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Abstract

Corticotropin-releasing hormone (CRH), one of the primary
regulators of the hypothalamic-pituitary-adrenal (HPA ) axis,
exhibits abnormal regulation in pathologic states such as de-
pression and anorexia nervosa. Analysis of the role of CRH in
regulation of the HPA axis would be facilitated by the creation
of animal models in which CRH gene structure and function
could be manipulated. We have determined the DNA sequence
of the mouse CRH gene. Using a highly sensitive reverse tran-
scription—-polymerase chain reaction method, we have found
expression of CRH mRNA in adrenal, ovary, testis, gut, heart,
anterior pituitary, lung, and spleen, in addition to cerebral cor-
tex and hypothalamus. Within the spleen, CRH mRNA is local-
ized specifically to T-lymphocytes. We mapped the chromo-
somal location of mouse CRH via interspecific mouse back-
crosses to chromosome 3, which is not the site of any naturally
occurring mutations consistent with CRH deficiency. Because
of this, we inactivated a CRH allele in mouse embryonic stem
(ES) cells by homologous recombination with a mutant mouse
CRH gene lacking the entire coding region of preproCRH.
Mice chimeric for each of two ES clones with an inactivated
CRH allele are being used to generate animals with complete
CRH deficiency. (J. Clin. Invest. 1994. 2066-2072.) Key
words: interspecific backcross analysis ¢+ chromosome * em-
bryonic stem cells « fluorescence-activated cell sorting ¢ gene
structure

Introduction

Corticotropin-releasing hormone (CRH)! has a central role in
the regulation of the hypothalamic-pituitary-adrenal (HPA)
axis, and thus in the mammalian response to stress (1). Out-
side of the paraventricular nucleus of the hypothalamus, CRH
and its receptor are found throughout the cerebral cortex (2,
3). CRH peptide or mRNA has also been found in rat testis (3,
4,5), ovary (6), and adrenal medulla (7), human lung (8) and
placenta (9), and rodent (10, 11) and human (12) immune
cells. Although the function of CRH synthesized in extra-hy-
pothalamic sites is unknown, CRH may act within the cerebral
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cortex as a neuromodulator (13) and mediate some forms of
stress-related behavior (14), and within the immune system it
may either suppress (15) or stimulate (16 ) immune function.

When initially characterized by Vale et al. (17) in 1981,
CRH was thought to be the major regulator of pituitary ACTH
production. More recently, however, the relative importance of
CRH in comparison with other regulators of the HPA axis,
such as arginine vasopressin (AVP) and catecholamines has
become less clear. Classical physiologic studies in rats using
antagonists of CRH, AVP, or adrenergic agents (18), or neu-
tralizing antibodies to CRH or AVP (19), to define the relative
contribution of CRH to the HPA response to stress have
yielded valuable, but often conflicting, results. In humans, nei-
ther CRH nor AVP alone can completely account for ACTH
release in various stressful settings (20, 21, 22), and neither the
relative importance of endogenous CRH versus AVP release
nor a causal relationship between such release and ACTH se-
cretion during stress has been firmly established. Molecular
genetic analysis of CRH function in a whole animal system in
which mutations of the CRH gene can be introduced would be
a powerful means of assessing both the contribution of CRH to
the regulation of the HPA axis, as well as the role of CRH
synthesized in extra-hypothalamic sites. With the advent of
transgenic mouse technologies, and, specifically, targeted gene
inactivation (“knockouts”) in embryonic stem cells, a method
of directly assessing the function of the CRH gene in vivo is
now possible (23). A necessary prerequisite for analyzing the
phenotypes produced in mice carrying inactive or otherwise
altered CRH transgenes is knowledge of the normal pattern of
CRH gene expression and regulation. In this paper, we extend
the structural characterization of the mouse CRH gene. Since
marked species differences in extra-hypothalamic sites of CRH
expression have been observed, we have also used a very sensi-
tive reverse transcription polymerase chain reaction (PCR) as-
say in an effort to define the distribution of CRH mRNA ex-
pression in the mouse, and to more precisely localize the cell
type responsible for CRH synthesis in the immune system. We
have also defined the chromosomal location of the mouse
CRH gene in a search for naturally occurring mutants. Finding
none, we have undertaken the generation of a CRH-deficient
mouse by inactivating the CRH gene in mouse embryonic stem
(ES) cells and using these cells to construct mice highly chi-
meric for the inactivated CRH allele.

Methods

Isolation of the mouse CRH gene. A Balb/c genomic library (Clontech,
Palo Alto, CA) in lambda EMBL3 SP6/T7 was screened with a ran-
dom-primed **P-labeled 700-bp Rsal fragment from the coding region
of the rat CRH cDNA (24). 240,000 phage plaques grown in E. coli
strain LE392 were transferred to nitrocellulose filters in duplicate, hy-
bridized at 65°C in 5X SSC (0.75 M NaCl, 0.075 M sodium citrate),
5X Denhardt’s solution (0.1% polyvinylpyrrolidine, 0.1% bovine



serum albumin, 0.1% Ficoll, type 400), 0.5% sodium dodecyl sulfate
(SDS), 100 ug/ml sonicated salmon sperm DNA, and washed at a final
stringency of 0.1X SSC, 0.1% SDS at 65°C. The phage containing the
mouse CRH gene, AE3gmCRH, was plated to homogeneity before
DNA purification as described in Sambrook et al. (25).

Southern blot analysis. Agarose gel electrophoresis and transfer to
Gene Screen (Dupont NEN, Boston, MA) were done according to
standard protocols (25). 3.5 ug of mouse genomic DNA or 100 pg of
AE3gmCRH were cut with EcoRI, Pstl, or EcoRI plus Pstl, and sub-
jected to electrophoresis through 0.8% agarose. Filters were probed
with a random-primed labeled 970-bp SalI-BamHI fragment from the
mouse CRH clone.

DNA sequence analysis. All sequencing reactions were done using
the dideoxynucleotide chain termination method (26), T7 DNA poly-
merase (Sequenase; United States Biochemical Corporation, Cleve-
land, OH), and *’S-a-dATP. Guanine-cytosine rich areas were se-
quenced with reaction mixes containing either dGTP or dITP. Reac-
tions were run on 6% polyacrylamide, 8 M urea gels, and exposed to
Kodak XAR 5 film (Eastman Kodak Co., Rochester, NY). Nucleotide
positions were numbered with the transcriptional start site, determined
by comparison with that of the human gene (27), designated as +1.

Interspecific mouse backcross mapping. Interspecific backcross
progeny were generated by mating (C57BL/6J X Mus spretus)F, fe-
males and C57BL/6J males as described (28). This interspecific back-
cross mapping panel has been typed for over 1,100 loci that are well
distributed among all the autosomes as well as the X chromosome. A
total of 205 N, backcross mice were used to map the Crh locus (see
Results for details). DNA isolation, restriction enzyme digestion, aga-
rose gel electrophoresis, Southern blot transfer, and hybridization were
performed essentially as described (29). All blots were prepared with
Zetabind nylon membrane (AMF-Cuno, Levalloit-Peret, France).
The probe used was the 970-bp Sall-BamHI mouse CRH genomic
DNA fragment labeled with >?P-a-dCTP by nick translation (Boch-
ringer Mannheim, Indianapolis, IN). A 15.0-kb fragment was detected
in C57BL/6J DNA digested with HindIII and a 10.5-kb fragment was
detected in M. spretus DNA digested with HindIII. The presence or
absence of the 10.5-kb M. spretus-specific HindIII restriction fragment
length polymorphism was followed in backcross mice.

A description of the probes and RFLPs for the loci linked to Crh
including interleukin-7 (//-7), glucose transporter-2 (Glut-2), and fi-
broblast growth factor, beta subunit (Fgfb) has been reported previ-
ously (30, 31, 32). Recombination distances were calculated as de-
scribed (33) using the computer program SPRETUS MADNESS.
Gene order was determined by minimizing the number of recombina-
tion events required to explain the allele distribution patterns.

Messenger RNA analysis using reverse transcription-polymerase
chain reaction. Total cellular RNA was isolated from tissues of adult
CD1 mice by the guanidinium thiocyanate-cesium chloride method
(34). 2 ug of RNA were used as a template for cDNA synthesis initiated
from random hexamer primers in a reaction volume of 20 ul. Polymer-
ase chain reaction (PCR) amplification of this cDNA was performed
using a sense strand primer from the 3’ end of mouse CRH exon 1 (5’
GCATCCTGAGAGAAGTCCCTCTG 3’) and a reverse strand primer
from the coding region of rat CRH exon 2 which differs by only one
internal base from the mouse (5' GCCCTGGCCATTTCCAAGAC
3’). Contaminating genomic DNA produces a PCR product of 1,267
bp, whereas CRH mRNA produces a PCR product of 585 bp. Initial
sample denaturation was 94°C for 3 min, followed by 25 (general sur-
vey) or 35 (spleen fractionation) cycles of 96°C for 30's, 55°C for 30 s,
and 72°C for 3 min. Reactions were completed with an additional
3-min extension at 72°C. One fifth of the PCR reaction product was
subjected to electrophoresis through 1.3% agarose, transferred to nitro-
cellulose, and hybridized to a random-primed 3?P-labeled 320-bp PstI-
Rsal fragment from exon 2 of the mouse CRH gene. Amplification of
interleukin-1a cDNA was performed as described in Murray et al. (35).

Splenocyte fractionation. Spleens from six CD1 mice were minced
with fine scissors in 9 ml of Hank’s buffered salt solution (HBSS) con-
taining 20 mM Hepes and 0.3% bovine serum albumin, pH 7.3. Small

tissue fragments were additionally dispersed by teasing with fine for-
ceps. The cell suspension was layered over Histopaque 1083 (Sigma
Chemical Co., St. Louis, MO), and centrifuged for 20 min at 1,200 g.
The leukocyte band at the Hank’s-Histopaque interface was isolated
and washed three times in HBSS, then resuspended in 10 ml of RPMI
medium (GIBCO BRL, Life Technologies, Inc., Gaithersburg, MD)
with 10% fetal bovine serum (JRH Biosciences, Lenexa, KS). This
suspension was plated on a 10-cm tissue culture dish for 1.5 h to allow
macrophages to adhere. The non-adherent cells were removed and cen-
trifuged. Pellets were resuspended in 1.5 ml of RPMI with 10% fetal
bovine serum. These cells were incubated with a mixture of fluorescein
isothiocyanate-conjugated anti-CD45 and phycoerythrin-conjugated
anti-Thy1.2 monoclonal antibodies (Pharmingen, San Diego, CA) on
ice for 30 min, washed in RPMI with 10% fetal bovine serum three
times, and subjected to fluorescence-activated cell sorting (36). B-cell
and T-cell populations were processed separately for RNA by the guan-
idium thiocyanate-cesium chloride method, as was the adherent popu-
lation. RNA was subjected to reverse-transcription PCR as described
above.

Inactivation of CRH allele in ES cells. Wild-type and targeted mu-
tants in the D3 line (37) of ES cells, kindly provided by R. Hynes
(Massachusetts Institute of Technology, Cambridge, MA) were cul-
tured as described by Robertson (38), with leukemia inhibitory factor
added to the media at 10> U/ml. The cells were grown on primary
mouse embryonic fibroblasts harvested at 14 d gestation, mitotically
inactivated with 3,000 rads of gamma-irradiation.

We used our mouse CRH genomic clone to generate a construct for
homologous recombination. The vector pPNT (39), kindly provided
by R. Mulligan (Massachusetts Institute of Technology), containing
the neomycin resistance and herpes thymidine kinase genes driven by
the mouse phosphoglycerate kinase-1 promoter, was used as a back-
bone for insertion of an EcoRI-Sall 5-kb mouse CRH 5’ flanking se-
quence extending from —5,000 to —50 bp (first cloned into pBlue-
script) (Stratagene, La Jolla, CA) into the NotI-Xhol sites of the vec-
tor, and an 850-bp EcoRI-Dral 3’ CRH flanking sequence beginning
in the 3’ untranslated region (first cloned into pBluescript) into the
Xbal-Kpnl sites of the vector. This construct entirely replaces the pre-
proCRH coding sequences with the neo gene. 25 ug of this construct
was electroporated into 2 X 107 ES cells. Selection was performed with
G418 (neomycin, 300 pg/ml; GIBCO BRL) and gancyclovir (2 uM;
Syntex, Palo Alto, CA), and DNA from doubly resistant colonies was
isolated and screened by Southern blot after digestion with BamHI and
Sacl, using as probes either a CRH genomic fragment flanking the 3’
end of the mouse CRH gene outside of the sequence contained within
the targeting vector, or the coding region of the neo gene contained
within the targeting vector.

Incorporation of the ES clone with targeted inactivation of the CRH
allele into chimeric mice. 10-15 ES cells with a targeted mutation in the
CRH locus were injected into C57B1/6 blastocysts at 3.5 days post
coitum as described in Bradley (40). Recipients were pseudopregnant
C57Bl1/6 X CBA F1 mice at 2.5 postcoitum. Chimeric offspring were
scored on the basis of the appearance of agouti coat color.

Results

Cloning the mouse CRH gene. To isolate the mouse CRH gene,
a Balb/c library in lambda EMBL3 SP6/T7 was screened with
a 32P-labeled 700-bp Rsal fragment from the rat CRH gene.
From 240,000 plaques screened, one positive phage was ob-
tained. Restriction enzyme analysis revealed that this clone
contained a 16-kb insert, with ~ 12 kb of DNA sequences 5’ of
the CRH gene and 2.5 kb of 3’ flanking sequence. The entire
CRH gene was sequenced, including 446 bp of 5’ flank and 300
bp of 3’ flank. The regions sequenced confirmed the previously
published sequence of Seasholtz et al. (41) of the mouse CRH
gene, and extend available promoter sequences an additional
110 bp upstream of the transcription initiation site (Fig. 1).
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Figure 1. Nucleotide sequence of the 5’ flanking region of the mouse
CRH gene. The nucleotide positions are relative to the site of tran-
scription initiation (+1). Nucleotides in exon 1 are shown in capital
letters; the CAAT and TATAA boxes are displayed in bold letters.
A consensus cyclic AMP response element is indicated by asterisks.

Additional confirmation that gross rearrangements had not
occurred in our genomic clone was obtained by performing a
Southern blot comparing cloned and mouse genomic DNA cut
with EcoRI, EcoRI plus Sall, or Pstl (Fig. 2). Hybridizing
bands from the lambda clone and mouse genome were iden-
tical.

Chromosomal localization of the mouse CRH gene. The
chromosomal location of mouse CRH was determined by in-
terspecific backcross analysis using progeny derived from mat-
ings of [(C57BL/6J X M. spretus)F, X C5TBL/6J] mice. The
mapping results indicated that the CRH locus (Crh) is located
in the proximal region of mouse chromosome 3 linked to I/-7,
Glut-2, and Fg fb. Although 133 mice were analyzed for every
marker and are shown in the segregation analysis (Fig. 3), up
to 178 mice were typed for some pairs of markers. Each locus
was analyzed in pairwise combinations for recombination fre-
quencies using the additional data. The ratios of the total num-
ber of mice exhibiting recombinant chromosomes to the total
number of mice analyzed for each pair of loci and the most
likely gene order are: centromere-I/-7-2/143-Crh-9/143-
Glut-2-10/178-Fg fb. The recombination frequencies (ex-
pressed as genetic distances in centiMorgans (cM)+the stan-

Figure 2. Southern blot analysis
of genomic and cloned mouse
CRH DNA. Mouse genomic
(lighter lane of each pair of di-
gests) or AE3gmCRH DNA was
digested with either EcoRI (R),
EcoRI and Sall (R/S), or Pstl
(P). The digested samples were
subjected to agarose gel electro-
phoresis, and transferred to ni-
trocellulose membranes. The
immobilized DNA was hybrid-
: ized to a labeled fragment from
- AE3gmCRH. The positions of
fragments generated from
HindIII-digested lambda DNA
- - are along the left, with fragment
: size in kilobase pairs.
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Figure 3. The CRH gene locus (Crh) maps in the proximal region of
mouse chromosome 3. Crh was localized to mouse chromosome 3
by interspecific backcross analysis. The segregation patterns of Crh
and flanking genes in 133 backcross animals that were typed for all
loci are shown at the top of the figure. For individual pairs of loci,
> 133 animal were typed (see text). Each column represents the
chromosome identified in the backcross progeny that was inherited
from the (C57BL/6J X M. spretus) F, parent. The shaded boxes rep-
resent the presence of a C57BL/6J allele and white boxes represent
the presence of a M. spretus allele. The number of offspring inheriting
each type of chromosome is listed at the bottom of each column. A
partial chromosome 3 linkage map showing the location of Crh in
relation to linked genes is shown at the bottom of the figure. Recom-
bination distances between loci in centimorgans are shown to the left
of the chromosome and the positions of loci in human chromosomes
are shown to the right. References for the human map positions of
loci mapped in this study can be obtained from GDB (Genome Data
Base), a computerized database of human linkage information main-
tained by The William H. Welch Medical Library of The Johns Hop-
kins University (Baltimore, MD).

dard error) are: Il-7-1.4+1.0-Crh-6.3+2.0-Glut-2-5.6+1.7-
Fgfb.

We have compared our interspecific map of chromosome 3
with a composite mouse linkage map that reports the map loca-
tion of many uncloned mouse mutations (compiled by M. T.
Davisson, T. H. Roderick, A. L. Hillyard, and D. P. Doolittle,
and provided from GBASE, a computerized database main-
tained at The Jackson Laboratory, Bar Harbor, ME). CRH
mapped in a region of the composite map that lacks mouse
mutations with a phenotype that might be expected for an alter-
ation in the CRH locus (data not shown).

Tissue distribution of CRH mRNA synthesis. The sites of
CRH gene expression in the mouse were determined by a sensi-
tive reverse transcription-PCR method specific for CRH
mRNA (Fig. 4). As expected, bands of the size predicted to
have arisen from CRH mRNA were seen on the ethidium
staining of the agarose gel for cerebral cortex and hypothala-
mus. After hybridization to labeled CRH sequences, additional
positive signals were obtained from the anterior pituitary, adre-
nal gland, testis, ovary, gut, heart, and lung after 25 cycles of
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Figure 4. Reverse Transcription-PCR mouse tissue survey for CRH
mRNA. 2 ug of total RNA was amplified, subjected to agarose gel
electrophoresis, transferred to nitrocellulose membranes, then hy-
bridized to a mouse CRH coding region probe. The 585-bp product
expected for amplified CRH mRNA is indicated by the arrow, while
the top band represents amplification of contaminating mouse geno-
mic DNA. Samples showing the expected CRH mRNA amplification
product included lung (LU), testis (T'), gut (G ), heart (HE), cere-
bral cortex (CTX), anterior pituitary (4P), ovary (OV'), adrenal
(AD), and hypothalamus (HT) after 25 cycles of amplification. Em-
bryonic stem cells (ES), liver (LI), kidney (K), pancreas (P), spleen
(SP), and placenta (PL) were negative after 25 cycles of PCR, but
spleen was positive after 35 cycles of amplification (see Figure 5).

amplification. Liver, kidney, pancreas, spleen, and placenta
were negative for CRH mRNA after 25 cycles of PCR. Spleen
exhibited a positive signal after 35 cycles of PCR (Fig. 5), while
kidney remained negative (data not shown).

Because CRH has been implicated as an immunomodula-
tory factor, we sought to determine the cell type of origin of
CRH within the immune system more precisely. Mouse spleno-
cytes were separated into macrophage (adherent ) and lympho-
cyte (non-adherent) components by plating onto tissue culture
dishes. The non-adherent fraction was further separated into
B-lymphocytes and T-lymphocytes by fluorescence-activated
cell sorting (36) using the B-cell specific surface marker CD45
and T-cell specific marker Thyl.2. The B- and T-cell compo-
nents were each > 98% pure after FACS (Fig. 5, aand b). Total
RNA from macrophages, T-cells, and B-cells was processed
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separately and subjected to reverse transcription-PCR. CRH
mRNA was detected in T-cells, but not B-cells or macrophages,
after 35 cycles of PCR (Fig. 5 ¢). We confirmed the integrity of
the macrophage RNA by successful amplification of interleu-
kin-1a cDNA, indicating the absence of CRH mRNA in this
pool was not due to sample degradation (data not shown).

Inactivation of the CRH gene in ES cells and generation of
mice chimeric for the mutant CRH allele. We used our mouse
CRH genomic clone with the vector pPNT to generate a con-
struct for homologous recombination (Fig. 6). After electro-
poration of this construct into 6 X 107 ES cells and selection
with G418 and gancyclovir, doubly resistant cell lines were
isolated and analyzed by Southern blot for inactivation of the
CRH gene. After restriction digestion of ES DNA with BamHI
and Sacl, and hybridization to a genomic DNA fragment from
the CRH 3’ flanking region distal to sequences contained
within the targeting vector, a band of 3.7 kb is expected for the
normal allele, and a band of 2.7 kb should also be present in
cases where appropriate targeting had occurred (Fig. 6). Two
out of 127 doubly resistant clones screened were found to have
undergone homologous recombination (Fig. 7). By Southern
blot, these two lines (1B6 and 3D1) had a normal 3.7-kb CRH
allele 50% as intense as in unmanipulated ES cells, and an
equally intense 2.7-kb band representing the mutant CRH al-
lele. Additional Southern blot analysis with a neo probe, and
digestion with enzymes to verify appropriate recombination at
the 5’ end of the vector showed that in the targeted clones there
were not additional random integration events, or tandem in-
tegrants at the CRH locus (data not shown).

Blastocysts injected with both targeted ES clones gave rise
to chimeric mice. 50% of blastocysts injected with line 3D1
gave rise to viable offspring, and 50% of these offspring were
chimeric for coat color, with chimerism ranging between 20
and 95%. All offspring, including those most highly chimeric,
have had normal growth rates and appear healthy.

Discussion

We have cloned the mouse CRH gene and determined its nu-
cleotide sequence as well as its pattern of expression in vivo.

B220

Figure 5. Mouse T-lymphocytes synthesize CRH mRNA. Splenocytes were separated into monocyte- and lymphocyte-enriched populations by
adherence to tissue culture dishes. The non-adherent population (lymphocytes) was incubated with fluorescein isothiocyanate-conjugated
monoclonal anti-mouse CD45 and phycoerythrin-conjugated monoclonal anti-mouse Thy 1.2 antibodies and subjected to FACS. After the
initial flow sorting, an aliquot of the B-cell- and T-cell-enriched pools were subjected to flow cytometry to determine the purity of the samples.
(a) Flow cytometry of B-cell-enriched pool. (b) Flow cytometry T-cell-enriched pool. Actual percentage of cells is indicated in each quadrant.
(c) Total RNA was prepared from monocyte (M), T-cell (T), B-cell (B), and unfractionated spleen (SP), then subjected to reverse transcription
PCR, using 35 cycles of amplification. The 585-bp product represents amplification of CRH mRNA (arrowhead).

Mouse Corticotropin-releasing Hormone 2069
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Figure 6. Strategy to inactivate the CRH gene by homologous re-
combination. To create the CRH knockout vector, a 5-kb EcoRI-Sall
5’ flanking region fragment and an 850-bp EcoRI-Dral 3’ flanking
fragment of the mouse CRH gene were inserted into the plasmid
pPNT. After electroporation into D3 ES cells, successful homologous
recombination (as depicted by the stippled lines) should occur be-
tween the endogenous CRH gene and the CRH knockout vector to
create an inactivated CRH gene. ( Thick black line) CRH gene flank-
ing regions; (open boxes) CRH noncoding exons; (hatched box) pre-
proCRH coding region; (stippled boxes) pgk-neo and pgk-TK genes.
Restriction sites: R, EcoRI; S, Sall; B, BamHI; D, Dral; and Sc, Sacl.

CRH expression in humans has been implicated in inflamma-
tion (42) and pathologic states such as depression (43), an-
orexia nervosa (44), and obesity (45). A molecular genetic
analysis of the role of CRH in the regulation of the HPA axis in
both normal and pathologic states requires the construction of
suitable animal models in which CRH gene structure and func-
tion can be manipulated. Currently, the mouse provides the
most powerful mammalian system for introducing defined ge-
netic mutations, such as gene “knockouts” via homologous
recombination in embryonic stem cells, or chimeric transgenes
where putative tissue-specific regulatory regions drive expres-
sion of an indicator gene.

To this end, we have isolated and characterized the mouse
gene. Our results are in agreement with the previously pub-
lished nucleotide sequence data of Seasholtz et al. (41), with

Figure 7. Identification of ES
clones with targeted mutation
of the CRH locus. Genomic
Southern blot of DNA from
control (1), line 1B6 (2), and
line 3D1 (3) cells. The probe

is from the 3’ flanking region
of the CRH locus, outside the
region containing the targeting
vector. DNA was digested with
BamHI and Sacl; the upper
3.7-kb band represents the
normal CRH allele while the
lower band is the targeted 2.7-
kb product.
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the addition of extended 5’ flanking sequences. Interestingly,
the percent identity of mouse compared to human (46, 47) or
ovine (48) CRH DNA sequences is 75 and 72%, respectively,
from nucleotides —336 to —446, markedly reduced from the
> 90% identity of sequences from —336 to +1.

Previous analysis of endogenous CRH expression in the
mouse has failed to reveal sites of synthesis outside the hypo-
thalamus and cerebral cortex (41, 49), despite the presence of
CRH mRNA in rat testis (3), adrenal (3), and inflammation-
stimulated spleen (11), as well as the finding of lung (8) and
ovarian (6) CRH peptide expression by radioimmunoassay in
humans and rats. We have developed a highly sensitive reverse
transcription-PCR method specific for CRH mRNA, and have
demonstrated many sites of CRH expression outside of the
brain, including in lung, adrenal, pituitary, testis, ovary, heart,
and spleen. Interestingly, mice transgenic for the metallothion-
ein promoter driving expression of the CRH structural gene
showed CRH transgene expression in appropriate brain sites as
well as in lung, adrenal, heart, and testis (49). This suggests
that DNA elements within the CRH structural gene may be
important in directing tissue-specific expression. The func-
tional significance of CRH production at these sites is currently
unknown, but can be addressed using classical methods such as
mRNA in situ hybridization or immunohistochemical analysis
to determine cell type of origin, and analysis of changes in
expression during ontogeny or in response to exogenous stim-
uli. Alternatively, the phenotype imparted to mice with null
mutations at the CRH locus may be highly informative in this
regard.

CRH peptide and its receptor (50) have been found in the
immune system where they have been suggested to have both
stimulatory (11, 16) and suppressive (15, 51) roles. CRH has
been shown to be a mitogen for lymphocytes in vitro (52), as
well as accentuating the response to other mitogens (53). At
peripheral inflammatory sites, CRH may act in an autocrine or
paracrine fashion to modulate the immune response (16). We
have found CRH expression in the spleen of nonstimulated
mice. Upon fractionation of splenocytes, we have localized
CRH mRNA expression to T-cells and have shown it is not
expressed in splenic B-cells or macrophages. Ekman et al. (12)
have noted CRH mRNA expression in human T-cells after
stimulation with phorbol ester and phytohemagglutinin in vi-
tro, but not in the nonstimulated state using a less sensitive and
specific RNA dot blot hybridization method, with which they
surprisingly also detected CRH mRNA in liver, a site not
found to have CRH mRNA by techniques of similar sensitivity
by several other investigators (3, 41, 49), but not in brain.
Other groups have found CRH in leukocytes as well, without
definitive elucidation of the cell type of origin (10, 54). The
finding of CRH in T-cells highlights the similarity in intercellu-
lar communication pathways between the neuroendocrine and
immune systems (55, 56), since B-cells have been found to
produce proopiomelanocortin and its cleavage product, beta-
endorphin (57). Our findings also provide an additional path-
way through which the neuroendocrine and immune systems
may communicate to modulate the other’s responses.

To determine if naturally occurring mutations of CRH
gene in mice were available for characterization of the pheno-
type imparted by CRH-deficiency, the chromosomal location
of the mouse CRH gene was determined. Using interspecific
backcross analysis, we mapped CRH to chromosome 3, be-
tween II-7 and Glut-2. These data are in agreement with two



very recently published reports showing linkage to CRH with
the carbonic anhydrase II gene (58, 59), also on mouse chro-
mosome 3. The distance between the Cri locus and flanking
markers is much closer in our study (1.4 cM to //-7) than in the
prior two studies (5.4 ¢cM to carbonic anhydrase II (58), 11.3
cM to interleukin-2) (59). The close linkage of CRH and II-7
in the mouse and the mapping of these two genes to human
chromosome 8 (8q12-q13) (60) is consistent with the known
linkage homologies that exist between mouse and humans.
These data extend the region of human chromosome 8 homol-
ogy on mouse chromosome 3 another 1.4 cM distal to II-7.
Unfortunately, no mutations in this area of mouse chromo-
some 3 have been reported which are suggestive of CRH defi-
ciency. For this reason, we inactivated the CRH gene in ES
cells and have created chimeric mice using this mutant ES cell
line. We have recently bred to homozygosity mice heterozy-
gous for CRH deficiency. Despite a complete lack of CRH,
these mice are viable (L. Muglia and J. Majzoub, unpublished
observations). Knowledge of the sites of mouse CRH expres-
sion together with a mouse model of CRH deficiency should
facilitate understanding of the role of CRH in endocrine, im-
mune and other functions.
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