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Polypeptide hormones and growth factors have long been 
known to internalize into peripheral target cells as a result 
of their interaction with cell surface receptors. Studies in 
culture have suggested that certain neuropeptides might 
undergo a similar type of translocation in neurons. To in- 
vestigate this possibility in adult mammalian brain, we 
have examined by confocal laser microscopy the events 
that follow the binding of fluorescein-tagged derivatives of 
the tridecapeptide neurotensin to basal forebrain cholin- 
ergic cells. Our results demonstrate a selective time- and 
temperature-dependent internalization of fluo-neurotensin 
in these cells. This internalization is receptor mediated, 
proceeds from the entire somatodendritic membrane of the 
cells, and utilizes endosome-like organelles which are mo- 
bilized from dendrites to perikarya and from the periphery 
of the cell to its perinuclear region. Parallel studies carried 
out on Sf9 insect cells expressing the rat neurotensin re- 
ceptor from a recombinant baculovirus indicated that the 
internalization process involves receptor-ligand complex- 
es and not merely the fluorescent peptide itself. These data 
suggest that receptor internalization plays a role in neu- 
ropeptide signaling in the brain and that it can be har- 
nessed for selective identification of neuropeptide target 
cells. 
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A variety of signaling molecules, mainly comprised of peptide 
hormones and growth factors, have been shown to rapidly enter 
their target cells after interacting with specific cell surface re- 
ceptors (Pastan and Willingham, 198 1; Posner et al., 198 1; Gold- 
stein et al., 1985; Smythe and Warren, 1991). This process, re- 
ferred to as receptor-mediated internalization, is believed to in- 
volve local clustering of the receptors followed by their endo- 
cytosis via clathrin-coated pits (Pastan and Willingham, 1981; 
Goldstein et al., 1985; Keen, 1990; Sorkin and Carpenter, 1993). 
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Although mainly documented for large polypeptides acting 
through receptor tyrosine kinases (Carpenter and Cohen, 1976; 
Posner et al., 198 1; Knutson, 1991; Wiley et al., 1991; Sorkin 
and Waters, 1993), receptor-mediated internalization also has 
been reported for a number of smaller peptides acting through 
G-protein-coupled receptors. For instance, biochemical and/or 
histochemical studies have provided evidence for receptor-in- 
duced internalization of somatostatin- (Morel et al., 1986) as 
well as of gonadotropin- (Hazum et al., 1980; Naor et al., 1981; 
Pelletier et al., 1982; Duello et al., 1983; Wynn et al., 1986; 
Morel et al., 1987), corticotropin- (Leroux and Pelletier, 1984) 
and thyrotropin- (Morel et al., 1985) releasing hormones in cells 
of the anterior pituitary. There have also been reports on the 
internalization of cholecystokinin (Williams et al., 1982), vaso- 
active intestinal peptide (VIP; Svoboda et al., 1988; Anteunis et 
al., 1989) and somatostatin (Viguerie et al., 1987) in pancreatic 
acinar cells, VIP in intestinal epithelial cells (Izzo et al., 1991), 
vasopressin in kidney and smooth muscle cells (Lutz et al., 
1990), and angiotensin II (Husain et al., 1987) in adrenal glom- 
erulosa cells. 

Recent work on the tridecapeptide neurotensin (NT) has sug- 
gested that these small peptides may also be internalized into 
nerve cells. Thus, autoradiographic and/or biochemical studies 
have shown radioactive NT to be rapidly taken up by mouse 
and rat neurons in culture in a temperature- and receptor-depen- 
dent fashion (Mazella et al., 1991; Vanisberg et al., 1991; Beau- 
det et al., 1994). This internalization process was shown to ini- 
tially promote the rapid appearance of a new pool of NT binding 
sites on the cell membrane (Chabry et al., 1993) and to later 
result in a downregulation of cell surface receptors (Vanisberg 
et al., 1991). It has also been implicated in the initiation of the 
retrograde axonal transport of ‘251-NT observed in nigrostriatal 
neurons following intrastriatal injections of this radioligand 
(Caste1 et al., 1990, 1992; Beaudet et al., 1994). However, there 
is still no information on the extent and selectivity of NT inter- 
nalization in mammalian brain, or on the mechanisms that sub- 
serve it. It is unclear, in particular, whether this phenomenon: 
(1) involves the ligand alone or receptor-ligand complexes; (2) 
proceeds from the entire neuronal surface or is restricted to spe- 
cialized areas of the cells; and (3) is carried out through classical 
endocytic pathways. To clarify these issues, we have exam- 
ined the binding and internalization of novel fluorescein-tagged 
derivatives of NT in slices of the rodent basal forebrain. This 
region was selected because it had previously been shown to 
harbor high concentrations of NT receptors (Moyse et al., 1987) 
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which are selectively associated with the perikarya and dendrites 
of acetylcholinesterase-containing (i.e., of presumptive cholin- 
ergic) neurons (Szigethy and Beaudet, 1987; Szigethy et al., 
1989). To further document the cellular mechanisms underlying 
NT internalization and determine whether this process was me- 
diated through the cloned NT receptor (Tanaka et al., 1990), 
parallel studies were carried out on Sf9 insect cells expressing 
the rat NT receptor from a recombinant baculovirus. This model 
system, which has previously been used to study the biochemical 
properties of other types of G-protein-coupled receptors (Mouil- 
lac et al., 1992), has the advantage of generating considerably 
higher levels of receptors than mammalian cells while maintain- 
ing their normal pharmacological properties (Wong et al., 1990; 
Mouillac et al., 1992). 

Materials and methods 

Fluorescent &an&. Three different fluorescent-tagged NT derivatives 
were used in the present experiments. The first [No-fluoresceinyl thio- 
carbamyl (FTC)-[Glu’]NT] was selectively labeled on the terminal 
o-amine function of [Glu’] NT using a solid phase methodology and 
purified by reverse-phase HPLC as described (Faure et al., 1994). The 
second [No-fluoresceinyl-NT (2-13)] was obtained by incorporating a 
fluoresceinyl group on the terminal o-amine function of NT (2-13). 
This derivative was prepared by reacting the N-hydroxysuccinimide es- 
ter of fluorescein with NT (2-13) at pH 6.5 (Gaudriault and Vincent, 
1992), and purified by reverse-phase HPLC. Both of these compounds 
were found to inhibit specific lz51-NT binding to mouse brain membrane 
preparations with apparent affinities (Ki) virtually identical to those of 
the native peptide (Faure et al., 1994; G. Gaudriault and J.-P Vincent, 
unpublished observations). They also yielded identical confocal micro- 
scopic results and were hence used interchangeably. Both are referred 
to in the text under the generic term fluo-NT 

The third compound (fluo-azido-nitro NT) was a photoreactive deriv- 
ative of No-fluoresceinyl-NT (2-13). In addition to the fluorophore in- 
corporated on its N-terminal end, this analog was also substituted on 
the r-amine function of Lysh by an azido-nitro group. The fluorescent 
photoreactive analog was synthesized by reacting No-fluoresceinyl-NT 
(2-l 3) with sulfosuccinimidyl 6-(4’.azido-2’-nitrophenylamino) hexan- 
oate (sulfa-SANPAH, Pierce) at pH 8.5 (Gaudriault and Vincent, 1992), 
and purified by reverse-phase HPLC. The advantage of this compound 
is that it may be covalently crosslinked to receptor proteins by pho- 
toactivation at 320-350 nm, a condition which limits damage to bio- 
molecules and cells by irradiation (Ballmer-Hofer et al., 1982). How- 
ever, because of the presence of a reactive group on the side chain of 
Lys6, the affinity of the photoreactive analog for the NT receptor is 
approximately five times lower than that of NT (Mazella et al., 1985). 

Labeling of NT receptors in bruin slices. Adult male Sprague-Daw- 
ley rats (n = 10) were killed by decapitation. The brain was rapidly 
removed and immersed in a cold oxygenated (95% 0,, 5% CO,) Ringer 
solution containing 130 mM NaCl, 20 mM NaHCO,, 1.25 mM KH,PO,, 
1.3 mM MgSO,, 5 mM KCI, 10 mu glucose, and 2.4 mM CaCl,. Blocs 
of basal forebrain were sliced at 350 pm thickness on a vibratome. The 
slices were equilibrated for 45 min in oxygenated Ringer at room tem- 
perature, superfused for 3 min with 20 nM fluo-NT at 37°C and rinsed 
with oxygenated Ringer for 5, 10, 15, 30, 45, and 60 additional min at 
37°C. To control for nonspecific labeling. additional slices were incu- 
bated in the presence of 2A pM nonfluor&ent NT or with 20 nM fluo- 
rescein isothiocyanate (ICN Biomedicals, Cleveland, OH) in lieu of 
fluo-NT To determine whether the labeling was due to endocytosis, 
fluo-NT incubations were carried out at 4°C or at 37°C after preloading 
the superfusion buffer for 10 min with 10 PM phenylarsine oxide. After 
rinsing, all slices were fixed for 30 min at room temperature with 4% 
paraformaldehyde in 0.1 M phosphate buffer, placed overnight in 30% 
sucrose in the same buffer, snap frozen on the stage of a freezing mi- 
crotome, and resectioned at 45 FM thickness for confocal microscopic 
examination. 

For combined detection of internalized fluo-NT and choline acetyl- 
transferase (ChAT) immunoreactivity, fluo-NT-labeled frozen sections 
were washed in three consecutive baths of 0.1 M Tris-buffered saline 
(TBS), incubated 30 min in 3% normal rabbit serum in TBS, and then 
incubated overnight with a 1:400 dilution of ChAT monoclonal anti- 
body (Incstar, Stillwater, MN) in TBS containing 1% rabbit serum. After 

several washes (3 X 5 min) in TBS, the primary antibody was revealed 
with a 1: 100 dilution of biotinvlated goat anti-rat antibodv (60 min at , 
room temp) followed by streptavidin-Texas red (1: 100; 30 min at room 
temp). Sections were then washed 3 X 5 min in TBS, mounted with 
Aquamount, and analyzed by confocal microscopy. 

Baculovirus construction and NTR expression in Sfs cells. A recom- 
binant baculovirus was constructed which encoded the rat NTR cDNA 
(kindly provided by S. Nakanishi, Kyoto University) using procedures 
described elsewhere (Mouillac et al., 1992; M. Dennis, unpublished 
observations). Briefly, the cDNA was subcloned into the baculovirus 
transfer plasmid pJVETLZ/Nhel and recombinant viruses isolated by 
plaque purification following cotransfection of plasmid and wild-type 
AcNPV viral DNA into Sf9 cells. For expression, cultures of Sf9 cells 
were grown in spinner flasks in Grace’s medium containing 10% fetal 
bovine serum and infected with the recombinant virus at a multiplicity 
of infection of 2. 

Expression of the NTR in Sf9 cells was verified by radioligand bind- 
ing to membrane preparations. Sf9 cells infected with the NTR virus 
were harvested at 48 hr postinfection and membranes prepared, as pre- 
viously described (Mouillac et al., 1992). The membranes (10 p,g of 
protein) were incubated for 20 min at 25°C in 50 mM Tris-HCl buffer 
(pH 7.5) containing various concentrations of o-1251 Bolton Hunter-NT 
(2-13) (Gaudriault and Vincent,’ 1992). The incubation was stopped by 
addition of 2 ml ice-cold buffer and rapid filtration under reduced pres- 
sure through cellulose acetate filters (pore size, 0.2 nm; Sartorius). Fil- 
ters were washed twice with 2 ml of ice-cold buffer. Radioactivity re- 
tained on filters was counted with a y  counter at a counting efficiency 
of 80%. Nonspecific binding was measured in the presence of an excess 
(1 PM) of unlabeled NT and subtracted from total binding to obtain 
specific binding. 

Flue-NT labeling of infected $p cells. Twenty-four to 48 hr after 
baculovirus infection, Sf9 cells were rinsed twice in 50 mM Earle’s 
buffer, pH 7.4, containing 140 mM NaCI, 5 mM KCI, 1.8 mM CaCl,, 
3.6 mM MgCI,, 0.1% bovine serum albumin, and 0.01% glucose, equil- 
ibrated for 10 min in the same buffer, and labeled with either fluo-NT 
or fluo-azido-nitro NT. 

For fluo-NT labeling, cells (5 X 104/ml; 0.5 ml/assay) were incubated 
with 10 nrvt fluo-NT in the same buffer for 60 min at either -5°C or 
21°C and in the presence or absence of 10 pM of the endocytosis in- 
hibitor phenylarsine oxide. At the end of the incubation, the cells were 
washed 4 X 1 min in cold binding buffer, deposited on glass slides, 
dried under a cool stream of air, and examined in the confocal micro- 
scope under oil immersion. To control for nonspecific binding, the ex- 
periments were carried out in the presence of 1 p,M nonfluorescent NT 
or on Sf9 cells infected with a baculovirus encoding the human B-ad- 
renergic receptor (Mouillac et al., 1992). 

For fluo-azido-nitro NT labeling, Sf9 cells were incubated in the dark 
for 30 min at -5°C with 20 nM of fluo-azido-nitro NT in the same 
buffer as above with and without a hundredfold excess of native NT 
for determination of nonspecific binding. At the end of the incubation, 
the cells were subjected or not to three consecutive photographic flashes 
(Minolta Auto 32; setting, auto; distance from specimen, 25 cm), 
washed 4 X 1 min in cold binding buffer, and either fixed in 4% para- 
formaldehyde in 0.1 M PO, buffer for 20 min and dehydrated in graded 
ethanols for confocal microscopic viewing or warmed up to 21°C for a 
further 45 min prior to being fixed and dehydrated as above. 

Confocal microscopy. Basal forebrain sections and labeled Sf9 cells 
were both examined under a Leica confocal laser scanning microscope 
(CLSM) configured with a Leica Diaplan inverted microscope equipped 
with an argon- ion laser (488 nm) $ith an output power of 2250^mV 
and a VME bus MC 68020/68881 computer svstem couoled to an OD- I I 
tical disc for image storage (Leica, St: Laurent, Canada). All image- 
generating and -processing operations were performed with the LEICA 

CLSM software package. Micrographs were taken from the image mon- 
itor using a Focus Imagecorder (Foster City, California). 

Images of the basal forebrain were acquired according to two differ- 
ent modes: (1) serial optical sections (n = 12) separated by 0.24 pm 
steps, averaged over four scans/frame and reconstructed (extended fo- 
cus) over a depth of 3 pm; and (2) single optical sections averaged 
over I28 scans/frame. Images of Sf9 cells were acquired as serial optical 
sections separated by 1.5 )*.rn steps and averaged over 32 scans/frame. 
For all types of acquisitions, the gain and black levels were set manually 
to optimize the dynamic range of the image while ensuring that no 
region was completely suppressed (intensity = 0) or completely satu- 
rated (intensity = 255). 
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Double fluorescence images were acquired in two passes, fluorescein 
first, Texas red second, to avoid bleeding from one channel into the 
other. Fluorescent polystyrene beads (diameter 10pm; Becton Dickin- 
son) were used to verify that the two emission filters were properly 
aligned. 

Fluorescence intensity measurements were performed on reconstruct- 
ed serial images of the basal forebrain (acquisition mode 1) and ex- 
pressed as gray levels per unit area on a O-255 scale. Values were 
averaged for 12-14 readings from at least 14 different sections. Mor- 
phometric measurements of the diameter, number, and distance from the 
nuclear center of intracytoplasmic fluorescent particles were performed 
on individually scanned IO pm thick sections (acquisition mode 2). 
Results correspond to the mean ? SEM of four sections. Statistical 
analyses were performed using one-way analysis of variance (one-way 
ANOVA), followed by a regression curve analysis. The comparison of 
the slope from the regression curve was done using a Student’s r test. 

Results 
Studies on brain slices 
Five minutes after a 5 min superfusion of rat basal forebrain 
slices with 20 nM fluo-NT at 37”C, intense and pervasive fluo- 
rescent labeling was detected by confocal microscopy in a se- 
lective subset of neurons distributed throughout the medial septal 
nucleus, the diagonal band of Broca, and the substantia innom- 
inata. Although most prominent over neuronal perikarya, the 
labeling was also apparent over multiple cross-sectioned neu- 
ronal processes throughout the neuropil (Fig. la). Quantification 
of the fluorescent signal revealed a 1.5-fold difference in inten- 
sity between perikaryal and neuropil labeling at this time (Table 
1). By contrast, sections incubated with a thousandfold excess 
of native NT, or with fluorescein isothiocyanate in lieu of fluo- 
NT, showed no significant fluorescent signal over background 
noise, indicating that fluo-NT labeling was dependent upon spe- 
cific binding of fluo-NT to NT receptors. Slices exposed to fluo- 
NT at 4”C, or at 37°C in the presence of the endocytosis inhibitor 
phenylarsine oxide, were also devoid of significant fluorescent 
signal, indicating that the observed labeling resulted from a tem- 
perature-dependent endocytic process. In conformity with these 
data, serial optical sectioning of fluo-NT-labeled cell bodies re- 
vealed that most, if not all, of the observed fluorescent signal 
was intracellular. Slow scanning of single optical sections pass- 
ing through the core of the cells further indicated that the inter- 
nalized fluorescence was confined to small, spherical particles 
distributed throughout the cytoplasm (Fig. lc). 

Between 5 and 30 min after dpplication of the fluorescent 
ligand, the labeling became progressively more intense over neu- 
ronal perikarya and proportionally less intense over neuronal 
processes (Table 1). By 60 min, the fluorescent signal had in- 
creased by 19% over nerve cell bodies and had dropped to back- 
ground levels in the surrounding neuropil (Fig. lb; Table 1). 
Throughout this time period, the label remained in the form of 
small, intensely fluorescent particles (Fig. Id). However, the 
mean diameter of these particles increased linearly with time 
[F( 1,20) = 11.4, p < 0.01; Fig. 2A]. In addition, the number of 
particles per unit of labeled cell-cross-sectional area decreased 
linearly with time [F(1,19) = 13.38, p < 0.01; Fig. 2B]. These 
two events were significantly inversely correlated (r = -0.98; 
p < 0.001). Finally, when the mean distance between each per- 
ikaryal fluorescent particle and the center of the nucleus was 
plotted as a function of time, a statistically significant overall 
translation of the particles from the periphery to the center of 
the cell was apparent [F(l,l 1) = 4.86, p < 0.05; Fig. 2C]. This 
movement was such that by 60 min, the bulk of fluorescent 
particles was confined to the perinuclear zone (Fig. Id). 

To demonstrate that the observed cellular labeling was selec- 

tive for cholinergic neurons-that is, for neurons known to be 
selectively endowed with NT receptors in this region of the 
brairl-slices exposed to fluo-NT at 37°C were washed for 45 
min and double labeled by immunofluorescence using a specific 
antibody against the acetylcholine biosynthetic enzyme choline 
acetyltransferase (ChAT). Confocal microscopic examination of 
this dually stained material revealed that the large majority of 
the cells that had internalized fluo-NT (88.9 + 2.0%) also 
stained positively for ChAT (Fig. lef). 

Studies on Sf9 cells 

To further characterize the mechanisms underlying the internal- 
ization of fluo-NT molecules, experiments were conducted with 
Sf9 insect cells infected 2448 hr earlier with a baculovirus en- 
coding the cloned NT receptor. Membranes prepared from in- 
fected cells at 48 hr postinfection bound lZ51-NT with a maximal 
binding capacity (B,,,,,) of 12.4 pmol/mg protein and an apparent 
dissociation constant (Kd) of 0.38 nM. Scatchard analysis of the 
data (not shown) indicated the presence of a single class of NT 
binding sites. 

Incubation of infected Sf9 cells with 10 nM fluo-NT at room 
temperature resulted in a time-dependent internalization of the 
fluorescent probe (Fig. 3a-c). Serial optical sectioning of the 
cells in the confocal microscope revealed that as in neurons, 
internalized ligand molecules were confined to small endosome- 
like particles (Fig. 3b,c, arrows). By contrast, in cells incubated 
at low temperature or in the presence of the endocytosis inhibitor 
phenylarsine oxide, specifically bound fluo-NT molecules re- 
mained clustered on the surface of the cells (Fig. 3d,f). Neither 
binding nor internalization of fluo-NT were observed in the pres- 
ence of an excess of nonfluorescent NT or in control Sf9 cells 
infected with a baculovirus encoding the human P-adrenergic in 
lieu of the rat NT receptor. 

To determine whether the internalization process involved the 
ligand alone or ligand-receptor complexes, Sf9 cells were in- 
cubated with fluo-azido-nitro NT, a photoaffinity derivative of 
fluo-NT, in lieu of fluo-NT. In a first step, the cells were incu- 
bated for 30 min at -5°C to label surface receptors. They were 
then subjected to a photographic flash and washed thoroughly 
to dissociate non-cross-linked ligand molecules from their re- 
ceptors. As can be seen in Figure 4, the labeling achieved under 
these conditions was confined to the cell surface (Fig. 4a) and 
was not detectable in cells that had not been exposed to a flash 
of light (Fig. 4b). Both irradiated and control (nonirradiated) 
cells were then warmed to room temperature for a further 45 
min, at which time the pattern of labeling in irradiated cells was 
indistinguishable from that observed with fluo-NT (Fig. 4~). 
Here again, cells that had not been subjected to photoirradiation 
remained label free (Fig. 4d). 

Discussion 

The present results provide the first demonstration of receptor- 
induced internalization of a neuropeptide in live brain slices. 
Evidence that this internalization represents a true receptor-me- 
diated event and not merely a nonspecific endocytic process in- 
cludes: (1) the fact that the labeling was no longer apparent 
when the incubation was carried out in the presence of an excess 
of nonfluorescent NT, (2) the absence of internalization of free 
fluorescein; and (3) the selectivity of the internalization process 
for cholinergic cells which earlier autoradiographic studies had 
shown to be selectively endowed with high-affinity NT binding 
sites in the basal forebrain (Szigethy and Beaudet, 1987; Szig- 
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Figure I. a-d, Confocal microscopic imaging of fluo-NT labeling in rat basal forebrain slices. Sections scanned after 5 (a, c) and 60 (6, d) min 
of fluo-NT washout. Images in a and b are reconstructed from a stack of 12 serial optical sections scanned at low resolution (four scans/frame). 
At 5 min (a), labeling in the diagonal band of Broca is evident over both perikarya (arrows) and neuropil. Arrowheads mark the base of the brain. 
At 60 min (b), nerve cell bodies in the same region stand out against a markedly reduced neuropil labeling. Images in c and d are single optical 
sections scanned at high resolution (128 scans/frame). At 5 min (c), fluo-NT is seen to be contained in small, endosome-like particles distributed 
throughout the cytoplasm of a single NT-receptive cell. At 60 min (d), labeled cells (arrows) exhibit a lesser number of larger fluorescent particles. 
e, f ;  Basal forebrain neuron dually labeled for fluo-NT (e) and ChAT (f). Images were acquired as in a and b, but using two different channels to 
avoid an overlap of fluorophore emission spectra. Note the presence in e of endosome-like particles that are not visible in the ChAT-immunoreactive 
cell. N, nucleus. Scale bars in u-d, 10 pm; e, J 5 p,m. 
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Table 1. Densitometric analysis of fluorescence intensity in slices 
of rat basal forebrain incubated with fluo-NT 

Washout Fluorescence intensity* 

time Perikarya Neuropil Perikarytineuropil 

5 min 85.73 + 5.40 64.74 k 3.79 1.52 + 0.11 

30 min 92.00 c 1.37 55.19 k 8.96 1.97 i 0.23 

60 min 101.94 c 3.43 43.28 k 5.17 2.51 -c 0.28 

* Gray levels/unit area on a O-255 scale. Values represent the mean t 
SEM of 12-14 readings from at least four different slices. Perikaryal 
values inversely correlated with neuropil ones (Y = ~0.99) with p < 
0.001. 

ethy et al., 1989). That the internalization process was indeed 
selective for cholinergic cells was demonstrated here by the re- 
sults of our double-labeling experiments, which showed close to 
90% of fluo-NT-labeled cells to stain positively for choline ace- 
tyltransferase. In keeping with these observations, electrophys- 
iological studies from our laboratory (Alonso et al., 1994) have 
demonstrated that bath application of fluo-NT onto slices of the 
guinea pig basal forebrain induced membrane depolarization and 
the emergence of a slow complex rhythmic bursting pattern in 
neurons exhibiting electrophysiological properties characteristic 
of cholinergic cells (Khateb et al., 1992). Fluo-NT clearly acted 
as an agonist since native NT induced equivalent responses 
when applied to the same neurons (Alonso et al., 1994). The 
internalization process documented in the present study is there- 
fore likely to be triggered by receptor activation, although the 
sequence of events that link these two phenomena remains to be 
established. 

Neurons expressing the NT receptor cloned by Tanaka et al. 
(1990) have been visualized in the basal forebrain of the rat 
using in situ hybridization histochemistry (Elde et al., 1990; Sato 
et al., 1992; Nicot et al., 1994), suggesting that this isoform 
might be responsible for the internalization of fluo-NT observed 
in the present study. Our binding experiments on membranes of 
Sf9 cells infected with a baculovirus encoding this molecular 
form of the receptor indicated that rz51-NT bound to the trans- 
fected receptor with a Kd value in good agreement with that 
reported for the NT receptor in rat brain. Confocal microscopic 
studies of these cells using fluo-NT indicated that these cell sur- 
face receptors could indeed mediate internalization of the pep- 
tide, in conformity with recent biochemical data from mamma- 
lian cell lines transfected with the same clone (Chabry et al., 
1994; Hermans et al., 1994b). 

The fact that the internalization of fluo-NT could be blocked 
in both basal forebrain cholinergic and Sf9-infected cells by ei- 
ther lowering the temperature or preincubating the cells with the 
endocytosis inhibitor phenylarsine oxide indicated that the in- 
ternalization process was endocytic in nature. Indeed, the pattern 
of punctate intracellular fluorescence observed in our material 
was reminiscent of that described following receptor-mediated 
endocytosis of fluorescent peptide ligands in other cell types 
(Hazum et al., 1980; Naor et al., 1981; Lutz et al., 1990). Ex- 
periments in Sf9 cells showed this pattern to remain essentially 
unchanged when the ligand was covalently crosslinked to the 
receptor prior to internalization, demonstrating that this endo- 
cytic process involved receptor-ligand complexes and not mere- 
ly the fluorescent probe. 

In brain slices, internalization of fluo-NT molecules was 

time (min) 

0 ! I 
0 I” 7.0 30 40 50 60 

time (min) 

Figure 2. Evolution over time of the mean diameter (in micrometers, 
A), number (B), and distance to the nuclear center (in micrometers, C) 
of fluorescent endosome-like particles in fluo-NT-labeled basal forebrain 
neurons. Slices from the rat basal forebrain were labeled as described 
in Figure 1 and scanned under the confocal microscope 5-60 min after 
a single 3 min pulse of 20 nM fluo-NT All measurements were made 
on single optical sections scanned at high resolution (128 scans/frame, 
Fig. lc, d). Mean 2 SEM of 12 slices from three animals. Statistical 
analysis was performed using a one-way analysis of variance (ANOVA) 
followed by a regression analysis. 

found to proceed from the entire somatodendritic arbor of basal 
forebrain cholinergic cells, in conformity with our earlier elec- 
tron microscopic demonstration of a diffuse distribution of NT 
receptors on the membrane of these cells (Szigethy et al., 1990). 
The internalization process was rapidly followed by a concom- 
itant decrease in neuropil labeling and increase in perikaryal 
fluorescence which can best be explained by a migration of in- 
ternalized receptor-ligand complexes from dendrites to nerve 
cell bodies. Studies on embryonic neurons in culture have pre- 
viously documented the existence of a similar dendritic transport 
for constitutively internalized molecules (e.g., transferrin, horse- 
radish peroxidase; Parton et al., 1992) but the present results 
provide, to our knowledge, the first experimental evidence for a 
dendritic transport of internalized neuropeptide molecules within 
nerve cells. 

The time-dependent reduction in number and inversely cor- 
related increase in size of intracellular fluorescent granules ob- 
served in the course of their migration from the periphery to the 
perinuclear region of the cells is congruent with the evolution 
of endosomes into multivesicular bodies and ultimately into ly- 
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sosomes reported in other cell types (Helenius et al., 1983; Hop- 
kins et al., 1990; Van Deurs et al., 1993). This process usually 
results in a dissociation of receptor-ligand complexes through 
rapid acidification of the endosomal compartment and, ultimate- 
ly, differential routing of peptide and receptor, the former to the 
lysosomal compartment for degradation and the latter to the 
plasma membrane for recycling (Helenius et al., 1983; Schmid 
et al., 1988). Had these mechanisms been in place here, however, 
acidification of the endosomal compartment should have 
quenched the fluorescence of our FITC-tagged ligand (Lutz et 
al., 1990), which it did not. Furthermore, recent biochemical 
studies on cerebral neurons in culture have demonstrated that 
the density of cell surface NT receptors was unaffected by the 
carboxylic ionophore monensin, a compound known to disrupt 
intracellular traffic and the recycling of many receptors, from 
which it was concluded that NT receptors were not recycled 
(Chabry et al., 1993). Finally, studies of in viva retrograde trans- 
port of lZ51-NT in nigrostriatal neurons have shown intracellular 
‘251-NT molecules to be remarkably resistant to metabolic deg- 
radation for up to 4 hr after ‘Y-NT injection (Caste1 et al., 

Figure 3. Confocal microscopic im- 
aging of Sf9 insect cells infected with 
a baculovirus encoding the cloned NT 
receptor and labeled with 10 nM fluo- 
NT for 60 min at either 21°C (u-c) or 
-5°C (d-f). Serial optical sections 
taken at 1.5 pm intervals from the sur- 
face of the cells (a, d) inward (b, c; e, 
f). In sections grazing the cell surface 
(a, d), the ligand forms small, irregular 
clusters that are most evident in cells 
incubated at -5°C (d). In sections 
passing through the core of the cells (b, 
c; e, f), the ligand pervades the cyto- 
plasm in cells incubated at room tem- 
perature (u-c), but is confined to the 
surface in cells incubated at -5°C (e, 
f). Note that the internalized ligand is 
concentrated within small endosome- 
like particles (arrows) and does not 
permeate the nucleus (Nu). Scale bar 
10 pm. 

1991), a finding difficult to reconcile with the exclusive routing 
of internalized NT toward lysosomes. Thus, although additional 
studies using specific organelle markers are clearly required for 
further identification of fluo-NT’s sequestration compartments, 
available data suggest that these may differ significantly from 
those of classical endocytic pathways. 

The physiological significance of the internalization and so- 
matopetal transport of NT demonstrated here in basal forebrain 
cholinergic cells is still largely conjectural. One obvious func- 
tion is the clearance of bound ligand molecules. This interpre- 
tation is supported by the recent demonstration of immunoreac- 
tive endopeptidase 24.16, a metallopeptidase involved in the 
functional inactivation of NT, within putative NT target cells in 
the rat CNS (Woulfe et al., 1992). Internalization of receptor- 
ligand complexes has also been linked to “cellular” (as opposed 
to molecular) desensitization (Laduron, 1994). Indeed, internal- 
ization of NT in rat embryonic neurons in culture has been 
shown to result in a rapid disappearance of NT receptors from 
the cell surface (Vanisberg et al., 1991). However, internalization 
should not be viewed as the only mechanism through which NT 
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Figure 4. Confocal microscopic imaging of the binding (a, b) and 
internalization (c. d) of fluo-azido-nitro NT to Sf9 cells infected with 
a baculovirus coding for the rat NT receptor. Images acquired as in 
Figure 3. At -5°C (a, b) the label is confined to the cell surface in 
irradiated cells (a) and virtually undetectable in nonirradiated ones (b). 
At 21°C (c, d), cross-linked fluo-azido-nitro NT molecules have inter- 
nalized and are detected throughout the cytoplasm in the form of in- 
tensely fluorescent particles (c). Here again, nonirradiated controls are 
negative (d). Scale bar, 5 km. 

receptor desensitization may occur, since while rapid desensiti- 
zation of agonist-induced calcium mobilization was observed in 
PC12 cells, but not in CHO cells transfected with the rat NT 
receptor, while both cell types internalized lz51-NT equally well 
(Hermans, 1994a,b). 

Although the present results are clearly suggestive of an in- 
tracellular routing of internalized receptor-ligand complexes 
through intracellular degradation pathways, and thereby of a role 
of internalization in NT receptor downregulation, the possibility 
that the internalization process is also involved in long-distance 
signaling to elicit long-term effects of the ligand in target cells, 
such as proposed for cytokines, growth factors, and neuropep- 
tides (see Laduron, 1992, for a review), cannot be excluded. In 
fact, such a mechanism has been invoked to account for the 
increase in the expression of tyrosine hydroxylase observed in 
nigrostriatal dopaminergic neurons following intrastriatal injec- 
tion of NT (Burgevin et al., 1992). The aggregation of internal- 
ized ligand molecules in the perinuclear zone observed here in 
the long term, together with the preservation of NT in unmeta- 
bolized form within intracellular sequestration compartments 
following its intracerebral injection (Caste1 et al., 1991), is con- 
sistent with the hypothesis of an intracellular action of the in- 
ternalized ligand, receptor, or fragment thereof (see Laduron, 
1994). 

A variety of neuropeptides have been shown to internalize in 
peripheral target cells and are therefore likely to internalize with- 
in CNS neurons in light of the present results. The possibility 
that the process described here for NT may thus represent a 
common consequence of neuropeptide binding to central recep- 
tors should therefore be taken into consideration for the inter- 
pretation of in vivo pharmacological, including positron emis- 

sion tomographic, data. In fact, the internalization process may 
even be used as a tool to selectively identify, as demonstrated 
in the present study, neuropeptide target neurons in live brain. 
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