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Abstract

A dysfunctional central nervous system (CNS) resulting from neurological disorders and diseases impacts all of humanity.
The outcome presents a staggering health care issue with a tremendous potential for developing interventive therapies. The
delivery of therapeutic molecules to the CNS has been hampered by the presence of the blood–brain barrier (BBB). To
circumvent this barrier, putative therapeutic molecules have been delivered to the CNS by such methods as pumps/osmotic
pumps, osmotic opening of the BBB, sustained polymer release systems and cell delivery via site-specific transplantation of
cells. This review presents an overview of some of the CNS delivery technologies with special emphasis on transplantation
of cells with and without the use of polymer encapsulation technology.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction As the role of genetic factors continues to be
elucidated, the likelihood for direct gene therapy

Neurological disorders and diseases affect our interventions are inevitable, although the time course
everyday life, impacting nervous systems responsible for successful application of this technology is years
for memory, cognition, language and voluntary away. In the meantime, however, advances in protein
movement. Some of the numerous disorders associ- and peptide chemistry are providing a vast array of
ated with a dysfunctional central nervous system neuroactive compounds having therapeutic potential
(CNS) include Alzheimer’s disease (AD) and other as neuroprotective treatments [4]. The ability to
dementias, cerebrovascular disease (associated with deliver these molecules systemically is hampered by
stroke), epilepsy, Parkinson’s disease (PD), multiple degradation and metabolism, either by relative short
sclerosis (MS), spinal cord injury (SCI), dystonias, half lives of the molecules themselves, or metabolic
dysfunctions associated with head trauma and can- degradation by the liver prior to reaching the CNS as
cer, and psychiatric disorders. Other neurological a target site. In addition, the blood–brain barrier
deficits include chronic pain, Huntington’s disease (BBB) — a protective cellular barrier that regulates
(HD), and Lou Gehrig’s disease (or amyotrophic the internal environment with a mechanism of low
lateral sclerosis, ALS). It is estimated that these passive permeability combined with a highly selec-
diseases /disorders affect more than 20 million peo- tive transport system [5–7] — poses a significant
ple in the United States alone, accounting for over obstacle for the delivery of many neuroactive factors.
$400 billion annually for their treatment and pro- A number of techniques are available to permit
longed care [1,2]. While care for individuals with delivery of molecules to the CNS that bypass the
neurological disorders has improved, the quality of BBB and these are presented in Section 2.
life generally has not, largely due to the paucity of One approach of overcoming the BBB that con-
effective therapeutic treatments. This can be espe- tinues to be investigated is localized cell therapy. In
cially distressing for individuals with such neurologi- contrast to traditional drug therapy, where a specific
cal disorders as Epilepsy, MS, or SCI, who are molecule is targeted for administration to the entire
chronically disabled at the prime of their life. In this brain, cell therapy depends upon the de novo syn-
paper we present some of the methodologies utilized thesis of one or several therapeutic molecules to be
to deliver neuroactive molecules to the CNS, with released by the cells into the tissue, or ‘target’ site,
special emphasis on transplantation of cells with and of the CNS. Two primary methods of cell therapy
without the use of polymer encapsulation technol- include transplants for cell replacement (nonencapsu-
ogy. A thorough presentation outlining the recent lated) and polymer-encapsulated cell therapy. In
advances in neurobiology was recently reviewed in a traditional cell replacement, the missing neurons or
special issue on neurological disorders published in non-neuronal cells are replaced with cell transplants,
Nature [3]. providing the appropriate missing neurotransmitter.

Our limited understanding of their pathogenic For example, in experimental PD, dopamine-rich
mechanisms complicates developing treatments for neural grafts replenish the diseased or missing
many of these neurological disorders; however, nigrostriatal dopamine neurons, establishing func-
significant progress has been made in the recent past tional reinnervation to restore dopamine neurotrans-
that will allow new therapeutic approaches to be mission in the area surrounding the transplant of the
designed, tested and ultimately used for patient care. denervated striatum [8]. Polymer-encapsulated
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therapy provides a local source for the missing 2. Delivery methods
neurotransmitter, but the polymer barrier prevents
cell-to-cell interactions, hence, no functional rein- 2.1. Overview
nervation is feasible. The advantages and disadvan-
tages of cell therapy relative to osmotic pumps and A number of strategies have been developed to
sustained-release polymer systems are summarized in circumvent the selective BBB. Some of the tech-
Table 1. Cell therapy strategies have primarily been niques currently available for neuroactive factor
targeted for PD [9–14], AD [15–19], HD [20–24], delivery to the brain include: (1) carrier-, or re-
ALS [25], MS [26,27] and chronic pain [28–31]. ceptor-mediated transcytosis [32,33]; (2) osmotic

In this paper, we discuss some of the delivery opening [34,35]; (3) direct infusion with stereotactic
methods utilized to deliver neuroactive compounds guidance [36–38]; (4) osmotic pumps [39,40]; (5)
to the CNS. Additionally, some of the key findings sustained-release polymer systems [41,42]; (6) cell
for both traditional cell replacement and encapsu- replacement /cell therapy [9–14,17,23–25,43–47]
lated cell therapies are summarized (e.g. Table 2), and (7) direct gene therapy [48–51]. This section
with a view to distinguishing their advantages and highlights some of the advantages and limitations of
disadvantages. Section 3 presents an overview of these technologies.
therapies directed at Parkinson’s disease, including a
presentation of the two cell therapy techniques, and 2.2. Carrier-mediated transcytosis
issues related to transplant biology. For more de-
tailed information on the methods and characteriza- The carrier- and/or receptor-mediated transport
tion of encapsulation technology, please see Chapter mechanisms at the blood–brain interface have been
5, Animal Cell Encapsulation. described for several endogenous peptides and pro-

Table 1
Some advantages and disadvantages of implantable delivery systems

Pumps Controlled release Cell therapy

Advantages
Quick delivery of therapeutic Good short term release Cells constituitively produce

active therapeutics
a bRetrievable Retrievable Retrievable

Dosage can be regulated Single, minimally invasive Minimally invasive surgery
surgical procedure

cBiocompatible Biostable, biocompatible

Xenogeneic or engineered
cells may be used without

cimmunosuppression

Disadvantages
Therapeutic may degrade in Therapeutic may degrade Potentially inadequate long
reservoir term cell viability

Prolonged delivery may be Dosage may be difficult to Potentially difficult to
dlimited control regulate cell output

Complex regulatory issues
a When biostable polymers used.
b When encapsulated cells used in macrocapsule geometry.
c For encapsulated cell therapy only.
d When biodegradable polymers used.
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teins [52–54]. However, several physiologically significantly improved in those patients receiving an
important neuropeptides, e.g. nerve growth factors, initial BBB disruptive chemotherapy as compared to
lack abundant transporters on the microvascular aged-matched patients receiving radiation therapy
endothelium of the BBB and are therefore not [62,63]. A plethora of preclinical models, as well as
translocated across the BBB. To circumvent this Phase 1 clinical trials, have been characterized over
deficiency, investigators have exploited endogenous the past 20 years with a number of candidate
cerebrovascular transport systems to deliver mole- molecules intended to outwit the BBB. However,
cules of interest from the bloodstream to the brain: until rigorous Phase III randomized studies are
i.e. adsorptive endocytosis of specific cell surface performed, with and without the use of BBB disrup-
oligosaccharides [55] or the receptor for transferrin tive agents, the clinical impact and utility of the
(ferrotransferrin) [56,57]. technology will remain in question.

In contrast to invasive neurosurgical techniques,
neurotrophic factor conjugation to an antibody 2.4. Direct injection (microinjection)
against the transferrin receptor provides a noninva-
sive delivery vehicle to the brain. Friden and col- Direct injections of molecules have been utilized
leagues [32,58] have shown transport across the for many experimental paradigms. For example,
BBB with an anti-rat transferrin receptor antibody, generation of animal models of degenerative dis-
OX-26, linked to nerve growth factor (NGF). Kor- orders, such as PD and HD, can be accomplished by
dower et al. [59], has shown that the OX-26-NGF the direct injection of neurotoxins into specific
conjugate is effective in preventing the degeneration locations in the host brain. The neurotoxins 6-hy-
of cholinergic striatal neurons in a rat model of droxydopamine and 1-methyl-4-phenyl-1,2,3,6-tetra-
Huntington’s disease. However, a number of limita- hydropyridine (MPTP) have been administered to
tions of the technology persist. As is the case for create lesions of the nigrostriatal pathway to mimic
many systemically delivered molecules, high sys- the pathology of dopamine depletion in PD. Similar-
temic doses are required to reach significant levels in ly for HD, striatal injections of excitotoxins such as
the CNS, and moreover, the effect is global and kainic acid, ibotenic, or quinolinic acid produce a
therefore does not permit localized brain delivery. profile of neurochemical and pathological alterations
Additionally, the receptor antibodies are species very similar to that observed in the striatum of HD
specific and chronic use of antibody conjugates, even patients [13,14].
humanized antibody, may stimulate an immune Single injections are a powerful tool to evaluate
response. the diffusion pattern of the injected molecule. A

125single unilateral intraventricular injection of I-
2.3. Osmotic opening NGF exhibited a bilateral distribution into septal

cells, the hypothalamus and cerebellum [64]. How-
Another means of delivering elevated levels of ever, the penetration into the host tissue was limited

therapeutic molecules to the brain involves the and combined with the observation of rapid degra-
transient osmotic disruption of the BBB endothelium dation, the authors suggested that this method of
[35,60]. This technology effectively increases the delivery may be inadequate for neurotrophins. Simi-
concentrations of chemotherapeutic agents in the larly, Yan et al. [65] evaluated the brain distribution
brain and the cerebrospinal fluid of both preclinical of NGF, BDNF and NT-3 after a single intraven-
brain tumor model systems [61] and clinical situa- tricular injection. The distribution of these neuro-
tions [35]. BBB disruption is designed to maximize trophins appeared to correlate with trk receptor
the CNS drug delivery of chemotherapeutic agents. expression; BDNF diffusion appeared limited to the
Drug delivery of these agents in conjunction with ependymal cell layer of the ventricle, the cells of
osmotic opening of the BBB can be increased by 50- which express high levels of the trkB receptor that
to 100-fold. In a patient population of CNS lym- binds BDNF. NGF exhibited a more extensive
phoma, neuropsychological follow-ups have indi- pattern of distribution, while NT-3 distribution was
cated that cognitive functions were preserved and intermediate between BDNF and NGF. A single



M.S. Shoichet, S.R. Winn / Advanced Drug Delivery Reviews 42 (2000) 81 –102 85

injection of NGF, BDNF and NT-3 into the ventricle tronic pump, e.g., SyncroMed and electronic infu-
and tissue striatal parenchyma was compared to a sion pumps. The limitations of the Ommaya reser-
sustained delivery method via osmotic minipumps voir and Infusaid pump are related to their require-
[66]. The observations described following the single ment for the application of pressure to drive the
injection paradigm paralleled those of Yan et al. [65] delivery of drugs, resulting in inconsistent drug
and the neurotrophin distribution and depth of pene- delivery [73,74]. Mini-osmotic pumps rely on os-
tration was generally determined to be concentration motic pressure driven systems to achieve a steady
dependent. rate of drug delivery. Electronic infusion pumps can

An intraocular approach has been a valuable maintain steady drug delivery for several years and
model to evaluate a site-specific effect of trophic can be easily reprogrammed outside the body.
factors and neurotrophins on transplants in a con- The limited capability for the CNS to regenerate
trolled environment [67,68]. Discrete transplants of itself appears to be influenced by the presence of
the peripheral and central nervous system become neurite growth-inhibiting molecules [75] and insuffi-
well vascularized and develop a functional BBB cient neurite growth-promoting factors [76]. Pumps
[67,69]. Direct injections of NGF has been demon- have provided researchers with the ability to deliver
strated to stimulate the growth of intraocular brain some of the neurite growth-promoting factors, neuro-
tissue transplants [70] and provides an isolated, well- trophins, in a sustained manner to the cerebrospinal
defined model system to compare other methods of fluid of the ventricle or spinal cord, as well as, brain
neurotrophin delivery, e.g., intravenous administra- tissue parenchyma. Local continuous infusions of
tion of an OX-26-NGF conjugate [71]. Direct and neurotrophic factors, such as glial cell line-derived
repeated injections are essential for labile substances neurotrophic factor (GDNF) [77] is at least equiva-
and the most straightforward approach to bypass the lent to intermittent intracerebral injections [78] in
BBB to deliver a therapeutic dose within a discrete preventing experimental-induced death of dopamine
site of the CNS. However, repeated injections can neurons. GDNF exhibited equivalent levels of sur-
elicit additional injury to surrounding tissues and vival-promoting effects to some of the other neuro-
increase the risk for infection. trophins, such as CNTF, NT-3, and NT-4 [79,80],

and was more potent than BDNF [81]. Neurotrophic
2.5. Pumps molecules have also been delivered via intraspinal

infusions to promote regeneration of sensory axons
Direct intra-CNS delivery of neuroactive mole- in spinal cord models [82].

cules via pumps has been the preferred method for Implantable pumps to deliver intrathecal or epidur-
many experimental paradigms and has been success- al morphine or morphine substitutes are commonly
fully applied in several clinical conditions. Pumps used to deliver opiate medication for pain manage-
offer a point source delivery of neuroactive agents ment in patients with terminal cancer [83,84]. In a
that can quickly reach a sustainable therapeutic recent retrospective study, 4–10% failures were
concentration. Pump technology is especially attrac- associated with catheter dislodgement, 1–10% asso-
tive for molecules that have systemic or peripheral ciated with leakage, and less than 1% with obstruc-
actions resulting in negative side effects, or stable tion [84]. The ability to deliver pain relieving
drugs that are effective with limited penetration into molecules in a sustained, site-specific manner has
the tissue parenchyma of the brain [72]. Pumps can improved the quality of life for patients suffering
be implanted in the subcutaneous tissue with a drug from chronic pain.
reservoir. Drugs are delivered from the reservoir via The advantages of using osmotic mini-pump drug
a silicone tube and cannula placement leads to either delivery include a minimal amount of tissue damage
the lateral ventricle or tissue parenchyma of the at the site of cannula placement. The drug is also
brain, or the epidural / intrathecal space of the spine. administered with no intervention from the inves-

Pump technology has evolved from the Ommaya tigator or interaction with the animal once the pump
drug reservoir and Infusaid pump to the more is implanted. Hence, treatments can be performed on

sophisticated Alzet mini-osmotic pumps, the Med- freely moving animals, an important consideration
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for studies requiring behavioral monitoring. Also, a significant improvement in receptor-mediated rota-
steady state concentration of drug can be delivered. tional behavior in rats. The EVAc system has also
However, the continuous nature of a mini-pump been utilized for the sustained release of substance P
infusion is in some cases not desirable. For example, [92] which provided neuroprotection to striatal neu-
several neuronal and neuroendocrine systems appear rons against quinolinic acid, an animal model of
to be regulated in a pulsatile fashion related to Huntingon’s disease. By releasing GABA from
circadian-type rhythms. EVAc rods, Kokaia et al. [93] also demonstrated the

The limitations to mini-pump infusions must be ability to suppress epileptic seizures in kindling rat
considered carefully. For many biomolecules, like models.
the catecholamines and some of the neurotrophins, Trophic factors, specifically nerve growth factor
stability is a major concern. Glial cell line-derived (NGF), has been the target for many sustained
neurotrophic factor exhibits approximately 10–15% release polymer systems. Hoffman et al. [41] ex-
of its original biological activity following a 14-day hibited sustained release of mouse NGF from EVAc
retention within a mini osmotic pump reservoir [77]. rods for several weeks. Following implantation into a
Stabilizing additives, such as antioxidants or acidify- rudimentary rat model of AD, the NGF releasing
ing solutions, can induce adverse effects on the host rods also exhibited the ability to rescue a transected
brain tissue [85]. A common problem for peptides is fimbria fornix, preventing the death of cholinergic
precipitation when maintained at concentrations neurons in the septum that are connected by the
necessary for infusion. At the end of the infusion fimbria fornix to the hippocampus [41]. Sustained-
period, it is recommended that the concentration and release polymer systems have more recently been
biologic activity of the molecule(s) in the infusate be utilized in conjunction with NGF–dextran conjugates
verified. Pump failures from either the infusion to not only regulate or manipulate the release rate of
module or an occluded cannula can lead to either a NGF delivery to the tissue, but moreover, the
lack of drug delivery or a purge of the neuroactive clearance rate of the NGF–dextran conjugate was
factor with a potential for toxicity. In long-term significantly lower than the NGF alone. Hence,
experiments, pump-derived cytotoxins, in conjunc- manipulation of the NGF or other trophic factors can
tion with elevated infusion rates, have been shown to improve penetration and retention in the brain [94].
contribute to ablated tissue at the site of the cannula A recent study has also shown the ability to maintain
[86]. As a point source delivery method to the tissue a sustained release of bioactive NGF from bioresorb-
parenchyma, the diffusion distance as a function of able polyester microspheres for up to a 91-day
the concentration gradient results in a sharp decrease duration [90].
in the concentration of the drug over a short distance. Sustained-release polymer systems offer the ability
Lastly, for long-term experiments, pumps must be to be implanted safely and are well tolerated by the
refilled, leading to an increase in the risk of in- host [88]. They can be retained as a closed system
fection. within a host system and thus do not provide a

conduit to contamination or infection. However, the
2.6. Sustained-release polymer systems polymer systems exhibit a finite capacity and must

be replaced or supplemented to achieve long-term
Neuroactive molecules entrapped within various release, an option that is undesirable. Sustained-

polymer systems have shown the ability to maintain release polymer systems have been an effective
a sustained release profile from weeks to months strategy for delivering chemotherapeutic agents in a
[87–90]. Sustained release of L-dopa or dopamine site-specific manner for the treatment against brain
has been delivered into the brain of experimentally cancer such as recurrent gliomas [95].
induced animal models of PD utilizing resorbable
polyester copolymer spheres of lactide and glycolide 2.7. Cell therapy
[87], ethylene vinyl acetate copolymers (EVAc)
[88,89], and silicone elastomers [91]. Each system The successful application of cell therapy, or
provided a sustained release profile that resulted in a cellular transplantation, to the damaged or deficient
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CNS to restore form and function in preclinical [3,48]. Although much closer to providing a clinical
injury models and clinical situations has been dem- reality, issues such as regulation of the cellular
onstrated in many instances [8,96]. Clinical trans- expression of the transgene, potential for toxicity of
plants of adrenal medullary autografts and fetal the viral proteins, and host immunology must be
nigral tissue in PD were based on the idea that the addressed.
missing neurotransmitter dopamine by the cells in
the neural grafts [97]. Cellular transplants that pro-
vide a local source of neurotransmitters and/or 3. A model system: therapies for Parkinson’s
trophic factors (i.e. neurotrophins) by these so-called disease
cellular ‘minipumps’ is one of the foundations of
transplantation therapies in the CNS. Fetal nigral 3.1. Overview
grafts have shown the ability to establish a functional
reinnervation, thus replacing the damaged neuronal Of the neurological disorders of the CNS, PD is
circuitry [8]. However, the dopamine neurons must probably best understood as is reflected in the
be transplanted to the host striatum. To survive availability of clinical treatments. PD affects approx-
transplantation, fetal dopamine neurons must be imately 500 000 individuals. The cardinal signs of
isolated at an early stage of development, which is a PD are characterized as muscle rigidity, tremor and
technically difficult task. Neural grafts have also bradykinesia. PD progresses with time, affecting gait
been utilized to provide axonal bridges for the repair and posture, and may lead to dementia. PD is
of damaged spinal circuitry and glial elements to distinguished pathologically by the presence of Lewy
supplement the loss in sclerotic lesions. The focus of bodies in the substantia nigra and nigral cell loss.
this chapter is cell therapy as biologic minipumps to Lewy bodies are spherical inclusions between 5 and
supply missing neurotransmitters or provide local 25 mm in diameter. PD results from a neurological
neurotrophins as a neuroprotective strategy. Al- deficiency of dopamine. It has been effectively
though cellular minipumps are thought to provide treated with systemic L-dopa (precursor to dopamine)
local delivery of neuroactive molecules in the thera- which, unlike dopamine, can cross the BBB. L-Dopa
peutic range, one of the potential limitations is is converted to dopamine in the brain. L-Dopa is
dosing, and as described for the pump technology in administered systemically in large doses because
tissue parenchyma, having a point source of factor some is degraded in the periphery (by decarboxyl-
limits diffusion distance. Cellular transplantation of ation), prior to crossing the BBB [98]. Over time,
genetically engineered cells to secrete a factor of L-dopa loses its efficacy and results in dose-related
choice, with and without the use of polymer en- side effects. While not ideal for patients with ad-
capsulation technology, is presented in Section 3. vanced stage PD, at least some relief is available to

patients suffering from PD. This is not true for other
2.8. Direct gene therapy disorders. Some of the advances in PD have taken

advantage of an accurate primate model that relies on
Research for expanding our understanding of the administration of the heroin analog, l-methyl-4-

genetic and biochemical deficiencies of various CNS phenyl-l,2,3,6-tetrahydropyridine (MPTP) [99]. Hav-
disorders has been extensive over the past decade ing a reliable model allows therapeutic strategies,
and provided a rationale basis to the direct approach such as cell therapies, to be compared to traditional
for gene therapy. The direct transfer of a therapeutic delivery methods. Table 2 summarizes the advan-
gene via viral vector-mediated methods, or the tages and disadvantages of encapsulated and non-
transplantation of genetically engineered cells, with encapsulated cell therapies.
and without an encapsulated membrane, and the
implantation of fetal or engineered progenitor cells 3.2. Cellular transplants
are some of the technologies being developed to
produce and deliver a specific enzyme, neurotrans- Neural transplantation requires that cells be im-
mitter or neurotrophin for the dysfunctional CNS planted into damaged areas of the CNS. In initial
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Table 2
Comparison of the advantages and disadvantages of transplanting of unencapsulated and encapsulated cells

Unencapsulated cell therapy Encapsulated cell therapy

Advantages

Anatomical integration between host and Use of allo- and xeno grafts without
transplanted tissue immunosuppression

Good cell viability and neurochemical Good cell viability
diffusion

Thin wall and spherical shape are optimal for
aneurochemical diffusion; mechanical stability

bis optimal for retrievability

Disadvantages

Requires immunosuppression Capsule dimensions may limit neurochemical
diffusion and cell viability

Tissue availability limited Need for multiple implants may produce
significant tissue

aLimited retrievability Limited retrievability

Societal and ethical issues associated
with fetal tissue
a Applies to microencapsulated cells only.
b Applies to macroencapsulated cells only.

studies, fetal tissue was transplanted in animals to Transplanted grafts survived for over 6 years while
determine whether the tissue could survive, integrate the patients own dopamine neurons continued to
with the host tissue and promote functional recovery. degenerate. Most of the patients treated in this way
Early results indicated that all three goals could be demonstrated improved PD symptoms, and some
achieved; the grafted neural tissue attenuated the were able to withdraw L-dopa treatment; however,
functional deficits in animals having experimentally overall, the results indicate that this technique is
induced CNS lesions [100–102]. Notwithstanding neither efficacious nor reproducible for widespread
the limited tissue availability and ethical issues use. To realize dopamine cell transplantation as a
associated with using human fetal tissue has slowed viable technique to treat PD, strategies must increase
progress in this area, the results are encouraging and cell survival and innervation of the striatum, recon-
may lay the foundation for clinical treatment one struct the nigrostriatal pathway and use alternate cell
day. sources [103].

For PD, dopamine-producing cells are implanted
in the striatum, thereby substituting for the lost 3.3. Enhancing transplant viability
nigrostriatal neurons. Embryonic rodent and non-
human primate neurons integrated, respectively, in The limited survivability of transplanted neurons
the rat and primate brain and restored dopaminergic makes current strategies unfeasible. While | 50% of
function in the area surrounding the transplant; fetal CNS cells die naturally, , 5% of transplanted
however, early development stage neurons were neurons survive. Thus tissue from at least three
required for survival [8]. Perhaps even more exciting embryos is required for transplantation on each side
are the human clinical data that demonstrate survival of the brain for therapeutic efficacy. To overcome
and functioning of human embryonic mesencephalic the low survival rate of dopaminergic neurons trans-
dopaminergic neurons transplanted in adult brains (in planted in the striatum, testis-derived Sertoli cells
the striatum) of individuals suffering from PD. have been co-transplanted [104]. The Sertoli cells
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provide trophic support to the neurons, thereby in adult rats differentiated into both neurons and
promoting their survival. Alternate strategies of astrocytes following intracerebral grafting, indicating
trophic support are also being investigated. The them as a potential source of cells for neural
following have been administered in rats and have transplantation [110].
enhanced the survival and growth of transplanted While autogeneic tissue is preferable over
dopaminergic neurons: glial-cell-line-derived neuro- xenogeneic tissue in terms of host immune response,
trophic factor (GDNF), brain-derived neurotrophic autogeneic tissue is limited in supply, as is fetal
factor (BDNF) and basic fibroblast growth factor allogeneic tissue. Transplantation of xenogeneic
(bFGF) [105]. By increasing survival by 2–3 fold, tissue presents several challenges (see Section 3.5),
the amount of tissue required for transplantation can yet is abundant. Fetal pig dopaminergic neurons
be reduced. were implanted in the caudate-putamen brain region

Alternate methods have been investigated to en- of a patient suffering from Parkinson’s disease [111].
hance survivability of transplanted cells. Caspases After 7 months, the porcine neurons survived and
are proteases that are activated in one of the final extended axons into the host brain tissue. Interesting-
stages before a neuron is committed to die by ly, only a low reactivity of microglia and T-cells
apoptosis. Pharmacological inhibitors of caspases are were observed in direct proximity to the grafts. The
currently under investigation for prolonged survival immunoprivileged CNS allows cross-species trans-
of transplanted cells [106]. Additional sources of plants to survive with coadministration of immuno-
growth factors have also been investigated. For suppressive agents. However, because there are
example, transgenic mice were developed to have concerns relating to the efficacy of long-term im-
astrocytic stem cells capable of producing human munosuppression of xenogeneic tissue and the trans-
nerve growth factor (hNGF) [107]. These stem cells fer of infectious agents across species, xenogeneic
were transplanted in adult rats and hNGF was transplants remain controversial [112].
detected immunochemically within 1 month of trans- An alternate source of tissue is cell lines that can
plantation. This technique, while nascent, may be be transfected to differentiate into neuron-like cells.
appropriate for delivery of neurotrophins to the CNS. For example, cells of the human embryonal car-

cinoma cell line, NT2N, were implanted into CNS
3.4. Alternate transplant sources tissue and shown to survive for more than 1 year in

immunodeficient mice [113]. Although these are
Due to ethical and fetal tissue availability issues, tumorigenic cells, they may be suitable for gene

alternative cell sources have been investigated. For therapy against CNS diseases. Additional gene
example, the adrenal medulla has been used as a therapy strategies are under investigation using the
source of cells because they produce catecholamines mouse embryonal carcinoma cell line, P19 [114] and
and can transform into a neuronal phenotype. While genetically modified fibroblasts [115].
adrenal grafts survive poorly in the striatum, they
induce sprouting of host-derived fibers in the caudate 3.5. Polymer-encapsulated cell therapy
nucleus [23]. To enhance survivability of the adrenal
medulla grafts, peripheral nerve was cotransplanted Cells or cell clusters are contained within a
in five patients. Specifically, adrenal medullary tissue semipermeable membrane that permits the diffusion
and minced intercostal nerve was implanted in the of small molecule nutrients, such as insulin and
striatum after which patients were followed for 2 oxygen, but limits that of larger molecules, such as
years. Clinical improvements were observed with immunoglobulin G (IgG) and M (1gM). At the same
these autologous cografts [108]. A separate effort to time, the bioactive agents produced by the cells are
improve adrenal medulla tissue survival transplanted able to diffuse across the membrane and into the
adrenal chromaffin cells on microcarrier beads in host. The membrane isolates the enclosed cells from
rats. Functional recovery was observed for 1 year the host immune system, providing the cells with
post-transplantation relative to controls [109]. ‘stealth-like’ properties. This allows a plethora of
Human CNS progenitor cells that were transplanted cell types to be transplanted without the use of
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immunosuppressants. Encapsulated cell therapy has across the membrane, thereby limiting cell viability
been studied most extensively for the treatment of and decreasing the release of bioactive molecules.
diabetes, using insulin-secreting cells, and PD, using The stability of both the membrane [120] and the
dopamine-secreting cells [116]. matrix [121] used within the device to suspend

As has been described in Chapter 5, there are two encapsulated cells are essential to the optimal func-
methods of encapsulation — micro and macro — tioning of the device. Without stable implant materi-
each with its own advantages and disadvantages. als, the cells would be exposed to the host immune
Cells that are microencapsulated have a thin, spheri- system and suffer the same consequences of non-
cal semipermeable shell surrounding them [117,118]. encapsulated cells. Fig. 1 summarizes the different
This is advantageous for diffusion across the mem- geometries used in encapsulated cell therapy.
brane and cell viability, but in some types of To overcome the depletion of dopamine in the
processing, disadvantageous because cells can be striatum of Parkinsonian patients, dopamine-secret-
exposed to organic solvents. Other types of micro- ing cells are encapsulated in an immunoisolatory
capsules, e.g. the polyelectrolytes, can be mechani- polymeric membrane and then implanted directly in
cally fragile and chemically unstable. Cells that are the striatum. This allows the de novo synthesized
macroencapsulated have a selectively permeable, dopamine, produced by the cells, to be delivered
usually cylindrical, membrane surrounding them directly to the target site. The dopamine diffuses
[119]. Cells within the hollow fiber membrane across the membrane and into the surrounding tissue.
(HFM) are usually suspended in or supported by a The major challenges of encapsulated cell therapy
matrix. The ends of the HFM are sealed, thereby include: host tissue reaction to the encapsulated cells
forming a capsule around the cells within. This in the absence of immunosuppressants; continued
technique is advantageous for implant stability and viability and functioning of the encapsulated cells;
retrievability, but disadvantageous because the effectiveness of cell therapy. Each of these will be
thicker wall membrane increases diffusion distance discussed in more detail below.

Fig. 1. Encapsulated cell therapy strategies immunoisolate cells from the host tissue within membranes that can adopt several shapes and
dimensions. Most notably, these include: (a) conformal coatings that include tens of cells within a thin shell; (b) microcapsules that house
several hundred cells within a sphere; (c) macrocapsules which house several thousands of cells within a hollow fiber membrane. While
flatsheet membranes have also been investigated in other cell delivery strategies, HFMs have been used for cell delivery to the CNS. All
strategies incorporate matrix materials to suspend cells evenly within capsule geometry.
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3.6. Cell therapy matrices fibroblasts do not. The use of alginate is essential to
the optimal functioning of this device since some

Several cell types have been investigated in en- fibroblasts are always isolated with BACs. In the
capsulated therapy: (1) primary postmitotic cells, absence of alginate or other immobilizing matrices,
such as bovine adrenal chromaffin cells (BACs), for the fibroblasts can expand and overgrow the en-
the treatment of chronic pain [30]; (2) immortalized capsulated milieu, resulting in a device deficient in
(or dividing) cells, such as pheochromocytoma (PC bioactive factors produced from the chromaffin cells
12) cells, for the treatment of PD [13,14,139]; and [128]. Alternatively, BHK cells, a fibroblastic cell

(3) engineered cell lines, such as baby hampster line, thrive in collagen, such as Vitrogen 100, while
kidney (BHK) cells that have been engineered to PC12 cells thrive in precipitated chitosan [124].
produce human nerve growth factor (hNGF) for the
treatment of AD [17]. While dividing cell lines are
advantageous for cell sourcing and sterility-testing, 3.7. Transplant longevity
post-mitotic cells do not overgrow the capsule
milieu. PC12 cells have been investigated in both micro-

Strategies have been employed to control the [129] and macro- [130] encapsulated geometries for
growth of cells within the capsule. Just as the therapeutic efficacy in animal models of PD. PC12
extracellular matrix (ECM) regulates cell function in cells, originally derived from a rat medullary tumor,
vivo [122], matrix materials have been encapsulated secrete high levels of dopamine under both basal
within the membrane capsules to influence cell and, especially under chemical-evoked conditions.
viability. For example, BACs have been immobilized Encapsulated PC12 cells have been maintained both
in alginate to prevent aggregation which, in turn, in vitro and in vivo for over 6 months during which
reduces central necrotic cores from forming [123]. time they continue to produce and release dopamine.
Similarly, PC12 cells have been distributed within When exposed to 56 mM potassium, encapsulated
precipitated chitosan which provides a scaffolding PCI2 cells retain the ability to significantly increase
structure on which the cells anchor [124]. their output of dopamine.

The matrix material can be manipulated to in- Positron emission tomography (PET) was used to
fluence specific cellular functions, such as cell confirm that encapsulated PC12 cells produce L-dopa
attachment, differentiation or proliferation. For ex- in situ in MPTP-treated non-human primates [131].
ample, peptides, such as arginine–glycine–aspartic By imaging before and after implantation of en-
acid (RGD) have been immobilized on a variety of capsulated PC12 cells, it was clear that PC12 cells
surfaces to promote cell adhesion [125]. Integrin store, re-uptake and functionally replenish dopamine
receptors on the cell surface membrane are known to in the host tissue. PET thus serves as a useful and
interact with the RGD sequence that is found in non-invasive tool to monitor device performance.
fibronectin, among other proteins. Similarly, PC12 cell longevity has been proven in
tyrosine–isoleucine–glycine–serine–arginine (YIG- xenogeneic models, thereby underscoring the impor-
SR) and isoleucine–lysine–valine–alanine–valine tance of the membrane structure for immunoisola-
(IKVAV), both of which are found in laminin, have tion. For example, when encapsulated PC12 cells
been immobilized on surfaces [126] and gels [127] to were implanted using intact devices into the striatum
promote neuronal cell adhesion and neurite out- of guinea pigs, there was a minimal astrocytic
growth. response, as determined by GFAP immunolabeling,

Each cell type requires a specific matrix material and no evidence of lymphocyte infiltration of the
for optimal cell functioning once encapsulated. For device. In contrast, when specifically damaged de-
primary cells, the matrix material can enhance the vices were used, there was limited cell survival,
survival of one cell type over another, which is demonstrable inflammation and lymphocytes invad-
advantageous for the overall functionality of the ing the device. Without immunosuppression, non-
device. For example, post-mitotic primary cells (e.g. encapsulated PC12 cells did not survive implantation
BACs) thrive in alginate whereas mitotically-active in either the guinea pig or non-human primate
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striatum whereas encapsulated PC12 cells survived primates, indicating the promise of this technique for
for 6 months in non-human primate brains [132]. clinical applications [139].

Huntington’s disease (HD) is a progressive, inher-
3.8. Treatments for other CNS disorders ited neurological disorder characterized by severe

degeneration of the basal ganglia neurons and par-
Both encapsulated and non-encapsulated strategies ticularly those of the striatum. Severe, uncontrollable

have been pursued for other CNS disorders. For motor abnormalities, abnormal postures, and a pro-
example, fetal cerebellar grafts that were trans- gressive dementia are associated with HD and ulti-
planted in Purkinje cell-deficient mice resulted in mately result in death within 15–17 years of the time
improved motor behavior, demonstrating the poten- of onset. Currently, no treatments adequately control
tial of this technique for patients with cerebellar the behavioral symptoms, nor effectively alter the
degeneration. Using human fetal cerebellar tissue, an neurodegenerative process. Since genetic screening
organotypic folia-like organization was observed in is now available to identify those at risk for HD,
nude mice, demonstrating that these cells can orga- there is a unique opportunity to design, characterize
nize into the cellular layers associated with the and implement therapeutic strategies to alter the time
normal cerebellum [133]. Fetal spinal cord tissue, course for striatal degeneration.
transplanted in rats, has been shown to rescue An effective model of HD is achieved with
axotomized neurons and promote their regeneration intrastriatal injections of quinolinic acid (QA) which
[134]. In addition to providing a conduit for axonal has been used to evaluate therapeutic strategies
bridging, spinal implants have provided a source of [140]. As a potential strategy for neuroprotection
cellular replacements for lower motor neurons [135], associated with NGF and CNTF, BHK–NGF and
myelin-producing cells [26,27,136], restoration of BHK–CNTF encapsulated cells were implanted in
motor functions with monoaminergic cell implants rat ventricles of healthy adult rats [22,141], and 1
[137,138] and grafts for pain modulation [28–31]. In week later, these animals received unilateral injec-
addition to pain modulation, encapsulated cell tions of QA (or saline in controls) in the ipsilateral
therapies have been investigated for treatments of striatum. Compared to controls, not only was the
Alzheimer’s disease and Huntington’s disease. lesion significantly reduced in those animals having

Alzheimer’s disease is the most prevalent form of BHK–NGF or BHK–CNTF encapsulated cells, but
adult onset of dementia, affecting | 5% of the adult the extent of host neural damage normally resulting
population over 65 years. It results in the progressive from QA was also significantly reduced. Similar
deterioration of cognitive ability and memory, which results were obtained with BHK–CNTF encapsulated
is related, at least in part, to the degeneration of basal cells implanted in non-human primates [24]; how-
forebrain cholinergic neurons. Several studies have ever, when capsules were placed directly in the brain
indicated that NGF delivery may be useful in the parenchyma, striatal neurons were not protected,
treatment of AD. While no model system captures suggesting that diffusion is a key factor for efficacy
the complex etiology of AD, model systems have and ultimate clinical application of this therapeutic
been developed to determine whether delivery of strategy [23].
NGF prevents cholinergic neuron death following
acute trauma. For example, BHK cells transfected to
produce abundant, stable levels of hNGF, were 4. Host responses to cell therapies
encapsulated in a hollow fiber membrane and im-
planted in the ventricle of rats following aspiration of 4.1. Overview
the fimbria / fornix [17]. Compared to controls (en-
capsulated implants containing transfected BHK Transplant survival in the CNS, with and without
cells) in which 14% of the neurons remained viable an encapsulating membrane, is mediated by many
on the lesioned side, BHK–NGF-encapsulated cells factors. The host’s cellular and tissue response(s) to
were capable of saving 88% of the cholinergic cell therapy applications profoundly impacts success-
neurons. Similar results were observed in non-human ful outcomes. For example, intracerebral neural
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grafts of tissue /cells across a species barrier (i.e. example, poly(acrylonitrile–co-vinyl chloride)
xenografts) without an encapsulating membrane or (PAN–VC) has been used extensively for the mac-
immunosuppressive therapies are rejected by the roencapsulation of cells. When PAN–VC devices are
host’s immune system [13,14]. In addition, the maintained in serum-free medium prior to implanta-
cellular / tissue reaction mediated by the host in tion, there is a minimal host tissue response; how-
response to a foreign body determines the com- ever, when similar devices are immersed in serum-
patibility of the transplant, typically referred to as rich medium prior to implantation, a host tissue
biocompatibility. reaction is evoked. By decreasing protein adsorption

to PAN–VC devices, the handling of the implants
4.2. Biocompatibility and immune issues may become less restrictive which, in turn, may

extend their shelf-life. To this end, PAN–VC hollow
Implantation of foreign material into the body fiber membranes were modified by grafting poly-

elicits an inflammatory response, the extent of which (ethylene oxide) (PEO) and shown both to adsorb
is affected by the implant size, shape and com- less protein and to have slightly better biocom-
position and the host tissue in which it is implanted. patibility with brain tissue than unmodified PAN–VC
The inflammatory response is often heightened to controls [142]. Similar studies have been conducted
rough surfaces and edges vs. smooth ones. Residuals, with poly(hydroxyethyl methacrylate–co-methyl
such as monomers, solvents, processing aids, will methacrylate) (PHEMA–MMA), which has been
elicit an inflammatory response if leached out of a used extensively for microencapsulation of cells.
polymeric structure in vivo. The CNS is considered PHEMA–MMA was modified with PEO and shown
to be a privileged transplant site immunologically. to have decreased protein adsorption relative to
Privileged to the extent that factors unique to the controls [118].
CNS, such as the presence of the BBB, the low
expression of major histocompatibility complex 4.3. Behavioral outcome
products on nervous tissue, and production of local
immunosuppressive factors by CNS cells, modify the Animal behaviour has been assessed extensively in
course of transplant survival more readily than in order to gain a better perspective on the efficacy of
peripheral sites. However, even with the immuno- encapsulated PC12 cell therapy for PD. Both unila-
privileged status, in cases of transplants across teral 6-hydroxy dopamine-lesioned rodents and
species barriers, i.e. xenotransplants (xenografts), MPTP-lesioned non-human primates have been
transplant survival is dependent on concurrent im- evaluated. The data demonstrates that the catechol-
munosuppressive drug therapy. amines secreted from encapsulated PC12 cells have

Encapsulation devices have been prepared where therapeutic potential at the behavioral level
only a minor inflammatory response has been ob- [132,143]. For example, when encapsulated PC12
served [88]. There was minimal necrotic tissue cells were implanted in rodents with dopamine-de-
surrounding the polymeric capsule that was im- pleted striata, they exhibited 40–50% fewer rotations
planted in the striatum of rodents. The reactive after apomorphine administration than non-implanted
astrocytes were labeled with glial fibrillary acidic control rats, thereby indicating that the catechol-
protein (GFAP). Those astrocytes surrounding the amines released from PC12 cells were sufficient to
implant at 2 weeks, diminished by 4 weeks to a reduce the degree of synaptic supersensitivity that
minimal gliotic reaction. A minimal host tissue develops after dopamine-depleting lesions. The ef-
response is critical to optimal functioning of an fectiveness of the devices on rodent behaviour was
implanted device for the continued transport across evident for up to 6 months and only as long as the
the membrane of both nutrients for cell viability and devices remained in the striatum. Microdialysis
bioactive cell products for therapeutic efficacy. confirmed dopamine production up to 200 mm from

Notwithstanding the minimal host tissue response implanted macrocapsules and in concentrations simi-
observed, efforts to further enhance biocompatibility lar to those obtained in control rats without lesioned
or reduce protein adsorption have been pursued. For striata [144]. A change in behaviour was observed
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neither in rodents that received empty macrocapsule cell viability in those macrocapsules, this outcome
controls nor in rodents that had PC12 cell-loaded highlights some of the problems associated with
devices implanted in lateral ventricles [145]. PC12 cells and their use as a source of cells for the

While one can conclude that the L-dopa and delivery of therapeutic levels of L-dopa and dopa-
dopamine produced by encapsulated PC12 cells leads mine for the treatment of PD. The variability in
to some behavioral recovery, these animal models catecholamine production has plagued the use of
have been criticized for a lack of clinical relevance PC12 cells while the inconsistency in viability of
and specificity. To this end, encapsulated PC12 cells encapsulated cells has been problematic for this
were studied in terms of a series of non-drug induced treatment overall. Several quality control measures
behaviors. For example, since a transplantation pro- have been developed to assess a device prior to
cedure would be utilized with L-dopa administration, implantation; however, these inherently increase the
encapsulated PC12 cells were examined in terms of handling of devices, which complicates sterility and
both behavioral measures and the therapeutic win- shelf-life.
dow of oral L-dopa administration (i.e. administered Lastly, studies describing the behavioral outcome

as Sinemet . Encapsulated PC12 cells were im- associated with an encapsulated cell therapy for AD
planted in the striatum of rats with unilateral dopa- in a rat model will be discussed. The aged rat
mine depletions and evaluated in a number of exhibits basal forebrain cholinergic neuronal degene-
behavioral assays over a range of oral Sinemet. The ration with cognitive impairments. A spatial learning
results indicated that the therapeutic effect was task in a Morris water maze was utilized to train and
greater in rats that had encapsulated PC12 cell- assess cognitive functions in 3-, 18- and 24-month-
implants than those that received oral Sinemet. old rats [18]. Cognitive functions declined with age
Encouragingly, there was a beneficial, additive effect and age-related atrophy of cholinergic neurons were
in rodents that received both treatments [146]. most severe in animals exhibiting the greatest cogni-

Additional studies have evaluated the efficacy of tive impairments. Following the training regime, the
encapsulated PC12 cells in MPTP-lesioned non- animals from the three age groups received bilateral
human primates, which provide a more clinically ventricular implants of encapsulated BHK6NGF
relevant model due to size and complexity of their cells. No alterations were observed in the young
nervous system. Prior to lesioning, cynomolgus non-impaired animals that received the NGF-secret-
monkeys were trained to extend an arm and use their ing cellular implants. A significant improvement in
digits to pick up food from small wells. After cognitive functions was observed in the 18 and 24
lesioning, the monkeys were impaired in their ability month-old rats receiving the NGF implants associ-
to retrieve the food from the wells using their ated with increases in the size of the atrophied
contralateral limb. Of four animals studied, three cholinergic neurons. Furthermore, nanogram quan-
received PC12 cell implants and one received an tities of NGF were measured in the assay medium of
empty control macrocapsule, the latter of which was retrieved NGF devices, providing evidence that the
ineffective in overcoming the deficit induced with implants were functional for the 40-day duration.
MPTP-lesioning. Of the three PC12 cell implanted Moreover, the animals receiving BHK–NGF cells
monkeys, two were able to perform the task at near did not exhibit changes in mortality, body weights,
normal levels for over 6 months post-transplantation. activity levels, somatosensory thresholds, or hy-
Interestingly, those animals (two out of three) that peralgesia, further indicating that the NGF was not
demonstrated improved motor control had capsules harmful to the rats.
that, upon retrieval after 6.5 months, continued to In a related study [147], the long-term (i.e. longer
secrete high levels of L-dopa and dopamine, with an than 1 year) behavioral consequences of sustained
abundance of viable PC12 cells distributed randomly intraventricular release from BHK–NGF devices was
throughout the capsule (Fig. 2). However, the animal evaluated for 13.5 months in healthy young adult
that did not demonstrate improved motor control had rats. Following the 13.5-month implant interval, PCR
few viable PC12 cells in retrieved capsules [132]. analyses revealed that the NGF transgene copy

Thus, while the lack of behavioral efficacy in a number from the recovered NGF cells was equiva-
non recovering monkey was explained by the lack of lent to preimplant levels, indicating NGF gene
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Fig. 2. Sections of (A) low, (B) medium and (C,D) high power photomicrographs of H 1 E-stained, methacrylate-embedded specimens
demonstrating the presence of abundant viable PC12 cells within a polymer capsule 6.5 months following transplantation in the striatum of a
nonhuman primate. Arrows (in A) delineate the wall of the polymer capsule. Scale bar in (D) 5 50 mm. Reproduced from Ref. [132] with
permission.
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stability. As measured by ELISA, the NGF released
from encapsulated cells into the tissue culture
medium was 3.660.8 ng/device /24 h prior to
implantation and 2.260.4 ng/device /24 h upon
removal from the rat lateral ventricles after the 13.5
month interval in vivo. The sustained release of NGF
into the ventricles did not impact body weight,
mortality rate, motor /ambulatory function, cognitive
function as assessed with the Morris water maze,

Fig. 4. Sprouting of cholinergic fibers in animals receiving
polymer encapsulated BHK–NGF implants demonstrates the
safety and efficacy of encapsulated xenogeneic cell therapy. (A)
Low power photomicrograph of NGF receptor immunostained
sections illustrating a dense plexus of cholinergic fibers on the
side of NGF treatment along the dorsoventral extent of the
septum. This plexus was most extensive in the dorsal quadrant.
(B) High power photomicrograph illustrating the morphology of
the NGF receptor immunoreactive fibers which coalesce as a
dense bundle adjacent to the ventricular wall and the implant site.
LV, lateral ventricle; MS, medial septum. Scale bar in B 5 500
mm. Reproduced from Ref. [147] with permission.

produce hyperalgesia or cause a delay in matching to
position in healthy adult rats. Morphologic analysis
of retrieved capsules revealed abundant, viable
BHK–NGF cells throughout the capsule (Fig. 3).
Additionally, a marked hypertrophy of cholinergic
neurons was observed within the striatum and robust
sprouting of cholinergic fibers was observed within
the frontal cortex and lateral septum proximal to the
implant (Fig. 4). These results supported the notion
that encapsulated xenogeneic cells could provide a
safe and sustained method for the long-term delivery
of neurotrophic factors from encapsulated, en-
gineered cells.Fig. 3. Representative photomicrographs of BHK–NGF cells

within a retrieved polymer capsule 13.5 months following im-
plantation into a rat lateral ventricle. (A) Low, (B) medium and
(C) high power photomicrographs of H & E-stained, methacryl- 5. Concluding remarks
ate-embedded specimens demonstrating the presence of abundant
viable BHK–NGF cells. Arrows (in B) illustrate the wall of the

Cell therapy with transplants of fetal neural tissuepolymer capsule. Scale bars, A 5 500 mm; C 5 100 mm. Re-
produced from Ref. [147] with permission. has been shown to be a useful strategy for the
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nervation of the neostriatum in the adult rat by use oftreatment of a select group of human neurodegenera-
intraparenchymal grafting of dissociated cell suspensionstive disorders. However, the clinical utility of a fetal
from the substantia nigra, Cell Tissue Res. 211 (1980)

tissue strategy is confounded by societal and ethical 39–45.
issues, and additionally, by the ability to obtain [10] O. Lindvall, A. Bjorklund, Transplantation strategies in the

treatment of Parkinson’s disease: experimental basis andsufficient quantities of quality controlled donor tis-
clinical trials, Acta Neurol. Scand. Suppl. 126 (1989) 197–sue. The site-specific application of neurotrophic
210.

factors to decelerate neural degeneration or poten- [11] W.J. Freed, M. Poltorak, J.B. Becker, Intracerebral adrenal
tially promote the regeneration of damaged CNS medulla grafts: a review, Exp. Neurol. 110 (1990) 139–166.

[12] D.M. Yurek, J.R. Sladek, Dopamine cell replacement: Parkin-systems is an attractive avenue of research. Cell
son’s disease, Annu. Rev. Neurosci. 13 (1990) 415–440.therapy utilized in conjunction with gene therapy

[13] D.F. Emerich, S.R. Winn, L. Christenson, M.A. Palmatier,provides a practical and quality assured alternative to
F.T. Gentile, P.R. Sanberg, A novel approach to neural

the use of fetal tissue. An encapsulated cell therapy transplantation in Parkinson’s disease: use of polymer-en-
strategy offers the additional advantage of being capsulated cell therapy, Neurosci. Biobehav. Rev. 16 (1992)

437–447.retrievable to allow repeated and minimally invasive
[14] D. Emerich, R. Michael, M. Lehman, P. Sanberg, Behavioralremoval and replacement of devices over time.

effects of neural transplantation, Cell Transplant 1 (1992)
Regardless of whether traditional cell replacement or 401–427.
encapsulated strategies are followed, issues such as [15] J. Springer, T. Collier, J. Sladek Jr., R. Loy, Transplantation
immunological compatibility, cell manipulation /ex- of male mouse submaxillary gland increases survival of

axotomized basal forebrain neurons, J. Neurosci. Res. 19pansion, safety and quality control [148], must be
(1988) 291–296.considered. When considering any novel therapy for

[16] I. Stromberg, C. Wetmore, T. Ebendal, P. Ernfors, H.
treating CNS disorders, rigorous testing should be Persson, L. Olson, Rescue of basal forebrain cholinergic
performed, to insure the therapy demonstrates clini- neurons after implantation of genetically modified cells
cal efficacy and safety. While each of therapeutic producing recombinant NGF, J. Neurosci. Res. 25 (1990)

405–411.strategies described has its limitations and chal-
[17] S.R. Winn, J.P. Hammang, D.F. Emerich, A. Lee, R.D.lenges, active research is leading to new advances

Palmiter, E.E. Baetge, Polymer-encapsulated cells genetic-
which hold great promise for the future. ally modified to secrete human nerve growth factor promote

the survival of axotomized septal cholinergic neurons, Proc.
Natl. Acad. Sci. USA 91 (1994) 2324–2328.
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