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The preprotachykinin-A gene, the common gene of
mRNAs encoding both substance-P (SP) and neu-
rokinin-A (NKA), was shown to be expressed in
Sprague-Dawley rat thymus by detection of specific
mRNA in gel-blot analyses. In situ hybridization re-
vealed dispersed PPT-A-labeled cells in sections
from rat thymus, with a concentration of grains over
a subpopulation of cells in the thymic medaulla. Also,
neuropeptide-Y mRNA-expressing cells were found
in the rat thymus, primarily in the thymic medulla.
Rat thymic extracts contained SP-like immunoreac-
tivity (SP-LI), and the major part of the immunoreac-
tivity coeluted with authentic SP and SP sulfoxide
standards. SP-LI was also detected in human thy-
mus, which contained between 0.09-0.88 ng SP-LI/
g wet wt. Evidence for translation of preprotachyki-
nin-A mRNA in the rat thymus was obtained from the
demonstration of NKA-LI in thymic cells with an
epithelial-like cell morphology. Combined with pre-
vious observations on the immunoregulatory roles
of tachykinin peptides and the existence of specific
receptors on immunocompetent cells, the demon-
stration of intrathymic synthesis of NKA suggests a
role for NKA-LI peptides in T-cell differentiation in
the thymus. (Molecular Endocrinology 4: 1211-1218,
1990)

INTRODUCTION

T-Cell differentiation occurs primarily in the thymus (1,
2), and a substantial part of this complex program is
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regulated through direct cell to cell contacts as well as
by paracrine factors locally synthesized within the
thymic environment (3-5). A number of intrathymic
paracrine factors have been isolated and characterized,
including thymic hormones (6-9), colony-stimulating
factors, and cytokines (10-12), which are synthesized
mainly by epithelial cells. In addition, antigenic markers
associated with different neuroendocrine cell types are
found within the thymus, such as the surface complex
ganglioside A2BS (13), the secretory granule-associ-
ated protein chromogranin-A (14), neuron-specific eno-
lase (15), and the surface glycoproteins HISL-5, -9, -14
(16), and -ID4 (17). In addition, recent reports from a
number of laboratories have described the prescence
of neuropeptides in the thymus, although some species
differences may exist in the neuropeptide repertoire
detected in the organ. Neurotensin-like immunoreativity
(LI) and somatostatin-LI have been identified and bio-
chemically characterized in the chicken thymus (18).
Oxytocin (OT)-LI and neurophysin-LI have also been
described in the human thymus (19), while vasopressin
(VP)-LI has been characterized in murine and rat thymus
(20, 21). Evidence for an intrathymic expression of
these peptides has been obtained by positive hybridi-
zation in dot blot assays of thymic mRNA using OT and
VP cDNA probes (22). OT-, VP-, and neurophysin-Li
were identified by immunocytochemistry in thymic sub-
capsular cortex and medulla and in a specific subpop-
ulation derived from the outer cortex, the thymic nurse
cells (9, 15, 22). Met-Enkephalin-LI has also been de-
tected in medullary and cortical surface epithelium (23).
Recently, somatostatin mRNA has been demonstrated
in the rat thymus, thus providing evidence for an intra-
thymic synthesis of this neuropeptide (24). A local im-
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munoregulatory function have been suggested for
some of these neuropeptides, in parallel with the ob-
servation of specific receptors within the thymus or on
immunocompetent cells (25-28).

The peptides substance-P (SP) and neurokinin-A
(NKA) belong to a family of related peptides, the tachy-
kinins, that are widely distributed in both the central
and peripheral nervous system where they function as
neurotransmitters/neuromodulators  (29). Recently,
Geppetti et al. (30, 31) detected SP-LI and NKA-LI in
the rat thymus that was shown to migrate largely with
synthetic SP and NKA, respectively, on reverse phase
HPLC. Capsaicin pretreatment of rats was shown to
decrease, but not abolish, SP-LI and NKA-LI in the
thymus, suggesting that the detected thymic SP-LI and
NKA-LI were derived mainly from known sensory inner-
vation of the organ.

In this study we demonstrate expression of two
neuropeptide mRNAs in the rat thymus, preprotachy-
kinin-A (PPT-A) mRNA, encoding both SP and NKA
(32), and NPY mRNA. RIAs using antisera specific for
SP also showed the presence of authentic SP in both
rat and human thymuses. In addition, immunohisto-
chemical staining revealed the presence of NKA-LI in
rat thymus. Hence, PPT-A-related peptides may be
locally synthesized in the primary lymphoid organ, and
since specific SP receptors and actions have been
described on a subpopulation of T-cells (33, 34), we
suggest that intrathymic tachykinin peptides may play
arole in T-cell differentiation.

RESULTS
Tissue distribution of rat PPT-A mRNA

To study the tissue distribution of PPT-A mRNA, poly-
adenylated RNA was prepared from several adult Spra-
gue-Dawley rat tissues, fractionated on denaturing aga-
rose gels, and blotted to nitrocellulose filters, followed
by hybridization to a %P-labeled rat PPT-A cDNA probe
common to both SP and NKA. As expected (32), high
levels of a 1.3-kilobase (kb) long PPT mRNA was found
in the brain. In addition, a same size PPT mRNA was
found in the rat thymus (Fig. 1). The level of PPT mRNA
in the thymus, measured by densitometer scanning of
autoradiograms from three independent experiments,
was approximately 10 times lower than the level of PPT
mRNA in rat brain. No other rat tissue analyzed, includ-
ing the spleen, contained detectable levels of PPT
mRNA. Furthermore, no PPT transcript was detected
in mRNA prepared from isolated rat spleen cells (data
not shown).

Localization of PPT-A mRNA in the Rat Thymus by
in situ Hybridization

The rat PPT-A cDNA probe showed dispersed labeling
over sections from the rat thymus, with the highest
labeling occurring over the thymic medulla (Fig. 2, a and
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Fig. 1. Expression of PPT mRNA in Various Rat Tissues

Polyadenylated RNA (20 ug/slot) prepared from the indi-
cated tissues of adult Sprague-Dawley rats was electropho-
resed in a 1% agarose gel containing 0.7% formaldehyde. The
RNA was then transferred to a nitrocellulose filter and hybrid-
ized to a nick-translated 300-bp Bglil-BstEll fragment from a
rat PPT cDNA clone. The filter was washed at high stringency,
followed by exposure to x-ray film.

b). Analysis of the sections at higher magnification by
emulsion autoradiography revealed the highest concen-
tration of grains overlying a subpopulation of dispersed
cells in the medulla (Fig. 3a). No, or very few, labeled
cells were seen in the thymic cortex or the subcapsular
region. No specific labeling was seen using a rat brain-
specific cDNA clone also expressed in mitogen-stimu-
lated spleen cells, but not in the thymus, included as a
negative hybridization control (clone NI-2, Ericsson, A.,
G. Barbany, and H. Persson, manuscript submitted for
publication; Figs. 2, e and f, and 3c). Moreover, no
labeling over sections from rat thymus was seen using
vector sequences (pUC 9 DNA) as a negative hybridi-
zation control (data not shown).

Localization of NPY mRNA-Expressing Cells in Rat
Thymus

The rat NPY gene has previously been shown to be
expressed at a low level in the rat thymus (35). A DNA
probe specific for rat NPY mRNA (35) was therefore
used in an attempt to localize neuropeptide-Y (NPY)
mRNA expressing cells in the rat thymus. This probe
revealed specific labeling over sections from rat thymus
(Fig. 2, ¢ and d). As in the case of PPT, NPY mRNA-
expressing cells in the thymus were found in the me-
dulla, where a small subpopulation of cells was labeled
(Fig. 3b). Both the PPT and NPY probes showed the
expected neuronal labeling pattern on sections from rat
brain hybridized in parallel with the thymus sections
(data not shown).
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Fig. 2. In Situ Hybridizations to Sections from Rat Thymus

Cryostat sections from adult Sprague-Dawley rat thymus were hybridized to a 300-bp Bg/ii-BstEll fragment from a rat PPT cDNA
clone (a and b), a 287-bp Xhol-Aval fragment containing the second exon of the rat NPY gene (c and d), and a 500-bp EcoRlI
fragment from a rat cDNA clone, designated NI-2, not expressed in the thymus (e and f). All probes were labeled to the same
specific activity with [«-*S]dATP by nick translation. a, ¢, and e are brightfield micrographs and b, d, and f are darkfield micrographs
obtained after emulsion autoradiography of the sections. ctx and med denote thymic cortex and medulla, respectively. Note the
concentration of labeling over the thymic medulla in b and d. Scale bars are 125 um.

RIA of SP-LI in Rat and Human Thymus Extracts

SP-LI was detected with either of two polyclonal SP
antisera in a pool of rat thymuses as well as in each of
five different human thymuses. The dilution curves of
the different samples were strictly parallel to the stand-
ard curves of the RIAs. Figure 4 shows the results
obtained with polyclonal SP. antiserum. Concentrations
of SP-LI were in the same range using either of the two
polyclonal antisera in the RIAs [0.3 £+ 0.03 (mean =+ sp)
ng/g wet wt in the rat thymus and between 0.09 + 0.01
and 0.88 + 0.11 ng/g wet wt in the human samples].
No significant correlation was found between the levels
of thymic SP-LI and the age of the patients. The highest

intrathymic SP-LI content was found in a sample ob-
tained postoperatively from an 8-month-old boy.

Chromatographic Description of SP-LI in Thymic
Extracts

Combined reverse phase HPLC/RIA analyses of SP-L|
in thymic extracts showed a major peak (60-70% of
the total immunoreactivity) that coeluted with an au-
thentic SP standard (Fig. 5). The remaining peak (30-
40%) eluted slightly later than synthetic NKA and at a
position corresponding to authentic SP sulfoxide stand-
ard. Similar profiles were obtained after analyzing SP-
LI detected by antiserum SP2 (data not shown).
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Fig. 3. Emulsion Autoradiographs of Sections from Rat Thy-
mus

Sections from adult Sprague-Dawley rat thymus were hy-
bridized to the PPT-A probe (a), the NPY probe (b), and the
control NI-2 probe (c). Scattered hybridization-positive cells
(arrows) can be seen over the thymic medulla in a and b. Also
note the absence of labeling over any cells in the thymus in c,
included as a negative hybridization control. Scale bars are 60
um.

Detection of Tachykinin-LI in Rat Thymic Cells

Sections from rat thymus were immunostained using
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Fig. 4. Detection of SP-LI in Rat and Human Thymuses

Shown in the figure is a standard curve from the SP RIA
using the SPA antiserum, as well as dilution curves of extracts
prepared from five different human thymuses and a pool of six
rat thymuses also using the SPA antiserum.

either a polyclonal SP antiserum or a polyclonal NKA
antiserum. No specific immunostaining was seen with
the SP antiserum (data not shown). However, the NKA
antiserum revealed a specific immunostaining of
stromal cells throughout the thymic parenchyma, with
a predominance in the medullary area (Fig. 6). Double
immunoflourescence analysis was performed with a
A2B5-specific antiserum as well as KL 4 monoclonal
antibodies against human cytokeratin. NKA-LI-contain-
ing cells were also specifically stained with the A2B5
antiserum and contained cytokeratin-LI, demonstrating
their epithelial nature (data not shown). All NKA-LI in
the rat thymus was abolished after absorbtion of the
antiserum to a synthetic NKA peptide (data not shown).

DISCUSSION

The results reported here confirm the recent observa-
tions describing the presence of SP-LI in the rat thymus
(80) and, in addition, demonstrate the existence of this
neuropeptide in the human thymic gland. Moreover,
RNA blot analyses were used to demonstrate a local
synthesis of PPT-A mRNA in the rat thymus. In the rat
brain three different forms of PPT-A mRNA of similar
length (a, B, and ), generated by differential RNA
processing, have been detected (32). Both SP and NKA
are encoded by the § and y forms, whereas the « form
only encodes SP. The cDNA probe used in this study
detects all three forms of PPT-A mRNA, but due to their
similar size the results of the Northern blot analyses
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Fig. 5. Reverse Phase HPLC Profile of SP-LI Contained in Rat Thymus and Different Human Thymic Extracts
The arrows denote the elution positions of synthetic SP, SP-(4-11), NKA, and NKB run on the same column after analysis of the

thymic extracts.

Fig. 6. Immunofluorescence Micrographs of Rat Thymus after
Incubation with NKA Antiserum

Specific immunostaining can be seen in the thymic medulla
with an epithelial cell-like morphology. Bar is 16 um.

cannot be used to determine if all three forms or only
one or two of the forms are expressed in the rat thymus.

In situ hybridization analyses demonstrated the pres-
ence of low levels of PPT-A mRNA in cells located

predominantely in the thymic medulla. However, only a
minor fraction of the cells in the medulla was labeled,
suggesting that PPT-A mRNA expression is restricted
to a small subpopulation of thymic medulla cells. Alter-
natively, the gene may be expressed in a larger popu-
lation of thymic medulla cells, but only during a re-
stricted time interval. An identification of the cell types
expressing PPT-A mRNA in the rat thymic medulla
would require combined in situ hybridization and im-
munohistochemical staining on the same section, using
antisera directed against antigenic markers specific for
different cell types in the thymus. However, the absense
of detectable PPT-A mRNA in rat spleen and isolated
rat spleen cells suggests that PPT-A mRNA is not
expressed in mature T-cells. Also, the thymic nurse
cells located in the outer thymic epithelium that synthe-
size OT and VP (9, 15, 22) are less likely to be the site
of PPT-A mRNA synthesis in the thymus, given the
almost complete absense of labeling in the thymic cor-
tex. Alternative sites could be a subset of the thymic
epithelial cells that express neuroendocrine antigenic
markers (13-17, 36) as well as different peptides (6-9,
18, 36). In support of this, NKA-LI was deteceted in rat
thymus in cells with a morphology resembling thymic
epithelial cells. Surprisingly, however, immunostaining
of rat thumus with a SP-specific antiserum showed no
SP-LI-containing cells in the rat thymus. This may be
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due to an inability of the SP antiserum to detect SP
peptides in fixed tissue sections from the thymus or
may be explained if PPT-A mRNA in the rat thymus is
only translated into NKA peptides. Interestingly, Gep-
pettiet al. (31) described and charaterized, by combined
HPLC-RIA, NKA-LI in the rat thymus and showed that
it was less sensitive to capsaicin than SP-LI. Hence,
NKA peptides may be locally translated from the PPT-
A mRNA in the thymus, which is further supported by
our demonstration of NKA-immunoreactive cells in the
rat thymus.

A hybridization pattern similar to the one for PPT-A
mRNA was seen using a rat NPY probe. NPY mRNA
and peptide have previously been detected in rat meg-
akaryocytes and thrombocytes, and low levels of NPY
were also detected in rat thymus by RNA blot analysis
(37, 38). The finding of NPY mRNA in a subset of thymic
medulla cells provides another example of a nonneu-
ronal expression of NPY mRNA in the rat and suggests
that NPY may serve a function in the thymus similar to
that of tachykinin peptides.

A biochemical characterization of the SP-LI detected
in the rat and human thymus using reverse phase HPLC
revealed that 60-70% of SP-LI was identical to authen-
tic SP. Hence, a major fraction of the intrathymic SP
corresponds to the biologically active form found in
nervous tissues. The remaining SP-L! did not corre-
spond to synthetic SP. The very low cross-reactivity of
the antisera used in this study with NKA or NKB
strongly suggests that this additional peak was not
NKA or NKB, but most likely represented the oxidized
form of SP which eluted off the column at this position.
Capsaicin treatment has previously been shown to
decrease the level of SP-LI in rat thymus (30), suggest-
ing that the previously detected SP-LI was at least in
part derived from sensory nervous structures innervat-
ing the rat thymus. The relatively low amount of SP-LI
detected in both the rat and human thymus together
with the inability to detect SP-LI in thymic cells suggest
that the major part of SP-LI described in this study is
derived from sensory innervation of the thymus.

Specific high affinity binding sites for SP have been
described in the rat thymic medulla, in association with
vascular structures (39). Therefore, SP may function as
a paracrine factor, perhaps regulating the local blood
flow. Alternatively, tachykinin peptides, locally synthe-
sized within the thymus, may play a role in the immune
system. Previously, SP has aiso been shown to stimu-
late the mitotic activity of cultured human T-cells (33)
and induce the release of cytokines from human periph-
eral blood monocytes (40); recently, NKA has been
shown to stimulate proliferation of murine thymocytes
in culture (41). Both SP and NKA have also been shown
to stimulate differentiation of human B-lymphocytes into
immunoglobulin-producing cells (42). In agreement with
these biological activities, specific receptors for SP have
been detected on macrophages and human T-cell pop-
ulations (34, 43). Hence, the local synthesis of tachyki-
nin peptides within rat and possibly human thymus
together with the previous demonstrations of specific
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SP receptors on immunocompetent cells suggest that
they may play a role in the process of T-cell differentia-
tion and/or early activation that occurs primarily in the
thymus.

MATERIALS AND METHODS
RNA Preparation and Blot Analysis

The indicated organs were dissected from adult (150-200 g
BW) Sprague-Dawley rats. All tissues were frozen in liquid
nitrogen and stored at —70 C before RNA preparation, as
previously decribed (44). Briefly, the frozen tissue samples
were homogenized in 4 M guanidine isothiocyanate, 0.1 m 8-
mercaptoethanol, and 0.025 m sodium citrate (pH 7.0) and
centrifuged at 15 C in a Beckman SW41 rotor (Palo Alto, CA)
at 35,000 rpm for 16 h. Poly(A)* RNA was isolated by oligo(dT)-
cellulose chromatography (45), and the recovery of RNA was
quantified spectrophotometrically before use in RNA blot
analysis. Poly(A)* RNA (20 ng) from each sample was electro-
phoresed in a 1% agarose gel containing 0.7% formaldehyde
and transferred to a nitrocellulose filter. The blotted RNA was
then hybridized to a 300-basepair (bp) Bg/ll-BstEll fragment
from a rat PPT cDNA clone kindly provided by Dr. Shigetada
Nakanishi, Kyoto University, Japan. This fragment hybridizes
to a 1.3-kb PPT mRNA encoding either SP alone or both NKA
and SP (32). For hybridization to NPY mRNA, a 287-bp Xbal-
Aval fragment containing exon 2 of the NPY gene was used
(35). The fragments were labeled with [«-32P]dCTP by nick
translation to a specific activity of approximately 5 < 10° cpm/
1g. Hybridization was carried out in 4 X SSC (1 X SSC is 150
mm NaCl and 15 mm sodium citrate, pH 7.0), 40% formamide,
1 X Denhardt’s solution, and 10% dextran sulfate at 42 C.
Filters were washed at high stringency (0.1 X SSC-0.1 sodium
dodecyl sulfate; 54 C) and exposed to Kodak XAR-5 films
(Eastman Kodak, Rochester, NY). The same filters as those
used for PPT hybridization were boiled for 5 min in 1% glycerol
and then probed with a nick-translated 1.5-kb Pstl fragment
encoding mouse «-actin (46). Appropriate exposures of all
autoradiograms were quantified using a Shimadzu (Kyoto,
Japan) CS-9000 densitometer. The level of PPT mRNA was
then normalized relative to the level of actin mRNA,

In Situ Hybridization

In situ hybridization was carried out essentially as described
by Ernfors et al. (44), with some minor modifications. Briefly,
pieces of rat thymus were fresh frozen, and 14-um thick
sections were cut on a cryostat and thawed onto poly-L-lysine
(50 ng/mi)-pretreated slides. The sections were subsequently
fixed in 4% paraformaldehyde for 30 min and rinsed twice in
PBS. The sections were then acetylated in 0.1 M triethanola-
mine, pH 8.0, containing 0.25% acetic anhydride for 10 min.
After rinsing in 2 X SSC, followed by one rinse in 1 X PBS,
the sections were immersed in 0.1 m Tris-HCI (pH 7.0) and 0.1
M glycine for 30 min. Dehydration was carried out in a graded
series of ethanol, including a 5-min incubation in chloroform,
followed by a brief air drying. The sections were prehybridized
for 2 h at 42 C in 50% formamide, 4 x SSC, 1 X Denhardt’'s
solution (0.02% polyvinylpyrrolidone, 0.02% Ficoll, and 0.02%
BSA), 10% dextran sulfate, 0.25 mg/ml yeast tRNA, 0.5 mg/
ml sheared salmon sperm DNA, 1% sarcosyl (N-lauroyl sar-
cosine), 0.02 M NaPO, (pH 7.0), and 0.05 m dithiothreitol. The
same DNA fragments as those used for RNA blot analysis
were also used to detect PPT and NPY mRNA by in situ
hybridization. As a negative control probe, a 500-bp EcoRl
fragment from a cDNA clone encoding the rat brain antigen NI
2 was used. This fragment contains the 3'-untranslated region
of a gene expressed in the rat brain and mitogen-stimulated
spleen cells, but not in rat thymus, as determined by RNA blot
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analysis (Ericsson, A., G. Barbany, and H. Persson, manuscript
submitted for publication). The DNA probes were labeled with
[«-**S]dATP by nick-translation to a specific activity of approx-
imately 5 x 10® cpm/ug. Hybridization was performed at 42 C
for 15 h in a humidified chamber with 100 ul/slide hybridization
cocktail containing 1 x 10° cpm labeled probe. The slides
were subsequently rinsed, washed four times for 15 min each
at 55 C in 1 x SSC, and then air dried. The sections were
dipped in Kodak NTB-2 photoemulsion, diluted 1:1 in water,
exposed for 10 weeks at —20 C, developed, and fixed, fol-
lowed by counterstaining with cresyl violet. Light- and darkfield
micrographs were obtained using a Nikon Microphot-FX mi-
croscope. For darkfield micrographs, epiluminiscent UV light
and a Nikon IGS filter was used to reduce tissue autofloures-
cene and quenching of light over cells densely stained with
cresyl violet.

Extraction of SP-LI from Thymic Tissues

Thymic lobes were dissected from children undergoing ster-
notomy for cardiac surgery. A pool of six thymuses was
obtained from adult Sprague-Dawley rats after cervical dislo-
cation. SP extraction was performed as previously described
(47). Briefly, small pieces of thymus were placed for 10 min
into boiling 0.5 m acetic acid (1:10, wt/vol) and then centrifuged
at 4 C at 1600 x g for 10 min. Supernatants were collected,
lyophilized, and stored at —20 C until further analyses. The
estimated recovery of exogenously added SP in the extraction
procedure was 76.5 + 2.4%.

SP-Specific RIA

Two polyclonal SP-specific antisera were used for the RIA.
The first antiserum (SP2) was kindly provided by Dr. Ernst
Brodin, Karolinska Institute (Stockholm, Sweden), and this
antiserum has previously been characterized and used for SP
RIA, as detailed by Brodin et al. (48). The other antiserum
(SPa) was raised in rabbits after sc injections of SP conjugated
to BSA using diflourodinitrobenzene (49). [Tyr’]SP was radio-
iodinated using a slight modification of the chloramine-T
method. For assays, lyophilisates were first reconstituted in
0.05 m phosphate buffer, pH 7.5, containing 0.5% BSA and
0.05% sodium azide. One hundred-microliter samples or
standard SP were incubated with 100 nl SP2 (initial dilution,
1:50,000) or SP, (initial dilution, 1:75,000) for 24 h at 40 C.
One hundred microliters of 2*I-[Tyr*]SP (+30,000 cpm) were
then added together with normal rabbit serum (1:100), and the
incubation was continued for 24 h at the same temerature.
After the addition of 1 ml buffer containing 6% polyethylene
glycol 6000, goat antirabbit antiserum (1:200), 0.5% Tween-
20, and 0.02% inactive cellulose, the samples were incubated
for 20 min at room temperature, and bound and free antigen
were separated by centrifugation at 2,700 x g at 200 C for 15
min. The sensitivity of the assays was 3 pg/ml. Both antisera
reacted to 100% with synthetic SP, fragment SP-(4-11), [Tyr’]
SP, and [Tyr®]SP. Cross-reactivity was only 1% with fragment
SP-(7-11) and less than 0.01% with fragment SP-(1-4), NKA,
and NKB. Synthetic SP, NKA, NKB, SP fragments, [Tyr’]SP,
and [Tyr®’]SP were purchased from UCB-Bioproducts (Braine
I'Alleud, Belgium). Intra- and interassay coefficients of variation
were 6% and 8%, respectively.

Reverse Phase HPLC

Lyophilized extracts of rat and human thymuses were redis-
solved in 0.1% CF3;COOH-20% CH,CN, filtered, and injected
on a 5-um Bondapak C18 column (Waters Associates, Mil-
ford, MA) equilibrated in the solvent. Elution was performed at
a flow rate of 1 mi/min, with a linear gradient of 0.5% CH,CN/
min. Fractions of 0.5 ml were collected and lyophilized. The
system was calibrated using UV-detectable amounts of syn-
thetic SP, fragment SP-(4-11), NKA, and NKB. Standard prep-

1217

arations were run after analysis of the thymic extracts to avoid
any artefactual shadowing effect.

Immunochemistry

Frozen pieces of rat thymus were sectioned (3—-5 um thick) on
a cryostat, followed by fixation in 15% picric acid and 2%
paraformaldehyde. After rinsing, the sections were processed
for indirect immunoflourescence and incubated at 4 C with
polyclonal SP2 antiserum (diluted 1:100) (48) or the polyclonal
antiserum NKA2 against NKA (diluted 1:200) (48). Control
experiments included preincubations of the antiserum with
their homologous antigens (1 uM) as well as solid phase
absorbtion of antiserum NKA2 with 3 mg NKA (Peninsula,
Belmont, CA) coupled to 0.1 g CnBr-activated Sepharose 4b
beads, handled as recommended by the manufacturer (Phar-
macia, Uppsala, Sweden). Double immunoflourescence anal-
yses with A2B5 crude supernatant or KL 4 antiserum were
performed as previously described (15).

Acknowledgments

We thank F. Louis-Kohn for expert technical assistance and
Mrs. M. Hoste-Fodor for expert secretarial help. We also thank
G. Primo (Free University of Brussels, Belgium) for providing
human thymic fragments, Dr. S. Nakanishi (Kyoto University,
Japan) for the kind gift of the rat PPT-A cDNA clone, and Dr.
E. Brodin (Karolinska Institute, Stockholm, Sweden) for the
kind gift of the SP2 and the NKA 2 antisera.

Received September 26, 1989. Revision received May 3,
1990. Accepted May 3, 1990.

Address requests for reprints to: Dr. Hakan Persson, Ka-
rolinska Institute, Department of Medical Chemistry, Labora-
tory of Molecular Neurobiology, Box 60400, S-10401 Stock-
holm, Sweden.

This work was supported by grants from the Swedish
Natural Research Council, the Belgian FNRS, Augusta and
Petrus Hedlunds Stiftelse, and funds from the Karolinska
Institute.

* Research associate of the Belgian FNRS.

REFERENCES

1. Cantor H, Weissman | 1976 Development and function of
subpopulations of thymocytes and T lymphocytes. Prog
Allergy 20:1-64

2. Sprent J, Lo D, Gao EK, Ron Y 1988 T Cell selection in
the thymus. Immunol Rev 101:173-190

3. Singer KH, Wolf LS, Lobach DF, Denning SM, Tuck DT,
Robertson AL, Haynes BF 1986 Human thymocytes bind
to autologous and allogeneic thymic epithelial cells in vitro.
Proc Natl Acad Sci USA 83:6588-6592

4. Marrack P, Lo D, Brinster R, Paimiter R, Burkly L, Flavell
RH, Kappler J 1988 The effect of thymus environment on
T cell development and tolerance. Cell 53:627-634

5. Ritter MA, Rozing J, Schuurman HJ 1988 The true func-
tion of the thymus? Immunol Today 9:183-193

6. Goldstein G 1974 Isolation of bovine thymin: a polypeptide
hormone of the thymus. Nature 247:11-14

7. Goldstein AL, Low TL, Thurman GB, Zatz MM, Hall N,
Chen J, Hu SK, Naylor PB, McClure JE 1981 Current
status of thymosin and other hormones of the thymus
gland. Recent Prog Horm Res 37:369-415

8. Bach JF 1983 Thymulin (FTS-Zn). Clin Immunol Allergy
3:133-156

9. Moll UM, Lane BL, Robert F, Geenen V, Legros JJ 1988
The neuroendocrine thymus. Abundant occurrence of ox-
ytocin-, vasopressin-, and neurophysin-like peptides in
epithelial cells. Histochemistry 89:385-390

Downloaded from mend.endojournals.org by guest on May 26, 2009


http://mend.endojournals.org

MOL ENDO- 19380
1218

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Howe RC, Lowenthal JW, MacDonald HR 1986 Role of
interleukin 1 in early T cell development: Lyt-2-L3T4-
thymocytes bind and respond in vitro to recombinant IL
1. J Immuno! 137:3195-3200

Le PT, Tuck DT, Dinarello CA, Haynes BF, Singer KH
1987 Human thymic epithelial cells produce interleukin 1.
J Immunol 138:2520-2526

Le PT, Kurtzberg J, Brandt SJ, Niedel JE, Haynes BF,
Singer KH 1988 Human thymic epithelial cells produce
granulocyte and macrophage colony-stimulating factors.
J Immunol 141:1211-1217

Eisenbarth GS, Shimizu K, Bowring MA, Wells S 1982
Expression of receptors for tetanus toxin and monoclonal
antibody A2B5 by pancreatic islet cells. Proc Natl Acad
Sci USA 79:5066-5070

Angeletti RH, Hickey WF 1985 A neuroendocrine marker
in tissues of the immune system. Science 230:89-90
Geenen V, Defresne MP, Robert F, Legros JJ, Franchi-
mont P, Boniver J 1988 The neurohormonal thymic mi-
croenvironment: immunocytochemical evidence that
thymic nurse cells are neuroendocrine cells. Neuroendo-
crinology 47:365-368

Dotta F, Nayak RC, Dib SA, Di BE, Krisch K, Posillico JT,
Ricker AT, Di MU, Eisenbarth GS 1988 A novel neuroen-
docrine cell surface glycoprotein: identification, isolation,
and initial characterization. Endocrinology 122:1263-
1268

Sobo! RE, Burton D, Schaeffer MT, Tice D, Royston I,
Deftos LJ 1988 Unique subset of thymic epithelial cells
defined by the expression of a novel neuroendocrine
antigen. Cell Immunol 115:121-129

Sundler F, Carraway RE, Hakanson R, Alumets J, Dubois
MP 1978 immunoreactive neurotensin and somatostatin
in the chicken thymus. A chemical and histochemical
study. Cell Tissue Res 194:367-376

Geenen V, Legros JJ, Franchimont P, Baudrihaye M,
Defresne MP, Boniver J 1986 The neuroendocrine thy-
mus: coexistence of oxytocin and neurophysin in the
human thymus. Science 232:508-511

Clements JA, Funder JW 1986 Arginine vasopressin (AVP)
and AVP-like immunoreactivity in peripheral tissues. En-
docr Rev 7:449-460

Markwick AJ, Lolait SJ, Funder JW 1986 Immunoreactive
arginine vasopressin in the rat thymus. Endocrinology
119:1690-1696

Geenen V, Legros JJ, Franchimont P, Defresne MP, Bon-
iver J, Ivell R, Richter D 1987 The thymus as a neuroen-
docrine organ. Synthesis of vasopressin and oxytocin in
human thymic epithelium. Ann NY Acad Sci 496:56-66
von Gaudecker B, Steinmann GG, Hansmann ML, Harp-
precht J, Milicevic NM, Muller HH 1986 Immunohisto-
chemical characterization of the thymic microenvironment.
A light-microscopic and uitrastructural immunocytochem-
ical study. Cell Tissue Res 244:403-412

Fuller PJ, Verity K 1989 Somatostatin gene expression in
the thymus gland. J Immunol 143:1015-1017

Wybran J, Appelboom T, Famaey JP, Govaerts A 1979
Suggestive evidence for receptors for morphine and me-
thionine-enkephalin on normal human blood T lympho-
cytes. J Immunol 123:1068-1070

Weigent DA, Blalock JE 1987 Interactions between the
neuroendocrine and immune systems: common hormones
and receptors. Immunol Rev 100:79-108

Elands J, Resink A, De KE 1988 Oxytocin receptors in
the rat thymic gland. Eur J Pharmacol 151:345-346
Torres BA, Johnson HM 1988 Arginine vasopressin (AVP)
replacement of helper cell requirement in IFN-gamma
production. Evidence for a novel AVP receptor on mouse
lymphocytes. J Immunol 140:2179-2183

Maggio J 1988 Tachykinins. Annu Rev Neurosci 11:13-
28

Geppetti P, Maggi CA, Zecchi OS, Santicioli P, Meli A,
Frilli S, Spillantini MG, Amenta F 1987 Substance P-like

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Vol 4 No. 8

immunoreactivity in capsaicin-sensitive structures of the
rat thymus. Regul Peptides 18:321-329

Geppetti P, Theodorsson-Norheim E, Ballerini G, Alessan-
dri M, Maggi C, Santicioli P, Amenta F, Fanciullacci M
1988 Capsaicin-sensitive tachykinin-like immunoreactivity
in the thymus of rats and guinea-pigs. J Neuroimmunol
19:3-9

Krause JE, Chirgwin JM, Carter MS, Xu ZS, Hershey AD
1987 Three rat preprotachykinin mRNAs encode the neu-
ropeptides substance P and neurokinin A. Proc Natl Acad
Sci USA 84:881-885

Payan DG, Brewster DR, Goetzl EJ 1983 Specific stimu-
lation of human T lymphocytes by substance P. J Immunol
131:1613-1615

Payan DG, Brewster DR, Missirian BA, Goetzl EJ 1984
Substance P recognition by a subset of human T lympho-
cytes. J Clin Invest 74:1532-1539

Larhammar D, Ericsson A, Persson H 1987 Structure and
expression of the rat neuropeptide Y gene. Proc Nati
Acad Sci USA 84:2068-2072

Haynes BF, Shimizu K, Eisenbarth GS 1983 Identification
of human and rodent thymic epithelium using tetanus
toxin and monoclonal antibody A2BS. J Clin Invest 71:9-
14

Ericsson A, Schaling M, Mcintyre KR, Lundberg JM,
Larhammar D, Seroogy K, Hokfelt T, Persson H 1987
Detection of neuropeptide Y and its mMRNA in megakary-
ocytes: enhanced levels in certain autoimmune mice. Proc
Natl Acad Sci USA 84:5585-5589

Persson H, Ericsson A, Hemsén A, Hokfelt T, Larhammar
D, Lundberg JM, Mcintyre KR, Schalling M 1988 Expres-
sion of neuropeptide tyrosine (NPY) mRNA and peptide
in non-neuronal cells. In: Mutt V, Hokfelt T, Fuxe K,
Lundberg JM (eds) Neuropeptide Y. Raven Press, New
York, pp. 43-50

Shigematsu K, Saavedra JM, Kurihara M 1986 Specific
substance P binding sites in rat thymus and spleen: in
vitro autoradiographic study. Regul Peptides 16:147-156
Lotz M, Vaughan JH, Carson DA 1988 Effect of neuro-
peptides on production of inflammatory cytokines by hu-
man monocytes. Science 241:1218-1221

Soder O, Hellstrom P 1989 The tachykinins neurokinin A
and physalaemin stimulate murine thymocyte prolifera-
tion. Int Arch Appl Immunol 90:91-96

Laurenzi M, Persson P, Dalsgaard C-J, Ringdén O 1989
Simulation of human B lymphocyte differentiation by neu-
ropeptides substance P and neurokinin A. Scand J Im-
munol 30:695-701

Hartung HP, Wolters K, Toyka KV 1986 Substance P:
binding properties and studies on cellular responses in
guinea pig macrophages. J Immunol 136:3856-3863
Ernfors P, Hallbéok F, Ebendal T, Radeke MJ, Misko TP,
Shooter EM, Persson H 1988 Developmental and regional
expression of g-nerve growth factor receptor messenger
RNA in the chick and rat. Neuron 1:983-996

Aviv H, Leder P 1972 Purification of biologically active
globin messenger RNA by chromatography on oligo-thym-
idilic acid-cellulose. Proc Natl Acad Sci USA 69:1408-
1412

Minty AJ, Caravatti M, Robert B, Cohen A, Daubas P,
Weydert A, Gros F, Buckingham ME 1981 Mouse actin
messenger RNAs. Construction and characterization of a
recombinant plasmid molecule containing a complemen-
tary DNA transcript of mouse alpha-actin mRNA. J Biol
Chem 256:1008-1014

McGregor GP, Bloom SR 1983 Radioimmunoassay of
substance P and its stability in tissue. Life Sci 32:655-
662

Brodin E, Lindefors N, Dalsgaard CJ, Theodorsson NE,
Rosell S 1986 Tachykinin multiplicity in rat central nervous
system as studied using antisera raised against substance
P and neurokinin A. Regul Peptides 13:253-272

Tager HS 1976 Coupling of peptides to albumin with
difluorodinitrobenzene. Anal Biochem 71:367-375

Downloaded from mend.endojournals.org by guest on May 26, 2009


http://mend.endojournals.org

