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SUMMARY

The purpose of this study was to investigate
the viability and ultrastructural characteristics
of intraocular superior cervical ganglion (SCG)
grafts from young (3 months), aged (24 months)
and very old (36 months) rats after short-term
(1 month) grafting. The formaldehyde-induced
fluorescence (FIF) technique for histochemical
demonstration of catecholamines was used to
indicate the functionality of transplanted
neurons. Ultrastructural changes in grafts were
demonstrated by electron microscopy. Four
weeks after transplantation, catecholamine
histofluorescence in young transplants was
almost as strong as in the intact ganglia, while
aged and very old grafts showed decreased
fluorescence and contained a marked
accumulation of autofluorescent lipopigment
bodies. Catecholamine histofluorescence showed
a decrease in neuronal density of 47%, 59% and
68% in young, aged and very old grafted
ganglia, respectively. The shape of most of the
transplanted neurons did not differ from that in
the intact ganglia, but the average diameter of
neurons was decreased after grafting. In
electron microscopy, both neurons with normal
in vivo fine structure and neurons showing some
abnormal cytological alterations were seen in
each age group of the transplants. The most
prominent feature after grafting was the
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accumulation of different types of lipopigment
bodies in the perikarya of neurons. The
organization of the rough endoplasmic
reticulum was more irregular in transplanted
neurons than in intact neurons. In addition, the
amount of neurofilament aggregates increased
and some mitochondria were swollen in neurons
after transplantation. These results suggest that
young sympathetic ganglion tissue survives
rather well after transplantation into the
anterior eye chamber, while in the aged
sympathetic ganglion implants the survival rate
is poorer. However, aged and very old SCG
grafts were shown to contain and continue to
produce noradrenaline, indicating that
sympathetic neurons maintain their plasticity
and regenerative ability in advanced age.
Catecholamine histofluorescence and fine
structural changes in the cell structure of
grafted sympathetic neurons may indicate an
accelerated aging process induced by the
transplantation procedure.
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INTRODUCTION

Neural grafting is a useful method for
investigating the degeneration and regeneration of
the central and peripheral nervous systems of
mammals. The intraocular grafting model /22/
provides a unique opportunity for studies of
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isolated areas of the nervous system in a controlled
in vivo environment. Earlier papers/5,10,27,33,34/
have shown that adrenergic embryonic, adult and
aged neural grafts survive in the anterior chamber
of the eye. Most of the data available on
sympathetic transplants are based on studies with
fetal or young experimental animals/27,31/. So far
little attention has been paid to the effect of aging
on the survival of grafted neural tissue/34/. The
aging process involves a decline in function or
even loss of selected neural elements in the nervous
system. Neuronal implantation provides an
interesting new approach to the analysis of the
cellular events underlying age-related functional
impairments in experimental animals. On the other
hand, most neurodegenerative diseases affect aging
neurons. The age of many patients suffering from
neurodegenerative diseases, such as Parkinson’s
disease, makes the evaluation of older tissue
relevant.

In previous studies it has been clearly
demonstrated that superior cervical ganglia (SCG)
from embryonic, newborn and adult rats survive
and form processes after intraocular /28/ or
intracerebral grafting /2,23,29/. However, no
studies have been published on the detailed
ultrastructural properties of old sympathetic ganglia
after transplantation. We have demonstrated in our
earlier catecholamine histofluorescence studies that
even sympathetic neurons from old donors can
survive under suitable conditions /35-38/. In this
study our focus is on the histochemical and fine
structural correlates of the functional plasticity of
young and very old principal ganglion cells after
short-term intraocular transplantation.

MATERIALAND METHODS

Animals

A total of 54 male albino Wistar rats were used.
The rats were aged three (n=38, 200-250 g), 24
(n=8, 300-350 g) and 36 (n=8, 350-400 g) months.
Three animals from each age-group served as
donor animals and 30 of the young (3 month)
animals were used as hosts. The rest of the animals
were used as intact controls (Table 1). The rats
were housed in standard laboratory facilities with a

TABLE 1
Number and age of animals

Number of Animals

Age of animals n (donors) n (hosts) n (intacts)

3 months 3 30 5

24 months 3 5

36 months 3 5

Total 54

constant light-dark cycle, constant relative
humidity (40 +/- 10%) and temperature (23 +/- l’C).
The aging animal colony was kept on -20% caloric
restriction to postpone age-related diseases.

Transplantation procedure

The animals were anesthetized with sodium
pentobarbital (Mebunat(R), Orion, Helsinki, Finland,
30 mg/kg, i.p.) and sodium midatzolam
(Dormicum(R), Roche, Switzerland, 20 mg/kg, i.p.).
Buprenorphine (Temgesic(R), Reckitt and Colman
Pharm., Hull, UK, 2 mg/kg, s.c.) was used as
analgetic. The superior cervical ganglia (SCG)
were dissected out from donor rats and placed in
sterile Minimum Essential Medium (GIBCO, Life
Technologies Ltd., Paisley, Scotland). The
connective tissue capsule and the pre- and
postganglionic fibers were removed from the
ganglia prior to grafting. The ganglion was cut into
pieces measuring 0.5-1 mm in size and grafted to
the anterior chamber of both eyes in the host. The
intraocular transplantation technique used has been
described in detail elsewhere /20/. In brief, the
transplant pieces were inserted into the eye
chamber through a slit opening in the cornea and
placed at a lateral angle on the anterior surface of
the host iris. Four weeks after transplantation, the
animals were sacrificed under deep anesthesia. The
left eye of each host animal was immersed in liquid
nitrogen for fluorescence microscopy. Then, the
host rats were fixed by perfusion of 3%
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glutaraldehyde for electron microscopy, and the
right eye was dissected and postfixed with the same
fixative for four hours. Superior cervical ganglia
from intact control (3, 24 and 36 months) animals
were fixed and processed in the same way as the
transplanted tissues (Table 1).

The vascularization and size of the transplants
and the status of the eyes’ anterior chambers were
monitored (at time of implantation, one and four
weeks postgrafting) through the cornea using a
stereomicroscope with camera.

Fluorescence histochemistry

The freshly frozen specimens were processed
according to the formaldehyde-induced
fluorescence (FIF) method/4/. Tissues were freeze-
dried at -40"C under 1.3 x 10-3 Pa pressure for 7
days, exposed to formaldehyde vapor at +60C for
60 min, and embedded in paraffin in vacuo. The
specimens were sectioned serially at 10 gm and
then coverslipped using liquid paraffin. The
sections were viewed and photographed using an
Olympus Vanox-T fluorescence microscope
(Olympus, Tokyo, Japan) with a special set of
filters for catecholamine fluorescence.

Electron microscopy

The glutaraldehyde-fixed tissues were postfixed
with 1% OsO buffered with 0.1 M phosphate at
pH 7.3 in +4"C for 1 h. Ultrathin sections of the
Epon-embedded specimens were cut with an LKB
III ultramicrotome using a diamond knife. The
specimens were stained on grids with uranyl
acetate. A Jeol Jem 100 C electron microscope was
used for viewing and photography.

Morphometry

The density of neurons and the mean diameter
of the neuronal somata were measured in randomly
selected areas of SCGs before the grafting
operation and at one month postgrafting from the
fluorescence samples using a Java (Jandel
Scientific, Corte Madera, CA) image analysis
system set up with an Olympus Vanox-T
microscope and a MikroMikko AT computer
(Nokia, Finland). All the surviving ganglion cells

from transplants and intact ganglion cells from
each group were counted in every 10th section. In
addition, the diameters (average for each cell of the
major and minor axes) of grafted and intact
neurons were measured from the same sections.
Table 2 summarizes the cell sizes of the intact and
grafted SCG cells and Figure 12 the numbers of
grafted neurons counted compared with intact
ganglia of the same age. The numerical data were
analyzed using Student’s two-way t-test.

RESULTS

Fluorescence microscopy

Intact sympathetic neurons

The intact SCG from young and aged rats
contained postganglionic sympathetic neurons of
varying sizes with greenish blue fluorescent
cytoplasm. Strongly fluorescent catecholaminergic
fibers were observed among these principal
neurons. In the 3 month-old SCG, a few
autofluorescent lipopigment granules were found in
principal neurons (Fig. la). At 24 and 36 months,
most of the neurons contained yellowish
lipopigment autofluorescence in SCG cells (Figs.
2a,3a). The average diameters of the neurons were
26.1 -,- 1.0 gm (mean +/- SD) in the 3 month-old rats,
27.4 +/- 0.9 gm in 24 month-old rats and 28.5 +/- 0.7
gm in 36 month-old rats (Table 2). The difference
between young and aged and very old neurons was
statistically significant at p<0.01.

Transplanted sympathetic neurons

Four weeks after intraocular transplantation,
95% of the rats (n--30) had surviving transplants on
the surfaces of the host irises in both eyes. In
general, all ganglia transplants demonstrated a
decrease in size after the first week postgrafting.
Thereafter, the size of the ganglia transplants
remained stable. The first blood vessels in grafts
were observed one week postgrafting. There was
no distinct difference in revascularization between
young and aged grafts.

Young grafts (3 months) showed catecholamine
histofluorescence comparable to that in intact
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Figs. 1, 2, and 3: Fluorescence micrographs of intact sympathetic ganglia from young (3 mo) (la), aged (24 too) (2a) and very
old (36 mo) (3a) rats. Aged and very old ganglion cells contain some yellow lipopigment autofluorescence (*).
Four weeks after transplantation the ganglion cells show a strong catecholamine histofluorescence in young
animals (lb) and a marked lipopigment autofluorescence (*) in aged (2b) and very old (3b) neurons. The short
catecholamine fluorescent nerve fibers (arrowheads) are seen in the transplants (lb,2b,3b). Bars 15 lxm.
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TABLE 2
Summary of the measured averaged diameters of intact

and grafted ganglion cells

Age of animals Intact ganglion Grafted ganglion

3 months 26.1:!:1.1 25.15:0.9

24 months 27.4+_0.9a 25.2+/-0.7c

36 months 28.5+_0.7b 26.2+/-0.9d

The diameters (rn) are expressed as mean + SD.
Postgrafting time one month.

abp< 0.01 compared with the intact 3 months old rat
Cp< 0.01 compared with the intact 24 months old rat
dp< 0.01 compared with the intact 36 months old rat.

ganglia. The number of lipopigment granules was
increased in transplanted neurons (Fig. lb). The
number of grafted neurons was decreased by about
57% compared with the intact ganglia of the same
age (Fig. 12). Almost all of the transplanted aged
(24 months) and very old (36 months) neurons
contained catecholamine histofluorescence and
showed a marked accumulation of lipopigrnent
bodies (Figs. 2b,3b). In addition, some transplanted
principal ganglion cells showed only yellowish
lipofuscin autofluorescence in clustered granules
and no visible cytoplasmic catecholaminergic
fluorescence (Fig. 2b). In most of the transplants
the neurons were scattered throughout the graft, but
some areas showed almost complete loss of
neurons in the very old grafts. The density of
neurons was clearly decreased in old grafts, by
59% in the aged and by 68% in the very old
transplants compared with the intact ganglia of the
same age (Fig. 12). In all transplants there were
some short fluorescent catecholaminergic fibers
(Figs. lb,2b,3b), but they did not clearly innervate
the host iris.

The shape of most of the grafted neurons did
not differ from that in the intact ganglia. The
average diameter of the grafted neurons decreased
from 26.1 -,- 1.0 tm (mean +/- SD) to 25.1 +/- 0.9 tm
in young transplants, from 27.4 -,- 0.09 ktm to 25.2

+/- 0.7 ktm in aged grafts and in very old grafts from
28.5 -,- 0.7 lxm to 26.2 -,- 0.9 tm (Table 2). The
diameter values showed a shift to smaller cells in
the ganglion transplants of each age group. The.
difference between intact and grafted neurons was
statistically significant in the aged and very old
neurons (p<0.01), but not in the young neurons
(p>0.05) (Table 2).

Electron microscopy

Intact sympathetic neurons

In young (3 months) intact rats the principal
sympathetic neurons were usually round and all the
typical neuronal cytoplasmic organelles were seen
in the perikarya (Fig. 4a). The rough endoplasmic
reticulurn (RER) was aggregated in the form of
Nissl substance and the Golgi apparatus was
usually located perinuclearly. Lysosomal material
was regularly found dispersed in the cytoplasm,
and the first few lipofuscin pigment bodies could
be observed in the perikarya of neurons (Fig. 4a).
The principal neurons were partly surrounded by
Schwann cells. These cells contained ellipsoid
nuclei, which were smaller and denser than the
nuclei of the neurons. The mitochondria of the
Schwann cells were slightly larger and darker than
those of the neurons.

In aged (24 months) and very old (36 months)
rats no major changes were found in the
eytoplasrnic organdies (Figs. 5a,6a). The most
prominent change with age was the accumulation
of pigment bodies in principal neurons. Th
pigment bodies typically revealed three
components: an electron-dense homogeneous
matrix, electron-lucent vacuoles and highly
osmiophilic granular inclusions (Figs. 5a,6a). The
pigment bodies were dispersed homogeneously in
younger animals, while in more aged animals they
were usually in clumps perinuclearly. The amount
of pigment bodies varied from neuron to neuron,
and a few neuronic profiles without pigment were
seen even in the most aged animals. However, the
amount of pigment clearly increased with age. The
ultrastructure of the pigment bodies found in
Schwann cells was similar to that found in neurons.
The amount of fibrillary material increased and the
organization of the RER was random in aged rats
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Figs. 4, 5 and 6: Electron micrographs of principal sympathetic ganglion cells from young (4a), aged (Sa) and very old (6a)
intact rats. Mitochondria (m), Golgi apparatus (g) and pigment bodies (p) are seen in typical locations in the
cytoplasm. The pigment bodies (p) contain vacuoles (v) and a homegeneous matrix (p) within which some
highly osmiophilic material is scattered. Four weeks postgrafting tranplanted ganglion ceils (4b,5b,6b) show
the same cytoplasmic organelles as in the normal intact neurons, but the organization of the rough endoplasmic
reticulum (RER) is indefinite and the fibrillary material splits the RER. The number of pigment bodies (p) is
increased in transplanted neurons. Bars 500 nm.
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as compared with young animals. The amount of
Golgi apparatus and mitochondria appeared to
decrease with age.

Transplanted sympathetic neurons

Four weeks after transplantation, both neurons
with normal in vivo fine structure and neurons
showing some atypical cytological alterations were
seen in each age group of the transplants. The
grafted neurons classified as normal had a round,
large nucleus, intact mitochondria and Golgi
apparatus, regularly arranged neurofilaments and
RER, and a varying number of lysosomes and
pigment bodies. SCG cells made synaptic
structures inside the graft, but these structures were
not observed between grafted neurons and host iris
tissue. Atypical cell structural changes were
observed in each age group, but their number was
clearly increased in very old transplants. The
organization of the RER was indefinite and the
fibrillary material split the RER. There were less
typical Golgi-profiles in the aged transplants, and
the number of mitochondria tended to decrease
after grafting. The mitochondria showed some
swelling in the transplants, but the cristea remained

intact. The swollen mitochondria were usually
located in the central region of the ganglion cell
cytoplasm, where the Nissl substance had
disappeared. The nuclear membranes of neurons
were strongly invaginated (Figs. 8, 10) in over 30%
of the grafted neurons in all age groups.

Fig. 8: Invagination of the nuclear membrane of an aged
transplant. Bar 1,um.

Fig. 7: A large neurofilament (nf) bundle in the perikarya of

a neuron in a young transplant. Bar 2 ,um.

The most prominent change after transplanta-
tion was the accumulation of pigment bodies in the
principal neurons. In aged transplants the pigment
bodies appeared in clusters perinuclearly, whereas
in younger transplants they were evenly dispersed.
The number of pigment bodies varied from neuron
to neuron, but neuronal profiles without pigment
were not seen in the grafts. The pigment bodies
consisted of three components" an electron-dense
homogeneous matrix, electron-lucent vacuoles and
some highly osmiophilic granular material (Figs.
4b, 5b, 6b). The relative amounts of these
components varied but the number of electron-
dense bodies with vacuoles increased with age in
transplants. In addition, some electron-dense
components of the pigment bodies contained
lamellar structures that in most cases were clearly
arranged in rows (Figs. 4b, 9), whereas in intact
neurons the lamellar structures usually showed no
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Fig. 9:

9
The electron-dense components of pigment bodies
containing lamellar figures clearly arranged in
rows (arrowheads) in young grafts. Bar 200 nm.

order. Furthermore, a few aged transplanted
neurons showed massive pigment accumulations
(Figs. 10, 11). In addition to classic age pigment
bodies, these neurons displayed pigment bodies
consisting of big electron-lucent vacuoles with
clusters of electron-dense material and some
homogeneous large pigment inclusions (Figs. 10,
11). The size of these big vacuoles (1.0-2.0 gin)
was greater than that of classic lipofuscin pigment
bodies (0.5-1.0 gm). These neurons also showed
lamellar myelin bodies (Figs. 10, 11). These
alterations were not observed in intact neurons.
Finally, neuronfilament aggregates were present in
a few of the youngest transplants, but their number
increased with age. Twenty percent of the very old
grafted SCG neurons showed neurofilament
aggregates which were frequently localized around
the nucleus (Fig. 7).

DISCUSSION

Using the dual methods of catecholamine
histofluorescence and electron microscopy, we
investigated the functionality and ultrastructural
changes occurring in sympathetic neurons from

Fig. 10 and 11: A massive pigment accumulation in the perikarya of a neuron in an aged transplant (10). Bar 3 gm. Larger
magnification of this area (11) shows large electron-lucent vacuoles (arrows), myelin bodies (arrowheads) and
typical pigment bodies (p). Bar 500 nm.
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Fig. 12:
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The graph summarizes the densities of grafted neurons of different ages (number of neurons counted %). Comparisons
are made between intact ganglion cells and ganglion cells one month after intraocular grafting. Standard deviations are
given by error bars.

young, aged and very old rats after short-term
intraocular transplantation. The catecholamine
fluorescence findings showed that even very aged
adrenergic neurons survived the transplantation
procedure. In qualitative terms the ultrastructure of
the surviving sympathetic neurons showed no
exceptional neuropathology after grafting. The
basic cytoplasmic components in the transplants
were similar to those found in intact aging
sympathetic neurons, but fewer in number.

The formaldehyde-induced fluorescence (FIF)
method demonstrates catecholamines in tissues
under fluorescence microscopy /4/. As observed
earlier/8,9,21,22/, the sympathetic ganglia contain
catecholamine cells with pigment bodies. The
number of lipopigment granules was found to
increase with age in neurons; this is consistent with
earlier findings. In transplanted neurons,
catecholamine histofluorescence decreased
following transplantation, and the number of
autofluorescent pigment bodies increased. These
changes were most prominent in the older age
groups of grafts. The density of neurons clearly
decreased from the young to the aged grafts,
indicating progressive degeneration in aging
transplants. In addition, only a few grafted neurons

grew nerve fibers. One possible explanation for the
low level of regrowth is that the recipient rats were
not sympathectomized before transplantation. It is
generally known that denervation of host SCG
before intraocular transplantation improves the
viability of grafted neurons and also induces
regrowth of nerve fibers. In conclusion, the
fluorescent microscopic results of this work
suggest that transplanted young and old SCGs
contain and continue to produce noradrenaline,
which is responsible for the catecholamine-specific
fluorescence.

The accumulation of fluorescent lipopigment in
postmitotic cells is one of the basic and one of
the most commonly reported/24,29,32/ changes
occurring with aging. Although the causes of
lipopigment formation are still a matter of
controversy, it is widely accepted that the
accumulation of lipopigments reflects the free
radical-induced peroxidation of lipids and proteins
that takes place in postmitotic cells during aging
and under oxidative stress/3,6,31/. An alternative
theory suggests that an impairment of the
proteolytic enzyme activities of cells leads to the
accumulation of lipopigments /39,13/. These two
mechanisms need not be contradictory, since free
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radical-induced inactivation of the degenerative
enzymes may result in a defective degradative
function of the cells /6,31/. Furthermore, recent
studies on the experimental production of
lipopigment suggest a role for impaired protease
function in rapid pigment accumulation /12,14/,
whereas pigment formation over longer periods of
time would appear to be due to the lack of essential
antioxidants /17/. In this study autofluorescent
lipopigmentation increased after grafting,
especially in aged and very old grafted neurons.
Viewed with electron microscopy, lipopigment
bodies consisted of big electron-lucent vacuoles
and some large homogeneous pigment inclusions in
addition to classic lipopigment. Similar pigment
bodies are found in neurons after treatment with
leupetin, a protease inhibitor/13/ and in cultured
aged sympathetic ganglion cells /17,18/. These
results suggest that pigment formation in trans-
planted peripheral sympathetic neurons may be
explained by the altered function of lysosomal
protease together with increased lipid peroxidation.
The time-related linear accumulation of pigment in
neurons thus serves as a useful model for studying
intrinsic and environmental factors detrimental to
the neuron.
A number of papers /9,16,25/ have described

the fine structural changes occurring in the
sympathetic neurons of young and aged rats. In the
present study, the ultrastructure of intact neurons in
the superior cervical ganglia of young and aged
animals did not differ from that found in earlier
studies /9/. Principal ganglion cell bodies have
been reported to contain distended perikaryal
mitochondria /25/, to show irregularity,
disarrangement and dilatation of the rough
endoplasmic reticulum and Golgi apparatus /25/,
and to show an increased somal area/21/. Many of
the features of transplanted neurons shown here
under electron microscopy are similar to the
findings in intact adrenergic neurons in previous
studies/7,9/. The most prominent changes at the
fine structural level in transplanted neurons were
the increased accumulation of age pigment, the
increase in the amount of neurofilament aggregates,
and the reduction of rough endoplasmic reticulum
after grafting. There was a moderate increase in the
neurofilament content of aged and very old

transplanted neurons. The amount of neurofilament
aggregates varied from neuron to neuron, but it was
usually seen in the same neurons that had increased
pigment accumulation. According to previous
studies /1,26/ the number of neurofilaments in
neurons increases in Wallerian degeneration and in
certain neurodegenerative diseases such as
Alzheimer’s /1,26/. The accumulation of
neurofilaments may reflect failure to export the
cytoskeletal material to the axon at the cell level in
transplanted sympathetic neurons, and it may mean
the commencement of cell death.

In conclusion, these results suggest that young
sympathetic ganglion tissues survive rather well
after transplantation into the anterior eye chamber,
while in very aged sympathetic ganglion implants
the survival rate is poorer. However, aged and very
old SCG grafts contained and continued to produce
noradrenaline, indicating that sympathetic neurons
maintain their plasticity and regenerative ability in
advanced age. Catecholamine histofluorescence
and fine structural changes in the cell structure of
grafted sympathetic neurons may indicate an
accelerated aging process induced by the trans-
plantation procedure.
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