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Adrenal Medulla Grafts Enhance Recovery of Striatal

Dopaminergic Fibers

MARTHA C. BoHN,* LisA CUPIT, FREDERICK MARCIANO,

DonN M. GasH

The drug, 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), depletes striatal
dopamine levels in primates and certain rodents, including mice, and produces
parkinsonian-like symptoms in humans and nonhuman primates. To investigate the
consequences of grafting adrenal medullary tissue into the brain of a rodent model of
Parkinson’s disease, a piece of adult mouse adrenal medulla was grafted unilaterally
into mouse striatum 1 week after MPTP treatment. This MPTP treatment resulted in
the virtual disappearance of tyrosine hydroxylase—immunoreactive fibers and severely
depleted striatal dopamine levels. At 2, 4, and 6 weeks after grafting, dense tyrosine
hydroxylase—-immunoreactive fibers were observed in the grafted striatum, while only
sparse fibers were seen in the contralateral striatum. In all cases, tyrosine hydroxylase—
immunoreactive fibers appeared to be from the host rather than from the grafts, which
survived poorly. These observations suggest that, in mice, adrenal medullary grafts
exert a neurotrophic action in the host brain to enhance recovery of dopaminergic
neurons. This effect may be relevant to the symptomatic recovery in Parkinson’s
disease patients who have received adrenal medullary grafts.

N HUMANS, THE DRUG, I-METHYL-4-

phenyl-1,2,5,6-tetrahydropyridine

(MPTP), produces motor deficits that
closely resemble those observed in Parkin-
son’s disease (I—4). This observation has led
to the development of animal models of
Parkinson’s disease that are valuable for
studying the effects of brain grafting (5).
MPTP damages the dopamine (DA)-con-
taining A9 cell group in the pars compacta
of the substantia nigra and results in a
degeneration of the nigrostriatal DA fibers
and loss of striatal DA and its metabolites
(I-8). The severity of this damage is species-
dependent. In primates, MPTP treatment
damages both the DA fibers and cell bodies
(1-5). In mice, the fibers are damaged, but
many A9 neurons survive (6, 7). Because the
MPTP lesion is transient in mouse (7, 9),
the MPTP-treated mouse provides an op-
portunity for studying recovery of identified
neurons in the brain. Our study suggests

that striatal grafts of adult mouse adrenal
medulla enhance recovery of these neurons.

Two MPTP treatments were compared for
their effects on striatal DA levels and tyrosine
hydroxylase-immunoreactivity (TH-IR) in
the striatum and A9 region of C57BL/6 mice
(6 to 12 weeks old; 21 to 28 g). As described
(6, 7), lightly etherized mice received multiple
injections of MPTP-HCI subcutaneously in
0.5 ml of saline. Group A received three
injections of 30 mg per kilogram of body
weight at 24-hour intervals and group B
received two injections of 50 mg per kilogram
of body weight 16 hours apart. Catechol-
amines in tissues were isolated and measured
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Table 1. Effects of MPTP treatment on neostriatal TH-IR fibers and dopamine levels. For catechol-
amine determinations, mice were killed by decapitation and the neostriatum frozen in liquid nitrogen.
Tissue was weighed frozen, homogenized by sonication in 10 volumes of 0.1N perchloric acid
containing 0.025% EDTA and 15 ng of dihydroxylbenzylamine as an internal standard, and
centrifuged. Supernatant (50 pl) was extracted with 50 mg of activated alumina in 1 ml 0.51 tris
buffer, pH 8.6. After washing the alumina twice with 0.011 tris, pH 7.0, the catecholamines were
eluted into 1 ml of 0.2N acetic acid. The filtered eluant was assayed on a Bioanalytical high-performance
liquid chromatograph with an Altex Ultrasphere column equilibrated with 0.1 phosphate buffer, pH
3.0, containing 0.1 mM EDTA, 0.2 mM sodium octylsulfonate, 1% methanol, and 1.5% acetonitrile.
Catecholamines were detected by electrochemical oxidation at a glassy carbon electrode (0.72 V) and
quantified by comparison to the internal standard. Statistically significant differences were determined
in the Newman-Keuls test after an analysis of variance. Dopamine amounts are expressed as

mean +SEM.
Survival Dopamine TH-IR
Treatment " (weeks) (ng/mg tissue) Effect fibers
Normal 10 — 10.81 + 1.14 — Dense
MPTP (group A) 6 2 0.50 = 0.14* —95% None
MPTP (group A) 8 5 8.73 = 1.06 NSD+ Dense
MPTP (group B) 8 5 1.50 = 0.24* —86% Sparse

*P = 0.01 with respect to normal mice.

as described (Table 1) (10). In group A,

striatal DA levels were depleted to 5% of

normal values 2 weeks after MPTP treatment.
However, by 5 weeks, striatal DA levels were
not significantly different from those in nor-
mal mice (Table 1). This recovery was paral-
leled by a reappearance of dense TH-IR fibers
in the striatum. In contrast, in group B mice,
striatal DA was chronically depleted to 14%
of normal levels 5 weeks after MPTP treat-
ment and only sparse fibers were observed
(Table 1). In contrast to the central effects of
MPTP, neither of the MPTP treatment sched-
ules significantly affected adrenal catechol-
amine levels.

To investigate the fate of adult adrenal
medullary tissue grafted into the brain pa-
renchyma, group B mice received unilateral
homografts of adrenal medulla from un-
treated mice 1 week after MPTD treatment.
Young adult male C57BL/6 mice served as
both tissue donors and recipients. To pro-
vide the donor tissue, lightly etherized mice
were decapitated and the adrenals quickly
removed. Under a dissecting microscope,
the adrenals were bisected, and the adrenal
medulla was dissected free from the cortex
and maintained in cold sterile calcium- and
magnesium-free buffer (11) until transplant-
ed. The tissue recipients were anesthetized
with 0.3 ml of chloropentane per 100 g of
body weight (Fort Dodge, Indiana) and
placed in a stereotaxic apparatus to stabilize
the head. The skin was opened and an
electric dental burr was used to expose the
left cerebral cortex rostrolateral to bregma.
A 25-gauge cannula was used to aspirate
through the cortex and corpus callosum to
expose the head of the caudate nucleus.
Gelfoam was packed into the cavity for
several minutes to control any bleeding, the
Gelfoam was removed, and adrenal medul-
lary fragments (approximately 0.2 to 0.5
mm in length) were inserted directly into
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tNSD, not significantly different.

the striatum with a pair of fine forceps. The
same piece of Gelfoam was inserted into the
cortical cavity and the wound was closed.
The time from the killing of the donor to
implantation in the host averaged 30 min-
utes and was never longer than 2 hours.
Control groups consisted of either MPTP-
treated mice lacking a graft or MPTP-treat-
ed mice with sham surgery in which Gel-
foam was inserted into the striatum. Grafted
cells and the host striatum were examined at
2, 4, or 6 weeks after surgery (n = 4 to 5 per
group).

Neurotransmitter phenotypic expression
in grafted cells was studied by staining for
immunoreactivity to enzymes in the cate-
cholamine pathway—TH, the rate-limiting
enzyme, and phenylethanolamine N-methyl-
transferase (PNMT), the epinephrine syn-
thesizing enzyme. Although grafted cells
survived in all mice, most of the grafted cells
appeared to be dying, and the grafts were
filled with autofluorescent material and mac-
rophages. Some of the grafts (5 of 13)
contained TH-IR cells. Although these TH-
IR cells were rare, some had neuronal-like
processes (Fig. 1A). However, none of these
processes appeared to be growing out of the
graft site. Three of these grafts and two
others also contained clumps of PNMT-IR
cells that had retained a chromaffin cell-like
morphology (Fig. 1B).

Effects of the MPTP treatment and adre-
nal grafts on the nigrostriatal system in the
host brain were also investigated by study-
ing TH-IR. In both treatment groups, only
sparse TH-IR fibers were observed in the
dorsal striatum 2 weeks after the last MPTP
injection. However, 5 weeks after MPTP
administration, marked differences were
seen between the two groups. Dense TH-IR
fibers were observed in the striatum of
group A mice, while only sparse fibers were
observed in group B mice. In all MPTD-

treated mice, TH-IR neurons were present
in the substantia nigra; however, the intensi-
ty of staining appeared to be less than in
normal mice. Although the number of these
neurons appeared reduced, this effect was
not quantified because it has been previously
reported (6).

The density of TH-IR fibers in the dorsal
striatum in all mice receiving grafts showed
marked recovery on the side of the graft at
all survival times (Fig. 1D). In contrast, no
recovery was observed at 6 weeks (z = 4) in
mice that received sham grafts of Gelfoam.
TH-IR fibers were especially dense near the
graft, although they did not penetrate into
the graft. Minimal recovery was observed on
the contralateral side in graft recipients (Fig.
1C); however, in some mice, patches of TH-
IR fibers were observed near the ventricle,
suggesting a response to a diffusible factor
that had limited access to the contralateral
striatum. To determine whether the recov-
ery of TH-IR fibers was due to a response of
sympathetic noradrenergic fibers innervat-
ing blood vessels or noradrenergic fibers of
central origin, sections were examined for
immunoreactivity to dopamine B-hydroxy-
lase (DBH). The striatal fibers lacked DBH-
IR, suggesting that they were dopaminergic
and not noradrenergic.

These observations suggest that grafts of
adrenal medulla promote the recovery of
MPTP-damaged dopaminergic neurons. Al-
though the source of these fibers has not yet
been identified, it is likely that they are from
the A9 cell group because some of these
neurons survived MPTP treatment. Howev-
er, we have not excluded the possibility that
other dopaminergic neurons that are rela-
tively unaffected by MPTP treatment (12,
13) may have sprouted fibers into this re-
gion. In either case sprouting must have
occurred, because the density of fibers in the
grafted striatum exceeded that in the stria-
tum of normal mice. It is assumed that
MPTP treatment destroys the DA-contain-
ing fibers in the striatum, an assumption
based on the loss of catecholamine synthe-
sizing characters. A sprouting or regenera-
tion of these “pruned” fibers could account
for the reappearance of TH-IR fibers. An
alternative explanation might be that the
fibers of surviving cells did not degenerate,
but were not detected due to a transient
cessation of expression or transport of cate-
cholamine enzymes. A biochemical recovery
in MPTP damaged neurons could have rap-
idly restored these enzymes; however, this
alone could not account for the apparent
exuberance of fibers in the grafted striacum.

Grafted cells did not appear to contribute
to the recovery in TH-IR fibers, since few
TH-IR cells survived and only a small pro-
portion of these had grown processes. Nev-
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ertheless, grafted cells produced a profound
effect on morphological recovery in the host
brain. Several mechanisms could account for
this recovery. (i) The adrenal graft may have
released a neurotrophic factor that stimulat-
ed growth, cell survival, or catecholamine
regulation in central DA neurons. Such a
factor might be produced by the medullary
cells or by non-neuronal cells such as
Schwann cells included in the graft. (ii) The
grafts may have stimulated gliosis, which in
turn resulted in the production of a neuro-
trophic factor of glial origin. This possibility

is supported by studies suggesting that glial
cells promote neuronal recovery in the brain
(14, 15) and observations indicating that
most neuronal growth factors are non-neu-
ronal in origin (I6). (iii) Recovery might
have been promoted by a factor produced by
macrophages entering the area to clean up
the dying grafted cells or by changes in the
blood-brain barrier (17). (iv) The graft itself
or cellular reactions occurring after grafting
may have acted as scavengers for 1-methyl-
4-phenylpyridine, which is thought to be
the active neurotoxin accounting for the

Fig. 1. Immunofluorescence of TH and PNMT in adrenal medulla grafts. (A) TH-IR cells (green) on
the edge of the graft deep in the striatum. Note the cellular processes (arrow). Yellow material is

autofluorescent lipofuscin in atrophic cells within

graft. Magnification, X720. (B) PNMT-IR

chromaffin-like cells (arrow) on the caudal surface of the graft. Magnification, X550. For both antigens,
mice under ketamine-rompum anesthesia were perfused through the heart with saline, then with ice-
cold 4% paraformaldehyde in 0.1M phosphate buffer, pH 7.4. Cryostat sections (15 um) were
incubated overnight with rabbit antiserum to rat TH (1:1000; Eugene Tech) or rabbit antiserum to rat
PNMT (1:1000) (24) in phosphate-buffered saline containing 0.1% Triton X-100. Coons’ immunoflu-
orescence method was used for detection (25). Dark-field photomicrographs of TH-IR fibers in

striatum of a (C) nongrafted and (D) grafted (4 weeks after grafting) MPTP-treated mouse. The .

nongrafted striatum is at the same level as (D). Note absence of TH-IR in graft (G) and dense TH-IR
fibers (white) surrounding graft. Mice were treated with two injections of MPTP at 50 mg per kilogram
of body weight given 16 hours apart and were grafted 1 weck later as described in the text. Sections
were prepared as described in (B). TH-IR was detected with a biotin-avidin label (Vector Labs).

Magnification, X75.
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effects of MPTP treatment (18, 19). Such a
protective effect would be similar to that of
striatal grafts reducing the effects of kainic
acid (20). Although our data cannot distin-
guish among these possible mechanisms,
they support the concept that graft-induced
recovery of neurodegeneration in the brain,
whether caused by disease or injury, may
occur through processes other than direct
restoration of function by the grafted cells
themselves (15, 20, 2I). The graft may
instead act as a mediator to promote the
production of growth factors or growth
mechanisms leading to plasticity and recov-
ery of cells in the host.

These studies are of interest in view of
similar studies in Sweden and Mexico that
have used autografts of adrenal medulla to
treat humans with Parkinson’s disease (22,
23). In one of these studies, prolonged
improvement in motor symptoms was re-
ported to result from the grafts (23). Al-
though this improvement might be due to
DA produced by grafted cells or to innerva-
tion of host striatum by grafted cells, our
study suggests that improvement might also
be due to graft-induced recovery of DA
neurons in the brain of patients with Parkin-
son’s disease. This mechanism may also be
involved in the behavioral recovery observed
in nonhuman primate models of Parkinson’s
discase following fetal grafts of substantia
nigra (5).
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The Maize Transposable Element Ds Is Spliced from

RNA

SusaN R. WESSLER,* GEORGE BARAN,T MARGUERITE VARAGONA

In some instances, insertion of maize transposable elements into exons does not result
in the total loss of enzymatic activity. In other instances, messenger RNAs of wild-type
size are encoded by genes known to contain the maize transposable element Dissocia-
tion (Ds) in exons. To understand how Ds is processed from RNA, a study was made of
transcripts encoded by two alleles of the maize waxy (wx) gene containing Ds insertions
in exon sequences. The analysis was carried out in strains where the Ds element could
not excise from the wx gene. Despite insertions of 4.3- and 1.5- Ds elements, the
predominant transcripts encoded by these two genes were wild type in size. For both
alleles, DNA sequencing of complementary DNAs revealed that the Ds elements had
been spliced in a similar manner. Splicing was accomplished by the utilization of
multiple 5’ donor splice sites in the Ds termini and a 3’ acceptor site within the wx gene
adjacent to the Ds element. The net effect in both cases was the removal of most of the

Ds element from the messenger RNA.

THE EXPRESSION OF GENES CON-
taining Ds (Dissociation) insertions
can be analyzed either in the pres-
ence or absence of the Ac (Activator) ele-
ment. Recent analyses of these elements
have focused on gene expression in the
presence of Ac, that is, when the Ds element
can transpose. These studies have revealed
how the excision of Ds can alter gene expres-
sion by adding nucleotides to a gene at the
site of excision (1-5). In the present study,
we analyzed the influence of Ds insertion on
RNA transcripts in the absence of Ac; that
is, when Ds cannot excise from the gene in
which it is inserted. This study was prompt-
ed by two findings: (i) Wx (waxy) protein of
wild-type size is produced in a strain con-
taining a wx allele with a 4.3-kb Ds element
in one of the exons (6), and (ii) two alleles of
the adh1 locus produce wild-type sized Adhl
messenger RNAs (mRNAs) despite Ds in-
sertions in exons (7, 8). To determine the
sequences involved in the removal of Ds
sequences from the primary transcripts, we
characterized the RNAs produced by two
alleles of the ww locus that have Ds insertions
in two distinct exons.

The wx gene encodes a starch granule—
bound enzyme responsible for the synthesis
of amylose in endosperm tissue. The gene
has been cloned (9) and sequenced (10) and
the position and effect of several Ac and Ds
insertions have been described (4, 11, 12).
The positions of two Ds elements within the
wx gene are displayed in Fig. 1B. The
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cloning (11) and sequencing (13) of the Ds
insertion in the wx-m9 allele has also been
described. Despite insertion of a 4.3-kb Ds
element, endosperms harboring the wx-m9
allele have significant amylose and produce
reduced amounts of a wild-type sized Wi
protein (6). In contrast to wx-m9, endo-
sperms harboring the wxB4 allele contain no
amylose and have no Wx enzymatic activity
(14).

Steady-state transcripts produced by these
two wx alleles were analyzed by Northern
blots (Fig. 2). Surprisingly, we found that in
both cases the predominant Wx transcript is
approximately 2.4 kb, the same size as the
wild-type transcript. Rehybridization of the
wx-m9 blot with a Ds-specific probe indicat-
ed that the 2.4-kb transcript had no detect-
able homology with Ds but the minor tran-

-scripts of 6.7 kb and 1.8 kb were homolo-

gous with both Ds and Wi sequences (Fig.
2A). These data led us to conclude that the
6.7-kb transcript is a pre-mRNA that in-
cludes Wx mRNA (2.4 kb) and the entire
Ds element (4.3 kb) while the 2.4-kb tran-
script arises following the processing of Ds
from pre-mRNA. The 1.8-kb transcript is
not homologous with Wx sequences down-
stream from the 3’ site of Ds insertion and
may represent a transcript that terminates
within the Ds element. The precise nature of
this small transcript has not been investigat-
ed further.

The relative abundance of the 2.4-kb tran-
scripts in the wx-m9 and wxB4 strains sug-

gested that the Ds elements were efficiently
spliced from Wx mRNA. To determine how
these processed transcripts arose, we used
samples of the RNA analyzed by Northern
blots (Fig. 2) as templates for complemen-
tary DNA (cDNA) synthesis. Double-
stranded cDNAs were inserted into Agtl0
and plaques screened with Wx specific
probes. Recombinant phage DNAs that hy-
bridized with Wx probes were subcloned
and the DNA near the site of Ds insertion
was sequenced (Fig. 1, A and D).

In addition to ¢cDNA, genomic DNA
containing the wxB4 Ds insertion was also
cloned and DNAs containing the Ds termi-
nal and adjacent Wx sequences were sub-
cloned and sequenced (Fig. 1C). We found
that the wxB4 Ds insertion is 1.5 kb and the
termini have 316 and 257 bp, respectively,
homologous with the Ac termini. The cen-
tral 900 bp of this Ds element is not ho-
mologous with Ac (15). Pohlman et al. (13)
previously determined that the 4369-bp Ds
element in the ww-m9 allele was derived
from the 4563-bp Ac element by a 194-bp
internal deletion.

The sequences compared in Fig. 3A reveal
splicing sites (16) that would result in re-
moval of most of the Ds element during
RNA processing. Of the eight cDNAs ana-
lyzed, three had the sequence of cDNA I
while five were like cDNA II (see the legend
to Fig. 1D). The two cDNAs differ by the
choice of 5’ donor sites located only 4 bp
apart. The splice acceptor site for both
cDNA:s is the same and is part of the 8-bp
direct repeat of Wx sequences that is gener-
ated upon Ds insertion and flanks the ele-
ment (Fig. 3). DNA sequencing also re-
vealed that both cDNAs I and II utilize the
same poly(A) addition site and that this site
is one of three utilized in nonmutant Wx
strains (10).

The ¢cDNA I differs from wild-type Wx
cDNA by the addition of 23 bp: 24 bp
added from the 5’ Ds terminus and 1 bp
deleted from Wi sequences on the 3’ end of
the intron. The 8-bp direct repeat is also
deleted but it was added to the Wx se-
quences upon insertion of Ds and one copy

Botany Department, University of Georgia, Athens, GA
30602.

*To whom correspondence should be addressed.
tPresent address: Molecular Genetics Inc., 10320 Bren
Road East, Minctonka, MN 55343.

SCIENCE, VOL. 237





