The Journal of Neuroscience, August 15, 2000, 20(16):5932-5939
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To investigate the effects of somatostatin (somatotropin release-
inhibiting factor, SRIF) on the regulation of SST,, receptors in
mammalian brain, we examined how blockade of SRIF release or
stimulation by the SRIF analog [p-Trp®]-SRIF would affect the
expression and cell surface availability of SST,, receptors in rat
brain slices. First, we measured the intensity of SST,, immuno-
reactivity, using quantitative light microscopic immunocyto-
chemistry, and levels of SST,, mRNA, using semiquantitative
RT-PCR, under conditions of acute SRIF release blockade. Incu-
bation of slices from the claustrum or basolateral amygdala, two
regions previously shown to contain high concentrations of
SST,, receptors, in Ca?*-free Ringer’s for 40 min induced a
decrease in the intensity of SST,, receptor immunoreactivity and
concentration of SST,, MRNA as compared with control values
obtained in Ca®"-supplemented Ringer’s. These effects were
counteracted in a dose-dependent manner by the addition of

10-100 nm [D-Trp®]-SRIF to the Ca®"-free medium. Furthermore,
both of these effects were abolished in the presence of the
endocytosis inhibitors phenylarsine oxide or hyperosmolar su-
crose, suggesting that they were dependent on receptor inter-
nalization. Electron microscopic immunogold labeling confirmed
the existence of an agonist-induced internalization of SST,4
receptors in central neurons. At a high (10 um), but not at a low
(10 nm), concentration of agonist this internalization resulted in a
significant decrease in cell surface receptor density, irrespective
of the presence of Ca®" in the medium. Taken together, these
results suggest that ligand-induced endocytosis is responsible
for rapid transcriptional (increase in SST,, expression) and traf-
ficking (loss of cell surface receptors) events involved in the
control of the somatostatinergic signal.
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Somatostatin (somatotropin release-inhibiting factor, SRIF) is a
biogenic peptide widely distributed in brain and periphery (for
review, see Patel, 1992). Originally identified on the basis of its
ability to inhibit growth hormone secretion from the pituitary
(Brazeau et al., 1973), it since has been found to exert a variety of
hormonal and neural actions (Epelbaum, 1986). SRIF exists under
two forms, derived from the same precursor molecule: a 14-amino-
acid short form (SRIF-14) and an N-terminally extended form of
the latter, SRIF-28 (for review, see Patel, 1992). Both forms coexist
in the brain; however, SRIF-14 is the one that appears to play a
predominant role (Johansson et al., 1984; Patel, 1992). Both central
and peripheral actions of SRIF are mediated by G-protein-coupled
receptors, five of which, designated SST,_s (Hoyer et al., 1995),
have been cloned so far (Bruno et al., 1992; Kluxen et al., 1992;
Meyerhof et al., 1992; O’Carroll et al., 1992; Yamada et al., 1992;
Yasuda et al., 1992). All of these receptors bind SRIF-14 and
SRIF-28 with comparable affinities except for SST5, which exhibits
a slightly higher affinity for SRIF-28 than for SRIF-14 (O’Carroll
et al., 1992; Hoyer et al., 1994; Reisine and Bell, 1995; Siehler et al.,
1998).

The distribution of SRIF binding sites in rat brain was first
established by using radioligand binding and receptor autoradio-
graphic techniques (for review, see Krantic et al., 1992). Since then
molecular biological studies have demonstrated that all five sub-
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types of SRIF receptors are expressed in mammalian CNS (Bruno
et al,, 1993; Raulf et al., 1994; Viollet et al., 1995). Messenger
RNAss for SST,_5 receptor subtypes were localized in adult rodent
brain by in situ hybridization (Breder et al., 1992; Kaupmann et al.,
1993; Kong et al., 1994; Pérez et al., 1994; Senaris et al., 1994;
Beaudet et al., 1995; Thoss et al., 1995), and SST receptor proteins
were visualized at cellular and subcellular levels by immunocyto-
chemistry (Dournaud et al., 1996; Schindler et al., 1997, 1999;
Helboe et al., 1998; Hervieu and Emson, 1998; Héandel et al., 1999;
Stroh et al., 1999). Most of these studies concur in reporting an
extensive brain distribution for SST, and particularly for its splice
variant SST,,, a somewhat more restricted distribution for SST,
and SST;_,, and a limited distribution for SSTs.

Recent studies have shown that the interaction of SRIF with its
receptors resulted in a temperature- and receptor-dependent inter-
nalization of receptor-ligand complexes in cell lines expressing
either native (Koenig et al., 1997; Sarret et al., 1999) or recombi-
nant (Hukovic et al., 1996; Hipkin et al., 1997; Nouel et al., 1997;
Roth et al., 1997; Stroh et al., 2000b) SRIF receptor subtypes.
However, studies on transfected cells have shown major differences
between subtypes in both patterns and efficiency of internalization
(Hukovic et al., 1996; Nouel et al., 1997; Roth et al., 1997). Briefly,
high internalization yields were observed for SST,, SST;, and SSTj
receptors, whereas poor internalization yields were found for SST,
and SST, subtypes (Hukovic et al., 1996; Hipkin et al., 1997; Nouel
et al., 1997; Roth et al., 1997; Kreienkamp et al., 1998; Stroh et al.,
2000b). SRIF analogs also have been reported to internalize in
neurons in primary culture via SST, and other unidentified (but
likely SST;) SST subtypes (Stroh et al., 2000a). There is also
immunocytochemical evidence for SRIF-induced internalization
of SST, 5 receptors in human glioma cells (Krisch et al., 1998) and
intact rat brain (Dournaud et al., 1998). Little is known, however,
about the implication of this internalization process for brain
function.
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As for other G-protein-coupled receptors, ligand-induced SRIF
receptor internalization has been proposed to be involved in re-
ceptor desensitization via cell surface receptor downregulation
(Hipkin et al., 1997; Beaumont et al., 1998). Recent studies have
also raised the possibility that internalization may play a role in
transmembrane signaling. Evidence for internalization-induced
signaling mainly stems from the study of growth factor and cyto-
kine receptors (for review, see Bevan et al., 1995). However,
changes in the duration of inositol phosphate accumulation and
associated calcium responses (Griendling et al., 1987; Hunyady et
al., 1991), as well as in transcription of receptor mRNA (Souazé et
al., 1997), have been linked to impaired G-protein-coupled recep-
tor internalization. Furthermore, ligand-induced receptor internal-
ization recently was shown to be critical for the inhibition of
growth hormone expression by SRIF in AtT-20 cells (Sarret et al.,
1999).

The aim of the present study was to investigate the consequences
of SRIF internalization in rat brain, specifically with regard to cell
surface regulation of the SST,, receptor subtype and the potential
role of the internalization process in SRIF-induced transcriptional
effects. For this purpose we examined, using light and electron
microscopic immunocytochemistry and semiquantitative PCR, the
expression and distribution of SST,, receptors in rat brain slices
exposed to various concentrations of SRIF.

MATERIALS AND METHODS
Slice preparation

Adult male Sprague Dawley rats (200-250 gm) were decapitated, and their
brains were removed rapidly and blocked on a vibratome chuck. Coronal
sections containing the claustrum and the basolateral nucleus of the amyg-
dala (BLA) were cut at 100 um thickness and collected in ice-cold
oxygenated Ringer’s buffer [containing (in mm) 124 NaCl, 5 KCI, 1.2
NaH,PO,, 2.4 CaCl,, 1.5 MgSO,, 26 NaHCO,, and 10 glucose, pH 7.4].
During all of the following procedures the slices were oxygenated contin-
uously with 95%0,/5%C O, bubbled into the incubation buffer. Three sets
of experiments were performed. (1) To determine the effect of agonist
stimulation on SST,, receptor expression and distribution, we first equil-
ibrated slices for 40 min at room temperature with Ringer’s buffer. Then
the slices were transferred for 40 min at 37°C in the same buffer containing
(experimental) or not (control) 0.01, 0.1, or 10 uM [D-Trp®]-SRIF, a
metabolically resistant analog of SRIF. (2) To investigate the effects of
neuronal activity blockade on SST,, receptor expression and distribution,
we first equilibrated slices for 40 min at room temperature in Ringer’s
buffer devoid of CaCl, and complemented the buffer with 20 mm EDTA
(Ca?*-free buffer). Then the slices were transferred to Ca®"-free buffer at
37°C containing (experimental) or not (control) [D-Trp®]-SRIF in the
same range of concentrations as above. (3) To investigate the effects of
ligand internalization on SST,, receptor expression and distribution, we
first equilibrated slices for 15 min in Ca*"-free or Ca*"-supplemented
buffer in the presence (experimental) or the absence (control) of the
endocytosis inhibitors phenylarsine oxide (PAO; 10 uM) or sucrose 0.4 M.
Then we incubated them with 0.1 or 10 um [D-Trp®]-SRIF in the same
buffers.

At the end of the incubation the slices either were fixed by incubation for
2 hr at room temperature in 0.1 M phosphate buffer (PB), pH 7.4, contain-
ing 4% paraformaldehyde and 0.3% glutaraldehyde for SST,, immuno-
gold labeling or were processed immediately for mRNA extraction.

SST,, immunogold labeling

Light microscopy. After several washes in PB the sections were cryopro-
tected for 30 min in PB containing 25% sucrose and 3% glycerol, perme-
abilized by quick immersion in isopentane at —70°C followed by liquid
nitrogen, and thawed in PB at room temperature. After 30 min of incuba-
tion in 0.1 M Tris-buffered saline (TBS), pH 7.4, containing 3% normal
goat serum (NGS), the slices were incubated for 16 hr at 4°C with a rabbit
polyclonal SST,, antibody (R-88; Dournaud et al., 1996; Gu and Schon-
brunn, 1997) diluted 1:1500 in TBS containing 0.5% NGS. Then they were
rinsed in 0.01 M PBS (0.01 M PB, pH 7.4, containing 0.9% NaCl) and
incubated for 2 hr in gold-conjugated (1 nm) goat anti-rabbit IgG diluted
1:50 in PBS containing 0.2% gelatin and 0.8% BSA. Sections were post-
fixed for 10 min in 2% glutaraldehyde in PBS and washed several times in
0.2 M citrate buffer, pH 7.4, after which the immunogold reaction was
enhanced by incubation for 7 min in a silver solution (IntenSE M, Amer-
sham, Arlington Heights, IL). The reaction was stopped by washes in
citrate buffer, and the sections were mounted on glass slides for light
microscopic examination.

The intensity of the light microscopic signal was quantified in the
claustrum by computer-assisted microdensitometry, using a Biocom image
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analysis system (Les Ulis, France). Sections were examined under a Leica
Orthoplan microscope equipped with a CCD camera, and nerve cell bodies
labeled in the claustrum were outlined. Then labeling densities were
measured over individual cells after ensuring that densitometric values
were included within the linear portion of the standard gray scale (ranging
from 0 to 255). Background values were determined in each section by
measuring labeling densities in the corpus callosum, a region devoid of
SST,, immunostaining, and subtracted from the corresponding totals. For
each experimental condition >20 nerve cell bodies/region were recorded
from three slices, and measurements were performed in at least three
independent experiments (one rat per experiment). Data were averaged
for each region and expressed as mean = SEM. Statistical comparison
between different groups was performed with Student’s ¢ test.

Electron microscopy. Sections were processed as above, but rather than
being mounted on glass slides, they were post-fixed with 2% osmium
tetroxide in PB for 40 min, dehydrated in graded ethanols and propylene
oxide, and flat-embedded in Epon 812. Ultrathin sections (80 nm) were
collected from the surface of blocks including either the claustrum or the
BLA, counterstained with lead citrate and uranyl acetate, and examined
with a JEOL 100X electron microscope.

Quantitative analysis of the ultrastructural distribution of SST,, immu-
noreactivity within either region was performed in ultrathin sections by
counting gold particles present in the cytoplasm or associated with the
plasma membrane of labeled dendrites. For each experimental condition a
total of 300—400 grains was counted out of three to four grids from three
independent experiments (n = 3 rats). Only dendrites containing at least
three gold particles and exhibiting reasonably well preserved morphology
(i.e., allowing for unequivocal identification of plasma membranes) were
included in the analysis. The proportion of membrane-associated SST,,
receptors was expressed as a percentage of the total number of gold
particles. Statistical comparisons between groups were performed with
Student’s ¢ test.

Quantification of SST,, mRNA

Concentrations of SST,, receptor mRNA were measured by reverse
transcr;ption-PCR (RT-PCR) in slices of claustrum incubated or not with
[D-Trp®]-SRIF under the same conditions as described above for immu-
nohistochemistry. For this purpose, first the total RNAs were extracted
from pooled slices (five slices per condition for each experiment) by
homogenization in 1 ml of Trizol reagent (Life Technologies, Gaithers-
burg, MD) for 5 sec, followed by chloroform extraction and isopropanol
precipitation according to the method of Chomczynski and Sacchi (1987).
Then RNAs were suspended in H,O-DEPC and frozen at —20°C until use.
The total amount of RNA collected from five pooled 100-um-thick slices
routinely ranged between 1 and 3 pg.

Then 2 pg of total RNA per pool was reverse-transcribed with 1 ug of
oligo-dT,s primer (reverse transcription system kit, Promega, Madison,
WI) and 30 U of AMV reverse transcriptase in a total volume of 20 ul of
the supplied buffer. After cDNA synthesis for 1 hr at 42°C the samples
were denatured for 5 min at 99°C and chilled on ice. One-tenth of the
first-strand cDNA was subjected to 30 cycles of PCR in 25 ul of a final
reaction volume containing (in mm) 50 KCl, 10 Tris, pH 9, and 1.5 MgCl,
plus 0.1% Triton X-100, 0.02% BSA, 200 um dNTPs, 100 ng of sense and
antisense primers, and 0.5 U Tag DNA polymerase (Appligene, Heidel-
berg, Germany). The first cycle was performed at 94°C for 2 min, 52°C for
2 min, and 72°C for 50 sec, and the following cycles were performed at
94°C for 35 sec, 52°C for 40 sec, 72°C for 50 sec, and, for the final extension
step, 72°C for 5 min. PCR products were analyzed on a 2% agarose gel.

For amplification of SST,, mRNA, the following sets of oligonucleo-
tides were used: (5'-CCAAGAGGAAAAAGTCAG-3') as sense primer
and (5'-GATACTGGTTTGGAGGTC-3") as antisense primer, giving rise
to a 373 bp band selective for rat SST,,. Plasmid control was generated by
amplifying in parallel an Xbal cDNA fragment encoding the mouse SST, 5
receptor subcloned into the corresponding site of the pCM V-6b expres-
sion vector. Internal standards for quantification of SST,, cDNA were
generated by amplifying glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA, using the following set of oligonucleotides: (5'-
AACCACGAGAAATATGACAAC-3') as sense primer and (5'-
CTCAGTGTAGCCCAGGA-TGCC-3’) as antisense primer, giving rise
to a 428 bp band. In all reverse transcription experiments two types of
controls were performed: (1) each total RNA sample was subjected to RT
in the absence of enzyme to control for intrinsic contamination by genomic
DNA, and (2) the reaction was performed on the RT mixture without
RNA added to control for contamination during the experiment.

For quantitative analysis the PCR band densities were measured by laser
densitometry; ratios between SST,, and GAPDH c¢cDNAs were calculated
for each experimental condition. Results were expressed as a percentage of
control, using as control the relative amount of cDNA present in slices
superfused with Ringer’s buffer (containing CaCl,) only. Each value was
taken as the mean = SEM of six independent cDNA measures from two
different pools of mRNA.
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Figure 1. Light microscopic distribution / i o
of SST,, receptor immunolabeling in : A 2
claustrum slices incubated for 40 min at h o
37°C in Ringer’s buffer (A4), in Ca?*-free
buffer (B), in Ca*"-free buffer containing
100 nM [D-Trp®]-SRIF (C), and in Ca**-
free buffer containing 100 nm [D-Trp®]- A _rh

SRIF plus 10 um PAO (D). A, After incu- =7}~
bation in Ringer’s, intense immunolabeling

is observed over nerve cell bodies and their

proximal dendrites (arrows). Punctate im- '
munostaining typical of cross-sectioned 3
immunoreactive dendrites is also evident %
(arrowheads). B, After incubation in Ca®*- §-
free buffer, the intensity of SST,, immu-
nolabeling is reduced dramatically in both

cell bodies and surrounding neuropil. C, :
Addition of 100 nm [D-Trp®]-SRIF to I AL
the Ca?"-free incubation medium almost &
totally reestablishes the level of SST,, ¥
immunoreactivity to that seen in Ringer’s

controls. D, [D-Trp®]-SRIF-induced re-

covery of SST,, immunoreactivity is to-

tally prevented by addition of the endocy-

tosis inhibitor PAO to the incubation @

medium. Scale bar, 100 wm.

RESULTS

Effect of somatostatin on the distribution and density of
SST,, receptor immunoreactivity in the claustrum and
basolateral nucleus of the amygdala

To determine whether exposure of rat brain slices to somatostatin
(SRIF) would affect the distribution and/or density of SST,,
somatostatin receptor proteins, we examined the effect of [p-Trp®]-
SRIF on the light microscopic distribution of SST, , immunolabel-
ing in two regions previously documented to exhibit high concen-
trations of cell surface SST,, receptors, the claustrum and BLA
(Dournaud et al., 1996). By light microscopy the baseline SST,,
receptor immunoreactivity was intense and mainly associated with
neuronal perikarya and dendrites (Fig. 1.4). Incubation of the slices
for 40 min at 37°C with either 10 or 100 nm [D-Trp®]-SRIF in
Ringer’s buffer containing 2.4 mm CaCl , affected neither the
intensity nor the pattern of SST,, immunolabeling in either of the
two regions that were studied (data not shown). However, removal
of Ca®* from the buffer dramatically reduced both the number and
staining intensity of SST,,-immunoreactive elements in both the
claustrum (Fig. 1B) and BLA (data not shown). Computer-assisted
microdensitometric analysis of the intensity of SST,, immuno-
staining over neuronal perikarya labeled in the claustrum revealed
a 55% reduction in the absence as compared to the presence of
extracellular Ca*™ in the incubation medium (Fig. 24).

Hypothesizing that this effect might be the consequence of the
inhibition of the Ca?*-dependent release of endogenous SRIF, we
examined whether stimulation with exogenous SRIF would coun-
teract for the decrease in SST,, immunoreactivity observed after
calcium chelation. To this aim, slices from the claustrum and BLA
were exposed to increasing concentrations of [D-Trp®]-SRIF under
Ca?*-free conditions and were immunostained for SST, .. Such a
treatment resulted in a concentration-dependent increase in the
intensity of SST,, immunoreactivity in both the claustrum (Figs.
1C, 2A4) and the BLA (data not shown). In the claustrum the
intensity of SST,, immunoreactivity observed after the application
of 100 nm [p-Trp®]-SRIF reached 80% of control values recorded
in Ca”®"-supplemented Ringer’s (Fig. 24).

Because it had been shown in various cell lines as well as in
neurons in primary culture that stimulation with SRIF resulted in
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Figure 2. A, Effect of exogenous SRIF on the intensity of SST,, immu-
noreactivity in the claustrum. Slices were incubated in normal or Ca?*-free
Ringer’s or in Ca®"-free Ringer’s containing [D-Trp®]-SRIF (10-100 nm).
Density of immunoreactive signal was measured over individual labeled
cells with computer-assisted densitometry. Note the substantially higher
level of SST,, immunoreactivity in the presence than in the absence of
Ca?" in the buffer and the increase in the intensity of the staining that
followed agonist stimulation in Ca?*-free buffer. B, Effect of endocytosis
blockers on the increase in SST,, immunoreactivity induced by [D-Trp®]-
SRIF in Ca**-free medium. Slices were incubated in Ca®"-free Ringer’s
containing or not 100 nM [D-Trp®]-SRIF and in the presence or the absence
of 10 uMm PAO or 0.4 M sucrose. Although without effect by themselves, both
PAO and sucrose totally inhibited the SRIF-induced increase in SST,,
immunoreactivity. Values are the mean = SEM from three animals.

ligand-induced receptor internalization (reviewed in the introduc-
tory remarks), we then investigated in slices from the claustrum
whether the SRIF-induced increase in SST,, immunolabeling ob-
served under Ca?"-free conditions was affected when endocytosis
was blocked with PAO or hyperosmolar sucrose. As shown in
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Figure 3. PCR amplification of SST,, mRNAs extracted from claustrum
slices incubated for 40 min at 37°C in Ca**-supplemented Ringer’s (lane 1),
in Ca?*-free Ringer’s (lane 2), in Ca®"-free Ringer’s containing 100 nm
[D-Trp®-SRIF (lane 3), in Ca®"-free Ringer’s containing 100 nwm
[D-Trp®]-SRIF and 0.4 M sucrose (lane 4), and in Ca’'-free Ringer’s
containing 100 nM [D-Trp®]-SRIF and 10 um PAO (lane 5). PCR reactions
were performed on mRNAs reverse-transcribed with specific SST, 5 recep-
tor primers. The predicted size of amplified fragments was 373 bp (plasmid
control). GAPDH mRNAs were transcribed in parallel (target size, 428 bp)
and used as an internal standard for quantitation. SST,, mRNA levels,
expressed as a percentage of control (Ringer’s buffer), are depicted above
the corresponding gel bands. All values are the mean = SEM of triplicate
determinations from two independent experiments.

Figure 2B, the addition of 10 um PAO or 0.4 M sucrose in the
absence of agonist had no effect on the intensity of SST,, immu-
nolabeling. By contrast, the addition of either PAO or hyperosmo-
lar sucrose in the presence of the agonist (100 nm [p-Trp®]-SRIF)
totally abolished the SRIF-induced increase in SST,, immunore-
activity (Figs. 1D, 2B).

Effect of somatostatin on SST,, mRNA levels in
the claustrum

To determine whether the SRIF-induced increase in the intensity
of SST,, immunolabeling observed under Ca?"-free conditions
resulted from an increase in SST,, expression, we determined the
amount of SST,, mRNA present in claustrum slices before and
after incubation with SRIF by semiquantitative RT-PCR, using
GAPDH as the internal standard. In slices incubated for 40 min at
37°C in the absence of calcium, there was a marked decrease
(—80%) in the concentration of SST,, mRNA as compared with
controls (Fig. 3). By contrast, slices incubated in calcium-free
medium but in the presence of 100 nm [p-Trp®]-SRIF showed a
massive increase in SST,, mRNA levels as compared with levels in
slices incubated in the absence of SRIF in either Ca®*-free (1
ninefold) or Ca**-containing (1 twofold) medium (Fig. 3). How-
ever, when the internalization process was blocked by 0.45 M
sucrose or 10 um PAO, this SRIF-induced increase in SST,,
mRNA was no longer observed (Fig. 3).
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Effect of somatostatin on the ultrastructural distribution
of SST,, receptor immunoreactivity in the claustrum
and basolateral nucleus of the amygdala

To determine whether SST,, receptors in the claustrum and BLA
internalized on ligand exposure, we examined the subcellular dis-
tribution of SST,, receptor protein by electron microscopic immu-
nocytochemistry both before and after the stimulation of brain
slices with [D-Trp®]-SRIF.

In conformity with earlier data (Dournaud et al., 1998) the bulk
of SST,,-immunoreactive receptors detected in both of these re-
gions was associated with dendritic shafts (Fig. 4). Only rare im-
munogold particles were found over neuronal perikarya, axon
terminals, or dendritic spines. Consequently, quantitative analyses
were restricted to dendrites.

Under baseline conditions SST,, immunolabeling was associ-
ated mostly with the internal, cytoplasmic face of dendritic plasma
membranes (Fig. 44). The distribution of immunogold particles
along these plasma membranes was rather homogeneous, and no
enrichment at postsynaptic sites was observed (Fig. 44). In both
claustrum and BLA ~65% of gold particles associated with den-
drites overlaid the plasma membrane (Fig. 5). The remaining 35%
were intracellular and usually were associated with small-size ves-
icles (average diameter of 50 nm). Occasionally, intracellular gold
particles also were observed in association with the cytoplasmic
side of larger vesicles (average diameter of 150 nm) exhibiting the
morphological features of endosomes (data not shown).

Incubation of brain slices for 40 min at 37°C in Ca*'-
supplemented Ringer’s buffer in the presence of 100 nm [p-Trp®]-
SRIF resulted in a slight but nonsignificant decrease in the pro-
portion of membrane-associated gold particles within the claustrum
(Fig. 54). At a higher concentration of agonist (10 uMm) this reduc-
tion was substantially more robust (30%) and statistically signifi-
cant (p < 0.01) in both the claustrum (Fig. 54) and the BLA (Fig.
5B). In turn, a higher proportion of immunoreactive SST,, recep-
tors was associated with endosome-like vesicles after than before
stimulation with the agonist in both regions (see Fig. 4B,C). These
SRIF-induced changes in SST,, receptor distribution were no
longer observed when the incubations were performed in the
presence of the endocytosis inhibitor PAO (see Figs. 4D, 54).

To determine whether blocking neuronal activity (including en-
dogenous SRIF release) would affect the ultrastructural distribu-
tion of SST, 5 receptor immunoreactivity, we incubated brain slices
as above in a Ca”"-free Ringer’s solution containing 20 mwm
EDTA. In neither of the two brain regions that were examined did
the removal of calcium from the Ringer’s buffer affect the propor-
tion of SST, , receptors associated with the plasma membrane (Fig.
5), despite its decreasing the overall density of SST,, immunore-
activity (see above). Furthermore, the addition of 10 um [D-Trp?®]-
SRIF to the incubation medium under these calcium-free condi-
tions resulted in the same degree of cell surface receptor loss as
observed in the presence of calcium in either the claustrum or the
BLA (Fig. 5).

DISCUSSION

The present study demonstrates that exposure of rat brain slices to
SRIF regulates the expression and availability of SST,, receptors
in a concentration-dependent manner. This regulation is rapid
(<<40 min), involves both transcriptional and trafficking events, and
is blocked by endocytosis inhibitors, suggesting that it requires
internalization of receptor-ligand complexes.

The specificity of the SST,, antibodies used in the present
experiments previously was characterized in details in heterolo-
gous transfection systems as well as in rat brain and pituitary
(Dournaud et al., 1996, 1998; Gu and Schonbrunn, 1997; Mezey et
al., 1998). Accordingly, the regional distribution of immunoreac-
tive SST, 4 receptors detected here in rat brain slices was correlated
closely with that of both SRIF binding sites, as visualized by
autoradiography that used SST,-preferring ligands (Schoeffter et
al., 1995; Holloway et al., 1996), and of SST,, mRNA, as detected
by in situ hybridization that used either ribo- or oligonucleotide
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Figure 4. Electron microscopic localiza-
tion of SST,, receptors, using silver-
enhanced immunogold in claustrum
slices. Slices were incubated for 40 min at
37°C in Ca*"-supplemented Ringer’s in
the absence (4, control) or in the pres-
ence (B-D) of 10 um [D-Trp®]-SRIF. 4,
Under control conditions a high propor-
tion of immunogold particles is associated
with dendritic plasma membranes (arrow-
heads). B, C, In the presence of 10 um
[D-Trp®]-SRIF the bulk of gold particles
1s intracellular. Several are seen in associ-
ation with the membrane of endosomes
(arrows). D, When [D-Trp®]-SRIF stimu-
lation is performed in the presence of
PAO, the distribution of immunoreactive
SST, 4 receptors is comparable to that seen
in controls. Den, Dendrite; AT, axon ter-
minal. Scale bars: 4, D, 1 um; B, C, 0.5 um.

| | :

probes (Pérez et al., 1994; Senaris et al., 1994; Beaudet et al., 1995).
It also conformed to that previously observed by immunohisto-
chemistry within the same regions using either the same (Dour-
naud et al., 1996, 1998) or a different (Schindler et al., 1997) SST,,
antibody.

A striking finding of the present study was that the intensity of
SST,, immunoreactivity, expressed in terms of overall staining
density, was significantly lower in both the claustrum and basolat-
eral amygdala when the slices were incubated in the absence than
in the presence of extracellular Ca®*. By light microscopy this
decrease was found to be attributable to a reduction in both the
number of immunolabeled neurons and neuronal processes and in
the intensity of immunoreactivity within immunolabeled cells. Fur-
thermore, measurement by quantitative PCR of SST,, mRNA
present in incubated slices indicated that this decrease in SST,,
receptor protein was correlated with a decrease in SST,, mRNA
levels. It is unclear whether the latter was attributable to a reduc-
tion in transcription or an increase in mRNA degradation, because
both processes were shown to be involved in receptor regulation in
the case of other G-protein-coupled receptors (Collins et al., 1989;
Souazé et al., 1997). In any event, the present results indicate that
the expression of SST,, receptors in neurons is under the regula-
tion of Ca®*-dependent processes.
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One of the physiological events most likely to play a role in
SST, , regulation and clearly impaired in Ca®*-free medium is the
release of endogenous SRIF from axon terminals present within
the slices. We therefore investigated whether compensating the loss
of endogenous SRIF release with exogenous SRIF would reestab-
lish the levels of SST,, receptors to control levels, i.e., to levels
observed in slices incubated in the presence of Ca®*. Incubation of
slices from both claustrum and BL A with a metabolically resistant
SRIF analog in the absence of Ca®*resulted in a concentration-
dependent increase in both SST,, mRNA, as measured by quan-
titative PCR, and SST,, immunoreactivity, as quantified by
computer-assisted microdensitometry. Such an upregulation of
SST,, receptors by SRIF was not totally unexpected because
earlier studies had demonstrated an increase in SST,, mRNA in
GH3 pituitary cells after 2 hr of stimulation by SRIF (Bruno et al.,
1994) as well as within the arcuate nucleus of the hypothalamus 3
hr after systemic administration of the SRIF analog octreotide
(Tannenbaum et al., 1995). More recently, long-term continuous
release of octreotide for 7 d in tumor-bearing, severe combined
immunodeficient (SCID) mice also was shown to increase SST,,
expression in tumor cells (Froidevaux et al., 1999). In these exper-
iments the upregulatory effects of SRIF likely were mediated by
stimulation of the SST, receptor itself, because octreotide is known
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Figure 5. Effect of SRIF stimulation on the subcellular distribution of
SST,, receptors in dendrites of the claustrum and basolateral amygdala.
Slices were incubated with or without [D-Trp®]-SRIF (10 nM-10 uMm) in
Ca?"-free or Ca®"-supplemented Ringer’s. Dendrite-associated immuno-
gold particles were counted and classified as either membrane-associated or
intracellular; results are expressed as membrane-associated/total. In the
absence of agonist, ~60% of gold particles were associated with dendritic
plasma membranes in both cerebral regions, irrespective of the Ca?*
concentration in the medium. Addition of agonist induced a decrease in the
percentage of receptors associated with plasma membranes, again both in
the presence and absence of Ca>". The agonist-induced decrease in surface
receptors was prevented by adding 10 um PAO to the incubation medium.
Values are the mean = SEM from three animals; **p < 0.01.

to be relatively selective for the SST, subtype (Raynor et al., 1993).
The effects observed in our slice preparation, however, could be
attributable to stimulation of any of the SRIF receptors because
[D-Trp®]-SRIF was reported to bind to all five subtypes (Raynor et
al., 1993; Patel and Srikant, 1994). It is likely, however, that SST,
was involved predominantly, given the paucity of other SST recep-
tor subtypes demonstrated to date in either the claustrum or the
BLA (Hervieu and Emson, 1998; Handel et al., 1999; Schindler et
al., 1999; Stroh et al., 1999).

A striking feature of the present results is the fact that the
agonist-induced increase in SST,, expression observed in the
absence of Ca*"was entirely prevented by the addition of PAO or
hyperosmolar sucrose to the incubation medium. Both of these
compounds are well documented endocytosis inhibitors acting by
impeding the formation of clathrin-coated pits (Koenig and Ed-
wardson, 1997). Admittedly, PAO also was reported to inhibit
tyrosine phosphatases (Kleinert et al., 1998; Mahoubi et al., 1998)
and thereby could affect cell signaling because activation of SST,
receptors was shown to inhibit cell proliferation by a mechanism
involving the stimulation of the protein-tyrosine phosphatase
SHP-1 (Lopez et al., 1997). However, the fact that the increase in
SST, 4 receptor expression observed in the present study was abol-
ished not only with PAO but also with hyperosmolar sucrose
suggests that this transcriptional effect is really dependent on
receptor internalization. Indeed, treatment with hyperosmolar su-
crose has never, to our knowledge, been reported to affect intra-
cellular signaling cascades. Furthermore, it was shown specifically
not to affect forskolin-induced stimulation of adenylate cyclase
(Sarret et al., 1999).

We previously demonstrated that, in the pituitary cell line AtT-
20, exposure to SRIF induced a decrease in growth hormone
expression as measured by using quantitative PCR (Sarret et al.,
1999). In this earlier study, as in the present one, the agonist-
induced transcriptional effect was totally abolished in the presence
of hyperosmolar sucrose, suggesting that it was dependent on
internalization of receptor-ligand complexes. Similarly, chronic
stimulation with a nondegradable analog of neurotensin was re-
ported to increase NT1 receptor mRNA in HT29 cells in a PAO-
sensitive manner (Souazé et al., 1997). Internalization-dependent
transcriptional effects therefore may prove a wider occurrence than
previously was suspected.
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Somatostatin has been documented to promote receptor-
mediated internalization in a variety of cell lines (Koenig et al.,
1997; Sarret et al., 1999). Studies in transfected cells have shown
the efficacy of this internalization process to vary widely among
SRIF receptor subtypes, SST,, SST;, and SST5 providing for the
most efficient endocytosis and SST; and SST, providing for very
poor internalization (Hukovic et al., 1996; Hipkin et al., 1997,
Nouel et al., 1997; Roth et al., 1997; Kreienkamp et al., 1998; Stroh
et al., 2000b). Recent studies from our laboratory have shown that
SRIF internalized efficiently within neurons in primary culture and
that this internalization was clathrin-dependent and mediated in
part by the SST, receptor subtype (Stroh et al., 2000a). The present
electron microscopic results confirm that agonist stimulation pro-
motes internalization of SST,, receptors in central neurons. This
internalization is sensitive to treatment with both PAO and hyper-
osmolar sucrose, suggesting that it is clathrin-mediated. The net
result of this internalization is a decrease in the density of cell
surface receptors and a concomitant increase in the association of
intracellular receptors with endosomes. This loss of cell surface
receptors was observed whether or not Ca?*was present in the
extracellular milieu, in keeping with earlier studies demonstrating
that clathrin-mediated endocytosis is a Ca®"-independent process
(Vandenbulcke et al., 2000). Surprisingly, however, the SRIF-
induced reduction in cell surface labeling was apparent only at high
doses of SRIF (10 M), whereas the affinity of SST,, receptors for
[D-Trp®]-SRIF is in the nanomolar range (Raynor et al., 1993).
Accordingly, agonist-induced internalization of these receptors
was found in other model systems to proceed within the nanomolar
concentration spectrum (Hipkin et al., 1997; Koenig et al., 1997,
Nouel et al., 1997). It therefore appears that relatively high con-
centrations of agonist are needed to downregulate cell surface
receptors efficiently, presumably because at lower concentrations
the recruitment of spare receptors to the membrane and/or recy-
cling of internalized receptors compensate for the loss of cell
surface ones.

The fact that a SRIF-induced decrease in cell surface receptor
density was observed both in the presence and in the absence of
Ca?" and hence was irrespective of the overall concentration of
receptor proteins suggests that the regulation of cell surface recep-
tor availability and the regulation of SST,, receptor expression are
dissociated events. Indeed, under baseline conditions (i.e., under
normal extracellular Ca**concentrations) the transcriptional ef-
fects of SRIF have reached saturation, whereas exposure to the
agonist can still decrease cell surface receptor densities. This is not
to say, however, that the two events are not linked functionally.
Indeed, it is tempting to speculate that the SRIF-induced upregu-
lation of SST, , receptor proteins serves to compensate for the loss
of cell surface receptors caused by internalization.

Taken together, the present data support the notion that dy-
namic transcriptional (increase in SST,, expression) and traffick-
ing (loss of cell surface receptors) events are involved in the control
of the somatostatinergic signal. A critical finding is that both of
these events appear to be dependent on ligand-induced receptor
internalization. Agonist-induced endocytosis has long been known
to play a key role in G-protein-coupled receptor desensitization,
including that of SST, receptors, via cell surface receptor seques-
tration and downregulation (Hipkin et al., 1997; Beaumont et al.,
1998). The implication of receptor endocytosis in transcriptional
effects is less well established in the case of G-protein-coupled
receptors, although long admitted for tyrosine kinase receptor-
mediated signaling (for review, see Bevan et al., 1995). Recent
studies have suggested that internalization may be mandatory for
the activation of mitogen-activated protein kinase pathway by
B-adrenergic receptors (Luttrell et al., 1999). Whether there are
similar mechanisms, or others, involving either endosome signaling
(Bevan et al., 1995) or translocation of internalized receptors or of
fragments thereof to the nucleus (Jans, 1994; Laduron, 1994)
remains to be determined. It even may be that the internalized
ligand, which in transfected cells is rapidly segregated from the
acidic endosomal milieu and targeted to a juxtanuclear compart-



5938 J. Neurosci., August 15, 2000, 20(16):5932-5939

ment linked to the trans-Golgi network (our unpublished observa-
tions), may be acting on intracellular secondary receptors such as
the Ku autoantigen. Indeed, this intracellular protein was docu-
mented to bind with high affinity a variety of SRIF analogs (in-
cluding SRIF-28 and octreotide and therefore probably also
[D-Trp®]-SRIF) and to activate protein phosphatase 2A and DNA-
dependent protein kinase (Reyl-Desmars et al., 1989; Le Ro-
mancer et al., 1994; Sadji et al., 1999).
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