protein (GFP), was used as our cell model in most experiments.
 As the 3RT1 cells experience necrotic or apoptotic death, the expression of GFP appears to halt or dramatically decrease. Staining and histology techniques, which indicate the presence and viability of the cellular tissue under delivery, have been investigated as well with this device. Configurations of the CMD also exist whereby the post-implantation survival of the cells within the brain can be monitored in vivo using the optical catheter.
II. Methods and Materials

A. Prototype Device Design

A modular tip compatible with various existing neurosurgical catheters has been designed which incorporates optical fibers for the cytometric determination of the number of viable cells exiting the port of the CMD. For the engineering prototypes, the catheter tip was machined from common brass, but for clinical prototypes, it will be made from an MR-compatible material such as titanium or a biocompatible polymer. The engineering prototype brass catheter tip has an outer diameter of 3.2 mm, and the exit port is 0.38 mm in diameter. The exit port is located on the side of the cylindrical tip. Figure 1 shows a schematic of the tip design.
The CMD tip may be attached at the end of a catheter tube and contains a series of grooves for mounting the optical fibers in proximity to the catheter’s side exit port. The fiber mounting grooves allow for the self-alignment of five optical fibers such that they are parallel to each other. Two fibers were polished at a 45° angle and reflective surfaces were created by coating them with a 100 nanometer layer of chromium using electron beam evaporation. These fibers functioned as turning mirrors. The turning mirror fibers require manual rotational and axial alignment. Fibers were spaced 0.25 mm apart and attached with an ultraviolet light curing epoxy. The total length of the tip is 12.5 mm. An enlarged view of the prototype tip is shown in Figure 2.

The alignment grooves allow the delivery and turning fibers work together such that a beam of light for fluorescence excitation is delivered across the port hole of the catheter. The middle fiber serves to detect the excited fluorescence in the cells. A second detection fiber serves to measure attenuation of the excitation beam within the cell suspension. 

Optical fibers were purchased from CeramOptec Industries (East Longmeadow, MA). The fibers used in the prototype catheter experiments consisted of a 200 micrometer silica core. The fibers had 10 micrometer cladding of fluorine doped silica, and a 12.5 micrometer thick polyimide jacket for a total diameter of 245 micrometer. The numerical aperture (NA) of the fibers in these experiments was 0.37, having a half-angle of acceptance or illumination of 21.7°.

Fluorescence was excited using an Omnichrome (Chino, CA) Argon ion laser.  Laser light was coupled into the fiber using a 10X microscope objective with an NA of 0.25. The argon ion laser is tunable over nine wavelengths including 454, 457, 465, 472, 476, 488, 496, 502, and 514 nm. Wavelengths were selected to optimize the signal and to provide separation of the laser signal and the fluorescent excitation signal. 
Power output for these experiments was measured with a Thorlabs, Inc. optical power meter. Laser output was determined to be 4.2 mW from the argon ion laser. The output from the fiber was slightly less due to coupling losses and was measured to be 1.7mW. During fluorescence experiments, an Ocean Optics (Dunedin, FL) USB2000 spectrometer, which accepts fiber optic inputs, was used to measure the output spectrum of the fluorescent signal.
B. Cellular Models and Fluorescence Measurment

For initial calibration of the device, a static configuration was used due to difficulties in keeping the cells evenly suspended. These experiments were performed with the fibers mounted in the configuration of Figures 1 and 2. A stock solution of 3RT1 cells at a density of 1.2 x 106 per milliliter and of RT2A cells at 5.1 x 105 per milliliter was used for this work. Further dilutions from these stock solutions were made to determine the change in fluorescence emission with cell density. The number of cells in the stock solutions was determined using a Coulter (Beckman Coulter, Inc. Fullerton, CA) Z1 particle counter. Cells were suspended in phosphate-buffered saline solution (PBS). A control sample containing only PBS was measured using the experimental setup prior to measuring any fluorescent samples, and background subtraction was performed to the final data by subtracting this signal from the measured fluorescence spectrum to remove artifacts caused by scatter inherent in the system from the source laser. Stock dilutions of cells were mixed using a vortexer, then 0.25 mL aliquots of suspension were quickly placed in the field of view using a pipette and the fluorescence spectrums were stored on a laptop computer. 

Experiments were performed using GFP transfected cells to determine the quantity of viable cells exiting the catheter. The 3RT1 line of cells have been transfected with green fluorescent protein and produce this fluorophore while the cells are viable. Experiments inducing apoptosis in these cells have shown that the cells cease to produce GFP on the order of one minute as the cells become non-viable. The time to perform the implantation procedure is approximately one hour, and the cell culture procedures required to prepare the cells for delivery will be even longer. Therefore the GFP cell signal, is seen as indicative of the quantity of viable cells. Optimum excitement of GFP in the 3RT1 cells is obtained at 488 nm; however, lower wavelengths of 457 nm or 477 nm were used in these experiments to obtain better separation between the laser excitation and emitted fluorescence wavelengths.
Secondary experiments were performed to examine the use of this device with cells stained using histological methods. Histological techniques often have lower emission of fluorescence energy, but a wide selection of histological techniques are available to monitor different cellular functions. Therefore, it is significant to demonstrate the use of this device with these methods. Two histological techniques were examined as part of this research.
Cell density expermiments were performed by staining non-transfected RT2A rat glioma cells with CellTracker™ (CT) Orange (Invitrogen Corporation, Carlsbad, CA). The CT Orange stained cells were used to examine the device’s ability to track cellular concentration levels; however, this stain does not indicate cellular viablility. The cavity of the argon ion laser was tuned to 488 nm for excitation of the CT Orange stained RT2A cells which resulted in good separation of scattered excitation laser wavelength from the emission wavelength of 565 nm. 
The detection of apoptosis using the JC-1 (Invitrogen Corporation, Carlsbad, CA) histological stain was examined as part of this research. JC-1 is a cationic dye that probes mitochondrial membrane potential. With JC-1, green (529 nm) and red (590 nm) fluorescence is excited using a 488 nm laser energy. As apoptosis is induced, a decrease in the ratio of red fluorescence to green fluorescence occurs. Determining cellular quantities is possible with the JC-1 probe, but has not been attempted at this time.

III. Experimental Results

Results of these experiments verify that the cellular fluorescence can be detected using the fiber optic configuration, and that the total fluorescence detected varies with cell density. Some variability in results was noted and is attributed to rapid settling of the cells in the medium. Results for GFP transfected cells, which indicate the quantity of viable cells, are shown in shown in Figures 3 and 4. Figure 5 illustrates the fluorescent spectrum obtained from CT Orange stained RT2A cells. The CT Orange data showed the same correlation of intensity to cell density as the RT2A cells. The background signal for the PBS control sample was subtracted from the results for the cell suspensions. Figure 6 illustrates the use of the JC-1 probe, and for this data a 2 microMolar solution carbonyl cyanide m-chlorophenyl (CCCP) was used to induce apoptosis thus increasing the magnitude of the 529 nm signal.

Flow testing of the CMD was performed both in air and while infusing into a 0.6% agarose gel that is often employed as a brain phantom material for in vitro infusion studies.
 Flow through the test apparatus was driven by a Bioanalytical Sciences (West Lafayette, IN) model MD 1000 syringe pump and a Hamilton (Reno, NV) model 81303 1.0 mL syringe. The flow rate for these experiments was 100 microliters per minute. A 3 mm flexible extension tube connected the syringe to the fiber optic-instrumented CMD. A video microscope was positioned above the exit port to observe the flow of the cell suspension as it emerged from the port. The setup for this experiment is shown in Figure 7. The excitation laser was set at 477 nm for this experiment, which resulted in better excitation of the green fluorescent protein, but less separation from scattered excitation energy. Results are shown in Figure 6 and show a slightly lower signal from testing in the brain phantom material. The slight reduction in signal is attributed to variations in the cell flow path during insertion in the gel material.
IV. Discussion

Our previous measurements showed that we could detect the presence of GFP transfected cells and stained cells as they exited the catheter.20 The present studies have been conducted using secondary observation with video microscopy, which confirms that the fluorescence signal increases when more cells are in the field of view. Studies using aliquots of cells or measured solutions for delivery indicate that the observed fluorescent intensity is proportional to the density of cells in solution. The major obstacle to making these measurements is keeping the cells uniformly suspended. The cells have a strong tendency to settle in the syringe or delivery tubing before exiting the catheter port hole, and this observation was confirmed by video microscopy. However, regardless of the density of cells suspended, fluctuations in measured intensity correspond to fluctuations in the number of cells as viewed through the monitoring microscope.
From Figure 4 and Figure 5, a variation in GFP transfected cell density aliquot ratios from 600,000 cells/ml to 60,000 cells/ml, a cell density variation of 10:1, corresponds to a measured difference of approximately 1,400 intensity units on the fiber optic spectrometer and gives a sensitivity of 2.85 units for each 1,000 cells/ml of cell density with an r2, coefficient of determination, value of 0.93. The CellTracker Orange data shown in Figure 6 represents a change in cell density of 255,000 cells/ml to 34,000 cells/ml with a corresponding change in fluorescence intensity of 529 which results in a sensitivity of 2.36 fluorescence intensity units per 1,000 cell/ml density with an r2 value of 0.94. Further investigation of sensitivity values and signal averaging techniques for the reduction of noise, such as those discussed by Gillies and Allison,
 will be performed. Noise reduction techniques may be combined with high sensitivity photon-counting methods to allow for high resolution measurements to be made if necessary.

Several improvements in the design are currently underway. Low intensity ultrasonic excitation is being evaluated to assist in maintaining cells in suspension through the delivery process. Investigation of additives such as methocellulose which inhibit the cells from falling out of suspension are being investigated as well. Additional functionality for the measurement of the in vivo biochemical environment of the brain will be incorporated in future designs. A critical issue is the selection of the proper approach to cell fluorescence. Autofluorescence of autologous stem cells presents itself as a desirable route in that regard. An important goal will be the testing of an improved prototype device and associated measurement system using a large-animal in vivo model.
V. Conclusions


We have designed and performed preliminarily testing of a cell-monitoring-device that can be adapted to neurosurgical catheters and has cytometric capabilities compatible with those needed to confirm cell viability and quantity during cell delivery procedures. Cell viability experiments have been performed with this platform using both green fluorescent protein transfected cells as an indicator of the number of viable cells and by using histological techniques using the JC-1 stain. Photo-optical measurements of cell fluorescence made on-board this catheter during delivery of a cell suspension into a brain phantom gel demonstrated the workability of the concept. The results suggest that the technique has sensitivity sufficient for high accuracy cytometric monitoring of cell delivery procedures, and future tests using an appropriate in vivo model will seek to confirm the clinical utility of the approach.
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Figure 1: Design of a modular tip with incorporated fiber optics for determination of the viability and quantity of delivered cells. 
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Figure 2: Magnified view of prototype catheter tip showing laser illumination, and optical path.
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Figure 3: Fluorescence spectrum of diluted aliquots from a 1.2 x 106 cells/mL suspension of GFP transfected cells. Dilutions of this stock solution are placed in a stationary optical cell with the same optical configuration as the prototype catheter. Laser excitation is 458 nm.
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Figure 4: Fluorescent intensity at 510 nm plotted with cell density in thousands of cells per ml for GFP tranfected 3RT1 cells.
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Figure 5: Fluorescence spectrum of diluted aliquots from a 5.1 x 105 cells/mL suspension of RT2A cells stained using CellTracker™ Orange from Invitrogen. Laser excitation is 488 nm.
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Figure 6: Spectrum of RT2A cells stained with mitochondrial membrane potential indicator, JC-1, measured using the CMD. Apoptosis was induced in these cells as indicated by the large 529 nm fluorescence as compared to the 590 nm fluorescence. 
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Figure 7:  The tip of the CMD is inserted within the brain phantom gel, and the objective of the videomicroscope looks down onto the experimental arrangement from above.
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Figure 8: Fluorescence intensity spectrum of cells delivered in air and into a 0.6% agarose gel brain phantom material. Cell density is 1.243 x 106 cells per milliliter. Flow rate is 100 microliters per minute. An excitation wavelength of 477 nm was used in this test of the neural cell delivery catheter. Background laser and PBS fluorescence signal has been subtracted. 
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