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Serotonin-Storing Secretory Granules from Thyroid Parafollicular

Cells
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The subcellular storage of 5-HT was studied in sheep thyroid
parafollicular cells. These cells are neural crest derivatives
and were investigated as a serotonergic model system. Light
and electron microscopic immunocytochemistry was used
to examine the distributions of 5-HT, 45 and 56 kDa forms
of 5-HT binding protein (SBP), and calcitonin. A singie type
of parafollicular cell was found that contained calicitonin,
5-HT, and 45 kDa SBP but not 56 kDa SBP. The secretory
granules of parafollicular cells all displayed calcitonin im-
munoreactivity, and many were also immunoreactive for
5-HT and 45 kDa SBP. Granules were isolated, first by size
and then by density, on successive metrizamide gradients.
These provided a granular fraction that was enriched in cal-
citonin, endogenous 5-HT, and 45 kDa SBP. Immunoblots
confirmed the presence of 45 kDa SBP in the isolated gran-
ules and in suspensions of parafollicular cells that were puri-
fied by an affinity chromatographic technique. Parafollicular
cell granules did not appear to contain substantial stores of
ATP. Granules isolated on Percoll gradients were morpho-
logically homogeneous and took up *H-5-HT. The specificity
of this uptake was confirmed by quantitative electron mi-
croscopic radioautography. The granular uptake of *H-5-HT
was inhibited by reserpine (10 um). It is concluded that para-
follicular cell granules are different from other amine-storing
vesicles that do contain ATP; nevertheless, since para-
follicular cell granules store 5-HT and have the same 45 kDa
SBP as is found in serotonergic axon terminals, parafollicular
cell granules may be analogous to the synaptic vesicles of
serotonergic neurons.

A great deal has recently been learned about the subcellular
storage and release of catecholamines (Johnson and Scarpa, 1979;
Thureson-Klein, 1983; Holz, 1986). Whether this information
can be generally applied to the storage of other neurotransmit-
ters, such as 5-HT, has not yet been established. In order to
determine how alike subcellular storage organelles for 5-HT and
catecholamines are, it is necessary to isolate and study vesicles
that contain 5-HT. Synaptic vesicles, specialized for the storage
of 5-HT, have been difficult to isolate. Serotonergic neurons in
both brain and gut exist in mixed populations with other types

Received Feb. 24, 1987; revised June 3, 1987; accepted June 5, 1987.

This work was supported by Grants NS 12969, NS 07062, and AM 19547 from
the NIH and NIMH 37575.

Correspondence should be addressed to Dr. Michael D. Gershon, Department
of Anatomy and Cell Biology, Columbia University College of Physicians and
Surgeons, 630 West 168th Street, New York, NY 10032.

Copyright © 1987 Society for Neuroscience 0270-6474/87/124017-17$02.00/0

of neuron (Dahlstrom and Fuxe, 1964; Fuxe and Jonsson, 1967,
Gershon, 1977, 1981). Consequently, it has not yet proved to
be possible to separate serotonergic neurons or serotonergic syn-
aptic vesicles from neurons or synaptic vesicles containing other
neurotransmitters (Slotkin et al., 1978). Moreover, the synaptic
vesicles of serotonergic neurons appear to be quite fragile and,
as a result, tend to be destroyed by procedures that liberate
synaptic vesicles from isolated synaptosomes (DeLorenzo and
Freedman, 1978; Tamir and Gershon, 1979). Similar difficulties
have been overcome for studies of catecholamine storage by
using the chromafhin cells of the adrenal medulla as a model
system; thus, much of what is known about neurectodermal
catecholamine storage has been learned from investigations of
adrenal medullary chromafhin granules (Winkler, 1976; Johnson
and Scarpa, 1979; Winkler and Westhead, 1980; Phillips, 1982).
In an analogous manner, to study the properties of the neuronal-
type of 5-HT subcellular storage organelle, we have analyzed
the secretory vesicles of thyroid parafollicular cells, seeking to
use the vesicles of these cells as a model for what may be a
generally applicable neurectodermal type of 5-HT storage.
The thyroid gland has 2 different kinds of parenchymal cell.
One, the follicular cell, is an endodermal derivative that is re-
sponsible for secretion of thyroxine and triiodothyronine (Ing-
bar, 1985). The other, the parafollicular cell, is a neural crest
derivative (Polak et al., 1974; Le Douarin, 1982) and is re-
sponsible for secreting calcitonin (Pearse, 1966; Bussolati and
Pearse, 1967; Kalina and Pearse, 1971) and, at least in species
such as sheep, goat, horse, bat, and callithricid primate, 5-HT
as well (Falck and Owman, 1968; Jaim-Etcheverry and Zeiher,
1968; Gershon and Nunez, 1970; Nunez and Gershon, 1972;
Machado, 1976). Although no presynaptic input to parafolli-
cular cells has been identified, and the cells lack axons, they
share several characteristics with neurons and have been called
paraneurons (Fujita, 1977; Fujita et al., 1984). Moreover, par-
afollicular cells express some neural characteristics when cul-
tured and exposed to NGF (Barasch et al., 1987). Under these
conditions, the cells extend neurites and express the neural prod-
uct of the calcitonin gene, calcitonin gene-related peptide (in
situ, sheep parafollicular cells contain calcitonin, but calcitonin
gene-related peptide is not detectable). Sheep parafollicular cells
also resemble serotonergic neurons in that they contain the en-
zymes, tryptophan hydroxylase and aromatic L-amino decar-
boxylase, and thus are capable of the biosynthesis of 5-HT from
L-tryptophan (Nunez and Gershon, 1972). In this respect, par-
afollicular cells differ from platelets (Garattini and Valzelli, 1965)
and adrenal chromaffin cells, which contain 5-HT but cannot
synthesize it from L-tryptophan (Verhofstad and Jonsson, 1983;
Holzwarth and Sawetawan, 1985). Furthermore, correlative evi-
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dence suggests that sheep parafollicular cells may contain the
neurectodermal type of 5-HT binding protein (SBP) (Bernd et
al., 1979, 1981). This protein is also found in synaptic vesicles
of the serotonergic neurons of brain (Tamir et al., 1976; Tamir
and Gershon, 1979; Liu et al., 1985) and gut (Jonakait et al.,
1977, 1979; Gershon et al., 1983) but is not found in cells that
are derived from germ layers other than neurectoderm, even if
these other cells, such as enterochromaffin cells, mast cells, and
platelets, store 5-HT (Tamir et al., 1980; Gershon and Tamir,
1984).

Although prior work has confirmed the presence of both
5-HT and calcitonin in sheep parafollicular cells (Atack et al.,
1972), the possibility that there may be subsets of parafollicular
cells that contain only one or the other of these substances has
not been ruled out. The costorage of 5-HT and calcitonin in the
same secretory vesicle is suggested by the release of both sub-
stances from cells in response to the stimulus of elevating the
ambient concentration of Ca*? (Gershon et al., 1978). Further-
more, all newly synthesized parafollicular cell 5-HT has been
localized to the storage vesicles (Nunez and Gershon, 1972).
Again, no subsets of parafollicular storage vesicles have been
identified (Jaim-Etcheverry and Zeiher, 1968; Ericson, 1970;
Atack et al., 1972; Zabel, 1983, 1984); nevertheless, the pos-
sibility that some vesicles contain calcitonin while others con-
tain 5-HT has not been eliminated.

In the current study, we have attempted to isolate and begin
the characterization of thyroid parafollicular 5-HT storage ves-
icles. We also sought to determine if there are subsets of para-
follicular cells or their subcellular vesicles that are differentially
specialized for the storage of 5-HT or calcitonin. The possible
colocalization of SBP with 5-HT and/or calcitonin was inves-
tigated. The idea that the SBP of the thyroid and that of neurons
are the same or similar molecules was analyzed immunologi-
cally. Finally, we tested the hypothesis that parafollicular 5-HT
storage vesicles are similar to adrenal medullary chromaffin
granules by studying the association of ATP with the parafol-
licular vesicles. Adrenal medullary chromaffin granules are so
rich in ATP that ATP can be used as a marker for these granules
in isolated subcellular fractions (Carty et al., 1980).

Materials and Methods

Isolation of parafollicular cell granules. Fresh lamb thyroid glands were
obtained from a nearby slaughter house, packed in ice, and were brought
within 90 min to the laboratory. The glands were cleaned of connective
tissue, minced finely in the presence of collagenase (1%, 325 U/mg,
Worthington Biochemical Corp., New Brunswick, NJ), and subjected
to gentle homogenization in a solution of 0.33 M sucrose (Schwartz-
Mann), containing the monoamine oxidase inhibitors, pargyline (0.1
mM, Sigma Chem. Co., St. Louis), and clorgyline (10.0 um, May and
Baker, London, U.K.). The homogenate was centrifuged at low speed
(1200 x g, 5 min) to provide a pellet of unbroken cells, nuclei, and
connective tissues. This pellet was rehomogenized as above, centrifuged
again, and the resulting supernatant was combined with that of the first
homogenate. The combined supernatants were recentrifuged, a pellet
was again removed, and the supernatant was subjected to centrifugation
at 9700 x g for 20 min. The resultant ““crude granular pellet”” was washed
once.

The procedure to isolate parafollicular cell granules from the “crude
granular pellet” separated particles first according to size and then ac-
cording to density. Eight milligrams of protein from the crude granular
pellet, resuspended in 6 ml of 0.33 M sucrose, was layered over a 3-step
discontinuous metrizamide gradient, consisting of 5 ml of 12%, 5 mi
of 16%, and 15 ml of 20% metrizamide (Sigma) in 0.33 M sucrose. The
gradient was centrifuged in a Beckman SW 27 swinging bucket rotor at
13,200 x g for 44 min. Five fractions were recovered from the gradients
by aspiration with hooked glass pipettes.

Each fraction was assayed for its content of parafollicular cell granules
(see below). The layer of this “primary gradient” found to contain the
highest concentration of parafollicular cell granules was subsequently
applied to a second metrizamide gradient and centrifuged until the
granules equilibrated at their buoyant density. Four or 5 ml of granule-
containing “primary gradient” were layered over a 3-step discontinuous
metrizamide gradient consisting of 2.5 ml of 18%, 2.5 ml of 28% and
2.5 ml of 38% metrizamide in 0.33 M sucrose. This “secondary gradient™
was centrifuged at 110,000 x g for 2 hr in a Beckman SW 41 swinging
bucket rotor. Four fractions were collected from the interfaces, and
assayed for the presence of parafollicular cell granules and contaminating
subceliular components.

A number of other gradients were analyzed for their capacity to frac-
tionate the crude granular pellet. These included continuous linear and
discontinuous sucrose gradients and a continuous linear gradient of
Percoll (Pharmacia; Piscataway, NJ). A 50% continuous linear Percoll
gradient was made isotonic with 140 mm KCl, 5 mm NaCl, and 20 mm
potassium phosphate buffer (pH 7.4) with 0.1 mm pargyline added. The
addition of these salts, to more closely approximate intracellular con-
ditions, has been found to facilitate the isolation of amine-containing
synaptic vesicles (DeLorenzo and Freedman, 1978; Tamir and Gershon,
1979). The crude granular pellet (2.5 ml), resuspended in 0.33 M sucrose,
was mixed with 30 ml of 50% isotonic Percoll-salt solution and cen-
trifuged at 9700 x g for 1 hr (Sorvall SS-34 rotor). A continuous linear
Percoll gradient formed during centrifugation. This gradient was col-
lected in 5 fractions, which were assayed for their content of parafol-
licular granules and other subcellular components.

Assay of 5-HT. Aliquots of gradient fractions were acidified to 0.1 N
HCI and centrifuged for one hour at 100,000 x g. Aliquots of the clear
supernatant were subjected to reverse-phase, high-pressure liquid chro-
matography (HPLC) with electrochemical detection (Reinhard et al.,
1980). The HPLC system consisted of a Waters (Waterbury, CT) L5-
50 pump, a Waters uBondapak C-18 column (3.9 x 300 mm, 10 um
particle size), a 30 um particle guard column, and a Bioanalytical Sys-
tems (West Lafayette, IN.) LC-4A amperometric detector coupled to a
TL-5 glassy carbon electrode. Indolamine concentrations in gradient
fractions were estimated by measuring the areas under peaks in the
record of the output of the electrochemical detector. Areas were mea-
sured by computer-assisted planimetry (Bioquant II-K&M Inst. Co.,
Nashville, TN).

Electron microscopy. The crude granular pellet and gradient fractions
were fixed overnight at 4°C with 4% glutaraldehyde in 0.1 M sodium
phosphate buffer (pH 7.4). Fractions were then pelleted, washed with
that buffer (1 hr), and postfixed with 1% OsO, (1 hr). The osmicated
fractions were centrifuged in nitrocellulose tubes at high speed to form
a firm pellet, which was then washed, dehydrated with a graded series
of ethanols, and embedded in an epoxy resin (Epon 812). Thin sections
were stained with uranyl acetate and lead citrate and examined with a
JEOL JEM 100 C electron microscope. The proportional volume oc-
cupied by parafollicular cell granules in the crude granular pellet and in
gradient fractions isolated on metrizamide and Percoll gradients was
analyzed by point count planimetry (Elias et al., 1971).

Electron microscopic radioautography of *H-5-HT. Ten milligrams
of crude granular pellet were incubated with 6 um *H-5-HT (13 Ci/
mmol, Amersham Corp.) in 30 mm Tris maleate buffer (pH 7.4) and
0.27 m sucrose at 37°C for 10 min. Free *H-5-HT was then removed
by pelleting and washing the subcellular components in 0.33 M sucrose.
The washed radioactive fraction was applied to a continuous linear
Percoll gradient. Fractions recovered from this gradient were fixed in
4% glutaraldehyde made hypertonic with 3% sucrose (Gershon and
Ross, 1966a, b), postfixed with 1% OsO, (containing 3% sucrose), and
embedded in Epon 812. Thin sections were cut and subjected to electron
microscopic radioautography, using Ilford L4 emuision, as previously
described (Goodrich et al., 1980). Grain distribution in electron micro-
scopic radioautographs was analyzed by the method of Williams (1969).

Enzymatic assay of ATP. Metrizamide gradient fractions were acid-
ified immediately upon isolation to pH 4.5 with 20 mm sodium acetate
and frozen at —70°C overnight. ATP was assayed using the firefly lu-
ciferin-luciferase system (Rasmussen and Nielsen, 1968) on a Dupont
Biometer (Wilmington, DE). An incubation medium that contained 0.01
M morpholino propane sulfonic acid buffer (pH 7.4), 0.01 m MgSO,,
0.71 mm luciferin, and 100 units of luciferase was used. The reaction
was started by rapidly mixing 0.5 ml of incubation media with 10 ul of
sample. The peak luminescence was compared with that of a known
standard of ATP. Potential inhibition of the luciferin-luciferase rection



by metrizamide in the samples was ruled out by comparing lumines-
cence of ATP standards in the presence and absence of concentrations
of metrizamide equal to those used in the gradients.

Cytochemical demonstration of ATP. The uranaffin reaction (Richards
and Da Prada, 1977) was used to visualize intracellular concentrations
of ATP. Freshly obtained sheep thyroids and mouse adrenal glands were
fixed with glutaraldehyde, as above, incubated with 4% uranyl acetate
(pH 3.9) overnight, and embedded in Epon 812. Parafollicular and
chromaffin cells were then examined ultrastructurally.

Immunocytochemical localization of calcitonin, 5-HT, somatostatin,
and SBP. Fresh lamb thyroids were fixed by a modification of the
2-step procedure of Berod et al. (1981). The tissues were initially sub-
merged in a mixture of 4% formaldehyde (from paraformaldehyde) and
0.05% glutaraldehyde with 3.0% sucrose in 0.1 M phosphate buffer (pH
7.4) for 20 min. The blocks were then transferred to a solution of 4%
formaldehyde (from paraformaldehyde) with 3.0% sucrose in 0.1 M
borate buffer (pH 9.5) and fixation was continued for 4 hr. Fixed tissues
were then cryoprotected by infiltration with 30% sucrose in 0.1 M phos-
phate buffer overnight, embedded in OCT (Miles Scientific, Naperville,
IL), and frozen with liquid nitrogen. Sections (6-12 um) were cut at
—20°C using a cryostat-microtome. The sections were mounted on al-
bumin-coated slides and incubated with one of 3 pairs of primary anti-
sera. These primary antisera were raised in different species so that 2
substances could be located simultaneously using appropriate species-
specific secondary antibodies (Barasch et al., 1987). A rat monoclonal
antibody to 5-HT (1:200 or 1:400; Seralabs, Westbury, NY) was com-
bined with a rabbit antiserum to human calcitonin (1:200 or 1:400;
Immunonuclear Corp, Stillwater, MN), or a rabbit antiserum to so-
matostatin (1:100; Immunonuclear). The primary antibodies were lo-
calized using tetramethylrhodamine isothiocyanate (TRITC) coupled to
goat anti-rat IgG (Kirkegaard and Perry, Gaithersburg, MD) and with
fluorescein isothiocyanate (FITC) coupled to goat anti-rabbit IgG (Miles-
Yeda, Rehovot, Israel). Controls, not exposed to the primary antisera,
showed no staining. Immunostaining due to 5-HT was blocked by in-
cubation with the 5-HT-albumin conjugate used to raise antibodies to
5-HT. SBP immunoreactivity was localized with partially purified rabbit
antiserum to rat 45 kDa SBP and with affinity-purified antiserum to rat
56 kDa SBP. The anti-45 kDa SBP and anti-56 kDa SBP sera were
raised by immunizing rabbits with mild tryptic digests of the highly
purified proteins (Liu et al., 1985; Tamir et al., 1986). Each serum
yielded only a single immunoreactive band when examined by im-
munoblot analysis against a crude protein preparation obtained by
(NH,),SO, fractionation (0-30%) of the 100,000 x g supernatant of
centrifuged rat brain homogenate. No horse serum was utilized to study
the immunoreactivity of 56 kDa SBP and 5% nonfat dry milk in 0.1 M
PBS (pH 7.4) with 0.05% Tween 20 was substituted for horse serum
for the demonstration of 45 kDa SBP. Immunoreactivity was visualized
with TRITC coupled to goat anti-rabbit IgG. Controls for SBP im-
munolocalization included preimmune sera, as well as washes from the
affinity column used to purify antisera to 56 kDa SBP. Although anti-
body to 45 kDa SBP could not be eluted from an affinity column, passage
of sera through the column removed all anti-45 kDa SBP immuno-
reactivity. Sections in which SBP immunoreactivity had been localized
were reincubated with anti-5-HT serum to investigate the possible co-
localization of 5-HT and SBP. 5-HT immunoreactivity was visualized
with FITC coupled to goat anti-rat IgG.

Stained cryostat sections were mounted with 80% glycerol in 0.1 M
PBS and examined and photographed with a Leitz Ortholux microscope
equipped for vertical fluorescence microscopy (Ploem). Fluorescence of
FITC was selectively visualized using the “L,” filter cube and TRITC
with the “N,” filter cube. These permitted the visualization of each
fluorophore individually with no interference of one with the other.

Electron microscopic immunocytochemical localization of calcitonin,
5-HT, and 45 kDa SBP. Fresh lamb thyroids, crude granular pellet, and
purified parafollicular cell granules that were isolated on metrizamide
gradients were fixed in a mixture of 4% formaldehyde (from parafor-
maldehyde), 0.1% glutaraldehyde in 0.1 M sodium phosphate buffer (pH
7.4) with 3% sucrose for 3 hr at 4°C. Fixed tissues and pellets were
washed overnight and residual aldehyde groups were quenched by treat-
ing the specimens first with 0.1 M sodium periodate in 0.1 M phosphate
buffer (10 min) and then with 0.1% sodium borohydride in 0.1 M phos-
phate buffer (10 min). Tissues and pellets were then washed, dehydrated,
and embedded in LR White (a hydrophilic embedding agent; Ernest
Fullam, Schenectady, NY) for immunocytochemistry (Payette et al.,
1986). Thin sections were picked up on Formvar-coated nickel grids,
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treated with 10% horse serum in Tris-buffered saline containing 0.125%
Triton-X 100, and stained overnight at 4°C with rabbit antiserum to
human calcitonin (diluted 1:200 with 4% horse serum in TBS containing
0.125% Triton-X 100). Grids were subsequently washed and incubated
for 3 hr at room temperature with a goat anti-rabbit secondary antibody
coupled to 20 nm particles of colloidal gold (diluted 1:20 with 4% horse
serum and 0.125% Triton-X 100 in TBS; Janssen Pharmaceutical Co.,
Bearse, Belgium). The treated grids were washed, postfixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer for 10 min, stained with uranyl
acetate and lead citrate, and examined by electron microscopy. The
possible subcellular costorage of 5-HT with calcitonin or with 45 kDa
SBP was investigated similarly, except that tissues were fixed by the
method of Berod et al. (1981). This procedure was required in order to
minimize exposure to glutaraldehyde and thus preserve the immuno-
genicity of 5-HT. A rat monoclonal antibody was used for the localiza-
tion 5-HT and rabbit polyclonal antisera (see above) were used to dem-
onstrate calcitonin or 45 KDa SBP. In a few experiments, a guinea pig
polyclonal antiserum to 5-HT (Arnel Products Co., Brooklyn, NY) was
also evaluated. Species-specific secondary antibodies coupled to 5 nm
(5-HT; goat anti-rat or goat anti-guinea pig, diluted 1:20), 20 nm (cal-
citonin; goat anti-rabbit diluted 1:20), or 15 nm (45 kDa SBP; goat anti-
rabbit diluted 1:20) particles of colloidal gold permitted the simulta-
neous visualization of 5-HT in combination with either of the other 2
antigens. Because of the possible interaction of 5-HT and 45 kDa SBP
binding sites, the subcellular localization of the 45 kDa 5-HT binding
protein was also investigated quantitatively in singly labeled material.
Sections were incubated with the primary antibody, as described above,
and sites of immunoreactivity were located with a goat anti-rabbit IgG
secondary antibody coupled to 5 nm particles of colloidal gold. The
number of gold particles lying over subcellular constituents was deter-
mined. The proportional volume occupied by these same constituents
was then ascertained by point-count planimetry (Elias et al., 1971). This
volume was used to compute the expected numbers of gold particles
that would be found over subcellular components if gold particles were
distributed randomly. The actual and expected distributions of gold
particles were statistically compared by x? analysis.

Assay of SBP. Whole thyroid homogenate, crude granular pellets, and
parafollicular cell granules partially purified on primary metrizamide
gradients, were analyzed for SBP activity. Each sample was adjusted to
pH 7.4 with 20 mm KPO, buffer and frozen in the presence of the
proteolytic enzyme inhibitors, ethylene diaminotetraacetic acid (EDTA;
1 mm), ethyleneglycol-bis-(3-amino-ethyl ether)-N,N'-tetraacetic acid
(EGTA; 1 mwm), and phenylmethylsulphony! fluoride (PMSF; 1.5 mm).
Prior to freezing, primary gradient vesicles were diluted 1:3 with 0.33
M sucrose and pelleted (9700 x g, 20 min) in order to remove most of
the metrizamide. After thawing, the tissues were subjected to vigorous
homogenization and centrifuged (100,000 x g, for 1 hr). A clear su-
pernatant was obtained. It was decanted, and soluble proteins were
precipitated by 0-30%, 30-60%, or 0—-60% ammonium sulfate fraction-
ation. Precipitated proteins were collected by brief centrifugation (27,000 x
g, for 15 min), and the resulting pellet was resuspended in 20 mm KPO,
buffer containing 10% glycerol. Proteins were desalted on Sephadex
G-50 columns (I x 10 cm) and immediately assayed for 5-HT binding
activity (Tamir et al., 1976).

Isolation of parafollicular cells. Parafollicular cells were separated
from follicular cells by a chromatographic method that has previously
been described (Bernd et al., 1981). Essentially, trypsin-dissociated thy-
roid cells in Eagle’s minimum essential medium (MEM; + 1% BSA)
were activated by incubation with thyroid stimulating hormone (TSH).
TSH causes follicular cells to extend phagocytic pseudopods, which in
vivo are active in the endocytosis of thyroglobulin (Fujita, 1975). The
activated cell suspension was then passed over a column of Sepharose-
6 MB coupled to thyroglobulin. Follicular cells are retained on the
column, while parafollicular cells, erythrocytes, and other contaminants
pass through. The column effluent was then loaded onto a cushion of
10% Ficoll in MEM and centrifuged briefly (200 x g for 10 min). The
erythrocytes and other contaminants were decanted from the top of the
gradient and the parafollicular cells were collected in a loose pellet.
About 97% of the thyroid cells in the final pellet are parafollicular.

Other assays. Protein was assayed by the fluorescamine method of
Udenfriend et al. (1972). 8-Glucuronidase was measured spectropho-
tometrically as described by Fishman et al. (1948). Succinic dehydro-
genase was measured by the 2,6-dichlorophenolindophenol-phenazine
methosulfate system described by Cerletti et al. (1967). The reaction
volume for this indophenol reduction assay was 1 ml, and samples were
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Figure 1. Simultaneous localization
of calcitonin (4) and 5-HT (B) immu-
noreactivities in a follicle of the sheet
thyroid gland. Primary antisera from
different species were employed, and the
antigens were visualized using species-
specific secondary antisera labeled with
FITC (calcitonin; 4) or TRITC (5-HT;
B). Complete coincidence of immu-
nostaining was found. Scale markers, 5
M.

bated with 40 mmM sodium succinate for 20 min. The millimolar ex-
tinction coefficient used was 20.5 em~', as determined by Ziegler and
Docg (1962).

Results

Colocalization of calcitonin, 5-HT, and 45kDa SBP
immunoreactivities in parafollicular cells

Calcitonin and 5-HT were immunocytochemically located in
frozen sections of sheep thyroid glands. When these 2 antigens
were demonstrated simultaneously, both calcitonin and 5-HT
immunoreactivities were found to coexist within every para-
follicular cell (Fig. 1). No cells were found to express one of
these molecules and not the other. Solitary parafollicular cells
were occasionally found; however, most of the cells in which
5-HT and calcitonin were costored were located in clusters at
the perimeter of follicles. Immunocytochemistry was also used
to investigate the distribution in the thyroid of the neurecto-
dermal type of SBP. The hypothesis (Bernd et al., 1981; Gershon
and Tamir, 1984) that this protein is costored with 5-HT (and,
by extension, calcitonin) in parafollicular cells was tested. An
antiserum to the 45 kDa form of rat brain SBP was found to
immunolabel large numbers of cells in the sheep thyroid (Fig.

Figure 2. Simultaneous localization
of 5-HT and 45 kDa SBP immuno-
reactivities in a follicle of the sheep thy-
roid. Primary antisera from different
species were employed, and the anti-
gens were visualized using species-spe-
cific secondary antisera labeled with
FITC (5-HT; B) or TRITC (45 kDa SBP;
A). All parafollicular cells displayed im-
munofluorescence of both 5-HT and 45
kDa SBP. Scale markers, 5 pm.

24). All of these cells also displayed 5-HT immunoreactivity
(Fig. 2B). Coincidence of immunostaining was complete, that
is, every cell found to display the immunoreactivity of one of
these antigens also displayed the immunoreactivity of the other.

Location of 56 kDa SBP in thyroid nerves

Affinity-purified antibodies to the 56 kDa form of rat brain SBP
did not label parafollicular cells (simultaneously demonstrated
by showing 5-HT immunoreactivity; Fig. 3B); however, these
antibodies did bind to nerve fibers in sheep and mouse thyroid
glands (Fig. 3, 4, C). These fibers travelled with blood vessels
entering the thyroid and extended into interfollicular connective
tissue spaces (Fig. 34). The 56 kDa SBP-immunoreactive nerve
fibers did not emit the fluorescence characteristic of catechol-
amines when viewed with light at 355-425 nm (compare Fig.
3, C, D). On the other hand, since the material had been fixed
with a mixture of 0.05% glutaraldehyde and 4% formaldehyde
(FAGLU procedure; Furnessetal., 1978), the separately located,
noradrenergic, sympathetic nerves in the same sections of tissue
were found to emit a blue-green aldehyde-induced histoflu-
orescence (Fig. 3D). The separate identification of noradrenergic
and SBP-immunoreactive nerves suggested that the SBP fibers
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Figure 3.

Immunofluorescence of 56 kDa SBP in the sheep thyroid gland. Immunoreactivity is found in nerve fibers (arrow: 4) but not in

parafollicular cells (B; stained for 5-HT immunoreactivity). Nerve fibers that display immunofluorescence (C) do not display catecholamine

histofluorescence with the FAGLU reaction (D). Scale markers, 10 um.

were not sympathetic. In order to confirm this conclusion, the
effects on 56 kDa SBP immunoreactivity of chemical sympa-
thectomy with 6-hydroxydopamine were determined in mice.
Nerve fibers in mouse thyroid glands continued to be immu-
nostained with antisera to 56 kDa 2.5 d after the animals had
been treated with 100 mg/kg of 6-hydroxydopamine. This con-
centration of 6-hydroxydopamine is known to completely de-
stroy catecholaminergic terminals in the murine thyroid gland
(Gershon and Nunez, 1976).

Immunocytochemical investigation of somatostatin in the
sheep thyroid

Somatostatin had been reported to be present in the parafollic-
ular cells of several mammals (Van Noorden et al., 1977; Ka-
meda et al., 1982). The possible presence of this peptide in the
parafollicular cells of sheep was therefore investigated immu-
nocytochemically. In contrast to the large numbers of cells ex-
pressing the immunoreactivities of 5-HT, calcitonin, and 45
kDa SBP, somatostatin immunoreactivity was encountered only
rarély; however, those few cells that did contain somatostatin-
like immunoreactive material also contained 5-HT and oc-
curred as isolated cells within thyroid follicles (data not shown).

Colocalization of 5-HT, calcitonin, and 45 kDa SBP
immunoreactivities in the secretory granules of parafollicular
cells

The subcellular localization of 5-HT and calcitonin within para-
follicular cells was determined by immunocytochemically stain-
ing ultrathin sections of thyroid tissue embedded in LR White.

In order to retain antigenicity, the tissues were not osmicated
prior to embedding. As a result, intracellular membranes were
not electron dense in these preparations. Although membranes
were therefore visible only as negative images, many organelles,
such as secretory granules, mitochondria, the Golgi apparatus,
lysosomes, and the nucleus could be discerned. Calcitonin im-
munoreactivity, demonstrated with 20 nm particles of colloidal
gold, was found in almost all of the dense-cored granules of each
of the parafollicular cells examined (Fig. 4). Small numbers of
randomly distributed gold particles were found over cells other
than parafollicular cells and over the nuclei of parafollicular
cells when the primary antibody was omitted from the staining
protocol. This random scattering of gold particles, consequently,
was taken as nonspecific background labeling. The only other
organelle, in addition to secretory granules, in which more than
background calcitonin immunoreactivity could be demonstrat-
ed, was the Golgi apparatus (Fig. 4). It seems likely that this
intracisternal calcitonin immunoreactivity in the Golgi appa-
ratus is related to the packaging of calcitonin in newly forming
secretory granules.

5-HT immunoreactivity was demonstrated in thin sections
with a rat monoclonal antibody to 5-HT by a technique similar
to that used for calcitonin. In the case of 5-HT, secondary an-
tibodies coupled to gold particles, averaging 5 mm in diameter,
were employed. The selection of appropriate species-specific
secondary antisera coupled to differently sized gold particles
enabled 5-HT and calcitonin to be demonstrated in the same
thin sections. About half (52 £+ 7.4%; n = 495) of the secretory
granules in each parafollicular cell displayed 5-HT immuno-
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Figure 4. Calcitonin immunoreactivity demonstrated in a parafollicular cell at the electron microscopic level with a secondary antibody labeled
with 20 nm particles of colloidal gold. All of the secretory granules are labeled. Gold particles are also seen over the Golgi apparatus (arrowhead).
(Note that the LR White embedding medium does not preserve membranes; therefore, the loss of the membranous Golgic saccules, vacuoles, and
vesicles gives the appearance of a large region of empty space in the cytoplasm.) Despite the intense immunostaining, other organelles, such as
mitochondria (/) and the nucleus (n), as well as structures outside of the parafollicular cell, show only background levels of labeling with colloidal
gold. Membranes cannot be seen because the material has not been osmicated. Scale marker, 0.5 um.

reactivity (Fig. 54). Virtually all of these 5-HT-immunoreactive
granules were also found to contain calcitonin (Fig. 5, B-D).
The proportion of granules with 5-HT immunoreactivity could
be raised by using a guinea pig polyclonal anti-5-HT serum;
however, in contrast to the rat monoclonal antibody to 5-HT,
the guinea pig serum gave a high level of nonspecific background
staining.

Electron microscopic immunocytochemistry was done with
antiserum to 45 kDa SBP in order to determine if this 5-HT
binding protein is colocalized with 5-HT and calcitonin in the
secretory granules of sheep parafollicular cells. Sites of primary
antibody binding were located with a species-specific secondary
antibody coupled to 5 nm particles of colloidal gold. Since rel-
atively small numbers of gold particles were found over the
tissue, the distribution of colloidal gold particles in electron
micrographs was analyzed stereologically and compared to the
distribution predicted for a random pattern (Fig. 6). The random
pattern was approximated by a grid of dots placed over the
electron micrographs. The numbers of gold particles and ran-
dom dots falling over various subcellular components were
scored. The distribution of gold particles was significantly dif-
ferent from random (p < 0.001); moreover, the only organelle
over which more gold particles than random dots were found
was the parafollicular cell secretory granule, which was signifi-
cantly labeled by gold particles (p < 0.001). Two or more gold
particles were found over 40 + 2.4% of parafollicular cell gran-

ules (n = 1381). This proportion does not differ significantly
from the percentage of secretory granules labeled by antisera to
5-HT. Moreover, when material was doubly labeled with an-
tibodies to 5-HT and 45 kDa SBP, colocalization of both an-
tigens in some, although not all, parafollicular cell secretory
granules was found (Fig. 3, E, F).

Subcellular fractionation of the thyroid

A crude granule pellet was obtained by differential centrifuga-
tion. The 5-HT content of fractions was used as a marker for
parafollicular cell secretory granules, succinic dehydrogenase for
mitochondria, and 8-glucuronidase for lysosomes. In addition,
the fraction was examined morphologically. The crude granule
pellet was found to be a heterogeneous fraction, both when
assayed with respect to biochemical markers and by morphology
(Table 1). Nevertheless, some purification of secretory granules
occurred in this fraction, as indicated by an approximately 5.6-
fold enrichment of 5-HT in the crude granule pellet over that
in the whole thyroid homogenate (Table 1). Morphological iden-
tification of, and retention of calcitonin by, parafollicular gran-
ules in the fraction was confirmed by demonstrating their cal-
citonin immunoreactivity (not illustrated). The granules occupied
about 9% of the volume of the crude granule pellet (determined
by point-count planimetry; # = 1192 points). The crude granule
pellet was used as the starting material for granule purification
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Figure 5. A, 5-HT immunoreactivity
(arrowheads) demonstrated in parafol-
licular cell granules at the electron mi-
croscopic level with a secondary anti-
body labeled with 5 nm particles of
colloidal gold. About half of the gran-
ules display immunoreactivity, which
is found over no other region of the cell.
The marker = 0.1 um. B-D, Co-
localization of the immunoreactivies
of 5-HT and calcitonin in parafollicular
cell granules. 5-HT immunoreactivity
(arrowheads) is shown with 5 nm and
calcitonin immunoreactivity with 20
nm particles of colloidal gold. Scale
markers, 0.1 um. E and F, Colocaliza-
tion of the immunoreactivites of 5-HT
and 45 kDa SBP in parafollicular cell
granules. 5-HT immunoreactivity (ar-
rowheads) is shown with 5 nm and 45
kDa SBP immunoreactivity with 15 nm
particles of colloidal gold. Scale mark-

ers, 0.1 um.
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Figure 6. Statistical analysis of the distribution of immunogold particles over subcellular components of parafollicular cells following exposure
to antiserum to 45 kDa SBP. The incidence of gold particles falling over each component was compared with that of random dots placed over
micrographs of the tissue. Relative specific activity (graph at left) of each subcellular component is defined as the percent of gold particles (total
number counted = 2763) + the percentage of random dots (total number counted, 1430) over each component. A specific activity significantly
greater than 1 (more gold particles than random dots) indicates labeling of the component by immunogold. To establish significance, the gold and
dot distributions were compared by a x? analysis (right), in which the dots were taken as the distribution expected for a random alignment of
particles over the tissue. The distribution of gold particles is nonrandom (p < 0.001). When the relative specific activity of parafollicular granules
(1.9) is compared with that of the aggregate of all other components (0.7) the difference is significant (p < 0.001). Parafollicular cell granules
therefore contain 45 kDa SBP immunoreactivity.



4024 Barasch et al. « Parafollicular Cell Secretory Granules

F 0.18
- 0.18

phenciphthalein
[ 44 (mOMimg protein)
- 012

- 010

rrrrorror T

Protein

T rTrrrTrT

Cailcitonin

T ¥ 1 T 1T

L)
912151821 2427 0 B

ML (From Top) D

Figure 7. A-C, Electron micrographs of fractions obtained from separations of thyroid organelles on a Percoll density gradient. The gradient was
divided into 3 parts by volume, the upper 15% (4), the middle 60% (B), and the lowest 25% (C). Organelles that resemble parafollicular cell granules
(arrowheads) are only found in the lowest, “vesicular” (C) fraction. These structures occupy about 30% of the particulate volume of this fraction.
Scale markers, 0.5 um. D, Distribution of succinic dehydrogenase activity, 8-glucuronidase activity, total protein, calcitonin immunoreactivity, and
5-HT in a Percoll density gradient layered with the crude granule pellet obtained from a thyroid homogenate. Specific activity and total recovered
units of each marker are plotted. Fractions of approximately equal volume were collected and are shown on the abscissa. The top of the gradient
is at the left in each graph.



and for the analysis of the granular uptake of *H-5-HT (see
below).

Purification of parafollicular cell secretory granules on Percoll
gradients

Parafollicular cell secretory granules were further purified from
the crude granule pellet by centrifugation to equilibrium on a
linear density gradient of Percoll. The distributions of 5-HT and
calcitonin immunoreactivity on these gradients were similar
(Fig. 7D). A relatively dense “vesicular” fraction (1.08-1.15
g/ml) was found in which each was enriched (Fig. 7¢), and
both of these markers were also found in the supernatant of the
gradient. The specific activity of 5-HT (~2500 pmol/mg pro-
tein) and calcitonin immunoreactivity (~ 1 ng/mg protein) were
highest in the “vesicular” fraction, which contained 22 *+ 5%
ofthe 5-HT and 20% of the calcitonin immunoreactivity applied
to the gradient. 8-Glucuronidase, but not succinic dehydroge-
nase, was also concentrated in the 5-HT-enriched “vesicular”
fraction. The structures that were morphologically identified as
parafollicular cell secretory granules occupied 31% of the par-
ticulate volume of the “vesicular” fraction as determined by
point-count planimetry of electron micrographs (n = 1223
points), a 3.4-fold purification of the granules over their con-
centration in the more heterogeneous crude granule pellet.

Radioautographic analysis of ’H-5-HT uptake

Parafollicular cell granules were tested for their ability to take
up and retain *H-5-HT. The crude granule pellet was incubated
with 3H-5-HT (6 um) for 10 min at 37°C, washed, and applied
to a Percoll gradient as described above. The location of the
3H-5-HT retained by isolated subcellular components was as-
sessed by electron microscopic radioautography. Quantitation
of exposed radioautographs demonstrated that parafollicular cell
granules, and no other components, were significantly labeled
by *H-5-HT (p < 0.001; Fig. 8). *H-5-HT present in the vesicular
fraction was reduced when the crude granular pellet was incu-
bated with H-5-HT at 4°C (to 54 = 3% of control; n = 4) or
in the presence of 10 uM reserpine (to 18 + 4% of control; n =
4;: p < 0.01 vs 4°C or control).

Purification of parafollicular cell granules on sequential
metrizamide gradients

In order to obtain intact parafollicular cell secretory granules in
a better yield and to effect a better separation of granules from
lysosomes than could be achieved with Percoll gradients, 2 se-
quential discontinuous gradients of metrizamide were used. The
primary gradient was not centrifuged to equilibrium. Morpho-
logic inspection of material collected at the interfaces between
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Figure 8. Analysis of the distribution of radioautographic silver grains
over components found in the vesicular fraction of Percoll gradients.
Probability circles, equal in diameter to 1.5 times the half distance—
the distance from a radioactive source within which 50% of silver grains
will lie (Salpeter et al., 1969)—were drawn around each silver grain and
the components within the circle were scored. The distribution of items
falling within random circles was also obtained. Relative specific activity
of a component was defined as the frequency of that component falling
within the circles drawn around silver grains divided by the frequency
of finding that same component within the random circles (Williams,
1969). The grain and circle distributions for all components were com-
pared by means of a x? test. If the relative specific activity of an item
was > 1, and the grain and circle distributions were significantly different,
the component was considered labeled. Only organelles with the mor-
phological appearance of parafollicular cell granules were labeled.

different concentrations of metrizamide in the primary gradient
revealed that subcellular organelles were distributed in this gra-
dient according to size (Fig. 11). This permitted the use of a
second gradient, centrifuged to equilibrium to separate subcel-
lular constituents according to their density (Fig. 12).

In the primary gradient, 5-HT was concentrated [3.1 + 0.3
(n = 8) nmol/mg protein; 41 = 1.7% of the 5-HT applied to
the gradient] in a single sedimentable *““vesicular” fraction (frac-
tion C,, Fig. 9). The peak concentration of 5-HT was separated
from peak activities of 8-glucuronidase and succinic dehydro-
genase (fraction E,, Fig. 9). The specific activity of 8-glucuron-
idase in the fraction in which 5-HT was most concentrated was
less than that found in the crude granule pellet (75%) and con-
tained only 16 + 2% of the total 8-glucuronidase activity re-
covered on the primary gradient. The succinic dehydrogenase
activity in the 5-HT-enriched “vesicular” fraction was only one-

Table 1. Markers in the crude granule fraction

Amount/activity Recovery
Marker Homogenate Crude granule fraction (%)
5-HT= 327+ 58 (8) 1847 + 196 (8) 39+5
Succinic dehydrogenase® 6.4 £ 0.7 (6) 34 £ 3.0 (11 18 £2
B-glucuronidase® 0.08 £ 0.01(11) 0.15 £ 0.02 (13) 11 +1

2 pmol/mg protein.
# nmol indophenol reduced/min/mg protein.

< mg phenolphthalein liberated/mg protein/hr. Recovery of protein in the crude granule pellet was 6.4 + 0.6% (n = 8).
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Figure 9. Purification of parafollicular cell granules on 2 sequential metrizamide gradients. The crude granule pellet obtained from a thyroid
homogenate was layered over an initial metrizamide gradient and spun at 9700 x g for 44 min. The position and the nomenclature of the resultant
fractions is shown in the upper diagram of a centrifuge tube. Fraction C, was layered on a second, more dense, metrizamide gradient and spun to
equilibrium. The position and the nomenclature of the resultant fractions is shown in the lower diagram of a centrifuge tube. The graphs in the
upper portion of the figure show the distribution of 5-HT, 3-glucuronidase activity, succinic dehydrogenase activity, and total protein in the initial
gradient, and the graphs in the lower portion of the figure show the distributions of the same markers in the secondary gradient. 5-HT, but not
B-glucuronidase or succinic dehydrogenase, concentrates in fraction C, of the primary and C, of the secondary gradient. These fractions were thus
identified as ““vesicular.” Specific activities are expressed as follows: 5S-HT, pmol/mg protein; 8-glucuronidase, mg phenolphthalein released/hr/mg
protein; succinic dehydrogenase, umol indophenol reduced/min/mg protein.

Figure 10. Summary of granule pu-
rification by the methods used. The rel-
ative specific activity (specific activity
of the fraction + specific activity of the
homogenate) of 5-HT, 8-glucuroni-
dase, and succinic dehydrogenase (SDH)
in various fractions in plotted. A, ho-
mogenate; CGP, crude granular pellet;
P(“ves”), the “vesicular” fraction ob-
tained from Percoll gradients; M(C1)
and M(C?2), the “vesicular” fractions
obtained from primary (Cl) and sec-
ondary (C2) metrizamide gradients.
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Figure 11. Representative electron micrographs of fractions of the
primary metrizamide gradient used to separate subcellular components
of thyroid homogenates. Fraction A (not shown) was the supernatant.
Structures with the morphological appearance of the secretory granules
of parafollicular cells were mainly found in fraction C,. This fraction
contained microsomes but few lysosomes or mitochondria. These latter
organelles were found lower in the gradient, at different levels of fraction
E, of Figure 9. Scale markers, 0.5 pm.

Figure 12. Representative electron micrographs of fractions of the
secondary metrizamide gradient used to separate subcellular compo-
nents found in fraction C, of the primary gradient (shown in Fig, 11
above). This second, more dense gradient was centrifuged to equilib-
rium. Structures with the morphological appearance of the secretory
granules of parafollicular cells were found in fraction C,. Inset, Calci-
tonin immunoreactivity has been localized using a rabbit primary anti-
serum and a species-specific secondary antibody coupled to particles of
colloidal gold that averaged 20 nm in diameter. The fractions were not
osmicated and were embedded in LR White for postembedding im-
munostaining. As a result, membranes cannot be seen and the density
of tissue components is low. The detection of the calcitonin marker
confirms the identification of parafollicular cell granules in gradient
fractions and indicates that peptide content is retained through the steps
involved in granule isolation. Although some contamination of C, by
microsomes remains, the proportion of this granular fraction occupied
by microsomes has been reduced and the bulk of the microsomes that
were in fraction C, are now found in fraction D,. Scale markers, 0.5
M.
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Figure 13. Immunoblot analysis of the proteins of highly purified para-
follicular cells (), the **crude granular pellet” (B), and the most enriched
fraction of parafollicular cell granules—fraction C, of the secondary
metrizamide gradient (C) (see Fig. 12). Parafollicular cells were purified
by the method of Bernd et al. (1981). The parafollicular cell proteins
were separated by SDS-PAGE and blotted onto nitrocellulose paper.
Immunoreactivity was demonstrated with rabbit primary antisera to 45
or 56 kDa SBP and a biotinylated goat anti-rabbit secondary antiserum
visualized with avidin-alkaline phosphatase. (A, lane I, antiserum to
45 kDa SBP; lane 2, antiserum to 45 kDa SBP diluted 5-fold; lane 3,
antiserum to 56 kDa SBP; B, lane 1, amido-black stained proteins of
the “crude granular pellet™; fane 2, antiserum to 45 kDa SBP; C, lane
I, amido-black-stained proteins of the enriched parafollicular cell gran-
ules: lane 2, antiserum to 45 kDa SBP.) Immunoreactivity correspond-
ing in mobility on SDS-PAGE gels 10 a 45 kDa standard is present in
all preparations (A4, lanes I and 2; B, lane 2; C, lane 2), however, in the
whole cells (4) an additional band of lower molecular weight can also
be seen. Dilution of the antiserum (A4, /ane 2) diminishes the immu-
noreactivity. No immunostaining of proteins from whole parafollicular
cells is seen when blotted proteins are exposed to antiserum against the
56 kDa SBP (A, lane 3). The faintly stained bands apparent in C (lane
2) are also present when the primary antiserum is omitted and thus
represent nonspecific staining by the secondary antibody.

third that of the crude granule pellet. Only 8 = 1% of the total
succinic dehydrogenase activity applied to the gradient was re-
covered in the “vesicular™ fraction.

Granules were further purified by subjecting the fraction of
the primary gradient richest in 5-HT (C,) to equilibrium density
centrifugation on a second metrizamide gradient. When this was
done, 5-HT was found to be concentrated in a single sedi-
mentable fraction (fraction C,, Fig. 9), which contained 80 +
5% of the total 5-HT applied to the second gradient. The 5-HT
concentration of this fraction, 6.3 + 1.1 nmol/mg protein, was
2-fold that found in fraction C, of the primary gradient and 3.5-
fold that found in the crude granule pellet (Fig. 10). Moreover,
neither the §-glucuronidase, nor the succinic dehydrogenase ac-
tivity present in the secondary gradient copurified with 5-HT
(Figs. 9 and 10). Inspection of gradient fractions by electron
microscopy confirmed that the primary gradient fraction, C,,
and the secondary gradient fraction, C,, in which 5-HT was

most concentrated (Fig. 10), also had the highest concentration
of parafollicular cell secretory granules in their respective gra-
dients (Figs. 11 and 12). The presence of calcitonin-containing
granules in fraction C, and their morphological identification
were confirmed immunocytochemically (Fig. 12C,, inset). Para-
follicular cell secretory granules composed ~30% (n = 936) of
the occupied space in fraction C, and ~62% (n = 1170) of the
occupied space in fraction C,. The majority of the microsomes
that contaminated the primary gradient fraction (C,) in which
5-HT and parafollicular cell secretory granules were concen-
trated were separated from the parafollicular cell secretory gran-
ules on the second metrizamide gradient. Microsomes were re-
covered mainly in the pellet (fraction D,; Fig. 12) of the secondary
gradient, which contained little 5-HT (Fig. 9).

SBP in isolated parafollicular cell granules

SBP activity was measured in the crude granular pellet obtained
from thyroid homogenates and in the partially purified granules
isolated from the primary metrizamide gradient. SBP was iden-
tified by its ability to bind *H-5-HT specifically, by the depen-
dence of this binding on Fe*?, and by the ability of reserpine
(10 um) to inhibit binding—all characteristics of brain SBP (Tamir
et al., 1976; Gershon and Tamir, 1984). It was not possible to
get enough protein for assay from fraction C, of the secondary
metrizamide gradient; nevertheless, SBP activity in the “vesic-
ular” fraction (C,) of the primary gradient (300 pmol of *H-5-
HT bound/mg protein) was enriched 4-fold over that in the
crude granular fraction (71 pmol of *H-5-HT bound/mg pro-
tein). As is true of brain SBP, all of the 5-HT-binding activity
was found in the protein precipitated by ammonium sulfate at
0-30% saturation. Binding of *H-5-HT was reduced by over
83 + 6% in the granular fractions in the absence of Fe*? and by
about the same amount in the presence of 10 uM reserpine.
Virtually no *H-5-HT was bound by the protein precipitated
from granular fractions by ammonium sulfate at 30-60% sat-
uration (6 pmol *H-5-HT bound/mg protein). These data in-
dicate that SBP, like 5-HT, is enriched by the purification of
parafollicular cell granules.

The idea that SBP is present in parafollicular cell granules
was examined further by staining immunoblots of the proteins
present in highly purified parafollicular cells and in the granular
fractions with antisera raised against 45 and 56 kDa SBP purified
from rat brain (Fig. 13). SBP-immunoreactive material comi-
grating with a 45 kDa standard was detected in the immunoblots
of purified parafollicular cells (Fig. 134). In addition, a second
band of immunoreactivity was also found corresponding to about
20 kDa. SBP immunoreactivity was found to diminish when
the primary antiserum was diluted 5-fold (Fig. 134, lane 2). No
staining of any protein was found when blots were exposed to
affinity-purified antisera directed against 56 kDa SBP (Fig. 134,
lane 3). Similar immunoblots, made with crude (Fig. 13B) and
purified parafollicular granular fractions (Fig. 13C), revealed
immunostaining of a protein corresponding to a molecular weight
of 45 kDa but no immunoreactivity of lower-molecular-weight
proteins was seen. Thyroid parafollicular granules thus contain
a protein that is of the same size as one of the forms of brain
SBP and that reacts with antisera to that brain protein.

Parafollicular cell granules contain little or no ATP

The concentration of ATP in metrizamide gradient fractions
was assayed using a luciferin-luciferase system (Fig. 14). Puri-
fication of parafollicular cell secretory granules was not accom-



panied by a parallel concentration of ATP. In fact, although the
distribution of ATP in the primary metrizamide gradient was
similar to that of 5-HT, ATP and 5-HT did not copurify in the
second gradient (Fig. 14, lower graph). The peak concentration
of ATP was found in a fraction of the secondary gradient that
was lighter than the fraction in which 5-HT was most concen-
trated. More importantly, the concentrations in the “vesicular”
fractions of both gradients were quite low; thus, the 5-HT:ATP
molar ratio in the primary gradient fraction (C,) was high (ra-
tio= 17 = 3; [ATP] = 92 = 16 ng/mg protein) and was not
reduced in the granular fraction of the secondary gradient (C,)
ratio = 26 + 4; [ATP] = 86 = 6 ng/mg protein) as the para-
follicular cell secretory granules became further enriched.

Confirmation that parafollicular cell secretory granules were
relatively poor in their concentration of ATP was obtained mor-
phologically. Fragments of sheep thyroid and mouse adrenal
glands were subjected to the uranaffin reaction, which is an
electron microscopic cytochemical procedure that demonstrates
high concentrations of ATP in cells such as platelets and adrenal
pheochromocytes (Richards and DaPrada, 1977). The murine
adrenal medulla served as a positive control. There was heavy
uranaffin staining of the cores of the chromaffin granules of
pheochromocytes (Richards and Da Prada, 1977). The murine
addition, the 5-HT-containing granules of platelets, found in
adrenal blood vessels were also highly reactive (Fig. 15B). In
contrast, parafollicular cell secretory granules of the sheep thy-
roid remained unstained (Fig. 15C).

Discussion

The current experiments were undertaken to test the hypothesis
that the neural crest-derived thyroid parafollicular cell has prop-
erties analogous to those of serotonergic neurons. If so, advan-
tage could be taken of the large and identifiable parafollicular
cell granules to isolate and characterize a 5-HT storage orangelle
that has characteristics that might also characterize serotonergic
synaptic vesicles. Initial studies used immunocytochemical
techniques to define the 5-HT-related properties of sheep para-
follicular cells. Frozen sections of sheep thyroid were treated
with antisera to 5-HT, SBP (45 and 56 kDa forms), and calci-
tonin in order to test the proposal (Bernd et al., 1979, 1981)
that these compounds are costored in the same parafollicular
cells and in the same parafollicular granules. We also wished to
rule in or out the possibility that there are subsets of parafol-
licular cells or granules that can be distinguished by the presence
or absence of one or another of these substances. Almost all of
the parafollicular cells, identified by their calcitonin immuno-
reactivity, were also found to have 5-HT immunoreactivity;
moreover, 5-HT and 45 kDa SBP immunoreactivities were
colocalized. Thus, there cannot be a significant number of sub-
sets of parafollicular cell in the sheep thyroid. There was an
extremely rare second type of parafollicular cell, in which 5-HT
immunoreactivity was found to be colocalized with that of so-
matostatin; however, in view of the extremely small number of
such cells, it can be concluded that the sheep thyroid has a
population of parafollicular cells that is essentially homogeneous
with respect to the molecules studied and therefore suitable for
the subcellular isolation of 5-HT storage granules. In this sense
the thyroid parafollicular cell is different from adrenal medullary
chromaffin cells, of which there are 2 different types: one storing
epinephrine and the other storing norepinephrine (Coupland
and Hopwood, 1966). Thus, studies of isolated adrenal chro-
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Figure 14. Distribution of ATP and 5-HT in the primary and sec-
ondary metrizamide gradients used to separate subcellular components
of thyroid homogenates. In the primary gradient (fop graph), the highest
concentrations of both ATP and 5-HT were found in the same gradient
fraction, C,; however, in the secondary gradient (lower graph), ATP and
5-HT did not copurify. The highest concentration of ATP was found
in fraction B,, while that of 5-HT was found in fraction C,. Fraction
C, contains most of the parafollicular cell granules identified morpho-
logically (see Fig. 12) and by the demonstration of calcitonin immu-
noreactivity (see Fig. 12).

maffin granules, of necessity, deal with a mixed population of
granules, some of which contain epinephrine, while others con-
tain norepinephrine.

At the subcellular level, the possible existence of different
types of parafollicular cell granule was investigated using elec-
tron microscopic immunocytochemistry. Although all granules
showed calcitonin immunoreactivity, S-HT immunoreactivity
colocalized with calcitonin immunoreactivity only in about half.
No other organelles were found that contained immunoreactive
5-HT. 45 kDa SBP immunoreactivity was found in a similar
proportion of the granules to that of 5-HT and colocalized with
5-HT. There are 2 possible explanations for these observations.
There may really be multiple types of parafollicular cell granule,
one of which contains all 3 of the markers studied, while the
others contain only calcitonin (or calcitonin in combination with
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Figure 15. Electron micrographs showing the uranaffin reaction in the murine adrenal medulla (4), intravascular platelets (B; inset), and in a
sheep parafollicular cell (C). The cores of the adrenal chromaffin granules are highly reactive (4), as are the 5-HT storage granules of platelets (B);
however, no uranaffin reactivity can be detected in the secretory granules of the parafollicular cell (C). Scale markers, 0.5 um.

only one of the other 2 antigens). Alternatively, some granules
may contain less 5-HT and 45 kDa SBP than is required to
reach threshold for the immunocytochemical detection of these
antigens. This possibility is supported by the observation that
the number of granules displaying 5-HT immunoreactivity could
be increased by using a different antiserum. Furthermore, every
parafollicular cell granule in vivo has been found to take up
newly synthesized *H-5-HT (Nunez and Gershon, 1972). More-
over, different types of granule cannot be differentiated by their
morphology or calcitonin content, and stimuli that release cal-
citonin from parafollicular cells release 5-HT as well (Gershon
etal., 1978; Nunez and Gershon, 1983). It thus seems probable
that there is only one type of parafollicular cell granule; however,
individual granules probably do differ in their 5-HT and 45 kDa
SBP content.

The sheep thyroid contains both 45 and 56 kDa SBP; never-
theless, we found only the 45 kDa SBP in parafollicular cells by
immunocytochemistry and by immunoblot analysis of isolated
parafollicular cells and parafollicular cell granules. The brain
and the gut have been found to contain both 45 and 56 kDa
SBP, and both appear to be present in the serotonergic neurons
of these organs (Gershon et al., 1983; Liu et al., 1985). On the
other hand, there is evidence that 45 kDa SBP, and not 56 kDa
SBP, is present in serotonergic axon terminals. When the brain
is perfused with 3H-5-HT, or the enteric nervous system is in-
cubated with 3H-5-HT, a complex of *H-5-HT preferentially
bound to 45 kDa SBP can be isolated from the treated tissue
(Gershon et al., 1983). *H-5-HT is taken up mainly by sero-

tonergic terminals in the perfused brain (Chan-Palay, 1975; Ca-
lasetal., 1976; Descarries et al., 1982) or incubated gut (Gershon
and Altman, 1971; Dreyfus et al., 1977; Gershon et al., 1983).
Within these terminals it enters synaptic vesicles and can be
released from the terminals (in a Ca*?-dependent manner) by
electrical stimulation (Chase et al., 1968; Jonakait et al., 1979;
Gershon and Tamir, 1981). The fact that the form of SBP found
to bind *H-5-HT in situ is the 45 kDa SBP suggests, therefore,
that 45 kDa SBP is the dominant species in synaptic endings
and vesicles (Gershon et al., 1983). The observation that thyroid
parafollicular cell granules also contain the 45 kDa SBP is thus
consistent with the idea that 45 kDa SBP is a component of
5-HT storage organelles of the neural type.

The demonstration of 56 kDa SBP in unmyelinated thyroid
nerve fibers raises the unanswered question of what kind of
nerves these are. They were found not to be noradrenergic and
did not stain in preparations treated with antibodies to 5-HT.
Since they were not noradrenergic, the axons were not sympa-
thetic and so were probably afferent fibers. Nevertheless, sero-
tonergic nerves have been reported to be present in the thyroid
gland of the dog (Takagi et al., 1986). Conceivably, thyroid
serotonergic axons, if any exist, like those of the brain and gut,
are difficult to demonstrate unless the concentration of 5-HT in
the tissue is raised.

Parafollicular cell granules were further characterized by ana-
lyzing subcellular fractions. A number of investigators have
successfully isolated amine storage organelles, including chro-
maffin granules, on Percoll gradients (Carty et al., 1980, 1981;




Hutton and Peshavaria, 1982). For this reason we used Percoll
as a density-gradient medium for an investigation of the ability
of parafollicular cell granules to accumulate *H-5-HT. When
the crude granular fraction derived from thyroid homogenates
was layered on Percoll and centrifuged, a dense fraction was
obtained in which 5-HT and calcitonin immunoreactivity were
both concentrated. This fraction was found, upon electron mi-
croscopic examination, to be highly enriched in parafollicular
cell granules. When loaded with *H-5-HT by incubating the
crude granular fraction, these granules were found to retain
enough radioactivity, despite passage through the Percoll gra-
dient, to be demonstrable by electron microscopic radioautog-
raphy. The Percoll gradient, however, did not fully separate
parafollicular cell granules from lysosomes. Nevertheless, the
contamination of the vesicular fraction by lysosomes did not
interfere with the demonstration of specific *H-5-HT uptake
and retention by isolated granules. Since radioautographs re-
vealed that only the secretory granules, and not lysosomes, were
labeled when the crude granular fraction was incubated with
3H-5-HT, the recovery of *H-5-HT in the vesicular fraction of
the Percoll gradient could be attributed to the sedimentation of
labeled granules. The uptake of *H-5-HT by parafollicular cell
granules, was inhibited by cold and even more by reserpine.
This observation indicates that the phenomenon is similar to
the granular uptake of *H-5-HT in intact cells, which also is
reserpine-sensitive (Nunez and Gershon, 1972; Gershon and
Nunez, 1973).

Metrizamide gradients were used to improve the yield of iso-
lated granules and their separation from lysosomes. Two gra-
dients were used. The first, in which components were found
by electron microscopy to distribute according to size, separated
parafollicular cell granules from mitochondria and lysosomes
and showed copurification of 5-HT and 45 kDa SBP. The second
gradient, in which components distributed according to density,
enriched the parafollicular cell granules further. This combined
2-step, size then density, separation resulted in a fraction in
which 5-HT was concentrated and which contained morpho-
logically recognizable parafollicular cell granules that repre-
sented 62% of the particulate volume of the fraction. It was
concluded that this fraction could be used to study the contents
of parafollicular cell granules and, in particular, ATP.

A number of biogenic amine storage granules have been shown
to contain high concentrations of nucleotides, especially ATP.
High nucleotide content of granules in situ can be revealed by
the uranaffin cytochemical reaction, in which uranium salts pre-
cipitate over the tightly packed phosphate groups of granular
nucleotides (Richards and Da Prada, 1977);, moreover, ATP
content can also be measured in isolated granules by the lucif-
erin-luciferase assay (Rasmussen and Nielsen, 1968; Carty et
al., 1980). These methods have revealed a high concentration
of ATP in chromaffin granules (800 nmol ATP/mg protein:
Carty et al., 1980; Johnson et al., 1982), platelet granules (243.4
nmol ATP/mg protein: Carty et al., 1981), and the synaptic
vesicles from the vas deferens and the superior cervical ganglion
(Lagercrantz, 1976). Winkler and Westhead (1980) have sug-
gested that intragranular ATP may facilitate the formation of
macromolecular complexes with biogenic amines, thereby re-
ducing the intravesicular osmotic pressure from what it would
be if the amines were free in solution. ATP has also been pro-
posed to act as a cotransmitter or neuromodulator upon its
release with a biogenic amine (Meldrum and Burnstock, 1983;
Sneddon and Westfall, 1984). An ecto-kinase activity may be
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involved in still other functions of ATP released along with a
transmitter from nerve endings (Ehrlich et al., 1986). The pres-
ent investigation, however, indicates that there is little or no
ATP in parafollicular cell granules. The evidence includes the
following: (1) 5-HT and ATP do not copurify when the para-
follicular granules are separated from other organelles by density
in a metrizamide gradient; (2) ATP is present only in minor
amounts (0.17 = 0.01 nmol/mg protein; 3 orders of magnitude
less than in comparable fractions of adrenal medullary or plate-
let granules) in the most highly enriched granule fraction; (3)
the ratio of 5-HT/ATP is 26:1 in this fraction, rather than the
4 catecholamines:1 ATP found in similarly purified adrenal
chromaffin cell granules (Hillarp, 1958; Winkler, 1976) or the
1 5-HT:2 ATP found in platelet granules (Carty et al., 1981);
(4) the uranaffin reaction failed to produce dense precipitates
over parafollicular cell granules but did yield such precipitates
over chromaffin and platelet granules, which served as positive
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onstrate nucleotides in the vesicles of the supraependymal axons
of the brain, which are known to be serotonergic (Richards,
1983), suggests that serotonergic synaptic vesicles are likely to
be similar to parafollicular cell granules in containing relatively
little or no ATP. Perhaps SBP serves the function of facilitating
the formation of macromolecular complexes with 5-HT that
may be served by ATP in catecholaminergic or platelet vesicles.
Such 5-HT-SBP complexes might limit the osmotic pressure
within vesicles and contribute to granular uptake of 5-HT by
trapping the amine within granules. The observation that reser-
pine inhibits both the binding of *H-5-HT by SBP and the
accumulation of *H-5-HT in isolated granules is consistent with
the possibility that granular uptake and retention are facilitated
by the binding of 5-HT by SBP.
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