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ABSTRACT

Intracellular injection of a biotinylated probe in fixed superior cervical ganglia followed by confocal
microscopy was used to investigate the effects of age on the dendritic arborisation of sympathetic neurons in
rats aged 6 wk (young adult), 7 months (fully grown adult) and 24 months (aged). In accordance with other
studies considerable dendritic growth was observed during postnatal development. However, in old age
dendritic growth did not continue, and significant atrophy was observed. Quantitation of neuronal
morphology showed significant reductions in soma size, total dendritic length, number of branch points and
total area of dendritic arborisation in old age. Unexpectedly, significaht reductions in the numbers of
primary dendrites were observed in maturity and in old age. Concomitant with this atrophy there was an
increase in age-related morphological abnormalities. The similarities between the atrophy and dendritic
abnormalities shown by our aged neurons and those seen in other studies of young adult sympathetic
neurons following axotomy or trophic factor deprivation are discussed.

INTRODUCTION

The impairment of thermoregulatory control in aged
humans is an important clinical problem. Elderly
people show attenuation of sweating and peripheral
vascular reflexes with age which may result from
impairments of the autonomic nervous system (Col-
lins, 1991; Schmidt, 1991 ; Abdel-Rahman et al. 1992).
In a search for an anatomical determinant of
autonomic dysfunction, a number of studies have
investigated the effect of age on the morphology of
autonomic neurons (for review see Cowen, 1993). They
show that old age affects autonomic neurons in a
locally and temporally specific manner: cell loss in old
age has been reported in enteric (Santer & Baker,
1988; Gabella, 1989) but not sympathetic ganglia
(Santer, 1991 a); atrophy of the autonomic inner-
vation of peripheral target tissues has been described
in a number of areas including some supplied by the
superior cervical ganglion (SCG) (Cowen et al. 1982;
Dhall et al. 1986; Cowen & Thrasivoulou, 1990);
abnormal dendritic and axonal processes have been

seen in ageing autonomic ganglia although the extent
of these lesions varies between and within different
ganglia (Schmidt, 1991). However, atrophy is not a
general phenomenon (Santer, 1991 b); indeed in some
instances hypertrophy of autonomic fibres has been
observed (Mione et al. 1988; Andrews & Cowen,
1991).

It is well established that sympathetic neurons
depend on their target tissues for survival and
development (Purves, 1988). Recent studies suggest
that this relationship continues in old age (Ruit et al.
1990; Gavazzi et al. 1992; Gavazzi & Cowen, 1993 a).
Target tissues regulate their innervating sympathetic
neurons by mechanisms including the local production
of the protein nerve growth factor (NGF) (Levi-
Montalcini, 1987; Hendry & Hill, 1980). Increased
target size and resulting increased NGF synthesis is
believed to underlie the dendritic growth of sym-
pathetic neurons that occurs predominantly in the
postnatal period but continues well into adulthood
(Snider, 1986; Voyvodic, 1987; Purves et al. 1988;
Ruit & Snider, 1991). In this study we have investi-
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Table 1. Development and ageing of sympathetic neurons from the rat SCG

No. of Soma size Total dendritic Primary Area of dendritic
Age cells (pm2) length (gm) dendrites Branch points arborisation (pm2)

6 wk 47 660+34 894+49 7.0+0.38 17.1+1.2 9240+766
8 months 45 1130+58*** 1325+69*** 5.9+0.29* 22.5+1.4** 18824+1276***

24 months 49 876+56* 836+50*** 4.7+0.32* 17.5+1.3* 13126+854***

Values represent means +S.E.M. * P < 0.05, ** P < 0.01, *** P < 0.001; significantly different from value at preceding age.

gated how ageing affects the dendritic arborisation of
sympathetic neurons. Do mature and aged sym-
pathetic neurons continue to grow as they do in
development? Do their dendritic arborisations stabil-
ise when growth ceases? Do they atrophy perhaps as
a result of lost trophic support in old age? To answer
these questions, we have used intracellular injection of
a biotinylated probe, Neurobiotin (Li et al. 1990), into
fixed sympathetic neurons from the SCG of young,
adult and aged rats with confocal microscopy to
visualise and quantify the dendritic arborisation of
these neurons.

MATERIALS AND METHODS

Male Sprague-Dawley rats were killed at 6 wk (young
adult), 7 months (fully grown adult) and 24 months
(aged) of age. In order to monitor animal growth we
measured the length (nose to anus; anus to end of tail)
of the animals at each age stage. We believe that
animal length may give a more accurate indication of
body size compared with body weight which may be
unduly influenced by increased fat deposits. The
dendritic morphologies of sympathetic neurons from
the superior cervical ganglion (SCG) were studied at
each age group. Twelve rats of each age group were
killed with an overdose of sodium pentobarbitone
(500mg/kg) and perfused through the heart with
Tyrode solution followed by 4% paraformaldehyde
in PIPES buffer. A good perfusion was necessary for
proper fixation of the tissue. SCG were dissected free,
desheathed, postfixed in 4% paraformaldehyde for
2 h and stored in phosphate buffered saline (PBS)
containing sodium azide at 4 °C until used.

Ganglia were immersed in a 1:10000 solution of
DAPI (Molecular Probes, USA) in PBS for 10 min in
order to visualise the nuclei of the neurons prior to
being pinned out on a Sylgard-coated culture dish.
The dish was placed on the stage of a standard
epifluorescence microscope (Leitz Orthoplan, Ger-
many) equipped with a 100W mercury lamp. The dish
was filled with PBS so that fluid just covered the
ganglion. It is important that the ganglia are not

submerged too deeply as the refractive index of the
liquid can impair the impaling procedure and con-
versely, if liquid does not cover the ganglion it can dry
out causing irreversible structural damage. Sympath-
etic ganglion cells were visualised using a long working
distance x 32 objective (Leitz; 4.5 mm, NA = 0.4)
and impaled with glass electrodes (Clarke Electro-
medical, UK) containing a mixture of 4% Neuro-
biotin (Vector, UK) and 2.5% Lucifer Yellow
(Molecular Probes); electrodes had resistances of
30-50 MQ. Using the ultraviolet filter block (Leitz D2
cube) the neurons (DAPI) and the electrode (Lucifer
Yellow) could be seen simultaneously, thus permitting
accurate placement of the microelectrode tip with a
motorised micromanipulator (M. M., Germany). A
satisfactory impalement was characterised by the
rapid filling of the cell with Lucifer Yellow following
a short burst of hyperpolarising current. If the cell
body appeared bright and the primary dendrites were
beginning to fill, depolarising current (3 nA) was
passed for 30 min to fill the cell with Neurobiotin.
Care was taken to impale cells a sufficient distance
from each other in order to avoid cross-over of
neighbouring dendritic arborisations. The population
of cells studied included superficial cells as well as cells
situated deep within the ganglion. After cells on both
sides of the ganglion had been injected in this way, it
was placed in a 1:50 solution of Streptavidin-Texas
Red (Amersham, UK) dissolved in PBS containing
0.3% Triton overnight at 4 °C, washed in PBS and
mounted in an antifade mountant (Citifluor, UK).
Texas Red fluorescence was used in order to negate
the effect of the age-accumulated pigment, lipofuscin,
in the imaging of neurons. Labelled ganglia were
stored at -20 °C until used.
Neurons were observed either with a x 40 (Olympus

DPlanApo 4OUVPL) or a x 16 (Zeiss Neofluar
16/0.5) lens depending on the extent of their ar-
borisation. Neurons were first located using con-
ventional fluorescence microscopy with filters for
Texas Red. Confocal scanning laser microscopy was
performed using a Bio-Rad MRC 600 microscope
fitted with a krypton-argon laser. The aperture and
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A. Young

B. Adult

4>
C. Aged

Fig. 1. Neuronal geometry of representative superior cervical ganglion cells at different stages of development and ageing: young (6 wk);
adult (7 months) and aged (24 months). Cells were chosen to represent the full range of total dendritic lengths at each time point (see Table).
Cells are arranged from left to right in order of increasing total dendritic length. Postganglionic axons are indicated with an asterisk. Images
were obtained by binarising 2D confocal projections. Bar, 50 gm for all panels.

113

.f/,,O.d-t-

8 ANA 184



114 T. J. Andrews, D. Li, J. Halliwell and T. Cowen

the gain settings were set optimally for each neuron to
maximise contrast. Kalman filtering was used to
remove nonspecific background noise. Successive
2 gm optical sections of the neurons were taken in by
the confocal microscope and stored on optical disc,
creating files which were then used to generate
through-focus images of the entire neuron. Dendrites
were traced interactively on screen using Bio-Rad
confocal software in order to analyse the neuronal
morphology. Total dendritic length was measured
automatically from the traces. Branch points were
distinguished from crossing dendrites by examining
the z-series of images. Soma area was measured
interactively by tracing the circumference of the cell
soma whilst dendritic area was measured by joining
the tips of those dendrites which extended furthest
from the soma by straight lines. The enclosed areas
were measured using confocal software. Primary
dendrites were defined as dendritic processes that
arose from the cell body and extended radially for a
distance greater than its diameter. One-way ANOVA
was used to compare age changes in the different
parameters.

RESULTS

Our results show that body length increases by about
50% from 6 wk to 7 months (nose-anus, 18.6-
27.25 cm; anus-tail end, 13.9-21.58 cm) but that no
significant increase in body length occurs from 7 to 24
months of age (nose-anus, 27.25-28.12 cm; nose-tail
end 21.58-23.81 cm). These data support our de-
scription of the 7 month rat as fully grown. Measure-
ments of dendrites are summarised in the Table and
images of representative ganglion cells at each age
stage are shown in Figure 1. The dendritic arboris-
ations were filled to the full extent of their fine
processes and the axon (defined as a long unbranched
neurite projecting some distance from the cell soma)
could often be traced for several hundred micro-
metres en route towards the postganglionic trunks.

Postnatal development (6 wk to 7 months)

We showed significant growth in the dendritic arbor-
isation of sympathetic neurons from the SCG during
the postnatal period. Total dendritic length increased
by about 50% (P < 0.001), soma size by about 70%
(P < 0.001) and the number of dendritic branches by
about 32% (P < 0.01). However, in contrast to the
growth of the overall arborisation, we showed that the
number of primary dendrites on SCG neurons did not

increase in number but a significant decrease of about
1 was detected (P < 0.05).

Ageing (7 months to 24 months)

In old age the dendritic arborisation of sympathetic
neurons in the SCG showed significant atrophy. The
total dendritic length of neurons decreased by about
40°% (P < 0.00 1), the number of dendritic branch
points by about 20% (P < 0.05) and the soma size
shrank by about 14% (P < 0.05). Abnormal dendritic
profiles were seen at all age stages but were in-
creasingly frequent in old neurons. These abnor-
malities appeared in 2 different forms: distended
dendritic processes or cell body swellings (Fig. 2). The
number of neurons exhibiting abnormal profiles was
23% at 6wk, 30% at 7 months and 50% at 24
months.

DISCUSSION

Understanding the cellular mechanisms underlying
the impairment of homeostasis in ageing and disease
is of major clinical importance. Longitudinal studies
have shown a progressive deterioration in the auto-
nomic regulatory capacity of elderly people (Collins,
1991). It has been suggested that this may be due to
impairments of the autonomic nervous system
(Schmidt, 1991; Abdel-Rahman et al. 1992). In this
study we describe changes in the dendritic arbor-
isation of sympathetic neurons of the rat SCG during
development and ageing. Previous studies have shown
that the dendrites of sympathetic neurons grow
considerably throughout postnatal development
(Snider, 1986; Voyvodic, 1987; Ruit & Snider, 1991).
Our results confirm these findings by showing in-
creases in soma size, total dendritic length, number of
branch points and total dendritic area. However,
although qualitative observations have been made on
the dendritic morphology ofaged sympathetic neurons
(Schmidt, 1991), there have to our knowledge been no
quantitative studies.
We show that in old age significant dendritic

atrophy occurs in the sympathetic neurons of the rat
SCG. Soma size, total dendritic length, primary
dendrites, numbers of branch points and dendritic
area were all significantly reduced. In addition to, or
perhaps as a consequence of, their atrophy aged
sympathetic neurons exhibited abnormal dendritic
profiles with increased frequency. Sympathetic
neurons depend upon the target tissues they innervate
for their survival and growth throughout postnatal
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Fig. 2. Photomicrographs of confocal optical sections through superior cervical ganglion cells that have been intracellularly injected with
Neurobiotin. Neurons are shown from 2 age groups; young-adult (6 wk) (A, B) and aged animals (24 months) (C, D). There was an increasing
incidence of dendritic abnormalities with age. Abnormalities could be defined as distended dendrites (arrows) or cell body swellings (asterisk).
Bar, 25 gm.

development (Yawo, 1987; Voyvodic, 1989 a, b). Tar-
get tissues influence their innervating sympathetic
neurons by the local production and release of the
neurotrophin, NGF, which is taken up and retro-
gradely transported by the axon to the cell soma
(Hendry & Hill, 1980; Levi-Montalcini, 1987). The
abnormal dendritic structures and atrophy we see in
aged sympathetic neurons show strong similarities
with those seen in studies of young adult sympathetic
neurons following axotomy (Yawo, 1987) and the
application of anti-NGF antibodies (Ruit et al. 1990).
This raises the possibility that the neuronal atrophy
and abnormal dendritic profiles we observe may be a
result of reduced neurotrophic support from the
targets. A decrease in the availability of neurotrophic
factors has been postulated as a cause of age-related
neuronal atrophy (Appel, 1981; Perez-Polo et al.

1990; Gavazzi et al. 1992; Gavazzi & Cowen, 1993 b);
however, the link has yet to be proven. Further studies
on the synthesis and availability of neurotrophic
factors in the aged peripheral targets of sympathetic
neurons may identify loss of trophic support as the
cause of age-related neuronal atrophy.

Dendritic arborisations have an important role in
the integration of presynaptic electrical potentials
(Miller & Jacobs, 1984) and in determining the
number of different inputs that converge on individual
cells (Purves & Lichtman, 1985). In vivo imaging of
sympathetic neurons has shown that their dendritic
arborisations are in a continual process of growth and
retraction throughout postnatal development and into
adulthood (Purves et al. 1986). Our results show that
this process of growth and retraction results in net
growth of dendrites in postnatal development and net
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retraction in old age. Because most of the synapses in
sympathetic ganglia are made onto the dendrites
(Forehand, 1985), this change in morphology must go
hand in hand with a change in synaptic connectivity.
The implied loss of synaptic input in the aged neurons
receives experimental support from studies that show
the appearance of dystrophic presynaptic axons in
aged rat sympathetic ganglia (Schmidt, 1991). The
number of synapses that impinge on sympathetic
neurons is dramatically diminished following post-
ganglionic axotomy (Matthews & Nelson, 1975) or
the application of antiserum to NGF (Nja & Purves,
1977). These studies lend support to the hypothesis
that age changes in sympathetic neurons may result
from reduced neurotrophic support.

This study has been carried out using intracellular
injection of fixed tissue and confocal microscopy.
Although the dendritic arborisations we obtained
appeared to be filled to the full extent of their fine
processes, they were about 40% smaller than those
obtained in a comparable study (Voyvodic, 1987)
using intracellular injection ofHRP of living neurons.
Previous studies using light fixation of sympathetic
neurons prior to intracellular injection obtained
dendritic arborisations comparable to those seen using
in vivo injection (Ruit et al. 1990; Ruit & Snider,
1991) although in these studies the tissue was still
maintained under physiological conditions in case of
insufficient fixation. However, although the dendritic
lengths were larger the relative changes we obtained
compared well with those of Voyvodic's study. We
show a 50°% increase in dendritic length during the
postnatal development compared with a 55 % increase
in his study. We offer 2 possible explanations for the
different size of dendritic arborisations obtained in
the present study and those from comparable studies:
(1) the perfusion fixation we have used may cause
substantial shrinkage relative to the immersion fix-
ation of other studies (Voyvodic, 1987; Ruit et al.
1990); (2) the fixation we have used may restrict the
access of molecules to the fine processes of the
dendritic tree. Therefore, although the heavy fixation
we used gave smaller dendritic arborisations than
those seen in similar studies the relative changes
during postnatal development using this technique
compared favourably. The advantages of this tech-
nique are its flexibility and simplicity.
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