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BACKGROUND: Surgical implantation of cellular grafts into the brain is of increasing
importance, as stem cell-based therapies for Parkinson and other diseases continue to
develop. The effect of grafting technique on development and survival of the graft has
received less attention. Rate andmethod of graft deliverymay impact the cell viability and
success of these therapies. Understanding the final location of the graft with respect to the
intended target location is also critical.
OBJECTIVE: To describe a “columnar injection” technique designed to reduce damage to
host tissue and result in a columnof graftmaterial with greater surface area to volume ratio
than traditional injection techniques.
METHODS: Using a clinically relevant model system of human embryonic stem cell-
derived dopaminergic progenitors injected into athymic rat host brain, we describe a
novel device that allows separate control of syringe barrel and plunger, permitting precise
deposition of the contents into the cannula tract during withdrawal. Controls consist of
contralateral injection using traditional techniques. Graft histology was examined at graft
maturity.
RESULTS: Bolus grafts were centered on the injection tract but were largely proximal to
the “target” location. These grafts displayed a conspicuous peripheral distribution of cells,
particularly of mature dopaminergic neurons. In contrast, column injections remained
centered at the intended target, contained more evenly distributed cells, and had signifi-
cantly more mature dopaminergic neurons.
CONCLUSION: We suggest that this columnar injection technique may allow better
engraftment anddevelopment of intracerebral grafts, enhancingoutcomes of cell therapy,
compared to fixed-point injection techniques.
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T ransplantation of living cellular material
into the brain to treat pathological
conditions, especially Parkinson disease,

has a decades-long history.1-5 Ongoing devel-
opment of stem cell-derived therapies has
renewed interest in this approach and new
efforts to revisit older concepts, such as fetal
tissue transplantation (eg, the TRANSEURO
trial),6 are also underway. Because inflam-
matory, immunological, and tissue reparative
processes triggered by invasive surgical intro-
duction may all influence graft survival and
successful integration into the host, attention
has focused on the role that surgical technique

ABBREVIATIONS:DAB, 3, 3-diaminobenzidine;GFP,
green fluorescent protein; hESC, human embryonic
stem cell;mDA,midbrain dopamine

may play in the variable outcomes of these
procedures.
The effect of the pathology created by

the surgical access corridor relates both to
the precision of cell delivery to a prespec-
ified anatomic location and to the amount of
tissue damage, including mechanical disruption,
hemorrhage, and deposition of space-occupying
material. Minimizing these factors may enhance
outcome of cell therapies. Indeed, one justifi-
cation for renewed interest in fetal midbrain
allograft therapy for Parkinson disease in the
TRANSEURO trial was the concern that
surgical factors, including trauma and hemor-
rhage along the cannula tract and uneven distri-
bution of grafted cells, may have contributed to
the inconsistency of clinical outcomes.7,8
A variety of surgical methods have been

described for graft transplantation in Parkinson
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disease.9-14 Although none of these methods has become a
generally accepted standard, all involve injection of graft material
into the host at a point or points with the cannula fixed in
position, depositing a “bolus” of material at these points. Previous
work in animal models15,16 and in human patients17,18 has shown
no significant differences when fetal ventral mesencephalic tissue
was grafted via cell suspensions or as tissue fragments, but delivery
methods have otherwise not been systematically compared.
Methods have been described to deliver intracerebral grafts

both on and off the axis of the introduction cannula.14,19 These
have in common the delivery of the graft by pressure injection
at the target site(s), a method we refer to here as “bolus”
injection.16,18,20,21 This necessitates further damage to host tissue
at that site, beyond that damage incurred as the cannula passes to
the target site. One exception to the bolus injection technique was
the clinical trial reported by Freed et al., which described injecting
“strands” of fetal tissue continuously as the insertion catheter was
withdrawn, but rate and method of control of this extrusion were
not specified.22

We hypothesize that integration and function of the graft
may benefit from continuous controlled injection rates and from
minimizing disruption of the host tissue. We also recognize that
the cannula track itself is likely to fill by reflux of material injected
as a bolus at its endpoint. Because there is no method to insert
material without creating such a cannula track, intentionally using
the cannula tract itself as the target graft site, while simultane-
ously removing the cannula at a fixed rate during injection, would
have several advantages including the following: (1) reducing the
zone of high pressure and tissue disruption surrounding a fixed-
point injection; (2) creating a cylindrical volume of deposition
for the implant that improves surface area to volume ratio, which
we postulate will promote dispersion of the cell suspension fluid,
improve the ability of host oxygen and nutrients to enter the
graft, and create a larger contact surface between graft and host
to accommodate neuronal process outgrowth; and (3) estab-
lishing more uniform distribution of the grafted material to avoid
variable “hot spots” of higher engrafted cell density, (one postu-
lated cause of graft-induced dyskinesia23-25).
In this report, we describe a method of graft implantation

using the track created by the surgical cannula as the site of cell
deposition and with precise control of injection rate and volume.
This creates a column of cells with its base at the deepest position
of the cannula, extending along a specified segment of the cannula
track. Results using this “columnar” injection technique for trans-
plantation of dopaminergic progenitor cells into rat brain suggest
improved survival and distribution of the desired dopaminergic
neurons.

METHODS

Agarose Test
To provide a visual model of intracerebral injection, 0.2% Trypan

blue (Thermo Fisher Scientific, #15250061, Eugene, Oregon) with 25%

glycerol solution (Sigma-Aldrich, #G5516, St. Louis, Missouri) in saline
was injected into 1.0% agarose (IBI Scientific, #IB70040, Peosta, Iowa).
A total of 25 μL of solution was injected either by bolus or by columnar
injection (see below) at 2 μL/min. Images were made at successive time
points during injection.

hESC Culture and Differentiation
A human embryonic stem cell (hESC) line H9 (WA09, passage

25-40, lot number: WB66593, WiCell, Madison, Wisconsin) was
maintained using feeder-free conditions in mTeSR™1 medium
(StemCell Technologies, #85850, Cambridge, Massachusetts) on
Matrigel (Corning, #354277, Corning, New York) coated dishes.
Karyotypes of hESCs were periodically examined, and only cells
with normal karyotypes were used for experiments. For short-term
study, H9 cells were infected with lentivirus pSin-EF2-WGA-GFP-Pur
subcloned from pSin-EF2-Nanog-Pur (#16578, Addgene, Cambridge,
Massachusetts) and pTH-WGA-GFP.26 For long-term study, H9 cells
were differentiated into midbrain dopamine (mDA) progenitors using
a protocol adapted from Kriks et al.27 Day 25-differentiated mDA
progenitors were used for transplantation into each brain.

Animals and Transplantation
The studies reported here were conducted in compliance with

the ARRIVE guidelines for preclinical animal research,28 in accor-
dance with current National Institutes of Health guidelines (McLean
Hospital, Belmont, MA), and under Institutional Animal Care and Use
Committee-approved protocol 2015N000001.

Adult (<200 g) female, athymic, nude rats (Crl: NIH-Foxn1rnu)
from Charles River (Wilmington, Massachusetts) were used as graft
recipients in all in Vivo experiments for short-term (immediate sacrifice)
and long-term (8 wk) study. Athymic rats were housed in standard cages,
under a 12-h light/dark cycle with ad libitum access to sterile food and
water.

Intrastriatal injections were performed under isoflurane anesthesia
with a stereotaxic frame (David Kopf Instruments, Tujunga, California).
Each animal received a bolus injection into the left striatum and a
columnar injection into the right. The bolus injection was performed
using a 10 μL Hamilton syringe with 22-gauge blunt needle. Injection
speed was controlled with a UMP3 Microsyringe Injector and Micro4
Controller (WPI, Sarasota, Florida). Columnar injection was performed
with a 22-gauge blunt needle using the novel injection device described
below. A total of 3 μL of cell suspension in lactated Ringer’s solution was
injected on each side, the bolus first on the left and then the column on
the right, at 1 μL/min. The bolus was injected at coordinates relative to
bregma (in mm): AP + 0.8; ML −3.0; DV −5.5, whereas the column
was injected at AP + 0.8, ML + 3.0, and DV spanning the segment
between −7.0 and −4.0, at settings of 1 μL/mm and 1 mm/min. After
injection, the needle was held in position for 5 min, then withdrawn
over 8 min. To reduce pain and dehydration, animals were injected with
Ketoprofen (5 mg/kg, Santa Cruz, sc-363115Rx) subcutaneously and
with 3 mL 0.9% sodium chloride intraperitoneally.

Brain Sectioning and Immunofluorescence
Animals for short-term study were sacrificed immediately after trans-

plantation, whereas those for long-term study were sacrificed 8 wk
later. In brief, deep anesthesia was induced by intraperitoneal injection
of ketamine/Xylazine (75 mg/kg/7.5 mg/kg), followed by intracardial
perfusion with ice-cold phosphate buffered saline (PBS; 0.01M, pH
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FIGURE 1. Columnar Injection device. A, Anterior view in unlocked position for cannula insertion. B,
Anterior and posterior views in locked position for injection, showing the differential movement of the plunger
and barrel. Lever arm has multiple detents allowing selection of several preset movement ratios between these
two parts, thus determining volume injected per distance traveled.

7.4) for 8 min, followed by perfusion with 4% formaldehyde for
20 min at 10 mL/min. Brains were removed and postfixed overnight
in 4% formaldehyde at 4◦C, then cryopreserved by successive incuba-
tions in 20% and 30% sucrose. Brains were embedded in Optimal
cutting compound and coronal sections (30 μm), covering the entire
striatum were serially collected (Leica CM1950, Buffalo Grove, Illinois).
For the short-term study, green fluorescent protein (GFP)-labeled grafts
were photographed under microscopic magnification (Olympus, X-81,
Center Valley, Pennsylvania). For the long-term study, brain sections
were stained for human nuclear antigen (mouse anti-hNuc, Takara
Bio Inc, Y40400 STEM 101, 1:1000, Mountain View, California)
and tyrosine hydroxylase (rabbit anti-TH, Pel Freez, 1:1000, Rogers,
Arkansas) overnight at 4◦C. After 3 washes in PBS with 0.3% Tween 20,
sections were incubated with donkey anti-Mouse Alexa 568 and donkey
anti-Rabbit Alexa 488 for 1 h at room temperature. Sections were cover-
slipped with mounting media and photographed using a Keyence micro-
scope (Osaka, Japan).

Immunohistochemistry and TH+ Neuron Number
Calculation

Brain slices were incubated with PBS containing 30% H2O2 for
30 min and then incubated with rabbit anti-tyrosine hydroxylase
(Pel Freeze, 1:1000, Rogers, Arkansas) overnight. After rinsing, the

samples were stained with biotinylated anti-rabbit secondary antibody
(Vector Labs, # PK6100, Burlingame, California) for 1 h. Finally,
sections were visualized with the Vectastain Elite ABC kit (Vector
Labs, #PK-6101, Burlingame, California) and the 3, 3-diaminobenzidine
(DAB) peroxidase substrate kit (Vector Labs, #SK-4100, Burlingame,
California) following themanufacturer’s protocol. To count TH+ neuron
numbers in the grafts, the optical fractionator probe of Stereo Inves-
tigator (MicroBrightField Inc.; Williston, Vermont) was used under
63X oil lens with counting frame 50 × 50 μm and grid size 200 ×
200 μm. Final counts were corrected for series number (1:6) to get
an estimate of the total number of TH-positive neurons per graft. The
final TH+ neuron numbers were normalized per 100 000 grafted cells.
Statistical analysis was performed with Prism 8 for MacOS (GraphPad
Software Inc., La Jolla, California) using 2-tailed paired ratio t-test.

RESULTS

Columnar injection is intended to extrude graft material
into the cannula track as the cannula is withdrawn from
the target. Our device is based on an FHC MicroTargeting
and Stardrive system (FHC Inc., Bowdoin, Maine) specially
modified for this purpose (Figure 1). During traditional bolus
injection, the cannula remains stationary at the chosen site of
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FIGURE 2. Schematic of the bolus vs columnar injection principles. A, Bolus injection. Barrel and cannula are stationary.
Plunger movement (black arrow) pushes out cell suspension (green) from syringe cannula tip at the target location. Most
ejected material escapes proximally. B, Columnar injection. Differential between upward motion of these and of the plunger
(black arrow) gives net downware pressure to express cell suspension (green) from cannula as it is withdrawn from the target.
Green arrows indicate direction of movement of cell suspension. Black arrows indicate direction of movement of plunger.
Arrow length is proportional to movement speed. Injection speed is the difference between barrel and plunger speeds. Initial
stereotactic position is chosen so as to center the graft on the desired target.

transplantation, and material is ejected by pressure from the
descending plunger, using this pressure to force the graft volume
into the host tissue (Figure 2A). With columnar injection, both
the syringe barrel/cannula and the plunger are withdrawn from
the target, but with the plunger withdrawing at a slower rate.
This difference results in net downward movement of the plunger
within the barrel. This, in turn, ejects material into the track
previously created during cannula insertion, with the pressure of
ejection filling or expanding the existing cavity in the host tissue.
The volume injected per distance traveled is set by adjusting the
length of an adjustable lever arm, and the distance traveled per
unit time is independently set using the digital motorized drive
(Figure 2B). The system can be calibrated to use different sized
syringes and different “gear ratios” of plunger to barrel movement
to achieve desired rates and volumes of injection. To simulate
cell delivery into the brain, we injected 25 μL 0.2% trypan blue
in saline into 1.0% agarose discs using either traditional bolus
injection or columnar injection, both at 2 μL/min (Figure 3).

Images A1 to A5 in Figure 3 show the typical teardrop shape
produced with bolus injection at 0, 3.0, 6.25, 9.5, and 12.5 min,
comprising 0, 6.0, 12.5, 19.0, and 25 μL of injected volume,
respectively. Figure 3B1 to B5 shows the equivalent columnar
injection, with the device set to deliver 2 μL/mm at a rate of
1 mm/min as the syringe withdraws from the target (resulting in
2 μL/min). As predicted, we observed a uniform distribution of
liquid as the needle was retracted.
Next, the columnar injection system was tested in parallel to

traditional bolus injection in an athymic rat model. Because of its
relevance to Parkinson disease, an area of active interest for cell
transplantation, we used a suspension of mDA progenitor cells
differentiated from hESCs. For short-term study, GFP-labeled
mDA progenitors were injected into the athymic rat brain at the
coordinates noted, corresponding to the striatum. In each animal,
the left side was injected using traditional bolus injection, whereas
the right side was injected using the columnar method. Figure
4 shows the expected distribution of deposited cells in relation
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COLUMNAR INJECTION FOR INTRACEREBRAL CELL THERAPY

FIGURE 3. Bolus vs columnar injection, in agarose. A1-5, A total of 25 μL of a solution of glycerol and Trypan Blue in saline was injected at 2 μL/min through a
22 g cannula with the tip at a fixed position (bolus injection). Images taken at successive time points show irregular extrusion of the material, most of it “refluxed”
proximal to the cannula tip. B1-5, A total of 25 μL of an identical solution was injected via 22 g cannula using the column injection device with injection volume
setting of 2μL/mm and movement setting of 1mm/min at the starting depth of 12.5 mm. Arrows show the position of the cannula tip at different time points. Successive
images show more even distribution of material as the cannula track is vacated.

to either the fixed injection point of the bolus technique or the
dynamic injection tract of the column technique. One day after
transplantation, animals were sacrificed, and graft morphology
was visualized using GFP fluorescence. As shown in Figure 4, the
columnar injection produced an even cylinder of cell deposition,
centered along the track created by the injection cannula though
somewhat larger in diameter than the cannula itself. Importantly,
this column did not contain an empty central area as was seen
with the bolus injection. The observed central acellular areas
with the bolus injection were interpreted as areas of cell death
or displacement by the suspension carrier solution and cannula as
noted in prior studies.12
To further observe how longer-term graft morphology and

development are affected by the 2 injection techniques, we trans-
planted day 25mDA progenitors into the striatum of athymic rats
using both techniques. After 8 wk, animals were sacrificed, and
the grafts were examined with immunofluorescent staining for
hNuc and for TH (Figure 5). Bolus injections yielded grafts with
an overall teardrop shape (Figure 5A-5C), whereas the columnar
injection grafts retained their cylindrical form (Figure 5D-5F). Of
note, TH+ cells were sparse in the central areas of the bolus grafts,
being located mainly at the periphery (Figure 5A, a’ and a”). Most
bolus grafts contained prominent acellular areas (Figure 5B, b’ and
C, c’). Distribution of TH+ cells in the columnar injection grafts
was more uniform (Figure 5D, d’ and d”), and hNuc staining did
not show appreciable acellular regions (Figure 5E and 5F).

To quantify differences in overall TH+ cell numbers between
grafts made with bolus or column injections at 8 wk, immuno-
histochemistry was performed using antibody against TH (Figure
6A and 6B). TH+ neurites appeared more extensive and longer
in the columnar grafts, and as seen in Figure 5, the TH+ cells
were more uniformly distributed in columnar than in bolus grafts.
Stereological counting showed that there were significantly more
TH+ cells in columnar than in bolus injection grafts in the same
animal. As each animal was injected on the left by bolus and
on the right by column technique (n = 5), each served as its
own control for other factors affecting overall graft cell survival;
there was significant overall variability animal to animal, but the
increase in TH+ cells in column vs bolus grafts was consistent
(mean ratio 1.33 ± 0.02 SEM; null hypothesis that population
mean of the ratios is 1; P = .002 by 2-tailed paired ratio t-test,
Figure 6C).

DISCUSSION

Limitations
With numerous clinical trials of cell therapy for PD and other

degenerative diseases on the horizon,5 reliable placement and
survival of the desired graft cell type assumes increased impor-
tance. Poor overall numerical survival or maturation of the desired
dopaminergic cells, and great subject to subject variability in this
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FIGURE 4. Bolus vs columnar injection, short-term in Vivo results. Method as
described in the text. Columnar injection is seen on the left, bolus on the right. Note
the “rim” distribution of the bolus around a nonstaining central area, whereas the
column appears more uniform. (scale bar indicates 500 μm). In standard bolus
technique most of the graft lies proximal to the intended target. Columnar injection
is initiated distal to the desired location of the center of the graft.

number, has been characteristic of both hESC-derived.21,27,29
and human fetal tissue-derived dopaminergic cell grafts,30,31
which presents a problem for establishment of reliable dosing
for such therapy. The animal-to-animal variability seen in our
study (Figure 6C) shows this clearly. Here, our use of each animal
as its own control helps to isolate the contribution of surgical
technique to the number and distribution of TH+ cells in the
graft. Our paired ratio comparison demonstrates that surgical
technique has a significant impact. Although major sources of
variability in overall cell survival are attributable to host or cell
preparation factors not addressed in this study, useful lessons for
neurosurgeons involved in cell graft placement can nonetheless
be gleaned: (1) the center of a bolus injection of cells is typically
located proximal to the stereotactic target because of the effects of
extrusion of the grafted cells under pressure and of reflux along the
cannula tract; and (2) a modified columnar injection technique,
with less tissue resistance as cells are delivered into the vacated
cannula tract and producing a greater surface to volume ratio, can
have substantial positive impact on numbers and distribution of
cells in the resulting grafts.

FIGURE 5. Bolus vs columnar injection, long-term (8 wk) in Vivo results. A
andD, TH staining for bolus A and columnarD injections into the striatum,
at low, medium (a’ and d’) and high (a” and d”) magnification. Boxes
indicate areas enlarged in the frame below. Dense staining of dopaminergic
neuropil originating in the host midbrain is seen, but TH+ cell bodies (a”
and d”) are exclusively from the graft because no dopaminergic cell bodies are
normally found in this region. B and E, hNuc staining showing overall distri-
bution of grafted cells in bolus B and columnar E grafts. Note acellular areas
in the bolus graft and more even distribution of cells in the columnar graft
(b’ and e’). C and F, Double staining showing the distribution of TH+ and
hNuc+ cells. In bolus grafts these cells were fewer in number and located mainly
peripherally, whereas in the column, they are more evenly through the graft (c’,
c”, f ’, and f”). Arrows indicate location of individual TH+ cells. Scale bars
in A-F represent 500μm, and scale bars in a’-f ’ and a”-f” represent 100μm.
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FIGURE 6. TH staining of bolus A and columnar B grafts at 8 wk, used for
stereological cell counting. TH+ cell bodies in this location are exclusively from the
graft. The stars indicate the intended final graft center using each technique. C,
Histogram of cell counts of TH+ cell bodies in each graft, bolus vs column (n= 5).
Total number of cells injected and injection volume was the same for each technique
in each animal. Surviving TH+ cell numbers were significantly higher using the
column technique (P < .003; 2-tailed ratio paired t-test).

In the bolus injection technique, it is standard to match the
desired graft target with the distal end of the cannula tip and to
perform the injection at that point with the expectation that the
ultimate graft will surround this location. As noted above, this
does not match our observation of the final location. Intracerebral
grafts have typically contained an “empty” core area with more
cellular material appearing at the periphery, especially in the case
of TH+ neurons. Images of such grafts show a distribution of
cells similar to what we observed with the bolus injection (Figure
5b’), including acellular areas at the target site and a “tail” of cells
that have refluxed up the insertion track.7,32-36 The peripheral cell
distribution in these grafts may represent effects both of implan-
tation technique and of ischemic necrosis or apoptosis.12,37
In contrast to these characteristics, grafts injected with the

columnar injection technique showed material more evenly
deposited, and viability of the desired cells was higher. Although
graft and host still exert pressure on each other, that pressure
is more evenly distributed over a larger surface area, so that
the pressure per unit volume of the graft is decreased. Further,
columnar injection is a dynamic technique with cell deposition
and cannula removal taking place simultaneously. Extruded cells
are continuously and evenly deposited into an area that the
cannula has just vacated as it is withdrawn. The stereotactic
target for the cannula is chosen to be at the distal end of this
evenly distributed column of engrafted cells, and length and
volume are predetermined to locate the midpoint of the column
at the desired graft location. Reflux of cells up the cannula track
appears to be a major determinant of the teardrop shape of bolus
grafts. Although reflux can occur with the column technique
as well, this choice of a starting point distal to the intended
center and deposition into the track as it is evacuated results in
less reflux of cells into the more superficial track. We hypoth-
esize that the cylindrical shape of the column, having a greater
surface area to volume ratio than the more spheroid shape of the
bolus, facilitates diffusion into and out of the graft, helping to
produce the significantly higher long-term surviving dopamin-
ergic neurons seen here, and allowing for their more even distri-
bution and improved neurite outgrowth (Figures 5 and 6). This
may lead to more efficient clinical cell transplantation and better
functional outcomes. Long-term effects on behavioral outcomes
in rat models of Parkinson disease using this method are currently
under investigation.
Columnar injection can be implemented with any system that

uses syringe injection and is, therefore, compatible with delivery
patterns provided by a variety of single-point or multiple-point
injection devices.

CONCLUSION

Implantation technique has a significant impact on the distri-
bution and number of grafted dopaminergic neurons in this
model of intracerebral cell therapy. Columnar deposition of graft
into the cannula track with precise control of volume, distance,
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and rate may minimize unwanted additional host tissue damage
and promote better interaction between graft surface and host
tissue, resulting in improved survival of the desired graft cells.

Disclosures
This work was, in part, supported by NIH grants NS084869 and NS070577.

The authors have no personal, financial, or institutional interest in any of the
drugs, materials, or devices described in this article.

REFERENCES
1. Backlund EO, Granberg PO, Hamberger B, et al. Transplantation of adrenal

medullary tissue to striatum in parkinsonism. First clinical trials. Proc Natl Acad
Sci USA. 1985;62(2):1223-1232.

2. Lindvall O, Bjorklund A. Cell therapy in Parkinson disease. NeuroRx J Am Soc
Experiment NeuroTher. 2004;1(4):382-393.

3. Bjorklund A, Lindvall O. Replacing dopamine neurons in parkinson disease: how
did it happen? J Parkinson Dis. 2017;7(s1):S23-S33.

4. Stoker TB, Blair NF, Barker RA.Neural grafting for Parkinson disease: Challenges
and prospects. Neural Regen Res. 2017;12(3):389-392.

5. Sonntag KC, Song B, Lee N, et al. Pluripotent stem cell-based therapy
for Parkinson disease: Current status and future prospects. Prog Neurobiol.
2018;168(Sep):1-20.

6. Moore SF, Guzman NV, Mason SL, Williams-Gray CH, Barker RA. Which
patients with Parkinson disease participate in clinical trials? One centre’s experi-
ences with a new cell based therapy trial (TRANSEURO). J Parkinson Dis.
2014;4(4):671-676.

7. Thompson L, Bjorklund A. Survival, differentiation, and connectivity of
ventral mesencephalic dopamine neurons following transplantation. Prog Brain Res.
2012;200(200):61-95.

8. Barker RA, Barrett J, Mason SL, Bjorklund A. Fetal dopaminergic transplan-
tation trials and the future of neural grafting in Parkinson disease. Lancet Neurol.
2013;12(1):84-91.

9. Olanow CW, Goetz CG, Kordower JH, et al. A double-blind controlled
trial of bilateral fetal nigral transplantation in Parkinson disease. Ann Neurol.
2003;54(3):403-414.

10. Brundin P, Barbin G, Strecker RE, Isacson O, Prochiantz A, Bjorklund A.
Survival and function of dissociated rat dopamine neurones grafted at different
developmental stages or after being cultured in vitro. Brain Res. 1988;467(2):233-
243.

11. Breeze RE, Wells TH Jr., Freed CR. Implantation of fetal tissue for the
management of Parkinson disease: a technical note. Neurosurgery. 1995;36(5):
1044-1047; discussion 1047-1048.

12. Brundin P, Karlsson J, Emgard M, et al. Improving the survival of
grafted dopaminergic neurons: A review over current approaches. Cell Transplant.
2000;9(2):179-195.

13. Alterman RL, Tagliati M, Olanow CW. Open-label surgical trials for Parkinson
disease: Time for reconsideration. Ann Neurol. 2011;70(1):5-8.

14. Potts MB, Silvestrini MT, Lim DA. Devices for cell transplantation into the
central nervous system: Design considerations and emerging technologies. Surg
Neurol Int. 2013;4(Suppl 1):S22-30.

15. Leigh K, Elisevich K, Rogers KA. Vascularization and microvascular perme-
ability in solid versus cell-suspension embryonic neural grafts. J Neurosurg.
1994;81(2):272-283.

16. Redmond DE Jr., Vinuela A, Kordower JH, Isacson O. Influence of cell prepa-
ration and target location on the behavioral recovery after striatal transplantation
of fetal dopaminergic neurons in a primate model of Parkinson disease. Neurobiol
Dis. 2008;29(1):103-116.

17. Freeman TB, Sanberg PR, Nauert GM, et al. The influence of donor age on the
survival of solid and suspension intraparenchymal human embryonic nigral grafts.
Cell Transplant. 1995;4(1):141-154.

18. Freed CR, Zhou W, Breeze RE. Dopamine cell transplantation for
Parkinson disease: The importance of controlled clinical trials. Neurotherapeutics.
2011;8(4):549-561.

19. Mendez I, Hong M, Smith S, Dagher A, Desrosiers J. Neural transplantation
cannula and microinjector system: Experimental and clinical experience. Technical
note. J Neurosurg. 2000;92(3):493-499.

20. Freeman TB, Olanow CW, Hauser RA, et al. Bilateral fetal nigral trans-
plantation into the postcommissural putamen in Parkinson disease. Ann Neurol.
1995;38(3):379-388.

21. Kikuchi T, Morizane A, Doi D, et al. Human iPS cell-derived
dopaminergic neurons function in a primate Parkinson disease model. Nature.
2017;548(7669):592-596.

22. Freed CR, Greene PE, Breeze RE, et al. Transplantation of embryonic dopamine
neurons for severe Parkinson disease. N Engl J Med. 2001;344(10):710-719.

23. Ma Y, Feigin A, Dhawan V, et al. Dyskinesia after fetal cell transplantation for
parkinsonism: A PET study. Ann Neurol. 2002;52(5):628-634.

24. Maries E, Kordower JH, Chu Y, et al. Focal not widespread grafts induce novel
dyskinetic behavior in parkinsonian rats. Neurobiol Dis. 2006;21(1):165-180.

25. Kordower JH, Vinuela A, Chu Y, Isacson O, Redmond DE Jr. Parkin-
sonian monkeys with prior levodopa-induced dyskinesias followed by fetal
dopamine precursor grafts do not display graft-induced dyskinesias. J CompNeurol.
2017;525(3):498-512.

26. Oh MS, Hong SJ, Huh Y, Kim KS. Expression of transgenes in
midbrain dopamine neurons using the tyrosine hydroxylase promoter. Gene Ther.
2009;16(3):437-440.

27. Kriks S, Shim JW, Piao J, et al. Dopamine neurons derived from human
ES cells efficiently engraft in animal models of Parkinson disease. Nature.
2011;480(7378):547-551.

28. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving
bioscience research reporting: The ARRIVE guidelines for reporting animal
research. J Pharmacol Pharmacother. 2010;1(2):94-99.

29. Grealish S, Diguet E, Kirkeby A, et al. Human ESC-derived dopamine neurons
show similar preclinical efficacy and potency to fetal neurons when grafted in a rat
model of Parkinson disease. Cell stem cell. 2014;15(5):653-665.

30. Mendez I, Sanchez-Pernaute R, Cooper O, et al. Cell type analysis of functional
fetal dopamine cell suspension transplants in the striatum and substantia nigra of
patients with Parkinson disease. Brain. 2005;128(Pt 7):1498-1510.

31. Kordower JH, Olanow CW. Fetal grafts for Parkinson disease: Decades in the
making. Proc Natl Acad Sci U S A. 2016;113(23):6332-6334.

32. Borlongan CV, Sanberg PR, Freeman TB. Neural transplantation for neurode-
generative disorders. Lancet. 1999;353(Suppl 1):SI29-30.

33. Emgard M, Karlsson J, Hansson O, Brundin P. Patterns of cell death
and dopaminergic neuron survival in intrastriatal nigral grafts. Exp Neurol.
1999;160(1):279-288.

34. Mendez I, Vinuela A, Astradsson A, et al. Dopamine neurons implanted into
people with Parkinson disease survive without pathology for 14 years. Nat Med.
2008;14(5):507-509.

35. O’Keeffe FE, Scott SA, Tyers P, et al. Induction of A9 dopaminergic neurons
from neural stem cells improves motor function in an animal model of Parkinson
disease. Brain. 2008;131(Pt 3):630-641.

36. Li W, Englund E, Widner H, et al. Extensive graft-derived dopaminergic inner-
vation is maintained 24 years after transplantation in the degenerating parkinsonian
brain. Proc Natl Acad Sci U S A. 2016;113(23):6544-6549.

37. Emgard M, Hallin U, Karlsson J, Bahr BA, Brundin P, Blomgren K.
Both apoptosis and necrosis occur early after intracerebral grafting of ventral
mesencephalic tissue: A role for protease activation. J Neurochem. 2003;86(5):
1223-1232.

Acknowledgments
The authors are grateful to the FHC company and members of the Molecular

Neurobiology Laboratory for their discussion and suggestions.

328 | VOLUME 18 | NUMBER 3 | MARCH 2020 www.operativeneurosurgery-online.com

D
ow

nloaded from
 https://academ

ic.oup.com
/ons/article-abstract/18/3/321/5520487 by H

arvard Library user on 25 M
ay 2020


