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SUMMARY

Major limitations of adrenal medulla trans-
plantation in animal models of Parkinson’s dis-
ease have been the relatively small behavioral
effects and the pooror inconsistent graft survival.
Transplantation of fragments of sural nerve in
combination with adrenal medulla has been re-
ported to increase the survival ofchromaffin cells
in adrenal medulla grafts in primates. In the
present study, the possibility was tested that pe-
ripheral nerve co-grafts would increase the func-
tional effects of adrenal medulla grafts in a
6-hydroxydopamine-lesioned rat model. Animals
received unilateral substantia nigra lesions, and
subsequently received intraventricular grafts of
adrenal medulla, sciatic nerve, adrenal medulla
plus sciatic nerve, or sham grafts consisting of
medium only. Functional effects of the grafts
were tested using apomorphine-induced rota-
tional behavior. The sciatic nerve co-grafts did
not increase the survival of TH-immunoreactive
chromaffin cells. The co-grafting treatment also
did not augment the overall effect of adrenal me-
dulla grafts on rotational behavior. In the ani-
mals with substantial numbers of surviving
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chromaffin cells, however, the animals with sci-
atic nerve co-grafts showed greater decreases in
rotational behavior as compared to the animals
with adrenal medulla grafts alone, even though
the number of surviving cells was not increased.
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INTRODUCTION

Transplantation of adrenal medulla into the
brain has been reported to alleviate some of the
consequences of substantia nigra (SN) lesions in
animals/4, 6, 10, 17, 19, 30, 32/, and has attracted
considerable attention as a possible treatment for
Parkinson’s disease/20, 23, 24/. Major limitations
of adrenal medulla transplantation, which may
relate to its limitatiom as a potential clinical pro-
cedure, have been the relatively small behavioral
effects which are seen in animals and the poor or
ineomistent graft survival/19/.

Recently, Kordower and eoworkers/22/re-
ported that, in primates, transplantation of frag-
ments of sural nerve in combination with adrenal
medulla tissue increased the survival of tyrosine

VOL. 3, NO. 2-3,1992 159



160 W.J. FREED, G. WILLINGHAMAND R. HEIM

hydroxylase (TH)-immunoreactive chromaffin
cells by more than four-fold. Similar results, in
addition to increased functional effects in animals
receiving the co-grafts, have been reported by
Watts et al./38/. Sural nerve was used for co-trans-
plantation because of the ability of Schwann cells
to release nerve growth factor (NGF) following
nerve transection/21, 33/. Prior studies had ob-
tained improved survival and efficacy of in-
traparenchymal adrenal medulla grafts when
combined with NGF infusions/31/. NGF infu-
sions have also recentlybeen tried in combination
with adrenal medulla grafts inhumanpatients/26/.

Several additional studies have reported that
graft survival or functional effects are improvedby
a variety of co-transplantation techniques. Trans-
plantation of fragments of adrenal medulla in
combination with peripheral nerve has been re-
ported to increase chromaffin cell survival and
recovery of TH-immunoreactive fibers in sur-
rounding tissue, in mice with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced lesions/9/. In
animals with unilateral SN lesions, co-grafts of
peripheral nerve have been found to increase the
functional efficacy of fetal substantia nigra grafts
/7, 36/, but not ofintraparenchymal grafts of adre-
nal medulla tissue/35/. Bing et al. /5/ reported that
the survival and efficacy of grafts of adrenal chro-
maffin cells is improved by co-transplantation
with amitotic C6 glioma cells, which also have the
capacity to secrete NGF. Doering and Tokiwa
/11/have reported consistent adrenal chromaffin
cell survival after transplantation into peripheral
nerve. Therefore, although several studies report
increased graft survival or histochemical changes,
peripheral nerve co-grafts have not been reported
to enhance the functional effects of adrenal me-
dulla grafts in a 6-hydroxydopamine-lesioned rat
model.

MATERIALS AND METHODS

Adult male Sprague-Dawley rats (Zivic Miller
Laboratories, Inc.), initial weight 125-150 g, were
housed in groups of at least two under controlled
temperature and lighting conditions with continu-
ous access to food and water, and maintained
according to the NIH Guidefor the Care and Use

ofLaboratoryAnimals. Dopaminergic neurons in
the right SN pars compacta were destroyed by
unilateral stereotaxic infusion of 6-hydroxy-
dopamine hydrobromide under ketamine and
xylazine anesthesia as previously described/18/.
Fourteen days after lesioning the rats underwent
testing for rotational behavior/34/in response to
administration of apomorphine HC1 (0.1 mg.kg
s.c.). Rotational behavior was measured in cylin-
drical rotometer devices with flat bottoms as
described elsewhere /14/. Forty-eight animals
that rotated a minimum of 120 times in one hour
following administration of apomorphine were
selected and were retested six times over the
course of 12 weeks. The rats were coded and
randomly assigned to four equal groups of 12
animals each, and each group was designated to
receive grafts of either adrenal medulla, sciatic
nerve, adrenal medulla plus sciatic nerve, or sham
grafts consisting of medium only (20/1 lactated
Ringer’s solution).

Host animals were anesthetized with 70 mg/kg
ketamine and 6 mg/kg xylazine i.m., received 0.1
ml Flo-Cillin i.m. and 0.04 mg/kg atropine s.c., and
were mounted in a stereotaxic instrument. The
tissue donors were young male Sprague-Dawley
rats 4-5 weeks of age weighing 100-150 g. Donors
were anesthetized with ketamine and xylazine,
and the adrenal glands and sciatic nerves were
removed and bathed in sterile lactated Ringer’s
Solution. The adrenal capsule and cortex were
removed under a dissecting microscope. The
adrenal medulla and sciatic nerve were cut into 2
pieces each. Two adrenal medullae, an equivalent
amount of sciatic nerve, or both tissues combined
(co-grafts) were implanted. The co-graft group
received two adrenal medullae plus an equivalent
amount of sciatic nerve, or approximately twice
the total quantity of tissue that was implanted in
the adrenal medulla or sciatic nerve-only groups.
Tissue was implanted into the right lateral ventri-
cle ofthe host animals through an 18 gauge needle,
as previously described/14, 15/. The stereotaxic
coordinates were 1.5 mm anterior and 1.5 mm
lateral to the bregma and 4.5 mm below the dura,
with the bite bar set at 5.0mm above the interaural
line.

The rats were maintained for a period of 13
weeks following the grafting procedure. Three of
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the twelve animals in the co-graft group died of
unknown causes during the fourweeks after trans-
plantation. All 36 grafted rats in the other three
groups survived for the entire period. Apomor-
phine-induced rotational behavior was tested at
four, six, eight, ten, and twelveweeks post grafting.
At each time period, three tests were conducted
over the course of 6-8 days, with an interval of at
least two days between tests. The mean for each
time period was used, and compared to the mean
of all six pregrafting tests.

One week after completion of the 12 week
rotation testing, the rats were sacrificed for histol-
ogy. Animals were anesthetized with ketamine
and xylazine and perfused with saline followed by
4% paraformaldehyde. Brains were equilibrated
in 10% followed by30% sucrose solutions, frozen,
sectioned on a cryostat at 12/m, and mounted
three sections per slide. Every sixth slide was
stained with cresyl violet and examined to deter-
mine the approximate graft location. Every third
slide was then processed for TH immuno-
cytochemistry, and numbers of TH-immunoreac-
tive cells were counted on every ninth 12 mm
section. The sections were washed with TRIS
buffered saline (TBS), and immersed in 100%
methanol. Following additional TBS rinsing, the
sections were immersed in 3% horse serum
(Gibco heat-inactivated normal horse serum) in
TBS for 30 minutes. The sections were incubated
inprimary antibody (1:1000BoehringerMonodo-
hal anti-TH) overnight. After rinsing (TBS, 3 x 30
see), biotinylated secondary antibody (1:100
Amersham anti-mouse IgG, biotinylated species-
specific) was applied for 60 minutes at room tem-
perature, and the slides were rinsed. Finally, the
sections were treated with fluorescein-labeled
streptavidin (1:100, Amersham) for 60 minutes,
rinsed, and examined under a fluorescence micro-
scope.

The total number of TH-positive cells in each
graftwas estimated from the raw cell counts in the
serial sections, correcting for total cell numbers by
the Abererombie method 1 formula/1/. The same
correction factor (total counts raw cell count x
10.8) was used for all of the animals.

Analysis of variance was performed with the
aid of the SuperANOVA program (Abacus Con-
cepts, Inc., Berkeley, California, 1989), as detailed

in results. Other statistical tests were performed
with the aid of the StatView 512+ program.

RESULTS

Following transplantation, all groups of rats
tended to show gradual increases in rotational
behavior (Fig. 1). The smallest increase was seen
in the group that received adrenal medulla plus
sciatic nerve co-grafts, although the differences
between groups were not statistically significant
(cf. Fig. 1 legend).
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Fig. 1: Percentage changes in apomorphine-induced ro-
tational behavior as a function of time in weeks
after transplantation. Groups received grafts of
sciatic nerve (closed circles), adrenal medulla
(open triangles), adrenal medulla and sciatic
nerve combined (co-grafts; closed triangles), or a
sham Injection of lactated Ringer’s solution (open
circles). Data shown are means; standard errors
are shown for the co-graft group for clarity. A
three-way ANOVA for one repeated measure
(time) and two between-group measures (adrenal
graft vs. vehicle, and sciatic nerve vs. vehicle)
showed no significant main effects of the pres-
ence or absence of either the adrenal medulla
(F(1,40)=0.90; p=0.35) or sciatic nerve
(F0,4o) 1.94; p=0.17) grafts. The main effect of
time was statistically significant (F(4,s0)= 11.88;
p< 0.0001), but none of the interactions involving
adrenal medulla or sciatic nerve graft effects with
timewas significant (all p > 0.3). Means contrasts
comparing sciatic nerve or adrenal medulla graft
orthogonal effects for the individual groups were
also not significant (all p >0.1). Of these, the
smallest probability value obtained was for the
effect of sciatic nerve grafts in animals with adre-
nal medulla grafts (p 0.12).
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Histologically, substantial numbers of TH-im-
munoreactive cells were found in only about half
of the graft recipients. Grafts in both the adrenal
medulla and co-graft groups were similar (Fig. 2),
although the TH+ cells in the adrenal medulla-
only grafts appeared to have relatively round
shapes and few processes (Fig. 2a, b), whereas
there was a tendency for some TH+ cells in the
co-graft group to have more elongated cell shapes
(Fig. 2c, d). In the animals with adrenal medulla
grafts, grafts with more than 100 surviving TH +
cellswere found in six ofthe 12 graft recipients, no
surviving cellswere found in four animals, and the
largest number of TH + cells was 1744. In the
co-graft group, more than 100 surviving cellswere
found in only three of the nine surviving animals,
zero TH + cells were found in three animals, and
the largest number of surviving cells was 572.
Three animals, one in the co-graft group and two
in the adrenal medulla graft group, had misplaced
grafts in the septum, corpus callosum, or cortex.
The mean (__.S.E.M.) number of (appropriately-
located) survivingTH + cellswas 442___ 161 for the
adrenal medulla-grafted animals and 163 +_80 for
the co-grafted animals. This difference was not
statistically significant (to9) 1.40; p=0.18, two-
tailed).

The data were analyzed to determine whether
there were differences in recovery of rotational
behavior between the animals with vs. without
survivingTH-immunoreactive cells, in the adrenal
medulla alone as compared to the adrenal medulla
plus sciatic nerve co-graft group. Animals were
classified according to whether they had less than,
or more than, 100 surviving TH-immunoreactive
cells. A two-way analysis of variance, using as
between-group factors (a) type of graft, and (b)
more than vs. less than 100 surviving cells, was
performed, using the percentage change in rota-
tion after 12 weeks as the dependent variable.
Because of the large increases in rotation, five of
the animals with relatively low initial rates of ro-
tation showed increases in rotation after 12 weeks
ofmore than two-fold, i.e., percentage changes of
greater than positive 100% ( + 116 to 264%). Be-
cause the three highestvalues tended to distort the
means, a value of positive 100% was substituted
for each ofthe increases exceeding positive 100%.
This resulted in an equal possible range of values

of 100 percentage points in both the positive and
negative direction.

In the animals with adrenal medulla grafts the
mean percentage changes in rotation after 12
weekswere + 60.2% for the animalswith less than
100 surviving cells and + 48.8% for the animals
with more than 100 surviving cells. For the co-
graft animals with less than 100 surviving cells, the
change in rotation was + 40.0%, as compared to
-28.0% for the animals with greater than 100 sur-
viving cells (Fig. 3). There was a significant main
effect of graft type (adrenal medulla vs. co-grafts:
F0,7 5.26; p 0.035), but the overallmain effect
of number of surviving cells was not significant
(F0,7 3.52; p 0.078). The graft type vs. surviv-
ing cell interaction was not significant
(Fo,7)= 1.80; p=0.20). Means contrasts were
performed for each of the orthogonal group com-
parisons. The effect of number of surviving cells
in the animals with adrenal medulla grafts was not
significant (p =0.68), nor was the effect of graft
type in the animals with less than 100 surviving
cells (p 0.46). Within the co-graft group, there
was a tendency for the animals with more than 100
surviving cells to show greater decreases in rota-
tion (p =0.053). For the comparison of adrenal
medulla vs. co-graft animals with more than 100
surviving cells, however, the animalswith co-grafts
showed significantly greater reductions in rota-
tional behavior than the corresponding animals
with adrenal medulla-only grafts (p=0.031; cf.
Fig. 3).

DISCUSSION

There are several aspects of the present data
which are inconsistent with previous reports.
First, the adrenal medulla-only grafts did not de-
crease rotational behavior, even if only the ani-
mals with surviving chromaffin cells were
considered. The reason for this discrepancy is
unknown. It is possible that tissue from the rela-
tively young sexually immature donors that were
used is not optimal. It is also possible that the
ability of chromaffin cell grafts to decrease rota-
tional behavior is dependent upon very specific
testing conditions. For example, the testing of
rotational "behavior at regular intervals, as was
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Fig. 2: Tyrosine hydroxylase-immunoreactive chromaffin cells in adrenal medulla grafts (a and b) and in adrenal medulla-
sciatic nerve co-grafts (c and d). (a) Low magnification of an adrenal medulla graft (g) in the lateral ventricle, slightly
overexposed to show the general graft location and appearance. Arrowheads indicate the border of the graft. (b)
Higher magnification of the same field seen in a, showing the generally round shape of most of the TH-immunoreac-
tive cells. (c) Low magnification photograph, showing the general appearance of a co-graft in the lateral ventricle
(v). (d) Higher magnification of TH-immunoreactive cells in a co-graft recipient. The irregularly shaped cells on
the left of the photograph (arrows) are autofluorescent macrophages. Some of the chromaffin cells have elongated
or irregular shapes, and a few TH-immunoreactive processes are present. The lateral ventricle (v) can be seen on
the left, and the approximate border of the graft on the right is indicated by the arrowheads. Calibration 100/m
for a and c, 40 btm for b, and 625/m for d.
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Fig. 3: Changes in rotational behavior from before to 12
weeks after transplantation in animals that re-
ceived either adrenal medulla grafts or co-grafts,
classified according towhetherthey had less than
100 or more than 100 surviving TH-immunoreac-
tive chromaffin cells. After this group subdivision,
the maximum uncorrected cell countwas 15 (cor-
rected count 81) for the animals with less than
100 surviving cells, and the minimum cell count
was 55 (corrected count 297) in the animals with
more than 100 surviving cells. Statistics are given
in the text: For the animals with more than 100
surviving cells, the animals with co-grafts showed
significantly greater reductions in rotational be-
havior than the animals with adrenal medulla-only
grafts (p =0.031).

used in the present experiment, might be in-
compatible with detecting the small effects of
adrenal medulla grafts. Several studies have re-
ported sensitization to apomorphine-induced ef-
fects, including rotational behavior, with repeated
administration/2, 8, 25, 37/. Progressive increases
in apomorphine-induced rotation have also occa-
sionally been observed in prior transplantation
experiments, when the animals are tested repeat-
edly at regular intervals, as in the present experi-
ment/12, 16/. It should also be noted that rotation
increased somewhat over the course of the six
pre-transplantation sessions, so that greater de-
creases would have been observed in all four
groups if, for example, only the final three pre-

transplantation sessions (rather than all six) had
been used for data analysis. Regardless of the
absolute magnitude of the changes, however, the
adrenal medulla and sham groups were very sim-
ilar at all post-transplantation time points.

Secondly, the co-transplantation technique did
not result in increased chromaffin cell survival.
Several other studies have reported that combin-
ing sciatic nerve with adrenal medulla grafts in-
creases chromaffin cell survival/9, 11, 22, 38/. One
possible explanation for this discrepancy is that
the method of transplantation used in the present
study might not have been optimal for enhance-
ment of chromaffin cell survival by the sciatic
nerve co-grafts. Since the co-grafts consisted of
separate fragments of sciatic nerve and adrenal
medulla, there may have been limited contact be-
tween the tissues, which might not be optimal for
NGF or other trophic substances secreted by the
sciatic nerve fragments to come into contact with
the transplanted chromaffin ceils. In addition, the
intraventricular transplantation technique might
permitNGF secreted from nerve tissue fragments
to escape into the cerebrospinal fluid.
On the other hand, in the animals with signifi-

cant numbers of surviving chromaffin ceils, the
co-grafted animals did show enhanced decreases
in rotational behavior. Since this behavioral effect
was not related to increased chromaffin cell sur-
vival, it appears that sciatic nerve grafts were able
to exert an effect independent of that produced by
the adrenal medulla grafts, which was, however,
manifest only when surviving TH + chromaffin
cells were also present. It is also possible that
larger effects would have been observed if a
greater proportion of the transplanted cells had
survived.

The present data could be interpreted as being
generally consistent with the findings of Pezzoli et
aL/28/, who reported that adrenal medulla grafts
produced moderate effects on rotational behavior
by themselves. When grafts of adrenal medulla
were combined with infusions of NGF, greatly
enhanced effects on rotational behavior were
seen. In the Pezzoli et al. /28/ study, the enhancing
effect of NGF infusions did not require adrenal
medulla grafts, butwas also presentwhen grafts of
other tissues, such as sciatic nerve or adipose tis-
sue, were used in combination with NGF infu-
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sions. NGF infusions alone were not effective.
The reasons for this and other apparent trophic
effects of these grafts are unknown. Suggestions
have included interactions involving macro-
phages, interleukins, and NGF/3, 6, 13/, secretion
of basic fibroblast growth factor/27/, or produc-
tion of cell adhesion molecules/29/. The present
finding, that sciatic nerve and adrenal medulla
produced an effect on rotational behavior only
when the two tissue types were combined, is par-
ticularly reminiscent of the Pezzoli et al. /28/ data.

Even more consistent with the present data is
a recent study by van Horne et al./36/, who re-
ported that co-transplantation of fragments of sci-
atic nerve increased the effect of SN grafts on
rotational behavior, without any apparent effect
on cell survival. Notwithstanding the fact that
adrenal medulla grafts generally produce smaller
effects than do grafts of SN, this finding/36/is very
similar to the findings of the present study. Sub-
sequently, Collier and Springer/7/found that sci-
atic nerve grafts augmented the decreases in
amphetamine-induced rotation following SN
grafts, and in their study augmentation of the
reafferentation of host brain by the grafts was also
reported. These data suggest that the enhancing
effect of sciatic nerve co-grafts is not specific for
adrenal medulla, and is also seenwhen peripheral
nerve grafts are combined with grafts of other
tissues, including SN. Van Home and coworkers
/35/have also reported that sciatic nerve co-grafts
did not increase the effects of intraparenchymal
adrenal medulla grafts. In the present study, no
enhancing effect of sciatic nerve co-grafting on
adrenal medulla grafts was detected, except when
only the animals with substantial numbers of sur-
viving chromaffin cells were considered.

Therefore, co-grafts of adrenal medulla and
sciatic nerve did not produce larger effects than
grafts of adrenal medulla alone, when all animals
were considered together. In the present study,
the sciatic nerve co-grafts also failed to increase
the survival of transplanted chromaffin cells.
When only the subgroups of animals with a sub-
stantial number of surviving TH + chromaffin
cells were considered, however, the co-grafts pro-
dueed significantly larger effects than comparable
grafts of adrenal medulla alone. These data sup-
portthe possibility that combining grafts of adre-

nal medulla with peripheral nerve is capable of
producing increased functional effects.
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