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Abstract
The reconstruction of midbrain dopamine (DA) circuitry through intracerebral transplantation

of new DA neurons contained in embryonic ventral mesencephalon (VM) is a promising ther-

apeutic approach for Parkinson’s disease (PD). Although some of the early open-label trials

have provided proof-of-principal that VM grafts can provide sustained improvement of motor

function in some patients, subsequent trials showed that the functional response can be highly

variable. This chapter reviews an extensive body of basic and clinical research on the survival,

differentiation, and connectivity of DA neurons in VM grafts, and also looks at how these pa-

rameters are affected by certain host- and donor-specific variables. We also review how tech-

nical advances in the tools available to study the integration of grafted DA neurons, such as

transgenic reporter mice, have made significant contributions to our understanding of the ca-

pacity of different DA neuronal subtypes for target-directed growth and innervation of appro-

priate host brain structures. Our established and on-going understanding of the capacity of

grafted DA neurons to structurally and functionally integrate following transplantation forms

an important basis for the refinement and optimization of VM grafting procedures, and also the

development of new procedures based on the use of stem cells.
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1 INTRODUCTION
Parkinson’s disease (PD) is an irreversible neurodegenerative condition involving

the progressive loss of midbrain dopamine (DA) neurons as the primary pathological

feature (German et al., 1989; Hornykiewicz, 1975). The mDA neurons reside in the

ventral part of the mammalian brain and send long-distance axonal projections to

various forebrain targets, including the putamen and caudate nucleus (Björklund

and Dunnett, 2007; Fallon and Moore, 1978). When the loss of DA neurons reaches

around 50%, resulting in a substantial reduction in striatal DA, the first signs of mo-

tor dysfunction become apparent, including tremor at rest and difficulties in initiating

and executing movements (Fearnley and Lees, 1991; Hornykiewicz, 1975). Most of

the current therapies for PD are aimed at restoring dopaminergic signaling in order to

reinstate a normal pattern of information flow through the basal ganglia, thereby im-

proving motor function. The most widely used and successful approach to date has

been through the systemic delivery of DA agonists or the DA precursor L-DOPA.

Although these pharmacotherapies can provide excellent results in the early phase

of the disease, prolonged treatment invariably leads to complications, including a

substantial waning of the therapeutic effect and the development of unwanted side

effects such as dyskinesias. Thus, there is an on-going need for better therapies for

PD, either through the refinement of currently available treatments or the develop-

ment of new ones.

Cell therapy is an experimental approach with significant potential as a restor-

ative treatment for the motor deficit in PD. The concept was originally developed

through experiments showing that DA progenitors in fetal ventral mesencephalic

(VM) tissue could survive, differentiate, and functionally integrate into a host brain

after intracerebral transplantation in order to restore motor function in a rodent model

of PD (Björklund and Stenevi, 1979; Perlow et al., 1979; see Fig. 1). This led to the

first, open-label clinical trials in patients with advanced PD, which showed that a

number of patients can experience long-term symptomatic relief of motor dysfunc-

tion after VM grafting, with substantially fewer side effects compared to long-term

drug treatment (Dunnett et al., 2001; Lindvall and Björklund, 2004; Lindvall and

Hagell, 2000). Since these early experiences, more than 30 years of basic and clinical

research in this field has led to a considerable body of work describing the survival,

differentiation, growth, and connectivity of VM grafts following intracerebral trans-

plantation. This chapter reviews some of the key studies in this area, with an empha-

sis on the role of donor- and host-specific variables that impact on the survival and

integration of VM grafts.



FIGURE 1

Cell therapy for Parkinson’s disease. (A) The developing mouse brain at embryonic day 12.5.

The dashed lines indicate the approximate region of ventralmesencephalon dissected in order

to generate cell preparations for grafting. The inset shows a representative piece of dissected

VM. The numbers indicated are for orientation relative to the intact brain. The red dashed line

marks the midline. (B) A schematic overview of a typical transplantation procedure, whereby

the dissected VM is prepared as a single cell suspension (through trypsin digestion and

mechanical dissociation), before the cells are microinjected into the host brain. The example

used here shows placement into the striatum. (C–E) Tyrosine hydroxylase (TH)

immunohistochemistry in coronal sections through the adult rat brain. The dark staining of the

striatum in the intact animal (C) represents the dense terminal network of THþ fibers

originating from midbrain DA neuronal projections. Lesioning of the midbrain DA neurons

through injection of 6-hydroxydopamine (6-OHDA) removes this THþ afferent innervation

of the striatum (D). Panel (E) illustrates a 6-OHDA-lesioned animal 6 weeks after grafting of

1.0�105 E12.5 mouse VM cells into the striatum. The graft itself can be seen as a discrete

teardrop-shaped deposit of darkly stained THþ cells, while the dark gray area surrounding the

graft represents the newTHþ innervation of the host striatumprovidedby the graftedmidbrain

DA neurons. Scale bar: (C), 500 mm. Abbreviations: Bs, brainstem; MHB, mid-hindbrain

border; Tel, telencephalon; Vm, ventral mesencephalon.

(This figure is a modified reproduction from Thompson and Björklund, 2009.)
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2 SURVIVAL OF DA NEURONS IN VM GRAFTS
Restoration of motor function following grafting of primary VM tissue requires the

survival and integration of DA neurons so that a new terminal network is established

in the host striatum that can functionally compensate for the degeneration of the in-

trinsic system. In PD patients, where striatal uptake of [18F]-fluorodopa (FD) is typ-

ically only 30–35% of normal values, meaningful clinical outcomes following

grafting require restoration to 50–60% of normal (see Hagell and Brundin, 2001,

for review, and Chapter 10, for a discussion of imaging studies of graft integration

in patients). The magnitude of the change in FD uptake is very likely related to the

degree of reinnervation of the host striatum by the grafted DA neurons. Studies in rats

indicate that both the amount of graft-derived striatal innervation (Nakao et al., 1995;

Schierle et al., 1999a) and the extent of behavioral recovery in motor function

(Brundin et al., 1994) are related to the number of grafted DA neurons. Thus, al-

though a range of donor- and host-specific factors are known to contribute to the

overall functional outcome following VM grafting, the final number of DA neurons

(notably, of the right kind, see below) remains a fundamentally important parameter.

The relatively poor survival of DA neurons per VM tissue piece has meant that

patients with the best clinical outcomes have generally required multiple (2–7) fetal

donors per grafted hemisphere (for reviews, see Hagell and Brundin, 2001; Lindvall

and Björklund, 2004;Winkler et al., 2005). Given the obvious scarcity of human fetal

tissue as a donor source, this has stimulated an intense research interest into improv-

ing survival of DA neurons following VM grafting with the goal of reducing the

number of VM tissue required for each patient (Barker et al., 1995; Brundin

et al., 2000; Sortwell, 2003). The yield of DA neurons in VM grafts is often reported

as a percentage of the total number of cells grafted and is typically in the order of 0.5–

3%. While this provides a useful index of the efficiency of dopaminergic yield per

volume of tissue, which will depend on the boundaries used for the VM dissection,

it does not necessarily reflect the survival rate per se, which is related to the total

amount of VM tissue used per graft. Attempts to calculate the survival rate of DA

neurons following transplantation have been based on representing the final numbers

of grafted DA neurons as a fraction of either: (a) the expected total amount of DA

neurons in the mature midbrain from the same species or (b) the number of DA neu-

rons contained in the VM piece at the time of grafting.

Both methodologies present caveats when calculating absolute survival rates. For

example, comparison against published figures for total number of DA neurons in the

mature midbrain is complicated by a lack of consensus on the accurate figure (e.g.,

see German et al., 1983; Pakkenberg et al., 1991), will not necessarily take into ac-

count sex or strain differences, and does not allow for the possibility of higher initial

numbers of DA neurons in the embryo because of programmed cell death known to

occur during the early postnatal period (Janec and Burke, 1993). On the other hand,

using the number of DA neurons in VM tissue at the time of grafting, estimated at 8–

10% in rodents based on THþ cell numbers (Nakao et al., 1995; Sauer et al., 1992;

Schierle et al., 1999b), does not account for the presence of DA progenitors not yet
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expressing TH as a possible source of the DA neurons in mature grafts. In fact, recent

cell-sorting studies suggest that the majority of grafted DA neurons from cell suspen-

sion preparations are derived from early progenitors prior to the onset of TH expres-

sion (Jonsson et al., 2009; Thompson et al., 2006).

Nonetheless, the use of these VM-specific common denominators provides a

valuable means to standardize comparisons of survival across studies. Experiments

in rodents have reported survival rates of DA neurons under baseline conditions that

vary between 1% and 20% (for reviews, see Brundin and Björklund, 1987; Brundin

et al., 2000). Similar results of 5–10% survival have been observed in xenografting

studies of human VM into immunosuppressed rats (Brundin et al., 1988; Frodl et al.,

1994) and also following postmortem analysis of PD patients with human VM grafts

(Freed et al., 2001; Kordower et al., 1996, 1998; Mendez et al., 2005).

As part of efforts to improve the survival of grafted DA neurons, experiments in

animals have identified important variables that affect the yield of DA neurons per

VM donor after transplantation. Important donor-specific aspects include the age of

the dissected VM tissue and parameters related to the preparation and handling of the

tissue—such as the incubation medium, whether the tissue is prepared as solid pieces

or as a cell suspension, and hibernation periods between dissection and grafting. Key

host-specific aspects include the site of implantation, the age of the host, and to some

degree, the status of the intrinsic midbrain DA system. Excellent reviews on this

topic have been published elsewhere (Barker et al., 1995; Brundin et al., 2000). This

chapter looks at renewed interest in the impact of donor age on DA neuron yield and

also provides a brief overview of other important donor- and host-related variables

affecting numbers of DA neurons in primary VM grafts.
2.1 Donor age of VM preparations
Donor age is a particularly important parameter in VM grafting procedures. The VM

must be obtained during a specific time window spanning the neurogenic period for

DA neurons. There must be sufficient maturity to allow commitment to a DA neuron

phenotype but with limited differentiation in order for the DA progenitors to survive

the transplantation procedure. Experiments using rat tissue have established the up-

per limits of age at around embryonic day (E) 17–19 when using solid VM pieces

(Simonds and Freed, 1990; Stenevi et al., 1976) or around E15–16 when the tissue

is prepared as a cell suspension (Brundin et al., 1985a). Following these early exper-

iments, it has become more or less conventional to use a donor age of E14 for rat VM

or E12 for mouse VM, corresponding to a time that overlaps with the peak phase of

DA neurogenesis in both species.

The influence of donor age has since received detailed attention in studies by

Torres et al. (2007) and Bye et al. (2012). The study by Torres et al. compared

the yield of DA neurons in a rat model of PD following grating of cell suspensions

prepared from rat VM tissue dissected at E11 (crown-rump length of 4 mm), E12

(6 mm), E13 (9 mm), or E14 (10.5 mm). Interestingly, when grafting the equivalent

number of cells to a single VM piece at each age, the E12 donor preparation resulted
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in the greatest number of DA neurons (11.248�1226), in fact, fivefold more com-

pared to the E14 donor preparation (2221�201). The E13 group gave similar results

to E14 donors, while very few DA neurons were observed in animals grafted with

E11 donors. Given there are substantially fewer cells in the younger VM pieces,

the differences in the yield of DA neurons represented as a fraction of total cells

grafted is even more dramatic—approximately 2.5% of the 441,000 cells grafted

at E12 and 0.26% of the 844,000 grafted at E14. A calculation of survival rate based

on 35,000 DA neurons in the adult rat midbrain (Brundin et al., 2000) shows figures

at each donor age of around 32% for E12 compared to 6% for E14 donor VM. To put

this into clinical perspective, improvement on this scale in the yield of DA neurons

per human VM piece would potentially allow for meaningful functional outcomes

using single VM donors, in place of the 3–4 that are currently required.

The average volume of grafts derived from the E12 donor group (around 4 mm3)

was also significantly larger than the older E13 (1 mm3) and E14 (0.4 mm3) groups.

This may reflect that greater survival at this age is not DA neuron-specific but is a

more general feature of the grafted tissue. It is also notable that, unlike the E13 and

E14 donor groups, cell preparations derived from E12 VM included meningeal tis-

sue, which is difficult to remove at earlier ages. Consequently, the presence of a mes-

enchymal cell fraction capable of growth after transplantation may contribute to the

graft size, although the very small grafts arising from the earlier E11 donor group

(also including meningeal layers) suggests this is unlikely to be a significant element.

An interesting hypothesis put forward by the authors of this study is that the ventral

meningeal layers closely apposed to the DA germinal zone during normal develop-

ment secrete trophic factors that support the growth and survival of DA neurons.

The use of growth and neuroprotective factors as a strategy for improving sur-

vival of grafted DA neurons has been explored extensively and reviewed in detail

elsewhere (Brundin et al., 2000; Sortwell, 2003). Cytoprotective agents, such as cas-

pase inhibitors (Schierle et al., 1999a) and lazaroids (Nakao et al., 1994), have been

shown to significantly increase the survival rate of grafted DA neurons when added

directly to the cell preparation medium. A number of neurotrophic factors have also

been utilized, including GDNF and members of the fibroblast growth factor and neu-

rotrophin families. While these can also be used as additives to the cell preparation

(Sullivan et al., 1998; Zeng et al., 1996), they have more commonly been applied to

the host brain at or near the site of implantation, for example, using osmotic mini-

pumps (Yurek, 1998), viral vectors (Thompson et al., 2009), or overexpressing cell

lines (Sautter et al., 1998; Zeng et al., 1996).The most robust and reproducible results

have been obtained using GDNF, which is now conventionally used as a growth sup-

plement for the in vitro growth and differentiation of DA neurons in both primary

VM and stem cell cultures. Overexpression of GDNF in the host target site prior

to or at the time of transplantation of primary VM cells significantly enhances the

survival of grafted DA neurons (Rosenblad et al., 1996; Sinclair et al., 1996;

Thompson et al., 2009; Torres et al., 2005).

Interestingly, this phenomenon may be dependent on the age of the donor VM

used. A study by Torres et al. (2005) found that survival of DA neurons from grafts
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of E14 or E15 rat VM was significantly enhanced by overexpression of GDNF at the

implantation site, while there was no effect on grafts of younger (E12 and E13) donor

tissue. Notably, however, the use of sonic hedgehog in place of GDNF significantly

improved the yield of DA tissue from E12 but not the older E13, 14, or 15 VM grafts.

The context-specific action of different growth factors will clearly be important to

consider as part of strategies for augmenting DA neuron survival through selection

of optimal VM donor age combined with trophic support.

The continued growth of rodent VM grafts derived from earlier donors through

cell division may also contribute to the larger volumes and DA neuron numbers. An

important study by Sinclair et al. (1999b) showed that the vast majority of DA neu-

rons in grafts of E14 rat VM are postmitotic at the time of grafting. This was later

corroborated by cell-sorting studies using mouse VM from a similar developmental

age (E12), which showed that the transplantable DA neurons were largely derived

from a newly postmitotic cell fraction (Jonsson et al., 2009; Thompson et al.,

2006). Interestingly, however, the study by Jonsson et al. (2009) suggests that, at ear-

lier ages, grafted DA neurons are derived predominately from an actively dividing

population. At E10, for example, the germinal zone for DA neurons is composed

mainly of dividing, ventricular zone (VZ) progenitors (Fig. 2A). When isolated

by fluorescence-activated cell sorting using antibodies targeted to the transmem-

brane protein “Corin,” which is expressed by VZ cells (Fig. 2C), these cells give rise

to DA neurons after transplantation (Jonsson et al., 2009). This finding is further sup-

ported by a report from Bye et al. (2012) showing that up to 3% of DA progenitors

continue to divide after intrastriatal transplantation of mouse VM dissected at E10

compared to less than 1.5% when using E12 VM (Fig. 2D). Thus, continued cell di-

vision is likely to contribute to the growth of VM grafts, including the DA neuron

component, when using younger donor tissue.
2.2 Tissue handling
Gradual improvements on various aspects related to tissue handling prior to implan-

tation have also greatly enhanced the yield of DA neurons from VM pieces after

grafting. While optimization of parameters such as dissection technique and choice

of media have clearly been important (Barker et al., 1995; Brundin et al., 1985b,

2000), one of the most fundamental changes to the preparation of VM tissue for

transplantation has been the development of the cell suspension technique, whereby

the solid VM piece is dissociated into a roughly single cell suspension through in-

cubation with trypsin (and DNase) followed by mechanical dissociation

(Björklund et al., 1983a,b). The approach has important practical advantages over

solid VM piece grafts, including the possibility to consistently deliver deposits of

predefined cell numbers across multiple graft sites and animals. It is also thought

to aid in the elimination of particularly immunogenic tissue components, such as vas-

cular elements, that may remain intact in solid tissue grafts and facilitate a greater

host immune response (Baker-Cairns et al., 1996; Broadwell et al., 1990). The prep-

aration of cell suspensions from solid VM pieces does not in itself appear to improve
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cell survival. A study by Redmond et al. (2008) found no difference in the survival

rate of DA neurons following allografting of either solid VM pieces or cell suspen-

sions in a primate model of PD. Notably, however, there was a significantly greater

host astroglial response in animals grafted with solid pieces. The overhandling of

VM tissue is, in fact, more likely to be detrimental, and excessive mechanical trit-

uration can have unfavorable results on cell survival (Barker et al., 1995). Cell-

sorting experiments suggest that it is the more mature DA neurons, rather than

the progenitors, that are particularly vulnerable in cell suspension preparations

(Jonsson et al., 2009). In these experiments, the overall survival rate was quite

low, around 0.5% of all cells grafted, compared to similar studies by the same
FIGURE 2

Different progenitor states of transplantable midbrain DA neurons at different embryonic

ages. (A) Immunohistochemistry in coronal sections of embryonic mouse shows at E10.5,

the DA germinal zone around the ventral midline is largely composed of actively dividing

ventricular zone (VZ), many of which express Sox2 (green). As the cells exit the cell cycle, the

newly postmitotic DA progenitors in the intermediate zone (IZ) express Nurr1 (red) and then

also tyrosine hydroxylase (TH) as they continue to differentiate. (B) By E12.5, the structure has

expanded substantially to include large populations of Nurr1þ DA progenitors in the IZ and

THþ neurons in the MZ. Cell-sorting experiments have shown that, at this age the vast majority

of transplantable DA neurons are derived from the newly postmitotic IZ progenitors. (C) The

earlier DA progenitors in the VZ at E10.5 (defined here by the transcription factor Lmx1a, green)

can also be isolated in cell-sorting experiments using antibodies against the transmembrane

protein “Corin” (red). (D) Many of these earlier DA progenitors will continue to divide after

transplantation, as shown by incorporation of BrdU (red) in THþ (green) neurons when host

animals receive a single intraperitoneal injection of BrdU (150 mg/kg) 2 h after transplantation.

Scale bar: (A), (B), and (D), 100 mm; (C), 50 mm.

(Some of the images shown here are modified reproductions from Jonsson et al., 2009.)
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investigators without a cell-sorting step (3–4%; Grealish et al., 2010; Thompson

et al., 2005), further highlighting that extra tissue handling can be detrimental for

survival of DA neurons.

Nonetheless, an advantage of carefully prepared cell suspension preparations is that

it facilitates “microtransplantation” of small deposits of cells using a fine glass cannula

with minimal damage to the host brain. This approach was originally described in a

series of studies by Nikkhah et al. (1993, 1994b, 2000) with results from allografting

studies in rodents showing improved survival of graftedDAneurons from around 0.5%

to 5–6%, and a greater degree of striatal reinnervation and improvement in motor func-

tion. The improved survival maywell relate to reduced trauma and inflammation in the

host brain around the implantation site. In support of this are studies showing reduced

survival of DA neurons when using cannulae with larger outer diameters (Brundin

et al., 1990) and also experiments showing that the time between injection of the cell

preparation and trauma at the host target site prior to implantation can influence graft

survival (Sinclair et al., 1999a). Thus, while the preparation and handling of VM tissue

can impact markedly on the survival of grafted DA neurons, parameters related to the

host environment are also important to consider.

2.3 Host-specific variables affect VM graft survival
A multicenter double-blind study designed to assess the efficacy of intrastriatal VM

grafting relative to a placebo control group failed to reach the primary end point as

measured by change in the motor component of the Unified Parkinson’s Disease Rat-

ing Scale (Freed et al., 2001; Olanow et al., 2003). Notably, however, comparison of

the placebo group with either a younger subset of grafted patients (Freed et al., 2001)

or those with less severe disease progression (Olanow et al., 2003) showed a signif-

icant treatment effect. These results highlight the significance of host-related vari-

ables as determinants of clinical outcome. The limited availability of postmortem
tissue from grafted patients makes it difficult to assess the impact of these variables

on survival-grafted DA neurons, but experimental work in rodents suggest they are

relevant to consider in this context.

At least, two studies have looked directly at the impact of host age following trans-

plantation and found that DA neuron survival is significantly diminished in aged com-

pared to young adult rats—17% survival in 12-week-old compared to 4% survival in 2-

year-old hosts (Collier et al., 1999; Sortwell et al., 2001). This finding may well reflect

a diminished neurotrophic tone in the striatum with advancing age. There is an exten-

sive body of work demonstrating age-related decline in the expression of neurotrophic

factors in the brain including those known to support DA neuronal survival, such as

GDNF (Kornblum et al., 1997; Schaar et al., 1993; Seroogy et al., 1993; Strömberg

et al., 1993; Widenfalk et al., 1997). It is also worth considering that the pathological

environment in the PD-affected brain can impact on survival of grafted DA neurons. In

addition to the substantial loss of DA neuron numbers as part of the removal and prep-

aration of VM donor material, there is an acute phase of cell death that occurs within

the first week after grafting (Barker et al., 1996; Duan et al., 1995; Emgard et al., 1999)

and it is likely that this may be exacerbated by an inflammatory environment, for
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example, associatedwith PDpathology (for review, see Brundin et al., 2000). Thus, the

combination of low neurotrophic tone in the aged brain and a high degree of inflam-

mation and oxidative stress associated with advanced pathology may constitute a par-

ticularly unfavorable environment for survival of grafted DA neurons. Incidentally,

Chapter 11 discusses histological studies of long-term surviving grafts in patients that

show that the grafted DA neurons can develop Lewy body pathology. However, this is

likely a phenomenon that develops slowly over time rather than affecting the acute

phase of DA survival after transplantation.

The target location is also known to play a role in DA neuron survival in VM

grafts. Early work in this area established that implantation into well-vascularized

sites, including previously aspirated cortical cavities (Stenevi et al., 1985) or the an-

terior eye chamber (Olson et al., 1983), was favorable for survival of solid tissue

pieces. As discussed above, subsequent development of the cell suspension tech-

nique allowed for implantation of cell deposits into deep sites within the host neu-

ropil with minimal tissue damage. The striatum and the substantia nigra are the two

locations that have been explored most extensively as target sites for grafting of VM

tissue. Interestingly, survival of DA neurons in grafts placed in the midbrain is sub-

stantially poorer than when grafts are placed in the striatum. Nikkhah and colleagues

report a yield of around 1.2% DA neurons from VM cell suspensions placed in the

striatum (Nikkhah et al., 1994b) compared to only 0.17% following grafting into the

midbrain of DA-depleted rats (Nikkhah et al., 1994a). Similarly, Thompson et al.

have reported 3.5% (Thompson et al., 2005) compared to 1% (Thompson et al.,

2009) yields in the striatum and substantia nigra, respectively. These results may re-

flect a generally less trophic environment in the midbrain to support the survival and

growth of grafted DA neurons and/or a lack of striatal target sites for the outgrowing

axons. A conspicuous feature of intranigral grafts is the small size of the surviving

DA neurons compared to those in intrastriatal grafts (L. Thompson, unpublished ob-

servations). This is reminiscent of studies showing that loss of the striatal target in

adult rats following excitotoxic lesion causes a reduction in soma size of the DA neu-

rons in the midbrain (Lundberg et al., 1994). For developing DA neurons placed in

the adult midbrain, the lack of a readily accessible striatal target may result in a small

soma size, and may additionally lead to the death of a subset of these cells. The pro-

grammed cell death of neurons that fail to establish synaptic connectivity during de-

velopment of the central nervous system is a well-described phenomenon (Llambi

et al., 2001; Mehlen and Mazelin, 2003), although it has not been described specif-

ically for midbrain DA neurons.
3 DIFFERENTIATION AND COMPOSITION OF VM GRAFTS
3.1 Nondopaminergic cells in VM grafts
Grafts of primary VM tissue are highly heterogeneous with respect to cell type. The

DA neuron component, in fact, represents only a minor fraction of the total cell pop-

ulation in mature grafts. The neuronal population in VM grafts will include serotonin-,
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g-aminobutyric acid (GABA)-, enkephalin-, and substance P-containing neurons, as

well as many that cannot be readily identified based on neurochemical phenotype

(Bolam et al., 1987; Dunnett et al., 1988; Kordower et al., 1996; Mahalik and

Clayton, 1991; Thompson et al., 2008). Xenografting studies of murine (Thompson

et al., 2008) or porcine (Isacson and Deacon, 1996) VM into rat hosts have allowed

for detailed characterization of the morphological features of the grafts using

species-specific antibodies. The mouse-specific M2 and M6 antigens are expressed

almost ubiquitously throughout cells contained in VM grafts and therefore form a kind

of graft-specific “counterstain” in immunohistochemical studies using a mix of M2

and M6 (M2M6) antibodies (Fig. 3), against which it is possible to assess the shape

and volume of the graft and also the relative contribution of specific cell types.

Double staining for markers of neurochemical identity shows that the grafts con-

tain DA and serotonin neurons as relatively minor subpopulations, while the vast ma-

jority of neurons in the grafts have a GABA phenotype (Fig. 3). The serotonin

neurons result from the inclusion of the rostral part of the adjacent raphé nucleus,

which sits just behind the mid-hind brain border normally used as the caudal limit

of standard VM dissections. The relative contribution of serotonin neurons may thus

vary depending on the dissection parameters. Using standard E12 mouse or E14 rat

VM dissections, the number of serotonin neurons is typically in order of 15–20% of

the number of DA neurons (Bye et al., 2012; Carlsson et al., 2007) although this can

reach up to 50% of the DA component when using wider dissection limits, including

a greater proportion of the caudal part of the VM (Carlsson et al., 2007; Garcia et al.,

2011). This may be important to consider in light of transplantation studies in rodents

showing that grafted serotonin (5HT) neurons can worsen dyskinetic behavior

(Carlsson et al., 2007, 2009), possibly by storing and releasing DA as a kind of “false

transmitter” in an unregulated fashion (Carta et al., 2007; for reviews, see Lane et al.,

2010 and this volume). Studies in rodents suggest that 5HT neuron-mediated dyski-

nesia is likely to be most problematic in the absence of a dopaminergic system that

can effectively buffer dopaminergic overflow in the striatum (Carlsson et al., 2009;

Garcia et al., 2011). Thus, the ratio of 5HT to DA neurons, rather than the absolute

number of 5HT neurons per se, may be more important to consider in VM grafting

studies, and variables affecting this ratio should be identified and monitored. Work

from Bye et al. (2012) highlights donor age as a relevant parameter in this context. A

comparison of graft composition following transplantation of mouse VM at either

E10 or E12 showed a dramatic shift in the 5HT to DA neuron ratio from 1:5 at

E12 to 1:20 for the younger E10 donor preparation. Together with the findings of

Torres et al. (2007), showing increased yield of DA neurons using younger donor

tissue, these results speak in favor of a systematic analysis of human VM graft com-

position across different donor ages.

The large number of GABA neurons in VM grafts are likely derived from

progenitors for various GABA-rich nuclei contained in the VM pieces, including

the substantia nigra pars reticulata which contains GABAergic projection neurons

that innervate the thalamus. As discussed in the next section on connectivity,
these GABAergic neurons are capable of extensive axonal growth throughout the

host brain.



FIGURE 3

VM grafts are comprised of a heterogeneous mix of different neuronal and glial cell types.

Six weeks after transplantation of 1�105 E12.5 mouse VM cells into the rat striatum,

immunohistochemistry for the mouse-specific M2 and M6 antigens (red) illustrate the gross

morphology of the grafts (A–C). Double labeling for markers of neurochemical identity (green)

reveal the presence of DA (THþ; A—boxed area expanded as D), serotonin (5HT; B—boxed

area expanded as E), and GABA (C—boxed area expanded as F) containing neurons. The

grafts are also rich in glial cells, some of which have astrocytic morphology and express glial

fibrillary acidic protein (GFAP; G). The M2M6 antigens can be detected throughout the axonal

and dendritic processes of many of the grafted neurons, particularly GABA-ergic neurons.

Careful tracing over darkfield photomontages of coronal sections labeled withM2M6 antibodies

illustrates the extensive nature of M2M6þ fiber growth throughout the host brain (H,

representative sections from animals grafted as neonates). Darkfield images corresponding

to the boxed areas in (H) illustrate M2M6þ fibers extending through the corpus callosum at

the midline (I) and innervating midline and intralaminer thalamic nuclei caudal to the graft.

Scale bars: (A–C), 500 mm; (D), 50 mm; I, 500 mm.

(Some of the images shown here are modified reproductions from Thompson et al., 2008.)
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In addition to the neuronal populations, primary VM grafts are also rich in glia.

The glial component is particularly conspicuous when visualized in mouse-to-rat

studies using the M2M6 antibodies, which intensely label cells with glial morphol-

ogy (Fig. 3G), some of which co-label with glial fibrillary acidic protein (Thompson

et al., 2008). Interestingly, although it is well established that glial cells provide sig-

nificant trophic support for cultured midbrain DA neurons (Takeshima et al., 1994),

cell-sorting experiments in which the glial component is eliminated from the cell

preparation prior to grafting suggest that glial cells are more or less dispensable

for DA neuron survival, differentiation, and functional integration in vivo after trans-
plantation (Jonsson et al., 2009; Thompson et al., 2006). The finding that the com-

position of VM grafts can be significantly manipulated without adversely affecting

the survival and integration of grafted DA neurons is particularly encouraging in

light of current efforts to develop cell-sorting strategies to isolate relatively pure,

and therefore standardizable, populations of transplantable DA progenitors from

stem cells.
3.2 Midbrain DA neuron subtypes in VM grafts
The midbrain DA neurons are a heterogeneous population that can be further divided

into distinct cell groups based onmorphological, anatomical, and functional features.

Cytoarchitectural location in the midbrain and efferent projection patterns define

three major cell groups as A8, A9, and A10, according to the classification of cere-

bral monoamine neurons originally introduced by Dahlstrom and Fuxe (1964)

(Fig. 4). The A10 neurons are located in a medial position spanning the midline

and send projections to cortical and limbic structures including the nucleus accum-

bens, amygdala, hippocampus, and the prefrontal and cingulate cortex to form the

mesocorticolimbic pathway. These neurons are relatively resistant in PD pathology

and are among the last to degenerate. The A9 neurons form a compact layer of cells

extending further laterally from the lateral border of the A10 group and send projec-

tions which predominately innervate the dorsolateral striatum to form the nigrostria-

tal pathway and, to a lesser extent, innervate extrastriatal areas including cortex. The

A9 neurons are some of the first to degenerate in PD, resulting in deafferentation of

their striatal targets and a significant loss of DA levels in these areas. The A8 neurons

lie caudal to the A9 cell group and innervate both limbic and striatal areas as well as

provide a local innervation of A9 and A10 neurons. For a detailed review of DA sys-

tems in the mammalian brain, see Björklund and Dunnett (2007). These neuroana-

tomical features correlate well with certain molecular and morphological attributes

that can be used to distinguish between A9 and A10 DA neurons. For example,

the A9 neurons have a large (20–30 mm in mouse), angular morphology and express

the G protein-coupled potassium channel subunit Girk2, while the A10 neurons are

spherical and smaller in size (10–15 mm in mouse) and more commonly express

calbindin, rather than Girk2 (Mendez et al., 2005; Reyes et al., 2012; Thompson

et al., 2005)—Fig. 4.



FIGURE 4

Basic neuroanatomical and morphological features of the midbrain dopamine neuron

projection system. (A) Immunohistochemistry for tyrosine hydroxylase in a horizontal section

through the adult mouse brain shows the midbrain DA neurons and their efferent projection

patterns. The major DA cell groups—A8, A9, and A10—are shown in (B) at higher

magnification. Note this animal has had a partial lesion of the DA projection system through

injection of 6-hydroxydopamine into themidbrain. This is evident as a loss of the A9 cell group

on the right-hand side (marked as “*”) as well as the corresponding nigrostriatal projection

(nsp) to the forebrain and also local innervation of the substantia nigra pars reticulata (SNr).

Boxed areas in (A) at the level of the caudate putamen show a substantial loss in the density of

the THþ terminal network on the lesioned side (D) compared to the intact side (C) of the

brain. Subtypes of DA neurons differ in their morphological features. The A10 cells tend to be

smaller with a spherical shape (E) while the A9 neurons are generally larger with a more

elongated shape (F). Similarly, immunohistochemistry for TH (G and I) and Girk2 (H and J) in

human midbrain shows that the smaller A10 cells are THþ (G; TH is shown in black,

neuromelanin can be seen as a brown deposit in the DA neurons) but are largely devoid of

Girk2 (H), while the larger THþ, A9 neurons (I) express Girk2 throughout the cell bodies and

also the basal dendrites (J). Scale bars: (A), 2 mm; (B), 500 mm; (C–D), 100 mm; (E–F),

50 mm; (G–J), 50 mm. Abbreviations: cc, corpus callosum; CPu, caudate putamen unit; gp,

globus pallidus; NAc, nucleus accumbens; nsp, nigrostriatal pathway; SNr, substantia nigra

pars reticulata.
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Interestingly, many of the parameters that distinguish between different DA neuron

subtypes in the intactmidbrain can alsobeused to identify subsets ofDAneurons inVM

grafts. Intrastriatal grafts of primary VM tissue have a predictable cytoarchitectural ar-

rangement whereby the large, Girk2þ A9 neurons are distributed mainly throughout

the periphery of the graft, while the smaller, calbindinþA10 neurons are preferentially

located closer to the center of the graft (Grealish et al., 2010; Mendez et al., 2005;

Thompson et al., 2005)—Fig. 5. This is reminiscent of the medial, A10, and lateral,

A9, locations of each population in the intact midbrain, and suggests that the integrity

of signaling mechanisms that guide positioning of these cell types relative to one an-

other during normal development is maintained in VM cell suspensions.
FIGURE 5

Dopamine neuronal subtype composition of VM grafts from different donor ages.

Immunohistochemistry for tyrosine hydroxylase (green), Girk2 (red), and calbindin (blue)

10 weeks after intrastriatal transplantation of 1�105 cells prepared from either E10 (A, B)

or E12 (C, D) mouse VM shows the typical distribution of A9 (Girk2þ) neurons around the

periphery of the graft, while the A10 (calbindinþ) are preferentially located closer to the center

of the graft. The proportion and distribution of different DA subtypes according to Girk2þ and

calbindinþ phenotype is also illustrated schematically for the E10 (B) and E12 (D) grafts,

highlighting the greater number of DA neurons overall in grafts generated from E10 donors,

as well as the greater proportion of A9 (Girk2þ) subtypes in these grafts compared to those

derived from E12 VM. Scale bar: (A), 100 mm.

(The images shown here are modified reproductions from Bye et al., 2012.)
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Quantification of Girk2- and calbindin-expressing DA neurons in intrastriatal

grafts of mouse VM show that around 60–70% are Girk2þ, 30–40% calbindinþ,

and 10–15% express both proteins (Bye et al., 2012; Grealish et al., 2010). While

these proteins are by no means absolute markers of A9 and A10 phenotype, they

serve as useful tools for identification and quantification of DA neuronal subpopu-

lations in transplantation studies. The study from Bye et al. (2012) shows that donor

age is a variable that can influence the relative contribution of Girk2þ and

Calbindinþ DA subtypes in intrastriatal grafts of mouse VM, with a greater propor-

tion of Girk2þDA neurons (�75%) in grafts derived from younger E10 donor tissue

compared to grafts derived from older E12 VM (60%)—Fig. 5. This likely reflects

the relative staging of the birth and differentiation of specific DA subpopulations in

the embryonic midbrain. Birth-dating studies show that peak production of the A9

neurons initially precedes development of the A10 population, while at later stages

of midbrain neurogenesis, both A9 and A10 subtypes are generated (Bye et al., 2012;

Gates et al., 2006; Joksimovic et al., 2009). Despite a relatively modest difference in

the proportion of Girk2þ DA neurons between ages in the study from Bye et al.

(2012), the difference in the absolute numbers may be substantially greater with

an accompanying increase in the overall yield of DA neurons from younger donor

tissue, as reported by Torres et al. (2007). Thus, when grafting the same number

of cells (1�105), Bye et al. (2012) report an average of around 4000 Girk2þ DA

neurons in intrastriatal grafts derived from E10 donors compared to only 1200 de-

rived from E12 VM. Given that the A9 component in VM grafts is likely to be par-

ticularly important for functional recovery (Grealish et al., 2010; and see discussion

below), variables that impact on the proportion and number of A9 neurons will be

important to identify and monitor as part of efforts to establish more effective and

consistent therapeutic outcomes following VM grafting in PD patients.
4 CONNECTIVITY OF VM GRAFTS
Intrastriatal grafts of primary VM are capable of establishing extensive afferent and

efferent connectivity with the host brain. Fundamental to the functional impact of the

grafts is the capacity of the grafted DA neurons to form a functional terminal network

with the host striatum. An extensive body of work in this area shows that transplanted

midbrain DA neurons possess an intrinsic capacity for innervation of the adult striatum

(Björklund et al., 1983b; Brundin and Björklund, 1987; Dunnett et al., 1988; Freund

et al., 1985; Isacson et al., 1995; Nikkhah et al., 1994b; Thompson et al., 2005; for

reviews, see Herman and Abrous, 1994; Winkler et al., 2000). Pre-clinical studies

as well as observations from grafted patients suggest that the volume, density, and spe-

cific areas of the striatum innervated by grafted DA neurons play a role in determining

the overall functional impact (Hagell and Brundin, 2001). Experiments in rodents

(Dunnett et al., 1983, 1988; Grealish et al., 2010; Nakao et al., 1995) and primates

(Redmond et al., 2008) have shown a relationship between the degree of striatal inner-

vation and improvement in some aspects of motor function. In the work by Grealish
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et al. (2010), the ability of the grafted DA neurons to innervate the dorsolateral part of

the host striatum, in fact, had a decisive impact on improvement turning behavior and

forelimb use in the cylinder test (see further discussion below). This is analogous to

observations in grafted PD patients suggesting that favorable clinical outcomes are as-

sociated with a reinnervation of 30–50% of the putamen (Kordower et al., 1996, 1998;

Piccini et al., 2005). While the association between the degree of graft-derived striatal

innervation and functional impact is likely to bemore complicated than a simple linear

relationship, it is clear that a threshold level must be reached within the functionally

relevant striatal area to obtain a meaningful level of motor improvement. Understand-

ing and improving the capacity for DA neurons in VM grafts to innervate the host stri-

atum therefore remain important areas of research.
4.1 Variables affecting outgrowth of DA neurons
Both donor- and host-specific variables, as well as the method of implantation, can

affect the level of striatal innervation following VM transplantation. Studies in rats

show that the density of fiber outgrowth from single deposits of VM is greatest in the

immediate vicinity of the graft (<0.5 mm) and declines sharply over the next 1–

2 mm. Notably, although increasing the size and cell number can improve the vol-

ume and density of innervation up to a point, there is a threshold where increasing

graft size no longer improves the level of innervation. This limitation can be over-

come to some degree by placement of multiple deposits throughout the striatum

(Nikkhah et al., 1993, 1994b; Winkler et al., 1999, 2003). These studies show that

the volume and density of the terminal network in the striatum can be increased dra-

matically by distributing the same amount of VM tissue throughout the striatum as

multiple small “micrografts” rather than a larger single deposit. Notably, this ap-

proach also resulted in the improvement of certain sensorimotor functions previously

resistant to correction by single graft placements (Nikkhah et al., 1993).

The degree of fiber outgrowth from grafted DA neurons is also influenced by the

status of host DA system. Specifically, a greater level of host-derived denervation of

the striatum facilitates a more pronounced innervation from grafted DA neurons

(Doucet et al., 1990; Gage et al., 1983; Kirik et al., 2001; Thompson et al., 2005).

This is particularly well exemplified in studies using donor VM tissue from mice

where GFP is expressed under control of the tyrosine hydoxylase promoter and there-

fore in all DA neurons (Thompson et al., 2005; Fig. 6). By using GFP to distinguish

between graft- and host- derived DA fiber patterns, it is possible to unambiguously

identify and measure the volume of the terminal network established by DA neurons

grafted into the intact striatum and to compare this with measurements from grafts

placed in the lesioned striatum (Fig. 6F and G). Results from these experiments show

that the fiber outgrowth is significantly greater (�40%) in the denervated host. This

may reflect an increased trophic tone in the striatum due to the upregulation of

growth factors such as BDNF and GDNF that occurs following removal of the host

DA system (Yurek and Fletcher-Turner, 2001; Zhou et al., 1996) and/or less com-

petition for synaptic contact with the medium spiny striatal neurons from the



FIGURE 6

Visualizing dopamine-specific connectivity following VM grafting using donor tissue from the

TH–GFP reportermouse. (A) The embryonic (E12.5) brain of a transgenicmouse inwhich green

fluorescent protein (GFP) is expressed under control of the promoter sequence for tyrosine

hydroxylase (TH), and therefore in all dopamine neurons. (B–C) Immunohistochemistry for GFP

(green) and TH (red) in intrastriatal grafts generated from E12.5 VMpreparations from TH–GFP

mice shows that expression of the GFP reporter matches well with TH expression in the grafted

cells.Thismeans thatGFPþfiberpatterns in thehostbraincanconfidentlybeusedasasurrogate

marker of connectivity from grafted DA neurons. (E) The schematic drawings shown here

illustrate GFPþ fiber patterns in the forebrain of hosts grafted with 1�105 E12.5 TH–GFP VM

cells asneonates. Theseweregeneratedbycarefully tracingoverGFPþ fibers inphotomontages

of coronal sections labeled with an antibody against GFP. The GFP reporter allows for

unambiguous detection of graft-derived DA fibers, even in the presence of an existing host DA

fiber network, and can therefore be used to illustrate the more extensive outgrowth of DA fibers

fromintrastriatalVMgrafts in the lesioned(G)compared to intact (F) striatum.Dopamineneurons

in intrastriatal VM grafts can extend long-distance projections to extrastriatal areas, including

through forceps minor (H) in order to innervate the overlying cortical areas (I), most notably the

anterior cingulate cortex. Scale bars: (B), 50 mm; (F–G), 1 mm; (H), 500 mm; (I), 200 mm.

Abbreviations: I, cortical layer 1; III cortical layer 3; fm, forceps minor.

(Some of the images shown here are modified reproductions from Thompson et al., 2005.)
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outgrowing axons. While these studies provide important insights into the basic

mechanisms underlying growth and integration of grafted DA neurons, it is worth

bearing in mind that there is not necessarily a directly translatable clinical correlate

of this scenario, whereby there would be advantages transplanting into patients with

more advanced striatal denervation. On the contrary, clinical benefit may be more

difficult to achieve when grafting into patients with advanced disease progression

(Olanow et al., 2003) or with greater denervation of the striatum outside of the

grafted areas (Piccini et al., 2005).

When looking at donor-specific aspects that may influence the efferent connec-

tivity of grafted DA neurons, a study from Bye et al. (2012) suggests that donor age

may be an important variable. A comparison of mice grafted with E10 or E12 mouse

VM showed that animals receiving younger donor tissue had on average a signifi-

cantly greater volume and density of innervation of the dorsolateral striatum and also

increased levels of DA. It is unclear whether this was from the greater number of cells

in the younger grafts or a difference in the intrinsic ability of DA neurons from youn-

ger donor tissue to innervate the host striatum. Regardless, it further highlights the

potential of younger donor tissue for reconstruction of striatal DA circuitry.

4.2 Host-derived afferent connectivity with intrastriatal VM grafts
Relatively less is known regarding the implications of afferent connectivity from the

host for graft function. Intracerebral dialysis studies show that DA is released from

intrastriatal VM grafts in an “autoregulated” fashion (Strecker et al., 1987;

Zetterstrom et al., 1986). Thus, despite an ectopic location that presumably disrupts

the normal pattern of afferent input to midbrain DA neurons, the grafted neurons

maintain the capacity for regulated release of DA at synaptic contacts with host stria-

tal neurons. Electrophysiological studies show that the majority of DA neurons in

intrastriatal grafts maintain a normal electrophysiological profile, including the per-

sistence of spontaneous pacemaker activity (Sorensen et al., 2005; Chapter 6). These

experiments, along with earlier studies (Fisher et al., 1991), additionally show

electrophysiological responses in grafted neurons following stimulation of the host

striatum or cortex, indicating functional afferent input from these regions.

Evidence for host afferent connectivity with VM grafts also comes from

neuroanatomical tracing studies and studies of ultrastructural graft features using

electron microscopy (Bolam et al., 1987; Doucet et al., 1989). The results indicate

that the grafts can receive afferent input from 5HT-, SP-, and glutamic acid

decarboxylase-containing host neurons. This connectivity may, at least in part, mod-

ulate the activity of DA as well as non-DA components in VM grafts and therefore

contribute to graft function.
4.3 Cell-type specificity of efferent outgrowth from intrastriatal
VM grafts

Both DA and non-DA neurons in intrastriatal VM grafts are capable of extensive

axonal outgrowth and innervation of adjacent striatal, as well as more distant extra-

striatal, targets. The use of tools such as species-specific antibodies (e.g., against
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mouse-specific M2M6 or species-specific neurofilament epitopes) and reporter pro-

teins such as GFP has greatly contributed to our understanding of the growth and

efferent connectivity of VM grafts (for review, see Thompson and Björklund, 2009).

Sawamoto et al. (2001) reported the generation of a transgenic mouse in which

GFP is expressed under control of the rat promoter sequence for tyrosine hydroxylase

(TH), and therefore in all DA neurons (Fig. 6A). Transplantation experiments using

donor VM from these mice has allowed for a more detailed analysis of patterns of

fiber outgrowth from grafted DA neurons than had previously been possible using

TH immunohistochemistry alone. Immunohistochemistry for GFP in neonatal or

adult rats grafted with E12.5 VM from TH–GFP mice revealed an extensive inner-

vation of the host striatum, but notably also the presence of GFPþ fibers in extra-

striatal areas, including the overlying frontal cortex, as well as the perirhinal and

piriform cortices and the amygdala (Thompson et al., 2005)—Fig. 6E, H, and I.

The level of GFPþ fiber outgrowth to both striatal and extrastriatal areas was more

pronounced in neonatal compared to adult recipients, and in some cases, extended

through the corpus callosum in order to innervate the contralateral striatum. Impor-

tantly, retrograde tracing experiments showed that innervation of different host ter-

ritories by grafted DA neurons occurs in a neuronal subtype-specific manner.

Specifically, backfilling from prefrontal cortex identifies DA neurons with A10 phe-

notype based on morphology, central graft location, and calbindin expression, while

tracing from dorsolateral striatum identifies large, Girk2þ, A9 neurons in the periph-

ery of the graft. Hence, specific midbrain DA subtypes in VM grafts appear to be

intrinsically programmed to innervate their normal developmental targets at the time

of implantation. This result extends earlier findings demonstrating the capacity for

grafted DA neurons to innervate the striatum as a specific property of midbrain DA

neurons, and not one shared by other, non-midbrain DA phenotypes, such as those

from the nearby diencephalon (Abrous et al., 1988; Hudson et al., 1994; Zuddas

et al., 1991). An implication from these findings is that successful restoration of mo-

tor function following VM grafting will require the presence of specific DA subtypes

capable of reinnervating the denervated areas. In PD patients, the early loss of A9

neurons innervating the striatum, particularly the putamen, is an important patholog-

ical feature underlying motor dysfunction (Kish et al., 1988). Thus, the functional

reinstatement of this circuitry will likely require the presence of sufficient numbers

of A9 DA neurons capable of providing a robust innervation of the host striatum.

In support of this concept are studies showing that the number of A9 neurons in

VM grafts correlates with the level of behavioral recovery in rodents (Kuan et al.,

2007), which is, in fact, lost upon removal of the A9 component (Grealish et al.,

2010). In the study by Grealish et al. (2010), a comparison of the anatomical and

functional properties of VM grafts either (a) containing a typical mix of A9 and

A10 neurons or (b) where the A9 neurons were selectively removed, was achieved

in transplantation studies using donor tissue from the Pitx3-GFP reporter mouse line

developed by Zhao et al. (2004). Because the GFP has been “knocked in” to the Pitx3
gene locus, mice homozygous for GFP (Pitx3GFP/GFP) are functional Pitx3 knockouts
and have essentially the same phenotype as aphakia mice (where there is a specific
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developmental loss of A9 DA neurons while the A10 population is spared; Smidt

et al., 2004). Grafts of VM from heterozygous Pitx3GFP/WT mice have a normal com-

plement of A9 and A10 neurons associated with robust striatal innervation and re-

instatement of deficits in motor function induced by 6-hydroxyDA lesion. On the

other hand, grafts derived from Pitx3GFP/GFP VM are composed almost exclusively

of DA neurons with A10 phenotype and, despite the same number overall number of

DA neurons, fail to innervate the dorsolateral striatum or to reverse motor impair-

ment. Thus, the DA neuronal subtype composition in VM grafts has a major impact

on the pattern of host innervation as well as the capacity for the grafts to improve

motor function. It is worth noting that while these results highlight the importance

of A9-based striatal reinnervation for the reinstatement of certain motor functions,

they by no means imply that the A10 neurons are dispensable for the overall func-

tional impact of VM grafts. Studies in rats show that striatal territories normally in-

nervated by A10 neurons, such as the nucleus accumbens, play an important role in

motivational aspects of motor function and that VM transplants in animals with se-

lective DA depletion in this more ventral region can improve motor function

(Brundin et al., 1987). In summary, this work highlights that the DA subtype com-

position of VM grafts is an important determinant of efferent connectivity and func-

tional impact. Variables that may influence the DA subtype composition, such as

donor age or tissue handling, are therefore highly relevant to consider in VM grafting

studies.

Xenografting studies using species-specific antibodies show that also the non-DA

neuronal component in VM grafts is characterized by a predictable pattern of efferent

connectivity, suggesting target-directed mechanisms of fiber outgrowth also for

these cell types (Isacson and Deacon, 1996; Thompson et al., 2008). Non-DA neu-

rons are capable of axonal growth over long distances in order to innervate various

extrastriatal targets including the cortex, thalamus, and midbrain (Fig. 3H–J).

Retrograde-tracing studies indicate that many of these projections originate from

GABAergic neurons in the grafts (Thompson et al., 2008). These neurons likely rep-

resent the inclusion of progenitors for midbrain GABAergic projection neurons nor-

mally contained in the dissected VM pieces used for transplantation. This might

include, for example, GABAergic neurons of the substantia nigra pars reticulata that

project to the superior colliculus (Williams and Faull, 1985) and thalamus

(Beckstead et al., 1979; Cornwall and Phillipson, 1988) as well as GABAergic neu-

rons in the VTA (Beckstead et al., 1979) and adjacent nuclei, including the mammil-

lary region (Shibata, 1992). Although extensive in nature, it is not certain if and how

the connectivity of these GABAergic neurons in VM grafts contributes functional

impact (not least because the intrinsic non-DA neurons remain largely intact in

the 6-OHDA-lesioned host rat brain).

As discussed above, the functional relevance of connectivity by 5HT neurons as a

non-DA component of VM grafts is clearer. There is ample evidence to suggest these

neurons may be at least partly responsible for the appearance of graft-induced dys-

kinesias in PD patients in some cases (Carlsson et al., 2007, 2009). Even as a rela-

tively small fraction of the grafted cells, the 5HT neurons are capable of establishing
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an extensive terminal network in the host striatum (Carlsson et al., 2007; Wright

et al., 1991). Interestingly, in the DA-depleted, but not the intact, striatum, grafted

5HT neurons give rise to a dense hyperinnervation over and above normal patterns of

5HT innervation in the intact brain (Wright et al., 1991). This “supra-normal” level

of 5HT connectivity in the PD-affected striatum may be a contributing factor in the

mishandling of DA as a basis for graft-induced dyskinesia. This concept is supported

indirectly by imaging studies suggesting serotonergic hyperinnervation of the stria-

tum as a conspicuous feature in some of the patients experiencing unwanted dyski-

nesias after transplantation (Politis et al., 2010, 2011).
4.4 Connectivity of intranigral VM grafts
As discussed above, clinical benefit following transplantation in patients requires ex-

tensive dopaminergic innervation of the putamen through transplantation directly

into this target area. However, even in the most impressive cases in patients and an-

imal models, certain aspects of motor function remain insensitive to correction fol-

lowing intrastriatal VM grafting despite extensive striatal reinnervation (for review,

see Lindvall and Hagell, 2000; Winkler et al., 2000). The reason for this is not en-

tirely clear. Dopaminergic denervation in areas not extensively innervated by grafted

DA neurons, for example, cortical and limbic regions, may be a factor. Other limi-

tations of the ectopic placement of the DA neurons may also be important. Although

DA neurons grafted into the forebrain are capable of intrinsically releasing DA, this

may occur in a suboptimal manner due to the lack of appropriate afferent input these

cells receive in their normal midbrain location. Further, the loss of local DA signal-

ing in the midbrain through dendritic innervation of the substantia nigra pars reticu-

lata by overlying DA neurons (Fig. 4A and B) will not in any way be restored by

placement of new neurons in the striatum. Thus, there are well-defined shortcomings

of striatal placement of grafted DA neurons that may limit functional efficacy and

that drive a continuing interest in this field to explore the possibility of a more ac-

curate reconstruction of the nigrostriatal pathway through placement of grafted DA

neurons into their normal midbrain location.

Early studies in this field showed that, although DA neurons survived after trans-

plantation into the midbrain of 6-OHDA-lesioned rats, they failed to extend axons

along the nigrostriatal pathway or to induce any level of recovery of motor function

(Björklund et al., 1983b; Dunnett et al., 1983). This appeared to be the result of a

restrictive host environment rather than a limitation of the growth capacity of the

grafted neurons. Experiments using so-called bridge grafts using pieces of peripheral

nerve or Schwann cells to provide a permissive growth substrate between themidbrain

and striatum showed that the grafted DA neurons had the intrinsic potential to extend

axons from the midbrain in order to innervate the host striatum (Aguayo et al., 1984;

Brecknell et al., 1996; Gage et al., 1985;Wilby et al., 1999). Xenografting studies also

showed that DA neurons from human or porcine VM placed into the midbrain of

6-OHDA-lesioned rats could innervate appropriate forebrain targets, including the

striatum (Isacson et al., 1995;Wictorin et al., 1992) leading to the hypothesis that this
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was the result of a failure of outgrowing axons to recognize species-specific growth-

inhibitory cues. Further, work from Bentlage et al. (1999) showed that growth along

the nigrostriatal pathwaywas permissive in the neonatal rat brain, but this capacitywas

lost when the host brain reached around 20 days of age.

Taken together, these studies lead to the conclusion that the adult brain is inca-

pable of supporting long-distance growth of axons from allografted DA neurons

along the nigrostriatal pathway. However, subsequent experiments in adult mice

using donor VM from GFP reporter mice have shown this not to be the case

(Gaillard et al., 2009; Thompson et al., 2009). Immunohistochemistry for GFP 16

weeks after intranigral grafts of E12.5 VM from TH–GFP donors showed a remark-

ably specific pattern of axonal growth from grafted DA neurons along the nigrostria-

tal pathway in order to provide a an elaborate terminal network in the striatum

(Thompson et al., 2009; Fig. 7). The growth pattern matched well with the anatomy

of the intrinsic system. The GFPþ axons formed a polarized group of loosely bun-

dled, unramified fibers running parallel to the medial forebrain bundle and through

the globus pallidus, but abruptly gave rise to a highly elaborated terminal network on

reaching the striatum. Some animals also showed substantial normalization of

amphetamine-induced rotational behavior, indicating functional connectivity of

the grafted neurons. The degree of growth along the nigrostriatal pathway as well

as the size of the striatal terminal network and the degree of improvement in rota-

tional scores could be significantly enhanced by overexpression of GDNF in the

striatal target. This is consistent with other studies showing that GDNF can stimulate

DA fiber outgrowth from intrastriatal (Rosenblad et al., 1996) and intranigral

(Redmond et al., 2009; Wilby et al., 1999) VM grafts.

An interesting feature of the pattern of GFPþ fiber outgrowth is the intermin-

gling of graft-derived fibers with remaining fibers from host DA neurons in partially

lesioned animals (Fig. 7D). This raises the possibility that a residual host-derived DA

fiber pathway can stimulate, or may even be required for significant growth of axons

from grafted DA neurons. Although the pattern of GFPþ and host-derived fibers in

the medial fiber bundle was not indicative of a contact-mediated interaction, diffus-

ible trophic factors known to be released by host DA neurons, such as BDNF (Bustos

et al., 2004), may stimulate and support the extension of axons from grafted DA neu-

rons by forming a kind of “growth-permissive corridor.” The concept of “pioneer

axons” that support the growth of later growing axons during normal development

of the nervous system has been well described (Hidalgo and Brand, 1997; Klose and

Bentley, 1989; Lin et al., 1995; McConnell et al., 1989, 1994; Molnar et al., 1998;

Pittman et al., 2008). This hypothesis may explain why previous studies failed to de-

tect significant nigrostriatal growth from DA neurons placed in the midbrain. With-

out the use of a GFP reporter to identify graft-derived fiber patterns, earlier studies

had to rely on the detection of TH, which will be expressed by fibers of both graft and

host origin. This therefore required complete ablation of the host system in order to

confidently identify axons from grafted DA neurons, thus potentially creating an un-

favorable environment for growth. Such a scenario may suggest that regrowth along

the nigrostriatal pathway from grafted DA neurons may be more challenging in PD



FIGURE 7

Connectivity of allografted dopamine neurons placed into the adult midbrain.

Immunohistochemistry for GFP in mice grafted with donor VM tissue from TH–GFP mice

allows for detailed and unambiguous characterization of fiber outgrowth patterns from DA

neurons allografted into the midbrain. (A) A schematic representation illustrates the

implantation site in the midbrain and highlights the relatively long distance required for

connectivity of grafted DA neurons with the host forebrain, including the striatum.

(B) Immunohistochemistry for TH (red) and GFP (green) in a horizontal section through the
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patients with advanced diseased states characterized by substantial loss of the intrin-

sic projection system.

In summary, the overall experience in this field, including new insights from

studies using donor tissue from reporter mice, shows that while functional reinstate-

ment of midbrain DA circuitry fromVM grafts placed in the midbrain is challenging,

there is significant scope for further development of the concept. The proof-of-

principle findings that new DA neurons allografted into the adult midbrain can

establish functional connectivity with the host forebrain sets the scene for strategies

aimed at augmenting this phenomenon in animal models of PD in order to improve

the functional impact.
5 CLOSING REMARKS
An extensive body of basic and clinical research has led to a detailed understanding

of the growth and connectivity of intracerebral VM grafts and, importantly, how

these properties relate to restoration of motor function. This forms an important plat-

form for the refinement and optimization of current transplantation procedures using

fetal tissue and, importantly, for the development of new procedures using stem cells.

A major challenge for the establishment of a cell-based therapy as a realistic

mainstream option for PD patients is to deliver well-defined procedures that ensure

effective and predictable therapeutic outcomes. As reviewed in this chapter, specific

variables related to the host, the donor VM preparation, and also the implantation

technique can have a significant impact on the survival, composition, and
midbrain shows the placement and survival of an intranigral graft implanted into an animal

with a 6-hydroxydopamine lesion, relative to the remaining DA cells groups (A8, A9, and A10)

on the intact side of the brain. (C) The GFP reporter allows for detection of the grafted DA

neurons (C) and their associated fibers (D, green/yellow) even when intermingled closely with

a residual host fiber pathway (red) in partially lesioned animals. (E) A photo-montage of

darkfield images throughout a horizontal section labeled with an antibody against GFP and

visualized using the chromogen di-amino-benzidine (DAB) shows the extensive growth of

GFPþ axons from the anterior part of the graft in order to extend along the nigrostriatal

pathway and into the host striatum. (F) The pattern of growth of DA neurons in intranigral VM

grafts matches remarkably well with the normal structure of the midbrain DA projection

system, including the growth of unramified axons that extend parallel to the medial forebrain

bundle and then abruptly give rise to a highly elaborated terminal network on reaching the

host striatum (dashed line indicates approximate border between the globus pallidus and the

striatum). Scale bars: (B) and (C), 500 mm; (D), 50 mm; (E), 500 mm; and (F), 200 mm.

Abbreviations: CPu, caudate putamen unit; GP, glubus pallidus; SNr, sunstantia nigra pars

compacta.

(Some of the images shown here are modified reproductions from Thompson et al., 2009.)
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connectivity of VM grafts. Monitoring and controlling these variables, as well as on-

going research aimed at identifying additional factors that affect graft structure and

function, will form an important part of strategies to optimize VM grafting proce-

dures. Significant progress has been made along these lines already. Careful analysis

of the design and results from failed clinical trials, as well as on-going research in

animal models of PD, has led to the identification of key variables related to patient

selection and tissue preparation that will need to be monitored closely in order to

achieve better outcomes in future trials (for reviews, see Winkler et al., 2005;

Chapter 9).

The detailed understanding we have gained on the anatomical and functional

properties of DA neurons in VM grafts through more than 30 years of research in

this area also forms an important point of reference for the interpretation of trans-

plantation experiments using stem cells. Although there are now robust procedures

for the generation of correctly specified midbrain DA neurons from highly expand-

able populations of stem cells (Chapter 13), the potential of these cells for effective

reconstruction of DA circuitry in vivo remains largely unexplored. An important goal

of research in this area is to determine whether DA neurons derived from stem cells

share the remarkable capacity of midbrain DA neurons for highly specific, target-

directed growth and functional connectivity after transplantation in the adult brain.
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