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This review summarizes basic and clinical research 
on intracerebral adrenal medulla grafts, emphasizing 
potential applications to Parkinson’s disease. Proper- 
ties of intraventricular and intraparenchymal grafts 
are described, and cell survival and functional effects 
are compared. It is clear that adrenal medulla allografts 
survive poorly in the parenchyma of the corpus stria- 
turn and better in the lateral ventricle. Nerve growth 
factor (NGF) may improve the survival of adrenal me- 
dulla grafts. In the absence of added NGF even adrenal 
medulla grafts in the ventricle survive irregularly, and 
the factors required for graft survival in the ventricle 
are not well understood. In the 6-hydroxydopamine-le- 
sioned rat model most evidence suggests, not surpris- 
ingly, that adrenal medulla grafts produce functional 
effects only when they survive. These effects may be 
related to production of catecholamines by the trans- 
planted cells. In addition, adrenal medulla grafts may 
produce trophic effects on host brain. These effects are 
most evident in animals with MPTP-induced damage to 
dopaminergic systems and may be nonspecific, possibly 
related in part to the brain injury that is induced by 
graft implantation. Trophic effects may contribute to 
the functional effects of adrenal medulla grafts: For in- 
traparenchymal grafts, trophic effects that do not re- 
quire cell survival may contribute small functional 
changes, while additional behavioral effects may re- 
quire substantial chromaffin cell survival. The evi- 
dence for direct dopamine-mediated effects as com- 
pared to trophic mechanisms of action for these grafts 
in animal models for Parkinson’s disease is presented. 
Clinical studies of adrenal medulla grafts in human pa- 
tients are examined and compared in detail. When in- 
spected closely, the various clinical studies are in gen- 
eral agreement on most points, although there are dif- 
ferences in the degree of improvement found, both 
across different studies and individual patients. It is 
concluded that some beneficial clinical effects occur, 
with small to modest changes in most patients and sub- 
stantial improvement in a minority of patients. There 
also seem to be larger or more consistent changes in 
durations of “on” and “off’ times in L-dihydroxyphe- 
nylalanine-treated patients. There are substantial side 
effects, and it is not clear that the clinical changes are 
sufficient to justify performing adrenal medulla trans- 

plantation in human patients as a routine procedure. 
The findings of clinical studies are generally consistent 
with the predictions that would have been made from 
animal studies; however, it is not clear whether some of 
the clinical effects could be nonspecific consequences of 
lesioning or surgery. Additional basic research would 
be required to develop a consistently effective clinical 
procedure. Remaining unanswered questions include 
the relative contributions of dopamine production and 
trophic changes to the functional effects of adrenal me- 
dulla grafts, the factors required for adrenal medulla 
graft survival, and the factors responsible for the sub- 
stantial improvement that has been seen in some pa- 
tients. The review concludes with a series of recommen- 
dations for future basic and clinical research on adre- 
nal medulla transplantation. 0 1990 Academic Press, Inc. 

I. INTRODUCTION 

The concept that functional deficits consequent to 
substantia nigra (SN)l lesions can be alleviated by tis- 
sue transplantation has attracted considerable atten- 
tion, in part because of the potential application to Par- 
kinson’s disease, but also because it has served as a 
model for the general approach of altering impaired 
brain function through tissue transplantation. Two dif- 
ferent kinds of tissue have primarily been employed for 
this purpose. The first, embryonic SN, is a logical choice 
and there is a general consensus that the functional ef- 
fects of SN grafts are due to reinnervation of host brain 
by neurites derived from the graft (17,32,33,48,50,52, 
53,93, 111). The ultimate limitations of embryonic SN 
for transplantation involve ethical and practical prob- 
lems related to donor tissue source and immunological 
barriers. The other frequently used donor tissue type, 
adrenal medulla from relatively mature animals, is also 

1 Abbreviations used: GOHDA, 6-hydroxydopamine; bFGF, basic fi- 
broblast growth factor; CSF, cerebrospinal fluid; DBH, dopamine fl- 
hydroxylase; DOPAC, dihydroxyphenylacetic acid; L-DOPA, L-dihy- 
droxyphenylalanine; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydro- 
pyridine; NGF, nerve growth factor; PNMT, phenylethanolamine 
N-methyltransferase; SN, substantia nigra; TFS, total function 
score; TH, tyrosine hydroxylase. 
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functionally effective (49). While the functional effects 
of adrenal medulla grafts may be less than those of SN 
grafts, tissue donor and rejection problems are avoided. 
The reasons for the functional effects of adrenal me- 
dulla grafts are somewhat uncertain. Despite this un- 
certainty, adrenal medulla autografts have been applied 
to hundreds of human patients, and even to some dis- 
eases other than Parkinson’s disease including progres- 
sive supranuclear palsy and intractable pain (e.g., (82, 
160,161)). The purpose of the present paper is to review 
the basic and clinical data on the properties of adrenal 
medulla grafts, present the various hypotheses for the 
mechanisms of action of adrenal medulla grafts, and 
discuss the clinical data in light of these various hypoth- 
eses. 

II. SOME PROPERTIES OF ADRENAL 
CHROMAFFIN CELLS 

Adrenal chromaffin cells produce and secrete cate- 
cholamines (80). Catecholamine biosynthesis is regu- 
lated by a combination of neuronal and endocrine sig- 
nals (149). In particular, the activity of phenylethanol- 
amine N-methyltransferase (PNMT), which catalyses 
the synthesis of epinephrine from norepinephrine, 
is maintained by glucocorticoids from the adrenal cor- 
tex (165). 

Adrenal chromaffin cells, even when taken from ma- 
ture animals, can undergo a partial morphological 
transformation, including development of processes, 
when removed from the adrenal gland and either grown 
in tissue culture (154-159) or transplanted to the ante- 
rior eye chamber (103,104,143,144). Adrenal chromaf- 
fin cells are capable not only of developing processes, 
but also may innervate brain tissue cotransplanted to 
the anterior eye chamber (104). The degree of morpho- 
logical transformation exhibited by the normally round 
adrenal chromaffin cell can range from the develop- 
ment of an elongated shape to short coarse cytoplasmic 
extensions and even to the development of long rami- 
fied processes (29,61,143,151,154-158). This transfor- 
mation is normally inhibited by the high concentrations 
of corticosteroids from adrenal cortex present in the ad- 
renal medulla (154), so that some degree of transforma- 
tion occurs when the cells are simply grown in isolation. 
Much more extensive process formation is, however, 
promoted by addition of nerve growth factor (NGF) to 
the medium (144, 150, 154-156). Other substances, in- 
cluding ciliary neuronotrophic factor and CG-glioma 
conditioned medium also promote neurite outgrowth 
from adrenal chromaffin cells (136, 157-159). 

III. PROPERTIES OF ADRENAL MEDULLA 
GRAFTS IN ANIMALS 

A. Intraventricular Adrenal Medulla Grafts 

There have been surprisingly few studies of the ef- 
fects of intraventricular adrenal medulla grafts in ani- 

FIG. 1. Effects of intraventricular adrenal medulla grafts com- 
pared to those of sciatic nerve grafts on apomorphine-induced rota- 
tional behavior in rats (data from Ref. (49)). Donors were young adult 
rats, between 5 and 7 weeks of age. Each host received grafts from 
adrenal medulla or a similar amount of sciatic nerve in the lateral 
ventricle. 

mal models of Parkinson’s disease. In the first study of 
adrenal medulla grafts by our group (49), we found that 
grafts of adrenal medulla taken from young adult do- 
nors decreased apomorphine-induced rotational behav- 
ior (Fig. 1). This behavioral measure is used in animals 
to indicate the severity of unilateral SN lesions. The 
ability of adrenal medulla grafts to decrease rotational 
behavior has been replicated by several groups (12, 15, 
34, 37, 114, 146), while one recent study by Brown and 
Dunnett in which the grafts did not survive found no 
effect (20). Our initial study of intraventricular adrenal 
medulla grafts found consistently substantial numbers 
of surviving catecholamine-containing cells, from 66 to 
4080 (mean = 1535) per host animal (49). This neverthe- 
less represents a minority of the cells that were im- 
planted. 

Intraventricularly transplanted chromaffin cells 
show a range of morphologies. In some grafts, either 
where small amounts of adrenal cortex is included, or 
even without inclusion of adrenal cortex where the me- 
dulla remains relatively intact, the cells exhibit a 
rounded shape (Fig. 2).Chromaffin cells in adrenal me- 
dulla grafts can be identified by immunoreactivity for 
chromogranin A, tyrosine hydroxylase (TH), and dopa- 
mine /3-hydroxylase (DBH). There is a decrease in the 
expression of PNMT immunoreactivity (Fig. 3). Where 
isolated small groups of cells are seen, the cells may 
develop short processes or coarse cytoplasmic exten- 
sions. Of 758 chromaffin cells examined in intraventric- 
ular grafts, only 11% were classified as having processes 
and 17% were described as having coarse cytoplasmic 
extensions, with the remaining 72% exhibiting round or 
elongated shapes (42,50). None of these processes en- 
tered into the host brain, and all remained within the 
graft itself. Electron microscopic studies of trans- 
planted adrenal chromathn cells by Jousselin-Hosaja 
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FIG. 2. An adrenal medulla allograft in the lateral ventricle of a rat brain with a large number of surviving chromaffin cells. The donor was 
a young adult animal weighing between 200 and 250 g. (A) Hematoxylin- and eosin-stained paraf3ln section, showing numerous surviving 
chromaffin cells (bent arrow) and numerous blood vessels. (B) Numerous TH-immunoreactive chromaffin cells can be seen around blood 
vessels (peroxidase-antiperoxidase technique; TH antibody provided by William Tank, University of Rochester). The ventricle can be seen at 
the left of both figures. Calibration bar = 100 pm. Note the rounded, endocrine shape of the cells. 

(76) showed that transplanted cells in the subarachnoid 
space tended to remain round or cuboidal with a few 
short processes, while cells in grafts in the hippocam- 
pal parenchyma showed more extensive process forma- 
tion (76). 

In a subsequent biochemical study (47), we confirmed 
that these grafts consistently contain substantial 
amounts of dopamine, norepinephrine, and epineph- 
rine. Dopamine concentrations in the striatum adjacent 
to adrenal medulla grafts are also increased (12,26). It is 

striking that the concentrations of dopamine in adrenal 
medulla grafts were extremely variable, ranging over 
four orders of magnitude (42, 47). This is consistent 
with other studies showing that concentrations of dopa- 
mine in the adrenal medulla in uiuo tend to be very vari- 
able, changing markedly in response to manipulations 
such as the administration of various drugs (139). In 
another more recent study, however, we found much 
less variability in adrenal medulla graft dopamine con- 
centrations (12). It is possible, therefore, that the 
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greater variability in dopamine concentrations in the 
grafts from the earlier study was due to greater incon- 
sistency in dissection and transplantation techniques. 
In many cases, dopamine concentrations in adrenal me- 
dulla grafts greatly exceeded the concentrations of do- 
pamine found in the intact striatum (46), strongly sug- 
gesting that at least some of the dopamine found in the 
graft samples was produced within the grafts, not by the 
host brain. In host animals with SN lesions, epinephrine 
concentrations in adrenal medulla grafts were increased 
and dopamine concentrations were decreased (47), sug- 
gesting the possibility that the host brain exerts an influ- 
ence on intraventricular adrenal medulla grafts. 

We have recently found that, when bilaterally trans- 
planted into the lateral ventricles of neonatal rats, adre- 
nal medulla grafts consistently survived and contained 
numerous catecholamine-containing or TH-immunore- 
active cells when the hosts reached adulthood (137). 
When the animals bearing adrenal medulla grafts re- 
ceived bilateral SN lesions, they showed increased eat- 
ing and drinking behavior, while controls that had re- 
ceived sciatic nerve grafts were aphagic and adipsic 
(137). Adrenal medulla grafts in this model were, how- 
ever, less effective than embryonic SN grafts (135): Ad- 
renal medulla grafts did not increase activity and the 
increased eating and drinking were not sufficient to sus- 
tain their body weights. Although the grafts survived 
consistently, there was no apparent relationship be- 
tween the degree of behavioral effect in individual ani- 
mals and the number of surviving cells, position of the 
grafts, or any other obvious histological parameter. Nev- 
ertheless, this study shows that adrenal medulla grafts 
can produce at least some functional effects other than 
reductions in rotational behavior. 

We have also found that adrenal medulla is ineffec- 
tive, according to behavioral measures, when taken 
from aging donors and transplanted either to the lateral 
ventricle (42) or directly into the striatum (45). Bovine 
adrenal chromaffin cell grafts from immature donors 
also appear to produce greater amounts of catechol- 
amines than grafts from mature donors, when trans- 
planted into the rat striatum (37). Tischler and co- 
workers (151) reported that most of the chromaffin cells 
from adult rat adrenal medulla lose the ability to re- 
spond to NGF in uitro. On the other hand, Hansen and 
co-workers (66) found that adrenal chromaffin cells 
from human donors aged 3-51 years showed process 
formation in the presence of NGF. Also, grafts from 
aging donors survive well in the lateral ventricle (42). 
Recently, another study by Stromberg and co-workers 
reported that adrenalchromaffin cells from aging do- 
nors survive transplantation to the anterior eye 
chamber and form processes in response to NGF (142). 
The reasons that aging adrenal medulla is behaviorally 
ineffective are therefore unclear; however, these studies 

underscore the importance of behavioral or functional 
studies in evaluating the efficacy of intracerebral trans- 
plantation procedures. 

B. Intrastriatal Adrenal Medulla Grafts 

Because of the initial supposition that the functional 
effects of adrenal medulla grafts were due to nonspecific 
release of catecholamines into the extracellular com- 
partment, the lateral ventricle was not thought to be an 
ideal graft location. The prevailing assumption was that 
much of the catecholamines secreted by grafts in the 
lateral ventricle would be lost into the cerebrospinal 
fluid. For that reason, several studies were performed to 
determine whether adrenal medulla could successfully 
be transplanted into the striatal parenchyma, rather 
than into the ventricle. 

Most of these studies have yielded negative or rela- 
tively discouraging results. Herrera-Marschitz and co- 
workers (70) and Stromberg and co-workers (145) found 
that the vast majority of the transplanted chromaffin 
cells died within a few hours after transplantation into 
the head of the caudate-putamen. These grafts pro- 
duced substantial short-term behavioral effects during 
the first few hours after implantation that were attrib- 
uted to release of catecholamines from degenerating 
cells. Subsequent studies of long-term effects of these 
grafts by Bing and co-workers (15), by our group (45), 
and by Stromberg and co-workers (105,146), confirmed 
that relatively few transplanted cells in intrastriatal 
grafts (in contrast to intraventricular grafts) survived 
on a long-term basis (45, 105, 146). An average of less 
than 100 ceils per target transplantation site survive 
(15, 45) and the behavioral effects produced by these 
grafts are usually small. Dissociated chromaffin cell 
grafts in the striatal parenchyma also survive poorly 
(15, 20, 109). In one of these studies (15) substantial 
decreases in rotational behavior over 4 weeks were ob- 
served, notwithstanding the fact that no more than 100 
surviving cells were found in any of the animals. 

One study of intrastriatal adrenal medulla grafts by 
Stromberg and co-workers (146) reported that chronic 
administration of NGF increases both the functional 
effects and the survival of chromaffin cells. It may be 
that the limited survival of adrenal medulla grafts in the 
striatal parenchyma is due to the low concentrations of 
NGF in this nucleus (83). Several additional factors 
could contribute to the poor survival of intraparenchy- 
ma1 adrenal medulla grafts, including relatively poor 
nutritional conditions in the parenchyma compared to 
those in the ventricle, the inevitable accumulation of 
blood in intraparenchymal implantation sites, and com- 
pression of the cells. Mature cells may not be able to 
withstand these conditions, in contrast to embryonic 
neurons. 
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Another recent study by Brown and Dunnett (20) ob- 
tained poor survival of adrenal medulla grafts in the 
ventricle as well as in the brain parenchyma. Disso- 
ciated cell grafts in the brain parenchyma produced 
slight decreases in apomorphine-induced rotation, but 
intraventricular grafts produced no change. In light of 
earlier studies (15), this study tends to suggest that in- 
traparenchymal adrenal medulla grafts may produce 
slight behavioral effects irrespective of whether the 
grafts survive, but that positive effects of intraventricu- 
lar grafts require substantial chromaffin cell survival. 
Even in the ventricle, however, survival of adrenal me- 
dulla grafts is generally less consistent than survival of 
embryonic brain tissue grafts (20, 43, 46). 

In immunosuppressed rat hosts, Decombe and co- 
workers (27) obtained survival of large numbers of bo- 
vine chromaffin cells after transplantation into the* 
striatum in about half of the animals examined. These 
grafts did not decrease either amphetamine- or apomor- 
phine-induced rotational behavior. Nicotine, which 
stimulates catecholamine release from the adrenal 
gland, induced contralateral rotation in all animals with 
surviving chromaffin cell grafts, but produced no effect 
in the animals that lacked surviving grafts. This effect 
of nicotine was not blocked either by pimozide or nalox- 
one. Thus the reasons for this effect of adrenal medulla 
grafts are still open to question. 

It should also be mentioned that adrenal medulla 
from newborn rat donors has been reported to undergo 
a greater morphological transformation than adult adre- 
nal medulla, with substantial process formation, when 
transplanted into the rat brain (100). A decrease in am- 
phetamine-induced rotational behavior was found; how- 
ever, this decrease involved only a comparison with 
other transplanted rats from the same group that did 
not show decreases, and there was no comparison with a 
control group (100). Fetal adrenal medulla has also been 
transplanted into a single human patient (92). 

C. Xenografts 

Cultured human adrenal chromaffin cells have also 
been transplanted into prepared cavities in the cortex 
and striatum of rats (77). Surprisingly, these grafts were 
reported to survive for 4.5-6 months, with no evidence 
of rejection. Four of the eight animals with chromaffin 
cell grafts showed sustained reductions in amphet- 
amine-induced rotation, while none of the six animals 
with control sciatic nerve implants showed decreases in 
rotational behavior. Several studies have, in fact, re- 
ported relatively long-term survival of chromaffin cell 
xenografts in nonimmunocompromised hosts (37, 77, 
112). In most of these experiments there is some uncer- 
tainty regarding histological identification of the chro- 
maffin cells after transplantation, Possible misidentifi- 

cation of macrophages or other cells as chromaffin cells 
may have occurred. In none of the above studies of chro- 
mafIin cell xenografts in nonimmunosuppressed ani- 
mals (37, 77, 112) were surviving chromaffin cells 
clearly identified by immunocytochemical or morpho- 
logical criteria. 

In contrast, recent experiments which employed host 
animals immunosuppressed with cyclosporin (27, 126) 
clearly demonstrated numerous surviving bovine chro- 
maffin cells after transplantation. In earlier studies of 
isolated bovine chromaffin cell xenografts into the 
periaqueductal gray matter or spinal cord of nonim- 
munosupressed hosts (128, 129, 130), the grafts were 
found to survive even without immunosuppression and 
produced functional effects similar to those of allografts 
(( 128,130), see below). Thus some survival of chromaf- 
fin cell xenografts may occur, even without immuno- 
suppression. It was suggested that the absence of fenes- 
trated peripheral-type capillaries in these xenografts 
may have contributed to their survival (126). 

D. Analgesic Effects and Opiates 

Adrenal chromaffin cell grafts produce an analgesic 
effect when transplanted into the rat spinal cord or 
periaqueductal grey (125, 127-130). Analgesia was in- 
duced by injection of nicotine, which stimulates release 
of catecholamines and opioid peptides from chromaffin 
cells. This effect was blocked by the opiate antagonist 
naloxone, strongly suggesting that these grafts function 
by releasing opioid peptides into surrounding host tis- 
sue. This hypothesis was further supported by subse- 
quent studies that showed increased metenkephalin- 
like immunoreactivity in spinal cord CSF of animals 
with adrenal medulla grafts (124) and by studies show- 
ing that the duration of analgesia induced by nicotine in 
animals with adrenal medulla grafts could be prolonged 
by administration of the enkephalinase inhibitor kela- 
torphan (131). Secretion of catecholamines may also 
have contributed to the analgesic effect, as the analgesia 
was attenuated by the adrenergic antagonist phentola- 
mine (130, 132), and increased catecholamines were 
found in spinal cord superfusates of animals with adre- 
nal medulla grafts (79). Adrenal medulla grafts were 
also effective in a chronic pain model, using adjuvant- 
induced arthritis (132). 

In this model of intracerebral chromaffin cell trans- 
plantation, therefore, it is probable that secretion of 
opioid peptides, and possibly catecholamines as well, is 
important for the achievement of functional effects. It is 
also possible that secretion of opioid peptides plays a 
role in the functional effects of adrenal chromaffin cell 
grafts in other model systems. There is a modest (about 
50%) decrease in /3-endorphin in the CSF of patients 
with Parkinson’s disease (97). Increased concentrations 
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of metenkephalin in the CSF of human patients has 
been reported after intraventricular adrenal medulla 
transplantation (30), although this change has not been 
replicated. Adrenal grafts have been tried for therapy of 
intractable pain in human patients, but have produced 
little or no effect (160, 161). 

E. Comments and Comparison of Grafts 
in the Ventricle and the Striatum 

In summary, it appears that all factors which influ- 
ence adrenal medulla graft survival are not known, as 
several studies have reported poor cell survival (8, 15, 
19,20, 36,45,65,70,96, 109) and others (13,27,31,42, 
43,47,49,64,76,108,116,126-132,137,146) have found 
good survival of adrenal chromaffin cell grafts under 
various circumstances. Most data, however, suggest 
that functional effects of intraventricular adrenal me- 
dulla grafts in rats with GOHDA-induced lesions of the 
SN are seen only when substantial numbers of trans- 
planted chromaffin cells survive. Recent data by De- 
combe and co-workers (27) suggest that intraparenchy- 
ma1 adrenal medulla grafts, which do not otherwise 
alter the behavior of host animals, may produce rota- 
tional behavior when stimulated with nicotine, but only 
if the grafts survive. 

In some experiments that have obtained behavioral 
effects in spite of poor cell survival (15, 20), it has been 
concluded that the grafts must operate by some other 
mechanism, not related to catecholamine secretion by 
the grafts. All of these experiments have involved grafts 
into the brain parenchyma rather than into the ventri- 
cle. This suggests that injury to brain tissue produced by 
these grafts is an important factor, although there is 
also the possibility that the intimate contact between 
the graft and host brain allows for some trophic interac- 
tion. In the following section (IV B), a second anatomi- 
cal effect of adrenal medulla grafts (8, 15, 36, 54) is re- 
viewed. This effect is primarily seen in animals with 
nigrostriatal damage induced by MPTP and could con- 
tribute to the behavioral effects of adrenal medulla 
grafts under some circumstances. 

Thus at least in some experiments, adrenal medulla 
grafts can survive well when transplanted into the lat- 
eral ventricle, but not when transplanted into the par- 
enchyma of the corpus striatum (15,45,49). This is con- 
sistent with the better survival and larger size of solid 
embryonic brain tissue grafts in the lateral ventricle 
compared to the brain parenchyma (101, 115). Corre- 
spondingly, the long-term behavioral effects of adrenal 
medulla grafts are greater when the grafts are placed 
into the ventricle, compared to when they are placed 
into the striatum of the rat (15,27,45,49,70,146). NGF 
appears to increase the survival of intraparenchymal 
adrenal medulla grafts in addition to increasing their 
behavioral effects (114, 146). 

IV. MECHANISMS OF ACTION 

A. Nonsynaptic Catecholamine Release 

1. Is It Conceivable That Nonsynaptic Dopamine 
Release Could Mediate Effects of Adrenal 
Medulla Grafts? 

There are several reasons to believe that diffuse re- 
lease of dopamine into the striatum is at least poten- 
tially capable of alleviating some of the effects of SN 
lesions. Systemic administration of L-DOPA and direct 
dopamine agonists are therapeutically beneficial in the 
treatment of Parkinson’s disease (24, 68, 102) and can 
also be used to decrease behavioral deficits in animals 
after SN lesions (89, 94). Recent studies have shown 
that chronic local administration of dopamine into the 
striatum, either via osmotic pumps (67) or dopamine- 
releasing polymers (14, 164) decrease apomorphine-in- 
duced rotation in animals with SN lesions. 

There is also evidence that neural grafts are capable 
of influencing surrounding host tissue through the dif- 
fuse release of chemical substances (16). Earlier studies 
showing that adrenal medulla grafts influence pain per- 
ception (125-132), probably through release of endor- 
phins (124, 131), also support this possibility. Conse- 
quently, it seems conceivable that adrenal medulla 
grafts could act as paracrine tissues and influence the 
surrounding brain by releasing chemical substances 
into the interstitial space followed by diffusion. 

2. Release of Catecholamines into the Extracellular Space 

The mechanism of action of adrenal medulla grafts 
that was initially proposed was secretion of catechol- 
amines followed by diffusion, i.e., a paracrine mode of 
action. This was suggested because these grafts did not 
reinnervate the host brain (Fig. 4), but in fact was not 
supported by any direct evidence. It was subsequently 
reasoned that, if the grafts operated by secreting cate- 
cholamines nonspecifically into the extracellular space, 
appreciable amounts of catecholamines should also be 
found in the ventricular cerebrospinal fluid (CSF) of 
these animals (12,13). In animals with adrenal medulla 
grafts, however, no dopamine was found in the CSF 
even though dopamine metabolites in the CSF were in- 
creased (12) (Fig. 5). Clinical studies of adrenal medulla 
grafts in patients with Parkinson’s disease have also 
found no increase in free dopamine in CSF, although 
dopamine sulfate was increased (153). In two abstracts 
it was also stated that dopamine was not increased in 
human patients that had received adrenal medulla 
grafts (21,22). Thus it is improbable that the functional 
effects of adrenal medulla grafts are due to diffusion of 
dopamine from the grafts into surrounding tissues; if 
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FIG. 4. Possible mechanisms of action of adrenal medulla grafts. 
(A) It is conceivable that transplanted adrenal chromaffin cells actu- 
ally reinnervate host brain. This does not appear to occur in most 
circumstances; however, reinnervation of host brain has been sug- 
gested as a possible mechanism of action for chromaffin cells from 
immature rat donors (100). (B) A second possibility, recently sug- 
gested by Bohn and colleagues (19), is that adrenal medulla grafts 
promote the regrowth of host dopaminergic neurites. (C) It was ini- 
tially suggested that intraventricular adrenal medulla grafts exert 
their behavioral effects by secreting catecholamines, which then 
reach the host brain through diffusion, i.e., a paracrine mode of ac- 
tion. This is not likely to be the mechanism of action of these grafts, 
because dopamine is not usually found in the ventricular CSF of ani- 
mals with behavioral changes induced by adrenal medulla grafts (12). 
(D) Another possible mechanism of action (12) is that transplanted 
chromaffin cells secrete catecholamines into local blood vessels and 
that these catecholamines are then transported into the host brain 
through the circulatory system, i.e., an endocrine mode of action. 
These catecholamines may then leak out into the host brain through 
areas of increased blood vessel permeability adjacent to the graft 
(121). 

this were the case, dopamine should be found in the CSF 
as well. 

Although the absence of dopamine in the CSF of ani- 
mals and humans with adrenal medulla grafts argues 
that diffusion probably does not mediate their effects, 
this mechanism should not as yet be entirely dismissed. 
First, it needs to be demonstrated that the diffuse re- 
lease of small amounts of dopamine (e.g., from pumps 
or dopamine-releasing polymers) into the ventricle re- 
sults in increased CSF dopamine. It is possible that 
small amounts of dopamine are rapidly diluted in CSF, 
making detection of increases difficult. Also, adrenal 
medulla grafts with large numbers of surviving cells 
cannot always be produced reliably, and it is possible 
that CSF dopamine would be increased when larger 
numbers of chromaffin cells survive. One study has, in 
fact, reported increases in CSF dopamine in human pa- 
tients receiving intraparenchymal adrenal medulla 
grafts (75). Finally, increases in norepinephrine (about 
3-fold) and epinephrine (more than 20 fold) in spinal 
cord superfusate have been found in animals with adre- 

nal medulla grafts in the spinal cord (79). The increases 
in superfusate catecholamines were correlated with 
measures of alterations in pain perception. The possibil- 
ity that adrenal medulla grafts release catecholamines 
into the interstitial space cannot yet, therefore, be en- 
tirely excluded. 

3. Blood Vessels and Blood-Brain Barrier Impairment 

Another possibility is that adrenal medulla grafts 
preserve their normal endocrine mode of action after 
transplantation and secrete dopamine not into the ex- 
tracellular fluid but into blood vessels (12, 13). These 
blood vessels might then carry the secreted dopamine 
into the adjacent host brain. Rosenstein and Brightman 
have found that intracerebral tissue grafts in general 
produce local impairment of the blood-brain barrier 
(122,123). Adrenal medulla grafts result in local perme- 
ability of the blood-brain barrier (121) and are asso- 
ciated with fenestrated capillaries (108). Sagen and 
Pappas (125) found an apparent partial permeability of 
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FIG. 5. Accumulation of dihydroxyphenylacetic acid (DOPAC) 
and homovanillic acid (HVA) in the CSF following probenecid treat- 
ment in animals prior to grafting (open squares; N = 17), animals 
with adrenal cortex grafts (open triangles; N = 8), and animals with 
adrenal medulla grafts (closed squares; N = 7). Concentrations of 
DOPAC and HVA were determined from samples obtained using mi- 
crodialysis in the lateral ventricle. Samples were collected over 20- 
min intervals. Dialysate from the CSF was assayed by HPLC with 
electrochemical detection for dopamine, DOPAC, and HVA before 
and after acid hydrolysis. Values reported above are the total amount 
of DOPAC + HVA (free plus conjugated). No dopamine was detected. 
Baseline samples were obtained at Time 0. Animals then received 200 
mg/kg probenecid to block the efflux of acidic metabolites from the 
CSF. Samples were collected at 20-min intervals over the next hour. 
*Animals with adrenal medulla grafts had significantly higher (P 
< 0.05) CSF concentrations of dopamine metabolites than animals 
with adrenal cortex grafts, or than the same animals before trans- 
plantation. Bars indicate standard errors of the mean. For additional 
details see Ref. (12). (Data are adapted from Ref. (12).) 
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FIG. 6. Serum dopamine and rotational behavior. Correlation 
between serum dopamine concentrations and the change in rota- 
tional behavior produced by adrenal medulla grafts. Serum concen- 
trations of dopamine (rig/ml) were correlated (Spearman’s p = -0.50, 
P < 0.01) with the decrease in apomorphine-induced rotational behav- 
ior following adrenal medulla grafts. The change in rotational behav- 
ior is expressed as a percentage of pregraft rotational behavior. Each 
square represents the data from one animal (N = 28; data from Refs. 
(10) and (12) are combined). 

the blood-brain barrier to pharmacological agents fol- 
lowing adrenal medulla grafts, while Ahlskog et al. (1) 
found a partial permeability of the blood-brain barrier 
to carbidopa, but not to larger molecules, 6 months after 
adrenal medulla transplantation in human patients. 

This blood-brain barrier impairment is thought to 
occur through two mechanisms: first, blood vessels in 
peripheral tissue grafts have a fenestrated endothelium 
characteristic of peripheral vessels. Second, leakiness of 
blood vessels may occur at the point of anastomosis be- 
tween graft and host blood vessels (122,123). It is inter- 
esting that intrastriatal pituitary tissue grafts have been 
found to cause leakage of the blood-brain barrier over a 
relatively wide area within the host striatum (27). If the 
grafted adrenal chromaffin cells secrete catecholamines 
into local blood vessels, these catecholamines might 
then leak out into the host brain at the point of anasto- 
mosis between graft and host vessels, within the corpus 
striatum of the host animal. In support of this hypothe- 
sis, it was found that peripheral blood of animals with 
adrenal medulla grafts contained increased amounts of 
dopamine, while blood epinephrine and norepinephrine 
were not increased (10, 11). Moreover, concentrations 
of dopamine in peripheral blood were directly correlated 
with the behavioral efficacy of these grafts, as measured 
by reductions in apomorphine-induced rotational behav- 
ior (12). The correlation of dopamine in blood with be- 
havioral effects was replicated in a second experiment 
(Fig. 6) (Refs. (10, 11)). 

Adrenalectomized animals also showed increases in 
blood dopamine after adrenal medulla grafts, but the 
increases in blood dopamine in the adrenalectomized 
animals were not correlated with the behavioral effects 
of the grafts (11, 12). There was no clear relationship 

between the number of surviving chromaffin cells and 
the increases in blood dopamine (the histology, how- 
ever, was done some time after blood collection), so 
there is a possibility that the increased blood dopamine 
is not secreted by the transplanted cells. A peripheral 
source for the increased blood catecholamines cannot, 
therefore, be entirely ruled out. Further experiments to 
clarify this issue are in progress. 

There is evidence that dopamine from the blood can 
enter the brain in animals with adrenal medulla grafts 
(10, 11,121). Following systemic injections of dopamine, 
we have found that extracellular dopamine is increased 
in brain areas adjacent to adrenal medulla grafts (10, 
11). This apparent entry of dopamine from blood to 
brain was found in animals with behaviorally effective 
adrenal medulla grafts, but not in most animals for 
which the grafts were ineffective (11). It thus seems pos- 
sible that graft survival is necessary for both behavioral 
efficacy and blood-brain barrier impairment in this 
model; moreover, surviving nonchromaffin cells (65) 
may be sufficient to produce blood-brain barrier perme- 
ability. Impairment of the blood-brain barrier may 
therefore play an important role in the effects of adre- 
nal medulla grafts. 

B. Effects Not Dependent on Catecholamine Secretion 

1. Possible Trophic Effects 

A number of recent studies suggest that adrenal me- 
dulla grafts may produce functional or anatomical ef- 
fects that do not depend upon catecholamine secretion. 
In the first such experiment, Bohn and co-workers (19) 
reported that adrenal medulla grafts promote the reap- 
pearance of TH immunoreactivity in the striatum of 
mice with damage of the nigrostriatal dopaminergic neu- 
rons induced by the neurotoxic agent 1-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine (MPTP). Under 
most circumstances MPTP does not destroy all nigral 
dopaminergic neurons, particularly in mice, but instead 
causes a temporary impairment of these cells resulting 
in decreased TH expression (62). These grafts therefore 
did not necessarily produce a regrowth of dopaminergic 
terminals per se, but may have accelerated the reap- 
pearance of TH immunoreactivity in terminals of dam- 
aged neurons. The grafts in this study were implanted 
into previously prepared cavities (lesion sites) in the ce- 
rebral cortex and very few catecholaminergic cells sur- 
vived. The increased TH immunoreactivity was deter- 
mined by comparing the side of the brain with grafts to 
the opposite, nongrafted side of the brain. Some ani- 
mals in this study received sham grafts of gelfoam. No 
increase in TH immunoreactivity was seen in these ani- 
mals, although these data were not shown. No animals 
received grafts of other control tissues. Functional ef- 
fects of adrenal medulla grafts were not examined in 
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this study, as the MPTP-treated mouse does not exhibit 
measurable functional deficits. 

A second experiment by Bing and co-workers (15) 
also observed an apparent sprouting response, consist- 
ing of an increase in TH-immunoreactive neurites 
surrounding grafts of adrenal chromaffin cells, and also 
glomus cells from the carotid body, into the striatal par- 
enchyma. A smaller degree of sprouting-like response 
was seen in animals with PC-12 pheochromocytoma cell 
grafts. No recovery of TH-immunoreactive fibers was 
produced by control injections of culture medium. Al- 
though fewer than 100 chromaffin cells survived trans- 
plantation in any of the animals, decreases in amphet- 
amine-induced rotational behavior of more than 50% 
were seen after 3.5 weeks. This suggests that the sprout- 
ing-like response may have contributed to the decreases 
in rotational behavior. One factor that may have con- 
tributed to the observation of a sprouting-like response 
in this experiment, but not in several other studies using 
the GOHDA lesion model (45, 49, 114, 146), is that the 
time interval between GOHDA lesions and transplanta- 
tion was only 10 days, which could have permitted the 
grafts to prevent the subsequent death of damaged dopa- 
minergic neurons (15). Other previous studies of adre- 
nal medulla grafts employed time intervals between le- 
sioning and transplantation of one to several months. 

Subsequent studies of adrenal medulla grafts in pri- 
mates using the MPTP model also suggest that adrenal 
medulla grafts promote the growth of catecholaminer- 
gic neurites adjacent to the grafts (36, 54). In these 
experiments grafts were implanted into cavities in the 
ventricular wall as well as directly into the head of the 
caudate nucleus. Both procedures enhanced TH-immu- 
noreactive fibers adjacent to the grafts, but implanta- 
tion directly into the brain was the more effective proce- 
dure. It should also be noted that the MPTP lesions in 
these animals caused markedly decreased TH immuno- 
reactivity in the SN, but there did not appear to be a 
substantial loss of cell bodies. In this study (36), it was 
reported that the presence of enhanced TH-immunore- 
active fibers was not dependent upon implantation of 
tissue and was observed equally in one animal that re- 
ceived implantation of the metal tissue carrier without 
tissue. The illustrations (Fig. 4 in Ref. (36)) show that 
the enhancement of TH-immunoreactive fibers in the 
animal that received the metal tissue carrier alone was 
accompanied by intense TH-like immunostaining of the 
ventricular ependyma, whereas the ependyma was un- 
stained in the animals that received adrenal medulla 
grafts. The ependyma would not be expected to be posi- 
tive for TH immunoreactivity. Thus, there did appear to 
be a substantial qualitative difference between adrenal 
medulla implantation and the tissue implantation pro- 
cedure. One control received the tissue carrier only in 
the striatum, and another control received the tissue 

carrier in the ventricle. Enhanced staining was seen 
only in the control animal that received the tissue car- 
rier implant into the striatum. These data do not en- 
tirely resolve the question of whether it is damage pro- 
duced by surgery to the striatum alone that promotes 
the growth of TH-immunoreactive neurites in adjacent 
areas or whether adrenal medulla implantation is re- 
quired. Nevertheless, the fact that tissue implantation 
directly into the brain was more effective than intraven- 
tricular implantation in promoting TH immunoreactiv- 
ity suggests that injury to the brain plays an important 
role in this response. 

A recent study by Bankiewicz and co-workers (8) ex- 
amined the effects of adrenal medulla grafts in rhesus 
monkeys with unilateral MPTP-induced nigrostriatal 
lesions. Animals received grafts of adrenal medulla, ad- 
renal cortex, adipose tissue; sham operation; or lesion 
only. Animals were evaluated in terms of ipsi- or contra- 
lateral limb use and apomorphine-induced rotation. In 
terms of apomorphine-induced rotation, the adrenal 
medulla grafts produced a large (about 70%) reduction 
in rotational behavior 3 months after transplantation, 
compared to approximately 30-40% for the adrenal cor- 
tex, adipose tissue, and sham groups, and no change for 
the lesion-only group (no statistics were given). Six 
months after transplantation, all three tissue groups 
(adrenal medulla, adrenal cortex, and adipose tissue) 
showed 30-40% decreases, while there were no de- 
creases in the lesion-only and sham groups. Thus the 
adrenal medulla group produced effects greater than 
those of the other tissues at 3 months only. For the 
limb-use test, however, only the adrenal medulla group 
produced an improvement. This improvement was pres- 
ent at 3 months, but disappeared by 6 months. There 
were no changes in any of the other groups. Adrenal 
medulla, therefore, produced some specific effects, but 
these effects did not persist indefinitely. More modest, 
but longer lasting, nonspecific effects seem to have been 
associated with tissue implantation. Histologically, evi- 
dence of increased TH-immunoreactive neurites was 
found adjacent to tissue implantation sites. The in- 
crease in TH-immunoreactive neurites seen in the Ban- 
kiewicz et al. (8) and Fiandaca et al. (36) studies seemed 
to be somewhat more localized anatomically, compared 
to that reported by Bohn et al. (19). In the mouse, the 
increased TH immunoreactivity seemed to be relatively 
widespread, over large parts of the caudate-putamen 
(19), although this does not necessarily indicate a fun- 
damental difference in the nature of the effect in view of 
the much larger size of the primate compared to that of 
the mouse striatum. 

In the experiment by Bankiewicz and co-workers (8) 
it was reported that transplantation of tissue, including 
adrenal medulla, cortex, and adipose tissue, in addition 
to the creation of a surgical wound in the head of the 
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caudate, caused equivalent fiber growth from intact do- 
pamine neurons into the damaged caudate nucleus (p. 
548). The functional improvement was attributed to the 
sprouting of TH-immunoreactive fibers. No behavioral 
changes were, however, seen in the sham-operated ani- 
mals, either in terms of rotational behavior or limb use, 
6 months after transplantation when the histology was 
done. Although it is not entirely clear, this study in fact 
suggests that the behavioral effects of these grafts were 
unrelated to the enhancement of TH immunoreactivity, 
since this enhanced TH immunoreactivity was appar- 
ently seen in the sham-operated animals 6 months after 
transplantation when these animals showed no behav- 
ioral improvement. This is essentially the only study in 
primates that attempted to correlate behavior and his- 
tology, and this study could easily be misinterpreted as 
indicating that the behavioral effects were due to the 
sprouting-like enhancement of TH immunoreactivity. 

It is also noteworthy that any histological features 
responsible for the earlier improvements (at 3 months) 
in the adrenal medulla-grafted group would presumably 
not have been detected, since the histology was done 
after these effects had disappeared. It is also unusual 
that changes present at 3 months would disappear by 6 
months after transplantation, because 3 months is a 
sufficient period of time for most transient phenomena, 
such as death of the transplanted cells, to dissipate. 
More complete evaluation of this study will, however, 
have to await publication of a more complete report. 
Another recent study by Bankiewicz and colleagues (7) 
reported behavioral improvement in primates receiving 
fetal SN grafts, which appeared to be related to sprout- 
ing of new TH-immunoreactive fibers from the ventral 
striatum. This conclusion was reached because these fe- 
tal brain grafts did not reinnervate the host brain (7), in 
contrast to the reinnervation seen in many other studies 
of fetal SN grafts (e.g., (17,42, 44, 5‘2, 53, 93, 111, 138)). 

In unpublished experiments (Freed, Poltorak, and 
H. E. Cannon-Spoor, unpublished observations), exten- 
sive TH-like immunoreactivity was frequently observed 
in areas adjacent to adrenal medulla allografts, particu- 
larly when the grafts were placed in the rat hippocam- 
pus. Large numbers of surviving cells were found 
in some grafts located in the hippocampal formation. 
The intrahippocampal grafts sometimes were associ- 
ated with pronounced TH-like immunoreactivity in 
surrounding tissues. It has also previously been noted 
that diffuse TH-like immunoreactivity is associated 
with intrastriatal pheochromocytoma cell grafts (51). 
This “nonspecific” diffuse immunoreactivity is sugges- 
tive of the gradual release of TH enzyme or its frag- 
ments from dead or damaged cells, followed by uptake 
into nearby cells or adherence to nearby tissues and, in 
some cases, retrograde transport to the cell soma. Al- 
though TH turns over quite rapidly (147), there could be 

continuous release of TH enzyme from dying trans- 
planted ceils. Occasional staining of hippocampal gran- 
ule cells and fibers in animals with intrahippocampal 
adrenal medulla grafts (Fig. 7) could be an example of 
retrograde transport of TH-immunoreactive material. 
Degradation products of the TH enzyme with preserved 
epitopes recognized by the polyclonal TH antibodies 
might also be responsible for this TH-like staining. 
Cross-reactive degradation products could adhere to ex- 
tracellular matrix or damaged transplanted tissue. If 
this in fact occurs, it could account for some of the ob- 
servations of enhanced TH immunoreactivity in fibers 
adjacent to adrenal medulla grafts, which has been in- 
terpreted as representing a trophic effect on the host 
brain. 

In a recent report by Date and co-workers (26) that 
found a sprouting-like increase in TH immunoreactiv- 
ity, an increase in dopamine concentrations was also 
found in the striatum adjacent to adrenal medulla grafts 
in MPTP-treated mice. The increases in TH expression 
and dopamine concentrations were greater in young 
mice compared to those in aging (1 year old) mice. In the 
aging mice, little or no increase in TH immunoreactivity 
and a smaller increase in striatal dopamine were seen. 
All mice received grafts from young donors, so the dif- 
ferences were due to the difference in the age of the host 
rather than to differences in donor age. Control animals 
in this study received sham operations in which the im- 
plantation needle was inserted into the striatum, but no 
tissue was implanted. Thus tissue injury may not have 
been responsible for the “trophic” effect, although im- 
plantation of tissue certainly results in greater injury 
and tissue reaction than a sham operation alone. It is 
also possible that dopamine produced by the graft con- 
tributed to the increases in striatal dopamine in this 
experiment (26), in view of the fact that some trans- 
planted chromaffin cells survived. 

Animals with unilateral SN lesions showed bilateral 
changes in striatal extracellular dopamine and dihy- 
droxyphenylacetic acid (DOPAC) concentrations, de- 
termined by microdialysis in freely moving animals, 
after unilateral transplantation of adrenal medulla to 
the lateral ventricle (10,ll). These changes consisted of 
an increase in dopamine and DOPAC concentrations in 
the striatum ipsilateral to the grafts, in addition to a 
decrease in dopamine and DOPAC contralateral to the 
grafts (10,ll). The decreases on the contralateral, non- 
grafted side cannot easily be explained by direct effects 
of the grafts, and a complex effect involving the host 
brain must be invoked. One possibility is some “tro- 
phic” effect of the grafts, although it is also unclear how 
a trophic effect would produce one effect ipsilateral to 
the grafts and the opposite effect contralateral to the 
grafts. A second possibility is that the contralateral 
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FIG. 7. An adrenal chromaffin cell allograft in the rat hippocampus. The donors were mature male Sprague-Dawley rats weighing 
between 400 and 420 g, and grafts (consisting of one-half of an adrenal medulla) were implanted stereotaxically into the hippocampus at 
coordinates 3.0 mm posterior and 2.5 mm lateral to the bregma and 3.3 mm below the dura, with the bite bar 5.0 mm above the interaural line. 
This animal was euthanized 6 months after transplantation. Immunocytochemical staining by the peroxidase-antiperoxidase technique using 
an antibody provided by William Tank, University of Rochester, in a dilution of 1:3000 (dark-field). (A) TH immunoreactivity of an adrenal 
medulla graft in the hippocampus. A large group of transplanted chromaffin cells can be seen in the far upper left (bent arrow). Granule cells 
and their processes in the host brain (lower right and center; arrow) also appear to be stained. Calibration bar = 200 pm. (B) Higher 
magnification of the transplanted chromaffin cells. Calibration bar = 60 pm. 

changes are related to feedback mechanisms involving of these two effects occurs remains incomplete. A tro- 
host brain circuits. phic effect of brain injury on dopaminergic neurites, 

In summary, there appears to be either a specific tro- akin to the trophic effects of brain injury originally re- 
phic effect of adrenal medulla grafts or a nonspecific ported by Nieto-Sampedro and co-workers (98, 99) is 
(injury-induced) trophic effect on striatal dopaminergic certainly possible. Support for the operation of a similar 
systems in MPTP-treated animals. Evidence for which brain injury-related trophic effect on dopaminergic neu- 
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rites can also be derived from a report that cortical le- 
sions enhance the outgrowth of neurites from intraven- 
tricular substantia nigra grafts (44). It is possible that 
these trophic effects contribute to the functional effects 
of adrenal medulla grafts. 

2. A Possible NGF-Dependent Effect 

A recent study by Pezzoli and co-workers (114) con- 
firmed that intraventricular adrenal medulla grafts re- 
duce rotational behavior in rats with unilateral lesions 
of the substantia nigra. The amount of reduction of 
apomorphine-induced rotation was on the order of 40%, 
which is roughly consistent with our earlier report (49). 
Considerably greater effects were, however, produced 
when intraventricular infusions of NGF were combined 
with adrenal medulla grafts, confirming the results of 
Stromberg and co-workers (105,146). A surprising find- 
ing was that NGF infusions were equally effective when 
combined with adipose tissue or sciatic nerve grafts. 
NGF infusions alone, not in combination with any graft, 
had no effect. As observed in other studies (42,49), con- 
trol tissues, in this case adipose tissue or sciatic nerve, 
had no effect when implanted alone. Thus all three tis- 
sues, adipose tissue, sciatic nerve, and adrenal medulla, 
produced similar reductions in rotation when combined 
with NGF infusions, even though only adrenal medulla 
was effective without NGF. In agreement with previous 
reports, adrenal medulla grafts were effective when 
transplanted into the lateral ventricle, but not 
when transplanted into the parenchyma of the corpus 
striatum. 

There are several possible interpretations of these 
data. One, suggested by the authors, is that the exoge- 
nous NGF acts in concert with the reaction of the host 
brain to implanted tissue to produce a trophic effect on 
the CNS. Pezzoli et al. (114) used the GOHDA lesion 
model and no recovery of host dopaminergic terminals 
similar to that reported by Bohn and co-workers (19) 
was observed in their study. Other studies using similar 
GOHDA lesion models also have not observed anatomi- 
cal recovery of dopaminergic terminals (49,146). Never- 
theless, these grafts could induce trophic effects other 
than regrowth of dopaminergic neurites. Other possible 
explanations include impairment of the blood-brain 
barrier (121-123), interactions between the intracere- 
bra1 NGF injections and the sympathetic system (84, 
85), alterations in blood catecholamine concentrations, 
or effects produced by fibroblasts included in the grafts 
(65, 66). Although the mechanism of action of adrenal 
medulla grafts and NGF infusions in experimental Par- 
kinson’s disease models is unclear, these data cast addi- 
tional doubt upon the simplistic notion that dopaminer- 
gic mechanisms are entirely responsible for the func- 
tional effects of adrenal medulla grafts. 

3. Comments and Questions Regarding Possible Trophic 
Effects of Adrenal Medulla Grafts 

a. Are the effects produced by adrenal medulla grafts or 
by nonspecijic damage? A demonstration that trophic 
effects of adrenal medulla grafts are specific for adrenal 
medulla, as opposed to a nonspecific damage effect, 
would of course require a comparison with a control 
group receiving control grafts that produce equivalent 
damage. On the basis of the discussion above (section IV 
B l), it is not possible to conclude that at least this 
particular trophic effect (enhancement of TH immuno- 
reactivity in the MPTP-lesioned animal) is specific for 
adrenal medulla grafts. On the other hand, there are 
substantial indications that enhanced TH immunoreac- 
tivity can occur in areas adjacent to either adrenal me- 
dulla grafts or nonspecific tissue damage. To what de- 
gree this effect contributes to the functional effects of 
surviving adrenal medulla grafts remains unclear. 

b. With what lesion models are these trophic effects ob- 
served? Most of the studies in which adrenal medulla 
grafts have been reported to have trophic effects have 
used the MPTP lesion model, in either mice (19, 26) or 
primates (8, 36). In this model system, damage to the 
SN dopaminergic neurons resulting in decreased TH 
expression appears to occur without necessarily being 
accompanied by death of all nigral dopaminergic cells 
(62, 119), whereas GOHDA as generally used perma- 
nently destroys the dopaminergic neurons. Thus it is 
possible that adrenal medulla grafts somehow promote 
recovery of these damaged cells, resulting in a more 
rapid reexpression of the TH protein. 

In the majority of studies of adrenal medulla grafts 
using the GOHDA lesion model, where the SN neurons 
are permanently destroyed, similar trophic effects have 
not been observed. There are, however, a few exceptions 
including studies by Bing et al. (1555) (cf. section IV B 
l), Brown and Dunnett (20), and Pezzoli et al. (114). The 
latter two experiments (20, 114) did not report in- 
creased TH immunoreactivity in the host brain, al- 
though smaller increases in TH expression that were 
not detected or other kinds of trophic effects are possi- 
ble. Thus some trophic effects of adrenal medulla grafts 
other than diffuse dopamine release may also occur in 
the GOHDA-lesioned rat model. 

An important question, which is beyond the scope of 
this paper, is which of the two models, MPTP- or 
GOHDA-induced damage, is more relevant to the clini- 
cal phenomenon of Parkinson’s disease. Ultimately, in 
Parkinson’s disease SN neurons are irrevocably lost, 
which is not always the case for MPTP-treated animals. 
On the other hand, the loss is probably gradual, unlike 
the sudden destruction of neurons in the GOHDA 
model. Notwithstanding, there is some evidence for tro- 
phic effects of adrenal medulla grafts in clinical situa- 
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tions. The disappearance of a dopamine neuron-stain- 
ing antibody from the CSF of patients receiving adrenal 
medulla grafts is most readily explained as a trophic 
effect (95). Hirsch and co-workers (71) have also ob- 
served a sprouting-like enhancement of TH immunore- 
activity adjacent to an adrenal medulla graft in a human 
postmortem tissue sample. 

3. Possible Mechanisms for Induction of a Specific 
Trophic Effect 

It is somewhat difficult to conjecture on the mecha- 
nisms for the induction of trophic effects, since it is not 
yet known whether these effects are related to adrenal 
medulla implantation or to nonspecific damage. One 
likely possibility, at this point, seems to be that nonspe- 
cific tissue implantation produces a certain amount of 
enhanced TH immunoreactivity, but implantation of 
any tissue (e.g., sciatic nerve, adipose tissue, adrenal 
medulla) greatly enhances the effect. This would be 
consistent with an intriguing possibility, suggested by 
several authors (19, 36, 65, 114, 120), that the macro- 
phage/microglial and astrocytic reaction to the implan- 
tation is responsible. The fact that tissue implantation 
would be expected to result in a host response greater 
than that of the surgical procedure alone would be con- 
sistent with this possibility. It has been pointed out that 
macrophages and brain microglia release a number of 
substances, including interleukin-1 (3, 39, 56, 86). 
Therefore, if the surgical procedure produces a small 
trophic response but tissue implantation enhances this 
response, it would be consistent with the possibility that 
the putative trophic response to adrenal medulla grafts 
is related to a host reaction to tissue implantation. 

If, on the other hand, adrenal medulla grafts do in- 
deed have a specific trophic effect upon host brain (as 
opposed to a nonspecific injury effect), then a mecha- 
nism to account for this effect would have to be found. 
Several possibilities have so far been suggested. One is 
the possible involvement of a dopamine-releasing factor 
that is present in the adrenal medulla (23). A second 
possibility, suggested by Otto and Unsicker (107), is 
that basic fibroblast growth factor (bFGF) produced by 
the adrenal medulla is responsible. Blottner and asso- 
ciates (18) found that bFGF is present in adrenal me- 
dulla. Otto and Unsicker (107) administered bFGF, in 
gelfoam implants, into the striatum of mice that had 
been treated with MPTP, using a model similar to that 
used by Bohn et al. (19). The bFGF implants increased 
TH mRNA, TH catalytic activity, and catecholamine 
concentrations in the striatum. Increases in TH activity 
were seen both ipsilateral and contralateral to the im- 
plant, but the increases were greater on the ipsilateral 

I 
side. Ipsilateral to the bFGF implant, the TH mRNA 
was increased, while contralateral to the implant TH 

activity was increased without a change in mRNA 
levels. 

Another possibility (116, 117) is that cell adhesion 
molecules or extracellular matrix components may be 
responsible for some of the effects of adrenal medulla 
grafts. Certain cell adhesion molecules (CAMS) are in- 
volved in the molecular mechanisms of contact between 
cells and extracellular matrix components (35, 133). 
The L2/HNK-1 family of cell adhesion molecules is de- 
fined by a common carbohydrate epitope recognized by 
the L2 and HNK-1 monoclonal antibodies; this family 
includes the Ll/Ng-CAM, N-CAM, Jl/tenascin, and 
myelin-associated glycoprotein molecules (133). Adre- 
nal medulla contains most of the CAMS from the L2/ 
HNK-1 family, and NGF stimulation increases expres- 
sion of both Ll/Ng-CAM and N-CAM on chromaffin 
cells in vitro (117). After transplantation to the lateral 
cerebral ventricle, there was a pronounced increase in 
the expression of Ll/Ng-CAM and a marked decrease 
in Jl/tenascin immunoreactivity. N-CAM was also pres- 
ent in adrenal medulla after transplantation, but was 
primarily seen on extracellular matrix fibers. Laminin 
immunoreactivity was also increased in adrenal me- 
dulla after transplantation. In this experiment (116) 
most adrenal medulla grafts survived but a minority of 
grafts, particularly those misplaced within the brain 
parenchyma, were found to have degenerated. These 
degenerated grafts showed decreased Jl/tenascin, 
laminin, N-CAM, and Ll/Ng-CAM immunoreactivity. 
Development of immature dopaminergic neurons has 
been found to be stimulated by both an insoluble mem- 
brane-bound component (69,118) and a soluble extract 
(25, 152) from striatum. If cell adhesion molecules are 
involved in the effects of adrenal medulla grafts, they 
could account for some of the positive effects obtained 
with other tissues, such as sciatic nerve and adipose tis- 
sue (8, 114). We are currently attempting to determine 
whether one of the CAMS or extracellular matrix compo- 
nents present in adrenal medulla has a stimulatory ef- 
fect on the growth of dopaminergic neurites. 

C. Conclusions from Basic Studies and Comments 

At the present time, the mechanism of action of adre- 
nal medulla grafts is very much in doubt. As discussed 
above, studies of the trophic effect of adrenal medulla 
grafts in increasing TH immunoreactivity have not pro- 
vided conclusive evidence that these effects are specific. 
Quantitative data comparing adrenal medulla grafts 
with controls receiving various other tissue implants are 
also not yet available. Few studies have examined the 
possibility that this trophic effect is associated with any 
kind of functional or behavioral recovery. A second type 
of NGF-dependent trophic effect, reported in the exper- 
iment by Pezzoli et al. (114), although dependent upon 
tissue implantation, was not specific for adrenal me- 
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dulla and the anatomical or biochemical basis for this 
effect is not yet known. 

Regarding dopamine-release theories of the effect of 
adrenal medulla grafts, evidence is also lacking. No con- 
sistent relationship between the number of surviving 
transplanted chromaffin cells and behavioral effects 
has been found, and there is no increase in dopamine in 
the CSF of animals with adrenal medulla grafts. In one 
study, by Decombe and co-workers (27) there was a very 
clear correspondence between graft survival and a nico- 
tine-induced behavioral effect, but in this study the 
grafts did not decrease amphetamine- or apomorphine- 
induced rotational behavior. A variant of this hypothe- 
sis, that adrenal medulla grafts deliver dopamine into 
the host brain via blood vessels, is supported by a corre- 
lation between blood dopamine and behavioral effects 
of adrenal medulla grafts (12). It must, however, be 
pointed out that this study did not contain a trans- 
planted control group, and it is therefore not certain 
either that this dopamine found in blood actually was 
derived from the grafts or that the effect was specific for 
adrenal medulla grafts. 

It is quite possible that adrenal medulla grafts induce 
functional recovery in the GOHDA-lesioned rat model 
by two or more independent mechanisms, perhaps in- 
cluding a direct dopamine-mediated effect in addition to 
a trophic effect on host brain. This would be consistent 
with the observation that the effects of adrenal medulla 
grafts on amphetamine- and apomorphine-induced ro- 
tational behavior were d&sociable (10). In other words, 
some animals showed a decrease in response to amphet- 
amine, others showed a decrease in response to apomor- 
phine, and others showed both decreased amphet- 
amine- and apomorphine-induced turning. It is also pos- 
sible that increased serum or brain dopamine in animals 
with adrenal medulla grafts, in addition to acting di- 
rectly upon the host brain, may be taken up and utilized 
by the few remaining host dopaminergic neurons (10). 

Regarding these as well as all other hypotheses of ad- 
renal medulla graft function, it should nevertheless be 
emphasized that adrenal medulla grafts have not been 
convincingly demonstrated to exert a specific trophic 
effect on host brain, nor have the changes in blood cate- 
cholamines been shown to be a direct result of catechol- 
amine secretion from the transplanted adrenal chro- 
maffin cells. Moreover, even other possibilities, includ- 
ing diffuse secretion of catecholamines or other 
substances such as endorphins (9, 30, 124, 131), have 
not entirely been ruled out. 

There is a fundamental methodological problem that 
has contributed to much of this confusion. It is difficult 
to perform experiments to determine how adrenal me- 
dulla grafts function, when survival of the grafts does 
not occur consistently. In several experiments, func- 
tional effects of adrenal medulla “grafts” have been 

found, even though the chromaffin cells largely did not 
survive (8, 15, 20). Under these circumstances, effects 
that require chromaffin cell survival would, of course, 
not be seen. Although intracerebral adrenal medulla 
grafts certainly are capable of surviving, the factors that 
are important for the survival of intracerebrally trans- 
planted adrenal chromaffin cells are not well under- 
stood. Added NGF can increase graft survival (144, 
146), but additional factors certainly exist. Until it be- 
comes clear how to obtain consistent adrenal chromaf- 
fin cell graft survival without added NGF, it will be diffi- 
cult to resolve the mechanisms of action of these grafts. 

V. ADRENAL MEDULLA GRAFTS IN PRIMATES 

In primates, there have been several studies of embry- 
onic substantia nigra grafts (e.g., (138)), but relatively 
little attention has been paid to adrenal medulla grafts. 
Morihisa and co-workers (96) found a very limited sur- 
vival of intrastriatal adrenal medulla grafts. No surviv- 
ing intraventricular adrenal medulla grafts were found. 
Hansen and co-workers (65) found a very limited sur- 
vival of chromaffin cells in adrenal medulla grafts im- 
planted into the striatum using a metal tissue carrier or 
implanted into the ventricular wall. The only other pub- 
lished study of adrenal medulla grafts in primates was 
that of Bankiewicz et al. (8) described above. No surviv- 
ing chromaffin cells were found in that study. Recently, 
however, Dubach and German (31) reported on a surgi- 
cal technique for adrenal medulla graft implantation in 
primates that avoids ejection of the implanted tissue by 
application of pressure, and increases contact between 
the graft and host brain by ejecting the adrenal medulla 
tissue into the host brain as elongated tissue ribbons. 
This method resulted in increased chromaffin cell sur- 
vival, and when combined with NGF infusions large 
numbers of adrenal chromaffin cells were found to sur- 
vive intrastriatal implantation. Wyatt and co-workers 
(166) also reported on an implantation device that 
avoids application of pressure to the tissue which re- 
sulted in increased survival of chromaffin cell grafts in 
primates in some cases. A second method for adrenal 
medulla transplantation in primates, involving combi- 
nation of adrenal medulla grafts with segments of sural 
nerve, also results in excellent cell survival (64). A pre- 
liminary report of a trial of adrenal medulla transplan- 
tation in primates using the Madrazo et al. (90) surgical 
technique has appeared, and in general some limited 
survival of chromaffin cells and behavioral improve- 
ment were observed (6). 

VI. CLINICAL TRIALS OF ADRENAL MEDULLA 
GRAFTS IN PARKINSON’S DISEASE 

A. Examination of Clinical Studies 

There have been several attempts to employ adrenal 
medulla transplantation in patients with Parkinson’s 
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TABLE 1 

Clinical Trials of Adrenal Medulla Transplantation for Parkinson’s Disease 

Number of 
Investigators Method subjects” Assessment methods General outcome 

Backlund et al. (4) Stereotaxic into 2 Chart review Short-term improvement 
caudate n. (days) 

Lindvall et al. (87) Stereotaxic into 2 Quantitative tests Temporary improvement 
putamen (weeks) 

Madrazo et al. (90) Ventricular wall 2* Subjective ratings Long-term improvement 
Drucker-Colin et lib Electromyograms developing over months 

al. (30) SpectrophotogramsC 
Ostrosky-Solis et Ventricular wall 76 Neuropsychological tests Long-term improvement 

al. (106) 
Jiao et al. (74, 75) Stereotaxic into 10 Rating scales Long-term improvement 

caudate n. 
Goetz et al. (58,60) Ventricular wall 19 Rating scales Mixed long-term 

Self-assessments improvement 
Kelly et al. (78) Ventricular wall 7 Rating scales Slight improvementd 
Allen et al. (2) Ventricular wall 17 Columbia rating scale Slight improvementd 

withrombin, etc. 
Jankovic et al. (73) Ventricular wall 3 Rating scales Modest improvementd 

’ Including only those patients for which outcome should be measured; patients that died or did not recover from surgery were not included. 
* These three reports describe some of the same patients. 
’ Photographic recordings of movements 
d More substantial improvement was reported in some of the subjects. 

disease (Table 1). Two primary different autotrans- 
plantation methods have been used, with some minor 
variations. The first, initially carried out by Backlund 
and colleagues (4) at the Karolinska Institute and more 
recently reported by Lindvall and co-workers (87) in- 
volves transplantation of adrenal medulla directly into 
the striatum by stereotaxic injection. The second tech- 
nique, developed by Madrazo, Drucker-Colin, and their 
colleagues (90) at the Universidad National Autonoma 
de Mexico in Mexico City, involves transplantation of 
autologous adrenal medulla to cavities in the wall of the 
lateral ventricle, with the use of steel clips or other 
methods to anchor the tissue in place. Notwithstanding 
the technical modifications that were required to render 
these techniques applicable to human patients, these 
transplantation methods correspond in general to the 
intrastriatal and intraventricular adrenal medulla 
transplantation methods that had been developed in 
animals (45, 49, 96, 146). 

Because it is impossible to perform control surgical 
procedures in human subjects it is correspondingly dif- 
ficult to be certain about the efficacy of these proce- 
dures, and it is particularly difficult to rule out lesion 
effects as the cause of any improvements. Conversely, 
as operated patients have not generally been compared 
to nonoperated patients, or to any sort of control group, 
any effect of the grafts in slowing the rate of progression 
of the disease would also not be detected. Nevertheless, 
some tentative conclusions can be made. First, trans- 

plantation of adrenal medulla directly into either the 
caudate or putamen (4,87) was not effective on a long- 
term basis. Improvements were noted over the first 1 
week to 2 months after transplantation, but these im- 
provements were transient and the patients reverted to 
their pretransplantation condition over the long term. 
In the latter study (87), thorough quantitative neurologi- 
cal assessments were employed. A total of only four pa- 
tients was, however, examined, two in each (4,87) study. 
As yet, there have not been any reports of intrastriatal 
adrenal medulla grafts in human patients in combina- 
tion with NGF. 

One additional report on intrastriatal adrenal me- 
dulla grafts, however, warrants comment. Jiao and co- 
workers (74,75) at the Capital Institute of Medicine, in 
Beijing, People’s Republic of China, transplanted adre- 
nal medulla into the caudate nucleus, using a stereo- 
taxic technique, in 10 patients. Modest to marked long- 
term improvement in their symptoms was reported. Al- 
though the assessment techniques were not as objective 
as those used in the more recent trial of intrastriatal 
grafts by Lindvall et al. (87), the possibility that their 
procedures were in some way superior to those em- 
ployed in previous trials must at least be entertained. 
There were some differences between this trial and the 
previous intrastriatal adrenal medulla transplantation 
trials that could be significant: (i) more tissue was im- 
planted; (ii) the time between adrenal medulla removal 
and reimplantation was very brief, between 5 and 15 
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min; and (iii) L-DOPA administration was avoided after 
transplantation, and following the surgery only aman- 
tadine was used. In our experience, maintaining short 
time intervals between adrenal medulla removal and 
implantation seems to be important (unpublished ob- 
servations). L-DOPA has also been reported to impair 
the survival of intracerebral embryonic brain tissue 
grafts (140), so that administration of L-DOPA might 
conceivably be a significant factor. 

Tanner and colleagues (148) have also pointed out 
that there is a substantial difference between the usual 
treatment of patients with Parkinson’s disease in China 
and the United States that could account for some dif- 
ferences in interpretation of changes following trans- 
plantation. In China, it is customary to treat Parkin- 
son’s disease with amantadine, trihexyphenidyl, and 
only very small dosages of L-DOPA. In this context, an 
improvement termed “excellent” in China might be con- 
sidered relatively modest in the United States. Tanner 
and colleagues (148) felt that the improvement seen in 
the patients of Jiao et al. (74,75) was very similar to the 
improvement observed in their own studies (58,162) of 
adrenal medulla transplantation in Parkinson’s disease 
patients. This would not, of course, explain the differ- 
ence between the short duration of improvement seen 
by Backlund et al. (4) and Lindvall et al. (87) compared 
to the longer-lasting effects reported by Jiao et al. 
(74, 75). 

Autologous transplantation of adrenal medulla to the 
wall of the lateral ventricle, on the other hand, has been 
reported to produce detectable long-term improvement 
in Parkinson’s disease. The first report of this proce- 
dure (90) found a gradual long-term improvement in 
two very young patients with severe Parkinson’s dis- 
ease. Substantial improvement in larger groups of pa- 
tients subjected to the same procedure has also been 
reported (30,91). Because of the profound implications 
that success of this procedure would have, the data re- 
ported in these and related experiments will be exam- 
ined in detail. 

Considerable questions have been raised about inter- 
pretation of the changes that were reported (90,91), in 
part because of the subjective nature of the clinical as- 
sessments, involving changes in ratings of general clini- 
cal status on a 0 to 6 scale. Large changes, from an aver- 
age rating of 1.6 to an average rating of 4.5, with half of 
the patients improving by 3 rating points or more, were 
reported (91). A second report, which apparently de- 
scribed the same patients, gave baseline ratings for 6 of 
the 10 patients and post-transplantation ratings for 7 of 
the 10 patients that differed slightly from those given in 
the earlier report (30). Also, when 1 patient, who had 
been reported as showing an improvement from 1 to 5 
(91) came to autopsy, no surviving chromaffin cells were 
found (113). In the opinion of his family, there appeared 

to have been little improvement in the clinical status of 
this patient except during 2 weeks after the surgery. Of 
course, a clinical assessment provided by the family, 
that had recently lost a relative, might not be entirely 
accurate. This patient was the oldest in the series stud- 
ied by Madrazo and co-workers (91) and suffered from 
dementia. The subsequent report (30) stated that older 
patients did relatively poorly after transplantation (91). 

A more systematic follow-up study by the same group 
reported on neuropsychological changes and immediate 
postoperative effects of these grafts (106). Alleviation of 
motor deficits was noted during the first week following 
surgery, similar to the immediate postoperative im- 
provement noted by Backlund and colleagues (4) for 
intraparenchymal grafts. Two other postoperative ef- 
fects that were noted were (i) visual hallucinations, seen 
in 5 of the 7 patients during the first 3 days, and (ii) 
stereotyped or perseverative motor and verbal behavior, 
and reduced spontaneous language, for 15-20 days. 
Gradual amelioration of the predominant motor signs 
of the illness, beginning about 4 weeks after transplan- 
tation, was described. Neuropsychological testing re- 
vealed improvements in motor functions, somatosen- 
sory performance (e.g., tactile identification of shapes), 
visual recognition tasks, and certain memory tasks. 
Other measures, such as language, calculations, and 
most memory tasks, were unchanged (106). A subse- 
quent examination of neuropsychological test profiles 
in a group of 11 patients did not show a significant 
change from before to after transplantation, although 
there continued to be a modest trend toward improve- 
ment (30). 

Notwithstanding the discrepancies concerning inter- 
pretation of the changes reported by Madrazo and co- 
workers (30, 90, 91), the claim that adrenal medulla 
grafts can cause a lasting and detectable clinical im- 
provement in Parkinson’s disease has essentially been 
independently replicated (58, 60). In a collaborative 
study by Goetz and colleagues ((58), also cf. (110)) adre- 
nal medulla was autologously transplanted to the wall 
of the right lateral ventricle using exactly the Madrazo 
et al. (90) procedure. Nineteen patients were involved in 
the study, conducted at the University of Kansas, the 
University of South Florida, and Rush-Presbyterian-St. 
Luke’s Medical Center. Clinical changes were assessed 
systematically, by objective rating scales. The improve- 
ments seen in this patient group were not as marked as 
those reported by Madrazo and colleagues; neverthe- 
less, a number of significant changes were found. There 
were no significant changes in medication dosages from 
before to after transplantation. There were also no 
changes in measures of severity during “on” time pe- 
riods. For “off’ times, there were significant improve- 
ments according to the Unified Parkinson’s Disease 
Scale, for the Activities of Daily Living subscale but not 
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for the motor function subscale. The Schwab and En- 
gland scale detected a substantial improvement, 
whereas there was no change by the Hoehn and Yahr 
scale. Neither scale detected changes in severity during 
the on periods. The mean age of the patients at the time 
of surgery was 54 years, and it was stated that the seven 
patients with the most marked improvement did not 
differ from the rest of the group in their age at surgery. 
Thus, even though these patients (58) were older than 
those studied by Madrazo et al. (go), the difference in 
age of the patients would not seem to account for the 
difference in the results. 

Despite these equivocal results regarding severity of 
symptoms, there was a marked change in the duration of 
on and off times: The mean on time duration, as a per- 
centage of the waking day, increased from 48% prior to 
surgery to 75% 6 months after surgery, a significant 
change. The on time without chorea, also as a percent- 
age of the waking day, was more than doubled from 27% 
before surgery to 59% after 6 months. This average de- 
gree of improvement in on durations is similar to the 
change that has been reported in the best single case of 
fetal brain tissue transplantation in a human patient 
reported thus far (88). There appeared to be an improve- 
ment from 1 to 3 months after surgery, but no additional 
improvement between 3 and 6 months. Results from the 
American Association of Neurological Surgeons and 
United Parkinson Foundation registries (5, 59), which 
compiled the results of several clinical trials employing 
the Madrazo technique, generally were consistent with 
the report of Goetz et al. (58). A recent report (60) found 
that the clinical improvement persisted for 1 year after 
surgery. 

In general, the studies by Goetz and co-workers (58, 
60) have confirmed that adrenal medulla grafts can re- 
sult in measurable clinical changes, although there seem 
to be large differences in the degree of improvement 
reported in the various studies. The Madrazo et al. (90) 
study reported a dramatic improvement in the general 
status of the patients, whereas the studies of Goetz and 
co-workers (58, 60) reported more modest improve- 
ments. One possible explanation for some part of this 
difference, at least from the data that were published, is 
that the measures of outcome used in the two studies 
were much different. The Goetz et al. (58) study mea- 
sured on and off times separately, whereas the Madrazo 
et al. (90) study made no attempt to systematically sepa- 
rate on and off times (also cf. (30)). In the Goetz et al. 
(58) study, the patients spent, on the average, only a 
small fraction of each waking day (27%) in optimally 
useful (i.e., non-chorea) on time prior to transplanta- 
tion, but after transplantation more than half of each 
day, on the average, was occupied with non-chorea on 
time (59-61%). Thus, if patients were observed at ran- 
dom times without regard to whether they were in on or 

off states, the chances of observing and reporting each 
patient during an on phase would have been small prior 
to transplantation, but much greater (more than 50%) 
subsequent to surgery. This (combined with the other 
improvements that were noted) could easily have led 
Goetz and co-workers (58, 60) to conclude that there 
had been a very substantial improvement if they had 
evaluated their patients in the same manner as Ma- 
drazo et al. (90). In other words, if patients were ob- 
served randomly, most of the pretransplantation obser- 
vations would be during off phases or on phases with 
chorea, while more than half of the post-transplanta- 
tion observations would be during non-chorea on 
phases, resulting in the pre- versus post-transplanta- 
tion difference consisting mostly of off versus on com- 
parisons. Thus, it is possible that Madrazo et al. (90) 
were at least partially observing differences between on 
and off phases. 

Is it possible to reach any objective conclusion re- 
garding the degree of change found by Goetz and co- 
workers? That is, were these changes small, as it would 
appear from the rating scales, or of a useful clinical 
magnitude? To better understand this issue, we have 
derived, from the data of Goetz and co-workers (58,60), 
a total function score (TFS) which is intended to assess 
the total level of functioning as a percentage of normal 
function, determined from the Schwab and England 
scores and percentages of the day in on and off states. 
The Schwab and England scores are expressed on a 1 to 
100 scale, with the maximum score of 100 representing 
essentially normal or independent functioning (134). It 
must be noted that these scores are somewhat subjec- 
tive and that the scale is probably not arithmetically 
linear. Levels of functioning are different during on and 
off periods, and since the amounts of on and off times 
were also changed, the TFS was derived by multiplying 
the Schwab and England score for on and off periods by 
the fraction of each day spent in each state, respectively 
(Table 2). Thus the TFS represents the total weighted 
average level of functioning during the course of each 
day, with 100% representing normal, unimpaired func- 
tion. 

Calculation of TFS values for the studies of Goetz and 
colleagues (58,60) showed that the patients experienced 
approximately 20 to 30% increases in TFS scores from 
baseline (pretransplantation) levels by 3-6 months 
after transplantation. Approximately the same level of 
improvement was sustained for 1 year after transplan- 
tation (Table 2). This represents approximately a 50% 
improvement; that is, 50% of the baseline deficit in mo- 
tor function had disappeared. This would not seem to be 
a trivial change. Most of the difference, of course, re- 
sults from an increase in the amount of each day in on 
time. In fact, on time without chorea was increased to an 
even greater degree, and if this factor were taken into 
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TABLE 2 

Calculation of “Total Function Scores” from the Data of 
Goetz and Co-workers (5860) using the Schwab and England 
Scale (134)” 

ROn TFS Percent 
State AmtOn* (W) AmtOff ROff (%)’ Improvedd 

Normal 1.0 100 0 - 100 

Data from Goetz and co-workers (58) 

Baseline 0.48 67.1 0.52 16.7 40.7 
1 Month 0.55 70.0 0.45 40.3 56.5 27 
3 Months 0.78 73.7 0.22 57.9 70.2 50 
6 Months 0.75 71.8 0.25 53.2 67.2 45 

Data from Goetz and co-workers (60) 

Baseline 0.61 83.3 0.39 33.6 63.7 
6 Months 0.83 85.7 0.17 65.0 82.3 51 
12 Months 0.83 86.3 0.17 59.7 81.7 50 

a Schwab and England scale: possible range = O-100%; 100% 
= normal functioning. Note that the relationship between these 
scores and actual clinical status may not be linear. Ratings were ob- 
tained separately during on and off periods and the percentage of the 
waking day in on and off was also measured. The amount of the wak- 
ing day in each state is expressed as a fraction; i.e., 10% = 0.1. 

b Symbols used: amount of on time, AmtOn; amount of off time, 
AmtO@, rating during on time, Ron; rating during off time, ROfi, 
total functioning score, TFS. 

’ Formula for calculation of total function score: TFS = (AmtOn 
X Ron) + (AmtOff X ROff). 

d Percentage improvement from before to after transplantation. A 
change in the TFS (total functioning score) from the appropriate 
baseline level to 100% would be an improvement of 100%. 

account, the amount of improvement would be larger 
than 50%. It should also be noted that the average per- 
centage improvement claimed by Drucker-Colin and co- 
workers (30) was 60.5%. On the other hand, these 
percentage improvements in TFS do not consider the 
mortality; postoperative impairments, including halluci- 
nations and other psychological manifestations* and 
various other adverse effects that have been see ,I! (60, 
73, 106). 

Goetz and his colleagues (58) concluded that produc- 
tion of dopamine by the transplanted cells could not 
readily explain the bilateral changes that were observed. 
It is, however, apparent that the changes observed were 
more “global” than “bilateral.” A conclusion that 
changes were bilateral would require a separate mea- 
surement of motor function on each side. In other 
words, changes in on times or overall symptom severity 
do not necessarily reflect the laterality of any alter- 
ations. True measurements of laterality require mea- 
surements of motor function (such as finger tapping 
speed or pronation-supination) separately on each side. 
In the subsequent report (60) finger tapping and peg- 

board manipulation were separately measured for each 
side, and the improvements appeared to be similar for 
right and left. This test was done during on phases only. 
It is also possible that laterahty changes would be better 
detected during off phases, as there generally were no 
changes in symptom severity during the on phases. The 
only other study of adrenal medulla grafts that ad- 
dressed laterality specifically, in fact, was the earlier 
study of intrastriatal adrenal medulla grafts by Lindvall 
and colleagues (87). This study did detect short-term 
global changes, such as alterations in on times, even 
though more specific tests of motor function showed 
that the effects were clearly unilateral. Thus, the study 
of Goetz et al. (58) does not necessarily refute the hy- 
pothesis that the clinical effects of adrenal medulla 
grafts are related to local dopamine release or to other 
localized effects. 

Several additional studies have recently reported on 
clinical trials of adrenal medulla transplantation in 
Parkinson’s disease (2, 5, 38, 59, 73, 78, 162). In one 
recent study by Kelly and co-workers (78) mild to mod- 
erate improvement in symptom severity was found, al- 
though one patient appeared to improve markedly. 
Strikingly, however, there were small but significant im- 
provements in measures of symptom severity during off 
but not during on phases, similar to the observations of 
Goetz et al. (58). Thus most of the findings of Kelly et al. 
(78) are very much in agreement with those of Goetz et 
al. (58, 60). 

The two studies (58, 78) appeared to differ signifi- 
cantly in the degree of improvement in on time without 
dyskinesia (presumably similar to chorea), as deter- 
mined by diary records. The Kelly et al. (78) study also 
observed an increase, but to a much smaller degree than 
that observed by Goetz and co-workers (58) and Penn et 
al. (110). The baseline on time without dyskinesia in the 
Kelly et al. (78) study was, however, much greater than 
(about double) the baseline on time without chorea from 
the Goetz et al. (58) study, possibly resulting in a ceiling 
effect. It is very interesting that there was only one pa- 
tient in the Kelly et al. (78) study that showed a baseline 
on time without chorea/dyskinesia similar to that ob- 
served by Goetz et al. (58) of 4 h per day, and this patient 
showed a large increase, to almost 13 h per day, 6 
months after transplantation. A reasonable hypothesis, 
therefore, is that adrenal medulla grafts markedly in- 
crease on time without choreaidyskinesia for patients 
having baseline on times without chorea/dyskinesia in 
the 3 to 5 h per day range. If such a change occurs it 
would certainly be of clinical value, and baseline on time 
without chorea might prove to be a predictor of clinica 
response to adrenal medulla grafts. 

A recent study by Flores and co-workers (38) also em- 
ployed the Madrazo technique, and the improvements 
found in this study were also relatively minor. Only 4 of 
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the 22 patients showed long-term improvement, and the 
remainder showed brief periods of improvement only. 
In general, the degree of improvement seen was small. 

A slightly different approach was employed in a clini- 
cal trial by Allen and associates (2). The surgical ap- 
proach was similar to that employed by Madrazo et al. 
(go), except that the adrenal medulla tissue was held in 
place by (i) covering the graft with a piece of gelatin 
sponge and autologous blood or cryoprecipitate and 
thrombin (3 patients), or (ii) covering the graft with a 
Dexon net held in place by cryoprecipitate and throm- 
bin (15 patients). It was concluded that distinct improve- 
ments, lasting at least 1 year, were seen in some of the 
patients. Examination of the data, in fact, reveals that 
the first 3 patients (graft covered with gelfoam) showed 
a mean improvement in the Columbia rating scale 
scores of 7%, compared to a 15% improvement for the 
patients receiving the grafts covered by the Dexon net. 
This degree of improvement is not great. In a few indi- 
vidual patients, however, a very substantial improve- 
ment was observed (maximum 67%). It is also notewor- 
thy that the Columbia rating scale probably detects 
global changes adequately, but may not be the ideal in- 
strument for detecting small or lateralized changes in 
motor function. 

Patient age and symptom severity were varied in this 
latter study, and the data tended to suggest that 
younger patients with less severe symptoms showed the 
greatest improvements. The possibility of better out- 
come in younger patients would be consistent with the 
original study by Madrazo and co-workers (30, 90). 
These variables (age and symptom severity) have not as 
yet been varied systematically, and this conclusion 
should be interpreted cautiously. It is interesting, how- 
ever, that animal data also suggest that adrenal medulla 
grafts from normal aging donors (42, 45), and from 
young donors in aging hosts (26), are less effective. 
There is also evidence of decreased catecholamine con- 
centrations in the adrenal medulla of patients with Par- 
kinson’s disease (141). Both of these phenomena, pro- 
gressive damage to the adrenal medulla from the disease 
process and decreased efficacy of adrenal medulla grafts 
in aging individuals, could conceivably contribute to a 
decreased efficacy of this procedure in older patients. 

B. Postmortem Studies in Human Patients 

Several human patients that received adrenal me- 
dulla grafts for Parkinson’s disease have come to au- 
topsy and have been examined carefully (28,40,71,72, 
73, 113). Most of these autopsies were from cases that 
did not show improvement as a result of the transplan- 
tation, and in most of these cases it did not appear that 
adrenal chromaffin cells had survived (28,40,71). Thus 
no conclusions about the possible mechanisms of func- 

tional improvement can be drawn from these particular 
cases. It is also unclear whether the entire graft area was 
sectioned in some cases. One thoroughly studied case 
was from a patient who died 4 months after surgery but 
who did not improve. Evidence for the survival of trans- 
planted chromaffin cells as well as decreases in striatal 
dopamine receptors was obtained (72). The surviving 
chromaffin cells were identified by chromogranin A im- 
munoreactivity, but did not show TH immunoreactiv- 
ity. In the case reported by Peterson and co-workers 
(113), the graft did not survive but it is unclear whether 
or not the patient improved (see above, section VI A). A 
case examined by Jankovic and co-workers (73) showed 
some improvement prior to death, but surviving chro- 
maffin cells were not found, and no TH immunoreactiv- 
ity was found either in the graft or in the surrounding 
host brain. It is probably more likely that patients with 
poor outcomes would come to autopsy sooner. Neverthe- 
less, the consistent lack of TH-immunoreactive cells at 
least indicates that the adrenal medulla grafts in many 
cases are either not surviving after transplantation in 
clinical trials or are surviving but failing to express 
TH (72). 

C. Comments and Summary of Clinical Studies 

In general, intrastriatal adrenal medulla grafts ap- 
pear to cause only a transient improvement, whereas 
intraventricular grafts seem to cause a more lasting ef- 
fect. The degree of clinical improvement has been vari- 
able. In the Madrazo et al. (90) study, a very substantial 
improvement was reported, while in most other studies 
(2,5,38,78) the improvements have been smaller. The 
significance of these more modest improvements has 
been very controversial (e.g., (57,73,148,163)), particu- 
larly in light of the relatively frequent deaths and ad- 
verse side effects. The major improvements that have 
been observed have been significant increases in dura- 
tions of on times, particularly on times without chorea 
in patients that have on time without chorea for only a 
small part of each waking day (58, 60). Derivation of 
TFS scores, which consist of weighted average levels of 
functioning over the course of the waking day (Table 2), 
suggests that the changes seen in these latter studies 
(58, 60) constitute a loss of about 50% of the average 
baseline functional deficit. 

The on and off fluctuations in Parkinson’s disease 
also cause difficulties for the quantification of symptom 
severity. Goetz and co-workers (58,60) have very effec- 
tively dealt with this issue by measuring clinical status 
during on and off states separately and quantifying the 
amount of on and off time. Although this appears to be a 
highly accurate and efficient technique, the nature of 
the changes that were seen leaves open some question 
about interpretation. A simple change in on and off du- 
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rations per se would be consistent with the observed 
changes. On the other hand, if symptom severity were 
simply altered by a small amount at all times, patients 
might rate themselves as being in an on state more fre- 
quently and show modest improvements during off 
states, but show no change during on states because the 
slight effect of the graft was overwhelmed by the large 
therapeutic effect of L-DOPA. 

Even within the studies that have seen modest im- 
provements overall there has, however, been a great de- 
gree of variability from patient to patient. In several 
clinical studies (2, 38, 73, 78) the majority of patients 
have improved only slightly, while a few patients have 
shown much greater effects. In view of the very variable 
clinical response, it would seem to be important to de- 
velop predictors of outcome. There have been sugges- 
tions that outcome may be related to age or symptom 
severity (2, 30, 90). The data of Goetz et al. (58) and 
Kelly et al. (78) tend to suggest that patients with short 
baseline on times without chorea may show the largest 
improvements. Another possible predictor would be the 
condition of the adrenal medulla prior to transplanta- 
tion, as measured by serum catecholamines (153). 

The two methods of adrenal medulla transplantation 
that have been used clinically are stereotaxically guided 
intraparenchymal transplantation and visually guided 
transplantation into cavities in the wall of the lateral 
ventricle. These two techniques correspond closely to 
intraparenchymal and intraventricular transplanta- 
tion, respectively, with one possibly important differ- 
ence. As used in animals, intraventricular transplanta- 
tion produces relatively little damage to the host brain 
parenchyma with only a small injury to the ependyma 
and brain parenchyma. The human transplantation 
technique involves the creation of a cavity on the wall of 
the ventricle. Injury to the brain parenchyma might con- 
tribute to the functional effects of adrenal medulla 
grafts, either by producing or enhancing the trophic ef- 
fects of these grafts (15, 19, 36) or by enhancing dopa- 
mine-related effects. Thus the human intraventricular 
transplantation method might at least conceptually be 
the optimal methodology. That is, contact of the grafts 
with CSF might allow for good cell survival at least in 
some cases, while the creation of the cavity might en- 
hance any trophic effects of the grafts. This remains 
conjectural, however, and the ventricular cavity trans- 
plantation method has still only partially (6) been 
tested using adrenal medulla grafts in animals. 

VII. GENERAL CONCLUSIONS AND COMMENTS 

From the above discussion, it is apparent that there 
are many gaps in the experimental literature on adrenal 
medulla grafts in rodent and primate models, as well as 
in human patients. It is apparent that numerous stud- 

ies, including some of our own, have deficiencies due to 
the absence of crucial control groups, the necessity of 
which was not foreseen, usually because the experi- 
ments in question yielded results on topics that were not 
anticipated. Nevertheless, there are certain areas in 
which recommendations can be made. 

First, in studies using rodent models, it is clear that 
one important issue is the determination of methods 
that result in consistent, predictable graft survival. 
Some factors that favor graft survival are known, such 
as emplacement of grafts in the ventricle or the addition 
of NGF infusions. Data on numbers of cells surviving in 
each circumstance with and without NGF are lacking. It 
is also apparent that adrenal medulla grafts do not al- 
ways survive, even in the lateral ventricle. It is impor- 
tant to determine what circumstances result in graft sur- 
vival in the ventricle and to experimentally manipulate 
these factors as an independent variable in controlled 
experiments, using objective measures of graft survival 
(e.g., cell counts). Once predictable survival of adrenal 
medulla grafts can be consistently obtained, whether 
there are specific effects of chromaffin cells (i.e., effects 
based on secretion of catecholamines from the grafts) 
can be determined. 

On the other hand, putative trophic effects of adrenal 
medulla grafts may also occur. What is needed in this 
context is again, controlled experiments that employ 
objective, quantifiable measures. Immunohistochem- 
istry adapts to quantification only with some difficulty, 
because of staining variability between animals. At this 
point, it appears to be important to employ several 
types of controls including inactive tissue grafts and 
nongrafted controls to assess whether these trophic ef- 
fects are specific to adrenal medulla. Assessment tech- 
niques in addition to TH immunoreactivity, such as 
measurements of TH mRNA, TH catalytic activity, or 
dopamine production are needed to rule out possible 
artifacts resulting from reliance on a single method of 
assessment. 

There are indications that adrenal medulla grafts 
may produce two different effects on host brain. When 
the grafts survive, they may produce functional effects 
through release of dopamine and possibly other sub- 
stances. As might be expected, most evidence suggests 
that grafts in the ventricle produce functional effects 
only when they survive. When substantial numbers of 
chromaffin cells survive in intraparenchymal grafts, it 
is possible that these grafts also produce functional ef- 
fects through a similar mechanism. If the chromaffin 
cells do not survive, they of course do not produce dopa- 
mine or other chemical substances. Under this circum- 
stance, functional effects must be attributed to (i) the 
host brain reaction to injury, (ii) the release of chemical 
substances with trophic effects greatly outlasting their 
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production, or (iii) the production of substances by sur- 
viving non-chromaffin cells. 

The primary purpose of transplantation experiments 
in primate models is to test $rocedures with potential 
clinical application prior to use in human subjects. It is 
apparent that many of the things now being tested in 
human patients could readily be accomplished in pri- 
mates. The use of primates would also permit histology 
to be done systematically. It is very unfortunate that 
increasing restrictions on animal research and the high 
cost of studies in primates have, in some ways, made it 
easier to conduct experiments on human subjects than 
in primate models. Thus, there has not yet been a com- 
plete report of a controlled trial of the Madrazo et al. 
(90) procedure in primates. There are many obvious and 
fundamental issues that could easily be answered in pri- 
mates, rather than subjecting human patients to proce- 
dures that may not be optimally effective. To take an 
obvious example, what is the maximum time from re- 
moval to implantation of the adrenal medulla that will 
result in good tissue survival? The opposite side of this 
issue is that transplantation of adrenal medulla for Par- 
kinson’s disease could easily be dismissed as not effec- 
tive, because some basic procedural problem that could 
have been worked out in primate models has been over- 
looked. 

Even for clinical trials themselves, there are some 
fundamental procedural issues that should be ad- 
dressed. First, it is unfortunate to conduct these trials 
without obtaining quantitative objective measures of 
motor function. Most of the clinical trials have em- 
ployed, at best, rating scales. In some cases only more 
informal assessments have been used. Measurement re- 
liability has been assessed very infrequently. It is-or 
should be-fortuitous that Parkinson’s disease involves 
motor deficits that can be so readily quantified. Mea- 
sures such as those employed by Lindvall et al. (87) and 
by Freed et al. (41) can provide very precise measure- 
ments of the outcome of transplantation procedures 
and are very easy to implement. If such methods are 
standardized, it will be possible to determine the 
amount of improvement in each patient and thereby 
determine what factors are associated with greater or 
less clinical improvement. Rating scales, although es- 
sential, can provide quantitative information to only a 
limited degree. It is also time to consider controlled 
trials involving comparisons of patients receiving adre- 
nal medulla grafts to controls, or at least to nontreated 
groups or groups receiving other treatments, as it re- 
mains unclear whether any of the improvements are due 
to lesioning or other nonspecific surgical effects. The 
long-term changes seen after adrenal medulla grafts 
should also be compared to the expected progression of 
the disease, rather than to baseline scores only. 

Thus, there are indications that autologous trans- 
plantation of adrenal medulla to the wall of the lateral 

ventricle can produce measurable clinical effects in se- 
vere Parkinson’s disease. That any measurable effects 
are observed at all is, in fact, surprising: Very large ef- 
fects should not be expected, considering the modest 
effects of adrenal medulla grafts even in rats. The de- 
gree of improvement seen in most clinical studies is 
small, with a possibly greater improvement occurring in 
a minority of patients. There are indications that non- 
chorea on time may be substantially improved, and 
some patients may improve markedly. Certainly, a dou- 
bling of non-chorea on time in severely ill patients could 
be clinically significant, and use of the total function 
scale suggests that substantial improvement may occur 
in some patients. Very little attention has been paid to 
the reliability of outcome measures. The incidence of 
death and serious morbidity has been substantial and 
adverse side effects occur. At least over the short term, 
side effects seem to be very frequent (60,106). Whether 
the magnitude of the positive effects is sufficient to jus- 
tify the associated risks has not been resolved, and it is 
not clear how consistently these effects can be pro- 
duced. 

There is a possibility that adrenal medulla transplan- 
tation procedures are differentially effective in different 
trials, depending on minor variations in technique. Fac- 
tors such as length of time between adrenal medulla 
removal and implantation, inclusion of adrenal cortex 
in the grafts, variations in implantation technique and 
site, length of illness or age, severity of illness and base- 
line on time durations, or postoperative administration 
of L-DOPA may significantly influence outcome. It is 
particularly important that records of these variables be 
maintained through the American Association of Neuro- 
logical Surgeons and the United Parkinson Foundation 
registries. Nevertheless, much of this information could 
be obtained more reliably through animal experiments. 
Eventually these data will have to be gathered in ani- 
mals if adrenal medulla transplantation is ever to be 
optimized for human application. Further development 
of techniques for intraparenchymal adrenal medulla 
transplantation, hopefully in rodent and primate exper- 
iments (eq. (31)), will also be important to allow for 
transplantation into specific sites. The greater deple- 
tion of dopamine in the putamen, as compared to the 
caudate, in Parkinson’s disease patients (81) argues for 
the possibility of transplantation into the putamen. 

It is unclear how these grafts produce behavioral ef- 
fects in human subjects, and it is in fact possible that 
some of the effects are due to mechanisms not operative 
in the animal models that have so far been used (e.g., 
alterations of entry of L-DOPA into the brain). At the 
present time the data, either for animals or human sub- 
jects, are not sufficient to warrant widespread applica- 
tion of adrenal medulla transplantation as a clinical 
procedure. Until further data are collected, adrenal me- 
dulla transplantation in humans should be performed 
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only in the course of carefully planned experimental 
trials. 
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