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Abstract—Biochemical and anatomical data are reported which demonstrate for the first time the
existence of a retrograde axonal transport process for a neuropeptide, neurotensin, in rat brain.
Neurotensin receptors are mainly located in the striatum on nerve terminals of the nigrostriatal
dopaminergic pathway. Thus, the association of specific neurotensin receptors on a well defined pathway
provides an excellent model to investigate the existence of such a process. Two hours after the
intrastriatal injection of iodinated neurotensin, radioactivity started to accumulate in the ipsilateral
substantia nigra. The levels were maximal during the fourth hour. The appearance of this labelling was
prevented by injection of a large excess of unlabelled neurotensin or of neurotensin 8-13, an active
peurotensin fragment, but not by neurotensin 1-8 which had no affinity for neurotensin receptors.
These results suggest that the appearance of radioactivity in the ipsilateral substantia nigra was
dependent on the initial binding of this peptide to its receptors in the striatum. HPLC studies
demonstrated that the radioactivity found in the substantia nigra corresponded to intact neurotensin
and to degradation products of this peptide. Moreover, it has been shown that this retrograde transport
was microtubule-dependent and occurred in dopaminergic nigrostriatal neurons. Light and electron
microscopic data confirmed and extended the present results. Four and a half hours after intrastriatal
injection of iodinated neurotensin, silver grains were mainly detected in dopaminergic perikarya of the
substantia nigra pars compacta. The vast majority were associated with neuronal elements and their
localization within cell bodies suggests that retrogradely transported neurotensin may be processed
along a variety of intracellular pathways including those mediating recycling in the rough endoplasmic
reticulum and degradation in lysosomes. However, the presence of silver grains over the nucleus, as
well as the increase in tyrosine-hydroxylase mRNA expression in the ipsilateral substantia nigra 4 hr
after intrastriatal injection of neurotensin support the concept that neurotensin alone, or associated
with its receptor, might be involved in the regulation of gene expression. Finally, we have demonstrated
that in old rats the quantity of retrogradely transported neurotensin was significantly decreased as
compared to that observed in young adult rats. This retrograde axonal transport of a neuropeptide may
represent, as already suggested for growth factors, an important dynamic process conveying information
from nerve terminals to the cell body.
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The machinery necessary for protein synthesis, i.e.
ribosomes and endoplasmic reticulum is only present
in cell bodies and dendrites of neurons. The distances
between the perikaryon and nerve terminals (e.g.
~1m in the human sciatic nerve) require the
existence of a special transport system to bring newly
formed membrane and secretory products from the
Golgi apparatus to the end of the axon. Fast
anterograde axonal transport allows molecules
synthetized within cell bodies and dendrites to be
transported to the nerve terminals at a rate of about
400 mm/day [1].

Ligature experiments in peripheral nerves have
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demonstrated that rapid transport also occurs in the
retrograde direction from nerve endings towards the
cell body (see Ref. 2). Receptors, trophic factors
and toxins can be retrogradely transported [1,2].
The rate of this transport is about one-half to two-
thirds that of fast anterograde transport and is
dependent on the integrity of microtubules [1]. This
retrograde transport mainly seems to have a
scavenger function [3]. However, the study of growth
factors, particularly the NGF| suggests that this
retrograde transport plays an important role during
development in informing the perikaryon about
events that occur at the distant ends of axons.
Moreover, it has been shown in rat brain that NGF
can be retrogradely transported in cholinergic
neurons of the basal forebrain after specific binding
to presynaptic NGF receptors [4]. In Alzheimer’s
disease, these neurons markedly degenerate. Since
administration of NGF prevents the death of these
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Table 1. Radioactivity accumulated in different cerebral areas 4 hr after the intrastriatal injection of
iodinated NT (0.16 pmol) alone or in association with a 1000-fold excess of unlabelled NT or NT
fragments (fragments 1-8 and 8~13)

IBLNT IZI-NT + NT IBL-NT + NT 8-13 BL.NT + NT 1-8
Ipsilateral SN 360 = 25 0 0 35778
Contralateral SN 0 0 0 0
Cerebellum 0.6 +0.2 0.6 +0.05 0.3+0.07 0.4x0.07
Ipsilateral Hippoc. 13+£3 155 162 145

Results are expressed in dpm/mg of tissue = SEM (N = 5-10). Hippoc., hippocampus.

neuronsin experimental models[5-7], one hypothesis
is that reduced amounts of NGF or other trophic
factors in the brain may be one important element
in the progression of this degenerative disease.

Numerous studies have recently demonstrated
that neuropeptides could play an important role in
trophic processes (see Ref. 8). Since the retrograde
transport of NGF is thought to be essential to its
trophic action, we investigated if neuropeptides
could also be retrogradely transported in specific
neurons and subsequently induce alterations in gene
expression after arrival in the cell body. A serious
candidate to provide the evidence of such a transport
was NT. NT is a tridecapeptide first isolated and
sequenced from bovine hypothalami [9, 10]. More
recently, the gene encoding NT was isolated in
rat [11] and immunohistochemical studies have
demonstrated that NT is widely and heterogeneously
distributed in mammalian (including human) central
nervous system [12-17]. NT fulfills many neuro-
transmitter criteria [18]. More particularly, specific
and high-affinity NT receptors are present in several
brain regions, especially in areas containing DA cell
bodies and terminals [19]. In rat striatum, it has
been demonstrated that these NT receptors are
mainly located presynaptically on nerve terminals
of the DA nigrostriatal pathway [19-22] which
originates from SNc and which is markedly de-
generated in Parkinson’s disease. Thus, the exis-
tence of specific NT receptors on nerve terminals of
a well defined pathway provides an excellent model
to study the existence of a retrograde transport
process for a neuropeptide. We also investigated the
alterations of this process during ageing and tried to
gain a better understanding of the physiological role
of this retrograde transport of NT.

Biochemical evidence for the retrograde axonal
transport of NT in the DA nigrostriatal pathway

Young adult male Sprague-Dawley rats (2-3
months old) were injected into the right striatum
with monoiodo-Tyr3 NT (0.16 pmol, Amersham
International, Amersham, U.K.) after pretreatment
with a peptidase inhibitor, kelatorphan (30 ug) (for
more details, see Ref. 23). Four hours later they
were killed and the radioactivity accumulated in
different brain areas was measured using a LKB
gamma counter.

A substantial accumulation of radioactivity was
detected in the ipsilateral SN whereas no labelling
was observedin the contralateral one (Table 1).Other
cerebral structures such as the cerebellum or
hippocampus were also labelled (Table 1). This
accumulation of radioactivity in the ipsilateral SN
was totally prevented by a 1000-fold excess of
the non-radioactive NT peptide co-injected with
iodinated NT (Table 1), suggesting that the
appearance of radioactivity in this structure, 4 hr
after the intrastriatal injection of iodinated NT, is
dependent on the initial binding of NT to its receptors
located on striatal DA terminals. This was confirmed
by the co-injection of iodinated NT with a 1000-fold
excess of the fragment 8-13 of NT (Table 1). This
NT fragment could bind to NT receptors with the
same or even a higher affinity than NT [24-29].
Conversely, when iodinated NT was co-administered
with the fragment 1-8 of NT which had no affinity
for NT receptors, levels of radioactivity detected in
the ipsilateral SN were similar to those reported
after injection of iodinated NT alone (Table 1). The
cerebellum and the hippocampus remained labelled
whatever the treatment (Table 1), indicating that

Table 2. Effect of neurotoxic treatments on the labelling observed in different brain areas
4 hr after the intrastriatal injection of iodinated NT (0.16 pmol)

IB.NT BL.NT + 6-OH-DA IBL.NT + colchicine
Ipsilateral SN 360 = 25 0 0
Contralateral SN 0 0 0
Cerebellum 06=x0.2 0.2+0.02 08+0.2
Ipsilateral Hippoc. 13+3 5x2 155

Results are expressed in dpm/mg of tissue + SEM (N =5-10). 6-OH-DA, 6-

hydroxydopamine.
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Fig. 1. Time-course of appearance of radioactivity in the

ipsilateral SN after the intrastriatal injection of iodinated

NT. Animals were killed immediately, 1, 1.5, 2, 3, 4 or

6 hr after the intrastriatal injection of iodinated NT. Results
are expressed as mean dpm = SEM (N = 4-10).

the accumulation of radioactivity in these structures
was unrelated to NT receptors.

It has been shown that this retrograde transport
of iodinated NT occurred within the DA nigrostriatal
pathway [23], since no radioactivity was observed
within the ipsilateral SN 4 hr after the intrastriatal
injection of iodinated NT in rats pretreated with 6-
hydroxydopamine into the medial forebrain bundle
3 weeks before (Table 2).

Subsequently, it has been demonstrated that this
transport fulfilled the criteria of a classical fast axonal
transport [1,23]. First, animals were killed at
different times after the intrastriatal injection of
iodinated NT (immediately, or 1, 1.5, 2, 3, 4, 6 or
24hr after) and it has been observed that the
radioactivity started to accumulate in the ipsilateral
SN after about 2 hr, with the highest levels detected
during the fourth hour (Fig. 1). No labelling was
observed after 24 hr (data not shown). This delayed
appearance of labelling in the SN is in agreement
with the velocity usually described for a fast
retrograde axonal transport [1]. Moreover, the
pretreatment of animals with colchicine, a molecule
which blocks axonal transport by depolymerizing
microtubules [30], 30hr before the intrastriatal
injection of iodinated NT totally prevented the
appearance of radioactivity in the ipsilateral SN
(Table 2). This suggests that the retrograde axonal
transport of NT was dependent on the integrity of
microtubules. Conversely, the labelling observed in
the cerebellum and the hippocampus was detectable
very quickly after the intrastriatal injection of NT
and was not altered by colchicine (Table 2), indicating
the existence of a diffusion phenomenon in these
areas.

The last step of this biochemical characterization
of the retrograde axonal transport of NT was to
identify the nature of the radioactive material found
in the ipsilateral SN after transport [31]. HPLC
studies were performed from SNs of rats killed 2.5
or 4 hr after the intrastriatal injection of iodinated
NT in two different systems of elution (for more
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Fig. 2. Radioactivity profile of HPLC reverse-phase
chromatograms performed in system 1 (see the text). (A)
Radioactivity profile of monoiodo-Tyr 3 NT sample from
Amersham used as reference. (B) HPLC profile of SN
extract obtained 2.5 hr after the intrastriatal injection of
iodinated NT. (C) HPLC profile of SN extract obtained
4 hr after the intrastriatal injection of iodinated NT. Results
are expressed in cpm/mL.

details, see Ref. 31). Monoiodo-Tyr3 NT from
Amersham was used as a reference. When the
reference sample was analysed by HPLC, two peaks
were observed in the first system (Eluent A:
ammonium acetate 20mM, pH6.8; Eluent B:
acetonitrile with ammonium acetate 100 mM, pH 6.8;
80:20). The first peak appeared in the unretained
fraction (Fig. 2A) and may likely be free iodine
according to Amersham specifications. Thus, one
may conclude that the second peak which was the
major one and had in this system a retention time
of 34-35 min corresponded to intact NT (Fig. 2A).
The chromatographic profile of the radioactivity
performed from SN of animals killed 2.5 (Fig. 2B)
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or 4 hr (Fig. 2C) after the intrastriatal injection of
iodinated NT exhibited a peak with the same
retention time as the NT reference sample. This
observation was confirmed in a second system of
elution (Eluent A: trifluoroacetic acid 0.07%; Eluent
B: trifluoroacetic acid 0.07% in acetonitrile; data
not shown) demonstrating that intact iodinated NT
was transported retrogradely from the striatum
towards the ipsilateral SN. The presence of other
peaks with shorter retention times in both systems
of elution as well as the smaller percentage of
radioactivity eluted at 34-35min from samples of
rats killed after 4 hr (Fig. 2C; 36% of the total
recovered radioactivity) as compared to those of
animals killed after 2.5 hr (Fig. 2B, 44%) suggest
that retrogradely transported intact NT may be
partly degraded within the SN.

All these results indicate that NT injected into the
striatum can selectively bind to its receptors located
on DA terminals. Then, the ligand-receptor complex
can be internalized and this has since been confirmed
by in vitro studies performed on cell cultures [32, 33].
In a third step, the ligand associated or not with its
receptor can be retrogradely transported to the cell
body. However, the studies described above did not
give us any information concerning the intracellular
pathways following the arrival of NT in the SN, even
if our HPLC studies suggest that at least a part of
this intact iodinated NT was degraded in the cell
body. In order to try to answer this question, the
topographical and cellular localization of iodinated
NTin the SN after its transport was investigated using
both light and electron microscopic autoradiography
[34].

Anatomical localization of retrogradely transported
NT in the DA cell bodies

In animals killed 4.5hr after the intrastriatal
injection of iodinated NT, distinct accumulations of
silver grains were apparent over neuronal cell bodies
and intervening processes within the ipsilateral SN,
the adjacent ventral tegmental area and further
caudally in the retrorubral field [34]. Labelled
neurons in each of these regions displayed a pattern
of distribution similar to that demonstrated previously
for DA mesostriatal neurons [35,36], confirming
that the retrograde transport of NT occurred in DA
neurons. No labelling was detected on the
contralateral side [34].

Light microscopic examination of semi-thin
sections of the SNc 4.5hr after the intrastriatal
injection of iodinated NT revealed distinct accumu-
lations of silver grains over a sub-population of
neuronal cell bodies (Fig. 3a). These perikarya were
fusiform, round, oval or muiltipolar in shape and
some of them displayed a large nucleus with a
prominent, centrally located nucleolus. Silver grains
were mainly associated with the perinuclear
cytoplasm, but a small proportion were also detected
over the nucleus (Fig. 3a).

Electron microscopic analysis of autoradiographic
labelling of the SNc confirmed and extended the
light microscopic results. Quantitative evaluation of
the electron microscopic data was performed using
a modification of the 50% resolution circle method
of Williams (for more details, see Ref. 34), which

allows us to assign the autoradiographic labelling to
specific cellular sources. Thus, 85% of silver grains
sampled from the SNc (about 2100 grains counted)
were associated with neuronal profiles (Fig. 4). A
high percentage of this total number of grains was
detected over myelinated and un-myelinated axons
(Fig. 4) supporting the concept of an intra-axonal
transport of NT between the striatum and the SN.
Approximately, 13% of silver grains were observed
over neuronal cell bodies where they were mainly
overlying the cytoplasm (Fig. 4). A large proportion
of these intracytoplasmic grains were detected over
clearly identifiable organelles, particularly the rough
endoplasmic reticulum and mitochondria and to a
lesser extent in lysosomes, Golgi apparatus or
multivesicular bodies (Fig. 3b). Sixteen per cent of
the number of silver grains counted in cell bodies
(or 2% of the total number of silver grains) were
located over the nucleus (Figs 3b and 4), confirming
the observations done on semi-thin sections and they
were identified directly over or next to accumulations
of heterochromatin (Fig. 3b). This association of NT
with the nucleus may explain the relatively low
degree of degradation of NT. Indeed, it has
previously been demonstrated ir vitro that different
growth factors could after internalization be
translocated to the nucleus where they bound to the
chromatin and remained as a non-degraded form
[37,38]. Finally, almost 35% of silver grains were
associated with dendritic profiles (Fig. 4). A similar
localization has already  been reported for NGF in
the peripheral sympathetic nervous system [39]. In
the case of NT, only 37% of the dendritic labelling
(about 13% of the total number of grains counted)
were intracytoplasmic and the majority of dendritic
silver grains were detected over the plasma
membrane (Fig. 4). However, the absence of any
preferential localization apposite to any of the
abutting structures makes the presence of silver
grains within dendrites difficult to interpret.

These anatomical results together with our HPLC
data lead us to propose a model for the sequence of
intracellular events following the arrival of iodinated
NT in DA cell bodies which is very close to that
usually described after the endocytosis of receptor—
ligand complexes [40,41]. Subsequent to the
internalization of iodinated NT in the striatum, the
peptide alone or in association with its receptor can
be transported within vesicles to DA cell bodies.
Then, the vesicles may ultimately enter an acidic
compartment equivalent to the endosome and the
ligand-receptor complex can undergo dissociation
into separate ligand and receptor components. Based
on our anatomical observations, iodinated NT may
be processed along a variety of intracellular pathways
including those mediating degradation in lysosomes,
and recycling in rough endoplasmic reticulum.
However, the association of silver grains with the
nucleus suggests that the retrograde axonal transport
of NT may play an important role in conveying
information from the nerve terminals to the cell
body and subsequently generating alterations in gene
expression as a response to distal synaptic events,
To test this hypothesis, we investigated in a third
part how NT can modulate in DA cell bodies of the
SNc the expression of tyrosine hydroxylase (TH)
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Fig. 3. Distribution of retrogradely transported radioactivity in semi-thin (a, 1 um) and ultra-thin (b,

80 nm) sections through the ipsilateral SNc processed 4.5 hr after the intrastriatal injection of iodinated

NT. (a) Silver grains are mainly concentrated over the perinuclear cytoplasm of neuronal cell bodies.

Some are also apparent over nuclei (nu) and stray grains are detected over the neuropil including

myelinated fibre bundles. Scale bar = 10 um. (b) Cross-section of a neuronal cell body displaying

autoradiographic labelling over the nucleus (nu) and in the vicinity of a mitochondrion (arrowhead)
and vesicular elements (arrows). Scale bars: 1 um.

mRNA, the step-limiting enzyme of catechol-
aminergic neurons [42].

Effect of intrastriatal injection of NT on the expression
of TH mRNA in the SNc

In a first step of the experiments, adult male
Sprague-Dawley rats were simultaneously injected
with unlabelled NT (16 nmol), into one striatum,
and with saline into the other one, after a
pretreatment with kelatorphan. In this way, each

animal could act as its own control excluding the -

possibility that the alterations in TH mRNA levels
resulted from the influence of external factors. The
animals were killed 4 hr later and their brains rapidly

removed and frozen in isopentane at —25°. Ten
micrometre thick mesencephalic sections were
hybridized with the pEM-THI19 oligonucleotide
probe [43].

TH mRNA-expressing cells were virtually detected
over the SNc and the adjacent ventral tegmental
area. A more intense labelling was observed on the
side injected with NT than on the control side [42].
The same observation was done when NT was
replaced by the active fragment 8-13, whereas the
other striatum was injected with the inactive fragment
1-8 instead of saline. In order to quantify more
precisely the differences between the right and the
left SN, grain counting was carried out using a
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f retrogradely-transported radioactivity 4.5 hr after

the intrastriatal injection of iodinated NT. Ultra-thin sections of four different animals were systematically

scanned using the electron microscope and every s

ilver grain or group of silver grains photographed

yielding a sampling of about 2100 silver grains whose cellular distribution was documented following

visual analysis of the electron micrographs. Results

are expressed as a percentage of the total number

of grains counted. (a, b) Axonal labelling. Silver grains were detected over both myelinated (a) and
unmyelinated (b) axonal profiles. They were mainly associated with plasma membrane. (c) Dendritic
labelling. Most of the dentritic grains were associated with the plasma membrane. However, these

membrane-associated grains displayed no preferenti

ial localization apposite to any one of the abutting

structures. (d) Perikarya labelling. Silver grains predominantly overlaid the cytoplasm where they were
often detected over intracellular organelles including rough endoplasmic reticulum, Golgi apparatus,
mitochondria and lysosomes. Some labelling was also observed over the nucleus.

computer image analysing system (HISTO 2000 by
Biocom, France). Quantification was performed in
a rectangle of 1 mm? positioned on identical areas
of each SN on the same slice (for more details, see
Ref. 42). Four hours after the intrastriatal injections,
a highly significant increase in the number of cells
expressing a detectable level of TH mRNA (+39%)
was detected in the SNc ipsilateral to NT-injected
striatum as compared to the saline-injected side (Fig.
5). Similarly, significant differences were observed
in the SNc when rats received the active NT fragment
(NT 8-13; +39%) in one side and saline in the other
one (Fig. 5), or when animals were injected with
NT versus the inactive NT fragment (NT 1-8; +43%)
(Fig. 5). Conversely, no difference in TH mRNA
levels was observed when animals received NT 1-8
versus saline (Fig. 5).

These results indicate that NT injected into the
striatum is able to increase the number of cells
expressing a detectable level of TH mRNA in the
ipsilateral SNc. Since a majority of cells contained
in the SNc are dopaminergic {44], a possible
explanation for our results is that NT is able to
increase the TH mRNA expression in cells where
no labelling was seen in control experiments probably

due to their too low levels of TH mRNA. However,
no significant alterations in the mean grain density
over these positive cells were observed in the SNc
ipsilateral to NT injection as compared to the control
side (data not shown). This suggests that NT may
only act on a sub-population of DA cells. Moreover,
the experiments performed with the different NT
fragments clearly show that NT receptors are
involved in the increase of TH mRNA levels induced
by NT.

In a second set of experiments, we investigated if
this effect of NT on TH mRNA levels coincides with
the presence of the peptide in the SNc after its
retrograde transport. Thus, animals were killed 1, 4
or 16 hr after the injection of NT into one striatum
and of saline into the other one, and levels of TH
mRNA were measured in both SNs for these three
time-points.

No difference was observed between the two SNs
at 1 and 16 hr post-injection (Fig. 6). Conversely,
the up-regulation of TH mRNA levels was confirmed
at 4hr (Fig. 6). These results suggest that the
presence of NT in the SNc may explain the
modifications observed on the nigral TH mRNA
expression. However, further experiments will be
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Fig. 5. Effect of simultaneous intrastriatal injections of NT
and NT fragments or saline on TH mRNA expression in
the SN. The results are expressed in terms of positive cell
number/mm? + SEM. Data were analysed using the
Student’s r-test for paired values (a: P < 0.05; b: P < 0.001).
A significant increase in the number of cells expressing a
detectable level of TH mRNA was observed in the SNc
ipsilateral to the injection of NT or the active NT fragment
8-13 as compared to the saline or the inactive NT fragment
1-8 injected side. Conversely, no difference was seen when
rats were injected with saline into one striatum and NT
1-8 into the other.
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Fig. 6. Time-course of NT effect on TH mRNA expressing
neurons. Results are expressed in terms of number of cells
expressing a detectable level of TH mRNA in SNc of rats
killed 1, 4 and 16 hr after the injection of NT into one
striatum (black bars) and saline into the other one (hatched
bars). A significant increase in the number of TH mRNA
cells was observed only for the 4 hr time-point (a: P < 0.001,
Student’s r-test for paired values).

necessary to determine exactly the mechanism of
action of NT on TH mRNA expression. Many
hypotheses can be proposed. First, NT can reach
the cell body and, after dissociation from its receptor,
it may bind to specific receptors located on the
nuclear membrane. The evidence of high-affinity NT
binding sites detected over the nuclei of midbrain
neurons [45], and more notably, those of cholinergic
neurons comprising the rat nucleus basalis of Meynert

[46] supports this hypothesis. A nuclear translocation
of the ligand-receptor complex cannot be ruled out,
since NT receptors possess a nuclear localization
signal (NLS) which has been shown to be necessary
for the passage of large proteins through nuclear
pores (see Ref. 47). Then, the complex ligand-
receptor may enter the nucleus and may bind to
specific nuclear binding proteins to alter the
expression of different genes, including TH. This
mechanism of nuclear translocation of occupied cell
surface receptors has been proposed to explain some
of the long-term effects of insulin [48]. Of course,
one cannot exclude the possibility that the effect of
NT on TH mRNA expression is not direct, but is
mediated through another messenger molecule
generated by the activation of NT receptor. Thus, a
likely explanation may be that the activation of NT
receptors by NT can promote the induction of some
immediate-early genes in the SNc, as it has been
observed for NGF on PC12 cell cultures, which may
subsequently modify the expression of TH mRNA
(see Ref. 49). Further experiments will also be
necessary to see if this transient effect of NT on TH
mRNA expression is followed by an increase in TH
protein levels and in the enzymatic activity. The use
of mutant NT receptors, as has been previously done
for interleukin receptors [49] may perhaps be an
interesting approach to determine how NT receptor
can modulate gene expression.

Finally, we will report results concerning the
alterations of the retrograde axonal transport of NT
during ageing [49].

Retrograde axonal transport of NT in old rats

Young (2-3 months) and old (20-23 months) rats
were injected into the striatum with iodinated NT
(0.16 pmol) and were killed 1, 2, 3, 4 or 6 hr after.
Radioactivity was measured in SNcin a LKB gamma
counter.

The quantity of radioactivity detected in the
ipsilateral SN of young adult rats as well as the time-
course of accumulation were similar to those
described above (Fig. 7). The radioactivity started
to accumulate after about 2 hr and was maximal at
4 hr, decreasing at 6 hr (Fig. 7). In old rats the time-
course was similar to that observed in young animals,
but a decrease in the levels of radioactivity was seen
for each time-point. This reduction was significant
for the third and the fourth hour (about 40%
decrease; P < 0.05; Wilcoxon’s test, Fig. 6).

These results indicate that the retrograde axonal
transport of NT is altered during ageing. These
modifications concerned the quantity of the retro-
gradely transported neurotensin, but the rate of this
transport remains unchanged. Numerous experi-
ments have demonstrated that fast anterograde
axonal transport can be altered by ageing, or by a
process associated withsenescence, in both peripheral
and central nervous systems [51-55]. These studies
revealed a reduction in the amount and/or rate of
molecules transported. However, the mechanism
which is responsible for these modifications of the
transport during ageing has not yet been elucidated.
For instance, it has been demonstrated that
acetylcholinesterase exists in four major molecular
forms in mammalian and bird peripheral nerves; the
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Fig. 7. Radioactivity measured in the SN 2, 3, 4 and 6 hr

after the intrastriatal injection of iodinated NT in young

adult (hatched bars) and old rats (black bars). Results are

expressed as dpm = SEM. A significant decrease in the

radioactivity detected in the SN of old rats was observed

compared to young adult animals during the third and
fourth hours. (a: P < 0.05, Wilcoxon’s test).

A12 and G4 form being components of the fast
phase of axonal transport and the G1 and G2 being
conveyed more slowly [52]. In old rats, the rapid
axonal transport of the G4 form was decreased,
whereas no modification was found for the A12
form, suggesting that the alteration of fast axonal
transport during ageing is not a general phenomenon
[52]. In the case of the retrograde axonal transport
for NT, different explanations may account for the
modifications observed in old rats. Since this
retrograde transport of NT first involves the binding
of the peptide to its receptors, the reduction in the
retrogradely transported radioactivity in old rats
could reflect a decrease in the number of NT
receptors during ageing. In fact, Govoni et al. [56]
have shown a 20% reduction in the number of NT
receptors during senescence. On the other hand,
these NT receptors mediating the retrograde axonal
transport of NT are located on DA terminals and
the modifications observed in old rats may be due
to a reduction of DA neurons during ageing.
However, there is as yet no clear evidence for the
disappearance of DA neurons in old rats, even if
there are some arguments supporting this hypothesis.
For instance, Scherman et al. [57] demonstrated a
significant decrease in the binding of tetrabenazine,
a specific ligand of the vesicular monoamine
transporter, in the caudate-putamen of senescent
human brain, suggesting an age-dependent reduction
in striatal DA innervation. It has recently been
demonstrated that the retrograde transport of
reserpine, another marker for monoamine vesicles
was reduced during senescence [58]. Morphological
changes in DA neurons, such as in sciatic nerves of
old rats [52] may also be involved in this reduction
of transport during ageing. However, this explanation
seems unlikely, since in this case, one may expect a
decrease in the rate of the transport possibly together
with a reduced quantity of retrogradely transported
material. .

Conclusion

Our results clearly demonstrate that a neuro-
peptide, NT can be retrogradely transported in DA
nigrostriatal neurons. This transport first involves
the binding of NT to its receptors presynaptically
located on DA nerve terminals of the nigrostriatal
pathway. Then, the ligand-receptor complex can be
rapidly internalized, as demonstrated on cell cultures
[32, 33]. Our experiments did not allow us to draw
conclusions about the association of NT with its
receptor during the transport. However, the
demonstration of a bidirectional transport of NT
receptors within the vagus nerve is supporting this
hypothesis [59]. Electron microscopic data together
with the effect of colchicine demonstrate that this
transport occurs inside axons and is microtubule
dependent. The fact that the ligand-receptor complex
is transported inside vesicles still remains to be
elucidated, since only a few silver grains were
detected in the vicinity of vesicles. Nevertheless,
one cannot exclude that some grains because of their
size rendered difficult the observation of vesicles.
Moreover, favouring the hypothesis of the involve-
ment of vesicles in the retrograde axonal transport
of NT are the recent results obtained by Beaudet et
al. [60]. Indeed, the use of confocal microscopy
allowed us to show the internalization mechanism
of a fluorescent derivative of NT in different types
of cell cultures, and subsequently, the presence of
fluorescence within granular, vesicular profiles
(Beaudet et al. [60]). Finally, the complex enters the
perikaryon and based on our electron microscopic
and HPLC studies, it seems to be processed along
a variety of intracellular pathways, including
degradation in lysosomes, recycling in rough
endoplasmic reticulum and Golgi apparatus, but aiso
translocation to the nucleus. The modifications of
TH mRNA expression in the ipsilateral SNc following
intrastriatal injection of NT, as well as the parallel
time-course between this effect and the presence of
NT in the SN after retrograde transport, and the
observation of silver grains over the nucleus suggest
that retrograde axonal transport may serve to carry
information coming from nerve terminals and leading
to adaptative modifications in gene expression within
the cell body. A dysfunctioning in such long-distance
retrograde signalling system, such as that observed
in old rats [48] may have important physiological
consequences during ageing or in pathologies such
as Alzheimer’s and Parkinson’s disease.
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