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ABSTRACT Corticotropin-releasing factor (CRF) ini-
tiates stress-induced immunosuppression via the hypothalam-
ic—pituitary—adrenal axis. CRF has also been shown to have
direct stimulatory and suppressive effects on immune cells. We
have previously detected immunoreactive and bioactive CRF in
the rat spleen and thymus. To determine if CRF is synthesized
in these tissues, we analyzed rat spleen and thymus for the
presence of CRF mRNA. RNA was reverse transcribed, and the
resulting cDNA was amplified by the polymerase chain reaction
with CRF gene-specific oligonucleotide primers. After South-
ern blotting and hybridization with an internal CRF gene
probe, a product of the expected size was detected in the spleen,
thymus, and hypothalamus (positive control) but not in liver or
kidney (negative controls), indicating that CRF is synthesized
in the spleen and thymus. Furthermore, CRF could be secreted
from splenic and thymic adherent cells in culture. Secretion
increased severalfold in response to nordihydroguaiaretic acid
(NDGA), a lipoxygenase pathway inhibitor, whereas interleu-
kin 1 had no effect, suggesting that regulation of CRF secretion
may differ from that in the hypothalamus. CRF mRNA was
detected in NDGA-stimulated thymic adherent cells and in both
control and NDGA-stimulated splenic nonadherent cells. The
finding that CRF is synthesized in the spleen and thymus
suggests that locally synthesized ‘‘immune’’ CRF, acting as an
autocrine or paracrine cytokine, may have direct regulatory
effects on immune function.

The neuroendocrine response to stress is orchestrated by the
hypothalamic hormone corticotropin-releasing factor (CRF)
(1). In response to stress, this 41-aa peptide is secreted from
the hypothalamus and passes via the portal circulation to the
anterior pituitary, where it stimulates synthesis and secretion
of peptides derived from the proopiomelanocortin gene,
including adrenocorticotropin hormone (ACTH) and B-en-
dorphin (2). Stress also results in suppression of immune
function (3, 4), and hypothalamic CRF is involved in this
response via glucocorticoids secreted from the adrenal gland
in response to ACTH (5, 6) or alternatively by adrenal-
independent mechanism(s) (7, 8). Secretion of brain CRF is
also stimulated by increases in endogenous interleukin 1
(IL-1) in the brain (9, 10), resulting in peripheral immune
suppression (11).

Exogenous CRF has also been shown to have direct
immunosuppressive effects on immune functions in vivo (8)
and in vitro (12). In contrast, CRF can enhance production of
IL-1 and interleukin 2 (IL-2) by monocytes (13), and IL-1 can
in turn stimulate the secretion of B-endorphin from lympho-
cytes (14-16). CRF receptors, similar to those found in the
anterior pituitary and the brain, have been identified in
resident macrophages of mouse spleen (17), and CRF-like
peptide and mRNA have been identified in unfractionated
human peripheral leukocytes (18). These observations sug-
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gest a complex but important role for CRF in integrating the
neuroendocrine and immune responses to stress.

Recent evidence suggests that CRF is released locally in
response to inflammation and acts as an autocrine or para-
crine cytokine (19, 20). Similarly, CRF may function as a
paracrine hormone and neurotransmitter in multiple extrapi-
tuitary sites, via specific receptors localized in the brain (21)
and peripheral target organs, including adrenals (22), testis
(23), and placenta (24). Since CRF peptide synthesis occurs
at some of these sites (25, 26), this suggests that CRF could
also be synthesized and act locally in lymphoid tissues.

Previous work in our laboratory has demonstrated the
presence of immunoreactive and bioactive CRF in the rat
thymus (27). In the present study, we use the reverse
transcription—-polymerase chain reaction (RT-PCR) to dem-
onstrate the presence of CRF mRNA in rat thymus and
spleen, indicating that CRF is synthesized in these tissues of
the immune system. We also detect CRF mRNA in thymic
adherent cells and splenic nonadherent cells in vitro. Fur-
thermore, we show that CRF peptide is secreted in vitro by
thymic and splenic adherent cells and that the regulation of
CRF secretion in these cells differs from CRF secretion in the
hypothalamus. A preliminary report of this work has been
presented.$

MATERIALS AND METHODS

Animals, Rat hypothalamus, thymus, and spleen were from
21-day-old Sprague-Dawley males. Rat liver and kidney were
from 120-day-old Sprague-Dawley females. Animals were
killed by decapitation. Tissues were excised and either ex-
tracted immediately as described below or frozen at —80°C.
For cell cultures, thymi and spleens were removed under
sterile conditions and collected into sterile phosphate-
buffered saline at 4°C.

RNA Isolation. Total RNA was isolated using guanidium
thiocyanate extraction and LiCl precipitation as described in
Abood et al. (28). In some cases RNA was further purified
through CsCl as described in ref. 29 to remove contaminating
genomic DNA.

PCR Primers. CRF gene-specific oligonucleotide primers
were synthesized from the published sequence for the rat
CRF gene (25). Two 5' primers were used: CRF-4 (5'-
GAGGTACCTCGCAGAACAAC-3') from exon 1 and
CRF-1 (5'-CCGCAGCCGTTGAATTTCTTG-3’) from exon
2. The 3’ primer was CRF-2 (5'-AGATATCGCTATAAA-
GACACT-3’) from exon 2. CRF-4 and CRF-2 generate prod-
ucts of 895 bp from mRNA and 1582 bp from genomic DNA,
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whereas CRF-1 and CRF-2 generate a 720-bp product from
both mRNA and genomic DNA (see Fig. 1). B-Actin gene-
specific primers were synthesized from the published se-
quence of a mouse B-actin cDNA (30). Act-1 (5’ primer =
5'-CTTCTACAATGAGCTGCGTGTGGCC-3') and Act-2
(3' primer = 5'-GGAGCAATGATCTTGATCTTCATGG-3')
generate a product of 728 bp.

RT-PCR. The GeneAmp RNA PCR kit (Perkin-Elmer/
Cetus) was used to carry out the RT-PCR. Two micrograms
of total RNA was reverse transcribed into cDNA in 40 ul
containing 1x PCR buffer (50 mM KCl/10 mM Tris-HCl, pH
8.3/0.01% gelatin), 5 mM MgCl,, each dNTP at 1 mM, RNase
inhibitor at 1 unit/ul, 5 uM oligo(dT);¢ primer, and reverse
transcriptase at 2.5 units/ul. Reaction mixtures were incu-
bated at 42°C for 45 min, boiled for 5 min, and cooled on ice
for S min. Half (20 ul) of the resulting cDNA was amplified
by PCR in 100 ul containing 1x PCR buffer, 2 mM MgCl,,
each ANTP at 0.2 mM, 2.5 units of AmpliTaq DNA poly-
merase, 1 uM CRF-4 (or CRF-1), and 1 uM CRF-2; the other
half was amplified in the same buffer with 1 uM Act-1 and 1
pM Act-2. Samples were overlaid with mineral oil and
amplified in a DNA thermal cycler programmed for 94°C for
S min, 30 cycles of 94°C for 2 min, 55°C for 1.5 min, and 72°C
for 3 min, followed by 72°C for 7 min.

Southern Blotting and Hybridization. A 20-ul aliquot of
each RT-PCR reaction was electrophoresed on a 1.2% aga-
rose gel, and the DNA was blotted onto a nitrocellulose filter.
Filters were probed with a 320-bp Pst I fragment subcloned
from a rat CRF ¢cDNA (25) (see Fig. 1) or mouse B-actin
cDNA (30) 32P-labeled by random primer labeling (31). Filters
were hybridized for 16 h at 42°C in 50% (vol/vol) formamide
buffer as described in ref. 32, washed for 30 min at room
temperature in 2X SSC/0.1% SDS (1x SSC = 0.15 M
NaCl/0.015 M Na citrate, pH 7.0), washed for 60 min at 52°C
in 0.1x SSC/0.1% SDS, and exposed to Kodak XAR-S5 film
at room temperature. Densitometry was carried out with an
image analyzer and Macintosh-based BRAIN system with
gray-scale calibration.

Cell Cultures. In the CRF peptide secretion experiments,
thymic and splenic cells were seeded at 107 and 5 X 105 cells
per ml, respectively, in RPMI 1640 medium containing pen-
icillin at 100 units/ml, streptomycin at 100 ug/ml, fungizone
at 0.25 ug/ml, and 10% (vol/vol) fetal calf serum. After 2-3
days of incubation, nonadherent cells were removed. After
an additional 3 days of incubation, cells were washed twice
with serum-free medium and incubated for 24 h in fresh
serum-free medium containing different treatments in tripli-
cate. Supernatants were removed and kept at —70°C until
determination of CRF concentration by RIA.
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In the CRF mRNA experiments, splenic and thymic cells
were seeded at 1.5 X 107 cells per ml. After a 2-h incubation,
adherent and nonadherent cells were separated by decanting,
and both sets of cells were washed twice in the same medium
as for the secretion studies but containing steroid-free fetal calf
serum. Thymic and splenic adherent cells were seeded at 107
and 5 X 10° cells per ml, respectively, and nonadherent cells
from both tissues were seeded at 7 X 105/ml. After 3 days of
incubation in steroid-free medium, treatments were added in
duplicate, and cells were incubated for a further 24 h.

CRF RIA. CRF-like immunoreactivity in tissues was mea-
sured in the supernatant of the first RNA precipitation (28) as
described (27). CRF-like immunoreactivity in the cell culture
medium was measured as described (33) using an antiserum
against CRF (human, rat; Peninsula Laboratories). The assay
sensitivity was 2—-4 pg per tube. The intra- and interassay
coefficients of variation were 3.5 and 8%, respectively, at
50% binding.

The CRF secretion data were analyzed statistically using
one-way ANOVA followed by Student’s ¢ test. Statistical
significance was considered at P < 0.05 after correction for
multiple comparisons.

RESULTS

Detection of Thymic and Splenic CRF mRNA. Various
tissues from rat were analyzed by RT-PCR for the presence
of CRF mRNA using rat CRF gene-specific oligonucleotide
primers. Fig. 1 shows a map of the rat CRF gene and mRNA,
the position of the CRF gene-specific primers, and the
position of the 320-bp hybridization probe used to detect the
RT-PCR products. Since primers CRF-4 and CRF-2 span
intron 1, the PCR product generated from mRNA (895 bp) is
distinguishable from that generated from genomic DNA (1582
bp; i.e., 895 + 687 bp).

RNA from hypothalamus, thymus, and spleen was purified
by CsCl centrifugation to remove contaminating genomic
DNA. Total RNA (2 ug) from hypothalamus, thymus, spleen,
liver, and kidney was reverse transcribed into cDNA. Half of
each reaction was amplified by PCR with CRF-4 and CRF-2,
whereas the other half was amplified with B-actin gene-
specific primers. After gel electrophoresis and transfer to
nitrocellulose, the CRF-amplified products were probed with
the 320-bp CRF fragment, and the B-actin products were
probed with a mouse B-actin cDNA. Hypothalamus, which is
known to synthesize CRF, served as a positive control. The
expected 895-bp product was detected when hypothalamus
RNA was amplified with CRF-4 and CRF-2 (Fig. 24, lane 1).
This product was also detected when thymus and spleen
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product generated from CRF mRNA by
RT-PCR. CRF-4, nt 110-129 of the rat
CREF gene; CRF-1, nt 972-992; CRF-2, nt
1672-1692. Also shown is the 320-bp Pst
I fragment used to detect CRF-specific
PCR products by hybridization.
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Fi1G. 2. Detection of CRF mRNA in rat tissues. (A) RNA was
analyzed by RT-PCR using CRF-4 and CRF-2 (lanes 1-6) and Act-1
and Act-2 (lanes 7-11). Twenty microliters of each RT-PCR reaction
mixture was resolved on a 1.2% agarose gel, transferred to nitrocel-
lulose, and hybridized with the 320-bp CRF probe (lanes 1-6) or
B-actin cDNA (lanes 7-11). Lanes 1, 2, and 7, hypothalamus; lanes
3 and 8, thymus; lanes 4 and 9, spleen; lanes S and 10, liver; lanes 6
and 11, kidney. Lanes 1 and 7-11 were exposed to x-ray film for 5
min, and lanes 2-6 were exposed for 24 h. (B) RNA from thymus or
spleen (1-8 ug) was analyzed by RT-PCR using CRF-4 and CRF-2.
Twenty microliters of each reaction mixture was analyzed by hy-
bridization with the CRF 320-bp probe as described in A. Lanes 1-4,
1, 2, 4, and 8 ug, respectively, of thymus total RNA; lanes 5-7, 1,
4, and 8 ug, respectively, of spleen total RNA. Lanes 1-4 were
exposed to x-ray film for 6 h, and lanes 5-7 were exposed for 52 h.

RNAs were amplified with these primers (lanes 3 and 4),
indicating that CRF mRNA is present in the thymus and
spleen. Furthermore, the 1582-bp product was not detected,
indicating that genomic DNA was not present in these
samples. RT-PCR was also carried out using primers CRF-1
(see Fig. 1) and CRF-2, and the expected 720-bp product was
detected in hypothalamus, thymus, and spleen (data not
shown). Lane 2 is lane 1 exposed for the same length of time
as lanes 3-6 to allow comparison of the relative amount of
895-bp RT-PCR product in hypothalamus, thymus, and
spleen. Lane 1 is shown to compare sizes of PCR products in
the different tissues. As can be seen in Fig. 2A and from
densitometry of the autoradiogram (data not shown), signif-
icantly more of the 895-bp product was found in the hypo-
thalamus compared to the thymus, and significantly more
was found in the thymus compared to the spleen. This
experiment has been repeated several times, and these rel-
ative levels of the 895-bp product have been observed con-
sistently.

Liver and kidney served as negative controls. The 895-bp
product was not detected when RNAs from these tissues
were amplified with CRF-4 and CRF-2 (Fig. 24, lanes 5 and
6). The 1582-bp product was detected in liver and kidney,
indicating the presence of genomic DNA. Since liver and
kidney RNA samples were not purified by CsCl centrifuga-
tion, we anticipated that this product would be generated.
This demonstrates that CRF-4 and CRF-2 were capable of
specific amplification of CRF sequences in the liver and
kidney PCRs. Amplification with the B-actin primers (lanes
7-11) demonstrated that all of the RNA samples, including
liver and kidney, could be reverse transcribed into cDNA and
amplified efficiently by PCR.

In addition to the expected PCR products, a number of
bands of unknown origin were detected after amplification
with CRF-4 and CRF-2: a 520-bp band in hypothalamus and
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thymus (Fig. 2A, lanes 1 and 3) and a 750-bp band in liver and
kidney (lanes S and 6). These bands may represent mRNA
species that share sequence homology with the CRF gene or
may be artifacts due to nonspecific priming during PCR.

In Fig. 2A, the intensity of the 895-bp product detected in
the spleen was very low compared to that in the hypothala-
mus. Therefore we repeated the above experiment for thy-
mus and spleen using increasing amounts of total RNA (1-8
ug) for the RT-PCR. As shown in Fig. 2B, the intensity of the
CRF mRNA-specific 895-bp product increased with increas-
ing amounts of RNA in both the thymus (lanes 1-4) and
spleen (lanes 5-7). In this case, RNA preparations were not
purified by CsCl centrifugation, and the 895-bp and 1582-bp
products were generated from mRNA and genomic DNA,
respectively. Fig. 2B again demonstrates the significantly
higher levels of the 895-bp product generated from the
thymus compared to the spleen, since the thymus lanes were
exposed to x-ray film for 6 h, whereas the spleen lanes were
exposed for 52 h.

CREF Content of Hypothalamic, Thymic, and Splenic Tissue.
The CRF peptide content in the supernatant of the first RNA
precipitation was 609 + 28 pg/mg, 8.9 + 0.7 pg/mg, and 5.2
+ 0.7 pg/mg of wet weight for hypothalamus, thymus, and
spleen, respectively, giving ratios of CRF peptide per mg of
wet weight for hypothalamus/thymus/spleen of ~117:1.7:1.

Secretory Response of Thymic and Splenic Adherent Cells.
Thymic and splenic adherent cells secreted measurable and
nearly equal amounts of CRF in their basal state (Fig. 3). CRF
secretion from adherent cells of both spleen and thymus
showed minimal changes in response to IL-1 (0.1 and 1
ng/ml), indomethacin (10 and 50 uM), 15-hydroxyeicosatet-
raenoic acid (500 pg/ml), and leukotriene B4 (20 pg/ml),
which were not significant at P < 0.05 (Table 1). Both splenic
and thymic adherent cells increased CRF secretion several-
fold over baseline in response to different doses of nordihy-
droguaiaretic acid (NDGA), a lipoxygenase biosynthesis
inhibitor (Fig. 3).

CRF mRNA in Adherent and Nonadherent Cells from
Thymus and Spleen. Adherent and nonadherent cells from
thymus and spleen were analyzed by RT-PCR for the pres-
ence of CRF mRNA. In thymic adherent cells, the 895-bp
RT-PCR product was not detected in the basal state (Fig. 4,
lane 1) but was detected after treatment with 5 and 10 uM
NDGA (lanes 2 and 3, respectively). In thymic nonadherent
cells, CRF mRNA was not detected in either control or
NDGA-treated cells (data not shown). CRF mRNA was
detected in splenic nonadherent cells in both the absence
(lane 4) and presence of NDGA (5 and 10 uM, lanes 5 and 6,
respectively) but was not detected in splenic adherent cells
(data not shown). The CRF mRNA levels detected in NDGA-
stimulated thymic adherent cells and splenic nonadherent
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FiG. 3. Concentration-dependent effects of NDGA on CRF se-
cretion. Splenic and thymic adherent cells were incubated for 24 h in
the presence or absence of NDGA. Values represent mean + SEM
of two separate experiments, each performed in triplicates. CRF
secretion was significantly different from controls at all concentra-
tions of NDGA tested (P < 0.05 or lower).
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Table 1. Effect of various treatments on CRF secretion in
cultured adherent cells from spleen and thymus

CRF immunoreactivity,

pg per well
Addition Spleen Thymus
None (medium) 423+ 92 53.1 45
IL-1 (0.1 ng/ml) 382+ 4.5 35.3 + 4.7
IL-1 (1 ng/ml) 40.6 =+ 6.2 53.8 + 8.8
Indomethacin (10 uM) 655+ 33 73.2+59
15-HETE (500 pg/ml) 74.6 + 15.9 67.3 = 8.7
Leukotriene B4 (20 pg/ml) 215+ 7.5 38.5+6.8

HETE, hydroxyeicosatetraenoic acid. Values are the mean *
SEM (n = 3). Cultured adherent cells were treated for 24 hr. No
significant treatment effects were found by multiple comparisons.

cells in culture are comparable, because the thymus lanes
were exposed for 2 h and the spleen lanes were exposed for
5 h. This is in contrast to the large difference in CRF mRNA
levels observed in thymus and spleen tissues.

These RNA samples were not purified by CsCl centrifu-
gation, as reflected by the presence of the 1582-bp product
from genomic DNA in lanes 3-5. In all cases, the expected
PCR product was generated using B-actin primers (lanes
7-12), including thymic nonadherent cells and splenic adher-
ent cells (data not shown). This demonstrates that all RNA
samples were reverse transcribed into cDNA, which could be
amplified efficiently by PCR. Therefore, the absence of CRF
mRNA-specific PCR product in control thymic adherent
cells, thymic nonadherent cells, and splenic adherent cells
was not due to the absence of cDNA.

DISCUSSION

To our knowledge, this report is the first to demonstrate the
presence of CRF mRNA in rat thymus and spleen, confirming
that CREF is synthesized in these tissues. In addition, this is
the first report that CRF can be secreted from thymic and
splenic adherent cells in culture. Secretion occurs even in the
basal unstimulated state and increases in response to NDGA.
We also show that CRF mRNA is present in thymic adherent
cells in the presence of NDGA and in splenic nonadherent
cells both in the presence and absence of NDGA.

CRF synthesis has been detected in several nonbrain
tissues including rat adrenal gland, testis, and pituitary (25).

2 3 4 5 6
- ’--

beta-actin 7 8 9 10 11 12

728bp—“ | ” o *.

CRF 1

1582 bp —

895 bp —

FiG. 4. Effect of NDGA on CRF mRNA levels in thymic adher-
ent cells and splenic nonadherent cells. Thymic adherent cells (lanes
1-3 and 7-9) and splenic nonadherent cells (lanes 4-6 and 10-12)
were incubated for 24 h in medium only (lanes 1, 4, 7, and 10) or in
the presence of NDGA at 5 uM (lanes 2, S, 8, and 11) or 10 uM (lanes
3,6, 9, and 12). RNA was analyzed by RT-PCR using CRF-4 and
CRF-2 (lanes 1-6) and Act-1 and Act-2 (lanes 7-12). PCR products
were analyzed by hybridization with the 320-bp CRF probe and
B-actin cDNA as described in Fig. 2A. Filters were exposed to x-ray
film for 2 h at —80°C (lanes 1-3), 5 h at —80°C (lanes 4—6), or 5 min
at room temperature (lanes 7-12).

Proc. Natl. Acad. Sci. USA 90 (1993) 7107

The adrenal and testis transcripts are longer by 0.2 and 0.5 kb,
respectively, than the 1.4-kb transcript in rat hypothalamus.
CRF mRNA has also been detected in human placenta (26)
and peripheral leukocytes (18). A length of 1.7 kb has been
reported for the latter, compared to 1.5 kb for the human
hypothalamus transcript (18). In this study, the RT-PCR
product detected in the thymus and spleen was the same
length as that in the hypothalamus, suggesting that the CRF
mRNA species in the spleen and thymus are identical to the
hypothalamus mRNA. In this analysis, however, differences
upstream from the 5’ primer (e.g., in initiation sites) or
downstream from the 3’ primer (e.g., in polyadenylylation
sites) would not be detected.

Significantly higher levels of CRF mRNA were detected in
the thymus compared to the spleen, yet the CRF peptide
levels were only 1.7-fold higher in the thymus. This suggests
that the splenic CRF transcript may be translated more
efficiently than the thymic transcript or that the CRF peptide
may be more stable in the spleen compared to the thymus.

Hypothalamic CRF is involved both directly and indirectly
in stress-induced immunosuppression (11). However, in vi-
tro, CRF directly stimulates lymphocyte proliferation (34),
enhances the proliferative response to mitogens, and in-
creases the expression of IL-2 receptor (13, 35). These
seemingly contradictory data suggest that CRF might have
local direct effects on immune processes that are different
from those of hypothalamic CRF. CRF has also been found
at peripheral inflammatory sites, where in contrast to its
systemic indirect immunosuppressive effects, it acts as an
autocrine or paracrine inflammatory cytokine (20). The pre-
liminary data presented here on CRF secretion from adherent
splenic and thymic cells indicate that the locally synthesized
CRF can be secreted, which provides evidence for a possible
direct local effect of CRF on immune processes.

Considering these functional differences found in hypotha-
lamic and immune CREF, it is not surprising that we found the
regulation of CRF secretory responses in the spleen or
thymus to differ from that of the hypothalamus, despite the
apparent similarity of both CRF mRNA and processed CRF
peptide in these tissues. A major difference is the lack of
responsiveness of thymic or splenic adherent cells to IL-1
stimulation. IL-1 has been shown to stimulate CRF secretion
from the hypothalamus directly (10). The IL-1 doses of
effective hypothalamic CRF stimulation in vitro were be-
tween 1 and 50 units/ml (10, 36). Clearly, the IL-1 doses used
in this study are higher (100-1000 units/ml); therefore, a
possible biphasic effect of IL-1 on CRF secretion from thymic
and splenic adherent cells cannot be excluded. Alternatively,
the secretory roles of CRF and IL-1 may be reversed in
immune cells, since CRF has been shown to stimulate IL-1
production in monocytes (13, 14). Also, increased plasma
levels of IL-1 and IL-2 have been reported after intravenous
administration of CRF in humans.f

Another difference between hypothalamic and thymic or
splenic CRF secretory responses is the effect of arachidonic
acid metabolites on CRF secretion. We have previously
shown that blocking the cyclooxygenase and to a lesser degree
the lipoxygenase pathway can result in increased secretion of
CRF from a hypothalamic preparation (36). In this study, the
cyclooxygenase blocker indomethacin was without any sig-
nificant effect, but the lipoxygenase inhibitor NDGA was a
very effective stimulator of splenic and thymic CRF secretion.
Further studies should elucidate the tissue-specific interrela-
tionships of CRF and IL-1, the physiological role of CRF
stimulation by NDGA, and whether IL-1 is induced in the
spleen and thymus by locally synthesized CRF.

ISchulte, H. M., Monig, H., Bamberger, C. M., Karl, M., Genau,
M. & Barth, J., Ninth International Congress of Endocrinology,
August 30-September 5, 1992, Nice, France, p. 80 (abstr.).
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Although cell types were not determined in this study, it is
reasonable to suggest that thymic epithelial cells constitute the
majority of thymic adherent cells that express and secrete
CRF. Recently, oxytocin and vasopressin mRNA-containing
neuroendocrine cells were identified in the thymus, and the
epithelial nature of these cells was confirmed (37, 38). Also,
our data demonstrating CRF mRNA in the splenic nonadher-
ent cell fraction, consisting mostly of lymphocytes, are con-
sistent with the report that CRF-like mRNA has been found in
unstimulated human lymphocytes and neutrophils (18). It is
interesting to note that CRF mRNA levels in splenic nonad-
herent cells were almost comparable with those in NDGA-
stimulated thymic adherent cells, whereas CRF mRNA levels
were much lower in the spleen compared to the thymus. It is
possible that removal of splenic adherent cells removes a
negative regulatory factor for CRF mRNA synthesis, which
results in enhanced CRF mRNA synthesis in the nonadherent
cell fraction. Alternatively, these culture conditions may se-
lectively promote the growth of CRF-synthesizing cells, which
results in a greater proportion of CRF mRNA-containing cells
in culture than in the intact spleen.

Splenic adherent cells may take up exogenous CRF in vivo
from the CRF-synthesizing cells of the nonadherent fraction
since CRF mRNA was not detected in this cell fraction either
in the presence or absence of NDGA. Secretion of this CRF
from adherent cells can then be regulated by stimuli such as
NDGA. An example of this has been demonstrated in rat and
mouse megakaryocytes, which do not synthesize fibrinogen,
albumin, or IgG, but take up these proteins from plasma into
secretory granules by endocytosis (39).

The regulation of immune CRF and the extent to which
CRF participates in mounting an immune response are not
known. CRF can induce production of the proopiomelano-
cortin-derived peptides ACTH and B-endorphin from leuko-
cytes (40) directly or by inducing monocytes to produce IL-1,
which in turn activates B lymphocytes to secrete g-endorphin
(14). Interestingly, another proopiomelancortin peptide,
a-melanocyte-stimulating hormone (a-MSH), seems to play
a central and peripheral immunoregulatory role. a-MSH can
abolish the central immunosuppressive effects of IL-1 in the
brain (41) and the peripheral immunoenhancing ability of IL-1
(42), although contradictory results have been reported (43).
It has been suggested that at least some of the immunosup-
pressive effects of ACTH are in fact due to its conversion to
a-MSH by proteolytic cleavage (44). Thus, if a-MSH can
antagonize IL-1 activity in the periphery, it could constitute
a paracrine negative feedback.

The short half-life of secreted CRF peptide and the prob-
able presence of CRF-binding proteins (45) imply that these
direct effects of CRF on immune functions likely involve
short-range interactions between target immune cells and
locally synthesized CRF. Local synthesis would also ensure
higher concentrations of CRF, compared to the very low
plasma CREF levels (46) of hypothalamic origin. Site-specific
regulation of local CRF secretion could also fine-tune the
kinetics of the immune response to stress. Our results suggest
that the direct effects of CRF on immune cells are mediated
by thymic and splenic CRF, which may act as an autocrine
or paracrine hormone, whereas the more long-term effects of
stress are mediated by hypothalamic CRF acting via the
neuroendocrine system and glucocorticoids.
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