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Abstract

Cysteamine administration to rats results in a marked depletion of hypothalamic somatostatin-
14 (SS14) and a decrease of the potassium-evoked in vitro release of SS14 without a significant
change in the content or release of somatostatin-28(1-12)-like immunoreactivity (SS28(1-12)-L1).
Furthermore, cysteamine enhances the spontaneous release and markedly potentiates the potassium-
evoked release of SS14 in the in vitro slice preparation. However, in vitro-administered cysteamine
does not alter the spontaneous or potassium-evoked release of SS28(1-12)-LI. Immunochistochemical
visualization of hypothalamic neuronal cell bodies and fibers following cysteamine administration
shows a disappearance of the SS14 immunoreactive fibers and cell bodies with no apparent change
in the SS28(1-12) immunoreactive fibers and cell bodies. These data suggest that, in rat hypothal-
amus, selective release of SS14 and SS28(1-12) can occur. The results are discussed in relation to
possible sites of storage and release of the somatostatin-related peptides from synaptic nerve

terminals.

Recent investigations aimed at identifying the proso-
matostatin precursors have resulted in the discovery of
two somatostatin-related peptides: somatostatin-28
(SS28), which contains the original tetradecapeptide so-
matostatin-14, and the other newly discovered dodeca-
peptide somatostatin-28(1-12), which corresponds to the
NH,-terminal portion of SS28. These two fragments and
the original tetradecapeptide were found to be widely
distributed throughout the central nervous system and
gastrointestinal tract (Hokfelt et al.,, 1974; Brownstein
et al., 1975; Kobayashi et al., 1977; Morrison et al., 1982,
1983; Benoit et al., 1982a, b, ¢). They are present in cell
bodies and nerve terminals (Hokfelt et al., 1974; Epel-
baum et al., 1977; Kewley et al., 1981; Morrison et al.,
1983) and can be released in vitro upon depolarization in
a calcium-dependent manner (Iversen et al., 1978; Gamse
et al., 1980; Kewley et al., 1981; Bakhit et al., 1983a).
Furthermore, SS28 or SS14 can either excite or inhibit
neocortical and hippocampal neurons (Dodd and Kelly,
1978; Olpe et al., 1980; Pittman and Siggins, 1981) and
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have high affinity binding sites (Reubi et al., 1981; Sri-
kant and Patel, 1981; Tapia-Arancibia et al., 1981), and
SS14 has been shown to regulate the release of other
neurotransmitters in the brain (Gothert, 1980; Tanaka
and Tsujimoto, 1981; Chesselet and Reisine, 1983).

In an effort to investigate how the somatostatin-re-
lated peptides are stored and released, we have examined
the in vitro release of SS14 and SS28(1-12)-LI from rat
hypothalamic slices following in vivo or in vitro treat-
ment with cysteamine, a drug previously shown to have
specific depleting effects on SS14 (Szabo and Reichlin,
1981; Palkovits et al., 1982; Sagar et al., 1982; Bakhit et
al., 1983b; Brown et al., 1983) but which does not influ-
ence the tissue stores of SS28(1-12)-LI (Bakhit et al.,
1983b). In addition, we have examined rat hypothalamic
tissue labeled with antisera directed against these so-
matostatin-related peptides in normal and cysteamine-
pretreated rats to determine the sites which retain im-
munoreactivity after cysteamine exposure. Our results
indicate that, in rat hypothalamus, selective release of
SS14 and SS28(1-12) may occur.

Materials and Methods

Male Sprague-Dawley rats weighing 180 to 220 gm
were used. Rats were housed three per cage in a temper-
ature-controlled (24°C) room with a 12-hr light-dark
cycle. Rats were given food and water ad libitum.

Groups of rats were injected subcutaneously with
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either saline or cysteamine hydrochloride (300 mg/kg) 4
hr before decapitation. The pH of the cysteamine solu-
tion was adjusted to 7.4 with NaOH. For the release
experiments, rats were decapitated and the hypothalami
were rapidly dissected according to the procedure of
Glowinski and Iversen (1966) and cross-cut at 250-um
intervals using a Mcllwain tissue chopper. The resulting
slices were washed three times with a modified Krebs-
bicarbonate solution containing the following: NaCl, 127
mM; KCl, 3.83 mM; CaCl,, 1.7 mm; KH,PO,, 1.18 mM;
MgSO,, 1.18 mM; NaHCO;, 20 mM; D-glucose, 2 gm/
liter; bovine serum albumin (crystalline, Miles Labora-
tories), 0.1%; bacitracin (Sigma), 30 ug/ml. The medium
was gassed with an oxygen/carbon dioxide (95/5, v/v)
mixture. The final pH was 7.4. For stimulation with
potassium, 50 mM KCI was substituted in part for NaCl
(isomolar replacement). Hypothalamic slices from six
rats suspended in Krebs-bicarbonate medium were
placed in a superfusion chamber made up of a 1l-inch
diameter Easy Pressure Filter Holder with a 0.45-um
Metrical membrane filter (Gelman Sciences). The Krebs-
bicarbonate buffer was passed through the chamber at a
rate of 400 pl/min using a 5-ml syringe mounted on a
delivery apparatus. All release experiments were per-
formed at room temperature. After an initial wash period
of 10 min, perfusate samples were coliected at 2-min
intervals, immediately boiled for 15 min, and kept frozen
until assayed. At the end of the experiment, the hypo-
thalamic slices were extracted in 4 ml of 1 M acetic acid,
boiled, homogenized, and centrifuged. The resulting su-
pernatant was freeze-dried for radioimmunoassay using
specific antisera directed against SS14 and SS28(1-12)
(Benoit et al., 1982a, b). Statistical significance was
determined by the Student’s ¢ test.

To determine the nature of the material measured by
radioimmunoassay in the perfusate, boiled fractions col-
lected during potassium-evoked release from 12 cham-
bers each containing five hypothalami, in the presence
or absence of cysteamine, were pooled and centrifuged at
2000 X g at 4°C for 30 min. The supernatant was lyoph-
ilized and the dry material (about 700 mg in each case)
dissolved in 13 ml of 5 M acetic acid and loaded onto a
Sephadex G-75 column (2.7 X 108 cm). The column was
eluted with 5 M acetic acid, and 8.5-ml fractions were
collected, lyophilized, and assayed by radioimmunoassay.

The immunohistochemical procedure was similar to
that described previously by Morrison et al. (1983).
Briefly, control and treated rats were anesthetized and
perfused with 200 ml of an ice-cold 4% depolymerized
paraformaldehyde solution in phosphate buffer. Brains
were postfixed for 3 to 4 hr on ice and infiltrated with
an ice-cold 18% sucrose solution. Frozen serial sections
(40 um) were cut and incubated in diluted antisera as
follows: s312 (1:1000), s320 (1:5000), and ss9 (1:3000).
For specificity and antigen blocking of antisera, see
Morrison et al. (1982). The tissues were then incubated
with goat anti-rabbit IgG conjugated with fluorescein
isothioncyanate (1:200, Tago). Sections were examined
directly under a fluorescence microscope. The periven-
tricular hypothalamic area and the median eminence
were examined by three of the investigators without prior
knowledge of either the tissue treatment or drug treat-
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ment. The tissue was subjectively rated as to the presence
or absence of cell body and fiber labeling. These experi-
ments were repeated on four separate occasions.

Results

Effects of in vivo cysteamine treatment on in vitro re-
lease of SS14 and SS28(1-12)LI. The release of SS14 and
SS528(1-12)-LI from hypothalamic slices of rats pre-
treated with either saline or cysteamine was determined.
Basal release of somatostatin-14 was similar in the sa-
line- and cysteamine-pretreated groups (Table I). Potas-
sium-evoked release produced a 4- to 5-fold increase in
SS14 release in the control group. By contrast, only a 2-
fold increase over basal levels was observed with potas-
sium-evoked release in the cysteamine-pretreated group.
It should be noted that the tissue content of SS14 was
markedly lower in the cysteamine-pretreated group as
compared to the saline-treated controls. SS28(1-12)-LI
was measured in the same perfusates. Basal release as
well as tissue content of SS28(1-12)-LI was not signifi-
cantly altered in the cysteamine group as compared to
the saline-pretreated group (Table I). Potassium-evoked
release produced a 5- to 9-fold increase in SS28(1-12)-LI
over basal levels. A similar increase of SS28(1-12)-LI
release over basal levels was observed in the cysteamine-
pretreated as in the control group.

Effects of in vitro cysteamine treatment on in vitro
release of SS14 and SS28(1-12)-LI from normal hypotha-
lamic tissue. Cysteamine (1 mM) slightly increased SS14
release over basal levels (Fig. 1). Cysteamine also pro-
duced about a 2-fold increase in the potassium-evoked
release of SS14. These effects were calcium-dependent,
since removal of calcium from the media prevented the
potassium stimulation as well as the potentiation of SS14
release observed with cysteamine (Bakhit et al., 1983b).
The enhancing effect of cysteamine on the potassium-
evoked release of SS14 was verified by column chroma-
tography. The elution profiles on Sephadex G-75 column
of perfusate samples of potassium-evoked release in the
presence and absence of cysteamine (1 mM) are similar
and confirm that what is released is in fact SS14 (Fig.
2a) and that cysteamine potentiates the release of SS14
(Fig. 2b). By contrast, in vitro cysteamine (1 mM) had
no significant effect on either the spontaneous or the
potassium-evoked release of SS28(1-12)-LI (Fig. 3). Gel
permeation chromatography indicated that the dodeca-

TABLE 1
Effects of cysteamine (300 mg/kg, s.c.) pretreatment on the spontaneous
and potassium-evoked release of SS14 and SS28(1-12)-LI from rat
hypothalamus in vitro
Values are means + SEM of three separate experiments. Tissue
content of the peptides was determined at the end of the experiment.

Potassium-Evoked Tissue

Peptide Pretreatment  Basal

Release Content
fmol/4 min fmol/4 min pmol
SS14 Saline 45+5 217 £ 30 116 £ 9
Cysteamine 46 +4 99 + 15° 29 + 5¢
S828(1-12)-LI Saline 139 £ 27 824 + 149 104 £ 14
Cysteamine 98 + 10 872 + 132 108 + 17

% p < 0.05 as compared to the control saline group (Student’s ¢ test).



The Journal of Neuroscience

12
10

LLd

%]

<

o

< 08+

x » —

< £

<<

£ o06-

S 8

B o

[

g,g- 0.4 -

p

o)

A
0.2
0.0 "]

Release of Somatostatin-related Peptides

413

|-1—|

BASAL 60mM K*

BASAL NORMAL 50mM K*
KREBS

CYSTEAMINE { 1mM )

Figure 1. The effects of in vitro cysteamine (1 mM) on the spontaneous
and potassium-evoked release of SS14 from rat hypothalamic slices in vitro.
Results are expressed as percentage of tissue content measured in tissue
slices at the end of the experiment. Values are mean + SEM of three separate
experiments. =, significantly different from basal levels, p < 0.05.

peptide SS28(1-12) accounts for the majority (77%) of
the SS28(1-12)-like immunoreactive material released
(data not shown).

Immunohistochemistry. Hypothalamic sections taken
from saline- and cysteamine-treated rats were stained
with three antigen-specific rabbit antisera: s312 which
recognizes SS14, ss9 which recognizes both SS14 and
SS28, and s320 which recognizes SS28(1-12) (Benoit et
al., 1982a, b). The staining pattern throughout the hy-
pothalamus differed with each antiserum. s320 labeled
the most fibers and s312 the least. However, within the
periventricular area and the median eminence the stain-
ing patterns obtained with these three antisera were
qualitatively similar. Antiserum s312, which recognized
SS14, labeled cell bodies and fibers in the periventricular
hypothalamic area of saline-treated rats (Fig. 4a). Cys-
teamine treatment abolished both the perikaryal and
fiber labeling of s312 (Fig. 4b). Antiserum ss9, which
recognizes both SS14 and SS28, also labeled cell bodies
and fibers in the periventricular hypothalamic region
(Fig. 4c). Labeling with ss9 was more intense than label-
ing with s312, and many more fibers were labeled. After
cysteamine treatment, cell body labeling was reduced,
and practically all fiber labelling was abolished (Fig. 4d).
In contrast with the other two antisera, s320 (which
recognizes SS28(1-12)) produced an intense labeling of
perikarya and fibers which was not reduced by cysteam-
ine treatment (Fig. 4, e and f).

Analogous observations were made in the median em-
inence (Fig. 5). The intense fiber labeling seen in saline-
treated rats with s312 (recognizes SS14; Fig. 5a) and ss9
(recognizes SS14 and SS28; Fig. 5¢) was markedly re-
duced following cysteamine treatment (Fig. 5, b and d).

Again the intense labeling with 320 (recognizes SS28(1-
12); Fig. 5e) was not apparently changed following cys-
teamine treatment (Fig. 5f). These observations were
reproducible in four replications of the experiment.

Discussion

Cysteamine administration to rats results in both a
marked decrease in the tissue content and a profound
diminution of the in vitro potassium-evoked release of
hypothalamic SS14. Under normal conditions, a 4- to 5-
fold increase over basal levels of hypothalamic SS14
release would be obtained with potassium stimulation.
However, in the cysteamine-pretreated rats, potassium
stimulation results in a 2-fold increase over basal levels
of SS14 released. The fact that a lower amount of SS14
is released by potassium stimulation indicates that cys-
teamine pretreatment affects the releasable pool of SS14.
In contrast, neither the tissue content nor the release of
hypothalamic SS28(1-12)-LI was significantly altered
following cysteamine pretreatment. The amount of S528
(1-12)-LI released following potassium stimulation re-
vealed no significant difference between the control and
cysteamine-pretreated groups.

Cysteamine might somehow inactivate the immuno-
reactivity of SS14 without affecting the release mecha-
nisms. Such an inactivation might result in what appears
to be a diminished release of SS14 as compared to release
of SS28(1-12)-L1. It was, therefore, important to show
that the release of one of the two peptides can be en-
hanced without altering that of the other. Cysteamine
was used for that purpose in the in vitro experiments.
Cysteamine (1 mM) enhanced the in vitro release of SS14
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Figure 2. Elution profile of Sephadex

G-T5 gel permeation chromatography

performed on pooled material of perfusates of rat hypothalami. A, Perfusates
from potassium-evoked release. B, Perfusates from potassium-evoked release in
the presence of cysteamine (1 mM). Column bed volume, 615 ml. Elution (at
4°C) with 5 M acetic acid. Load, 700 mg. Fraction size, 8.5 ml. Flow rate, 17 ml/
hr. The elution position of synthetic markers is indicated between the void
volume (V,: albumin) and salt ( V. positions. K, = V, — V,/ V. — V.. SS14
immunoreactivity is indicated by the solid line.

and markedly potentiated the high potassium-evoked
release of SS14 without significantly altering the tissue
content of the tetradecapeptide. The effect of cysteamine
on the release of SS14 is calcium-dependent (Bakhit et
al., 1983b), which indicates that it occurs by a specific
release mechanism. In contrast, when the release of
SS28(1-12)-LI was examined in the presence of cysteam-
ine, no significant difference in the release of this peptide
was observed when compared to the control group. Thus,
the release of SS14 can be selectively enhanced without
altering the release of SS28(1-12)-LlI.

The immunohistochemical data complement and lend
further support toward a differentiation between SS14
and SS28(1-12). The hypothalamic staining pattern with
the antisera directed against SS28(1-12) (s320) was dif-
ferent than that directed against SS14 (s312). Since the
distribution of staining with the s312 antisera does not
always correlate with tissue levels of SS14 as detected by

radioimmunoassay (Morrison et al., 1982, 1983), the
staining pattern obtained with s312 should be interpreted
with some caution. The apparent discrepancy between
the immunohistochemistry and radioimmunoassay in the
detection of SS14 should not, however, detract from the
differential histochemical effects that were observed fol-
lowing cysteamine treatment. Staining of cell bodies and
fibers with s312 was clearly diminished in the periven-
tricular and ventral hypothalamic area following cys-
teamine treatment. The staining observed with ss9 also
confirms the results obtained with $312. Since ss9 rec-
ognizes both SS28 and SS14, cysteamine pretreatment
should result in reduced staining as a result of the deple-
tion of SS14. The results presented in Figures 4 and 5
clearly demonstrate this expectation. Labeling of fibers
was clearly diminished following cysteamine treatment.
However, cell body labeling, although reduced, remained.
These results with ss9 suggest that the antigenic material
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Figure 3. The effects of in vitro cysteamine (1 mM) on the spontaneous and
potassium-evoked release of SS28(1-12) from rat hypothalamic slices in vitro.
Results are expressed as percentage of tissue content measured in tissue slices
at the end of the experiment. Values are mean = SEM of three separate

experiments.

found in cell bodies is somewhat protected from the
action of cysteamine. The staining with the s320 anti-
serum which recognizes SS28(1-12) was not appreciably
changed following cysteamine treatment.

Given the above observations, several possibilities may
exist regarding the storage of releasable SS14 and
SS28(1-12) in synaptic terminals. SS14 and SS28(1-12)
may be contained in the same synaptic vesicle or in
separate vesicles in the same neuron. Alternatively, one
or the other of these two somatostatin-related peptides
might be predominant in a given synaptic terminal.

Based on the current understanding of vesicular stor-
age and release of neurotransmitters, it is reasonable to
assume a vesicular release mechanism for both SS14 and
S$S828(1-12); both peptides have been shown to be released
in a calcium-dependent manner (Iversen et al., 1978,
Bakhit et al., 1983a), and SS28(1-12) has been shown to
be stored in mature secretory granules in the pancreas
(Ravazzola et al., 1983). If SS14 and SS28(1-12) are
contained in the same vesicle in similar or varying pro-
portions, then one might expect cysteamine to enhance
the release of both peptides. Cysteamine, however, en-
hances the release of SS14 only.

Alternatively, if SS14 and SS28(1-12) are contained in
separate vesicles in the same synaptic terminal, it is
conceivable that cysteamine selectively enhances the
release of SS14. It should be noted that evidence for
multiple neurotransmitters coexisting in the same neu-
ron has been described (Hokfelt et al., 1980; Vincent et
al., 1982). The release process in a synaptic terminal that
contains multiple neurotransmitters has not, to our
knowledge, been investigated. For instance, it is not
known whether neurotransmitters coexisting in the same

nerve terminal are released at the same time or whether
selective release can occur at different frequencies of
activation.

Another possibility that may explain our observations
is that one of the somatostatin-related peptides, all de-
rived from a common large precursor (Goodman et al.,
1982; Shen et al., 1982), may predominate in a given
synaptic terminal. Differential post-translational pro-
cessing of the same precursor to produce different end
products or a different ratio of the peptidic fragments
may occur. Evidence supporting cell-specific processing
of prosomatostatin can be drawn from studies done in
the brain (Benoit et al., 1982a, b), pancreas (Benoit et
al., 1980; Ravazzola et al., 1983), and gastrointestinal
tract (Benoit et al., 1982¢). For instance, different ratios
of SS28, SS14, and SS28(1-12) were found in different
regions of the brain (Rorstad et al., 1979; Benoit et al.,
1982d) and peripheral nerves (Rasool et al., 1981; Reich-
lin, 1981). Furthermore, whereas SS14 and SS28(1-12)
were predominant in the pancreas and hypothalamus
(Benoit et al., 1980), SS28 was found to be the predom-
inant somatostatin-related peptide in the intestinal mu-
cosa (Patel et al., 1982). It should be noted that differ-
ential processing of another peptide precursor has been
demonstrated for C-terminal fragments (Zakarian and
Smyth 1979, 1982; Gramsch et al.,, 1980). A similar
scheme based on immunohistochemical staining of +y-
MSH/B-endorphin has also been proposed (Bloom et al.,
1980). It is conceivable that there are two peptidergic
systems genetically coded to express preferentially one
or the other of these putative somatostatin-related neu-
rotransmitters. If that were the case, then cysteamine is
acting on the neuronal system containing predominantly



Figure 4. Fluorescent micrographs of somatostatin-like immunoreactive cell bodies and fibers in the rat periventricular
hypothalamic area. The third ventricle appears along the left margin of each micrograph. Representive tissue from a normal rat
and from a cysteamine-treated rat (4 hr after 300 mg/kg, s.c.) are presented in the left and right columns, respectively. a and b,
Tissue incubated with antiserum that only recognizes somatostatin-14. Note that the labeling of cells and fine caliber fibers seen
in normal tissue (a) is absent following cysteamine treatment (b). ¢ and d, Tissue incubated with antiserum that recognizes both
somatostatin-14 and somatostatin-28. Cysteamine treatment reduced labeling of fibers, but cell body labeling was still apparent
(d). e and f, Tissue incubated with antiserum that recognizes only somatostatin-28(1-12). Note that cysteamine treatment had
little effect on either cell body or fiber labeling. Bar = 500 pm.
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Figure 5. Fluorescent micrographs of somatostatin-like immunoreactive fibers in the rat median eminence. The third ventricle
appears along the top margin of each micrograph. Representative tissue from a normal rat and from a cysteamine-treated rat (4
hr after 300 mg/kg, s.c.) are presented in the left and right columns, respectively. a and b, Tissue incubated with antisrum that
only recognizes somatostatin-14. Note the reduced labeling of fibers following cysteamine treatment (versus b). ¢ and d, Tissue
incubated with antiserum that recognizes both somatostatin-14 and somatostatin-28. Note the moderate reduction of labeling
following cysteamine treatment (c versus d). e and f, Tissue incubated with antiserum that recognizes only somatostatin-28(1-
12). Note that cysteamine treatment had no effect on fiber labeling. Bar = 500 um.
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SS14. In any case, the effects of cysteamine suggest the
possibility of differential release.

The present experiments do not yet provide definitive
evidence as to whether SS14 and SS28(1-12) are released
from the same or different neurons. These results sug-
gest, however, that in the rat hypothalamus selective
release of SS14 and SS28(1-12) may occur under certain
conditions.
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