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The DN A sequences important for cell-specific expres-
sion and developmental regulation of corticotropin-re-
leasing hormone (CRH) were analyzed in transgenic
mice. A construct containing 0.5 kb of CRH 5 flanking
DNA linked to the chloramphenicol acetyltransferase
reporter gene was expressed in many brain regions and
in several ectopic peripheral gites, suggesting that this
portion of the CRH gene contains basal promoter activity
but lacks DN A elements necessary for appropriate tissue
specificity. Cell specificity of transgene expression was
examined with a CRH-g-galactosidase reporter construct
containing the same 0.5-kb CRH promoter fragment, but
also including the CRH structural gene and 2 kb of CRH
3 flanking DNA. Transgene expression was observed in
inappropriate regions of the brain, but no expression was
detected in peripheral tissues, suggesting that these ad-
ditional CRH sequences suppress inappropriately high
levels of peripheral expression. Cell-specific expression
improved significantly with the inclusion of 8.7 kb of
CRH 5' flanking DNA. Individual transgenic lines exhib-
ited expression in a number of the major CRH neuronal
groups including the paraventricular nucleus, medial
geniculate nucleus, inferior olivary nucleus, and Bar-
rington’s nucleus. Transgene expression was properly
activated in Barrington’s nucleus during development.
This study demonstrates that the regulatory control of
cell-specific and developmentally appropriate CRH
expression is complex, utilizing multiple DNA sequence
elements located upstream and downstream of the CRH
transcription start site. © 1994 Academic Press, Inc.

INTRODUCTION

The endocrine response to stress is mediated by the
hypothalamic-pituitary-adrenal (HPA) axis. The 41
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amino acid neuropeptide corticotropin-releasing hormone
(CRH) is a key regulator of this axis. In response to stress,
CRH is released from the median eminence into the hy-
pophyseal portal blood stream. It binds to CRH receptors
on anterior pituitary corticotrope cells, causing increased
synthesis and secretion of adrenocorticotropin hormone
{ACTH). ACTH stimulates steroidogenesis in the adrenal
cortex, resulting in the production of glucocorticoids
which mediate the body’s adaptive responses to stress.
Glucocorticoids inhibit ACTH and CRH synthesis and
gecretion at the level of the pituitary and hypothalamus,
respectively, thus completing the feedback regulatory
loop (1).

Appropriate HPA axis regulation is important for
maintenance of homeostasis. Aberrant regulation of the
HPA axis can lead to elevated CRH levels, which have
been associated with several psychiatric disorders includ-
ing depression and anorexia nervosa (reviewed in 1). In
addition, a primary deficiency of hypothalamic CRH is
thought to cause increased susceptibility to streptococeal-
cell-wall-induced arthritis in Lewis rats (2). A critical step
in understanding the regulation of the stress response is
to identify cis-acting DNA regulatory sequences that
control cell-gpecific expression and hormonal and devel-
opmental regulation of the CRH gene.

CRH, like many neurcendocrine genes, has a charac-
teristic pattern of cell-specific expression which includes
both major and minor sites. One major site of CRH pro-
duction is the parvocellular neurons of the hypothalamic
paraventricular nucleus {(PVN) (3-5). CRH is expressed
at similar levels in many other extrahypothalamic regions
of the brain, including the inferior olivary nucleus, central
nucleus of the amygdala, mediai geniculate nucleus, and
Barrington’s nucleus, where CRH is thought to act as a
neurctransmitter or neuromodulator (3-12). Lower levels
of CRH mRNA have been detected by in situ hybridiza-
tion histochemistry in many other neuronal nuclei, such
as substantia innominata, anterior and medial amygdala,
lateral reticular nucleus, lateral parabrachial nucleus,
lateral dorsal tegmental nucleus, and external cuneate
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nucleus {(12). These data are consistent with mRNA levels
determined by Northern blotting analysis of dissected
brain regions in adult rat (13). CRH immunoreactivity
has been detected in several peripheral sites (14), and the
presence of CRH mRNA has been confirmed in testis,
adrenal, spinal cord, and pituitary by Northern blotting
analysis (13). However, the levels of CRH mRNA detected
in these tissues are 10- to 20-fold lower than those in the
brain stem, and cell specificity of CRH expression has
not been determined. Trace amounts of CRH mRNA have
also been detected in spleen and thymus by reverse tran-
scriptase-polymerase chain reaction assays in combina-
tion with Southern blotting, while no transcripts were
detected in liver or kidney (15}). Furthermore, high levels
of CRH mRNA are present transiently during develop-
ment in peripheral sites such as lung and celiac ganglion
{12). However, a role for CRH in many of these peripheral
tissues has not been established.

Very little is known at this time about the mechanisms
by which the CRH gene maintains its precise pattern of
cell-specific expression and regulation. CRH transcription
has been studied by transfection in multiple cell lines
derived from a wide variety of tizssue types including rat
adrenal pheochromocytoma (PC12) cells, human chorio-
carcinoma (JAR) cells, human neuroblastoma (SK-N-
SH} cells, mouse pituitary corticotropes (AtT20), trans-
formed fetal hypothalamic cells , and monkey kidney cells
(CV-1) {(16-20, Seasholtz, unpublished observations).
Promoter deletion analyses in several of these cell lines
demonstrated that 0.5 kb of CRH 5 flanking DNA is suf-
ficient for basal expression and cAMP and glucocorticoid
regulation of the CRH gene. With the exception of fetal
hypothalamic cells, none of the transfected cell lines ex-
press the endogenous CRH gene, emphasizing the im-
portance of taking an in vivo approach to identify the
CRH cis-acting regulatory sequences by using transgenic
mice. This approach makes it possible to examine the
onset of gene expression during development and rigor-
ously test the cell specificity of expression in many regions
of the adult brain that normally produce CRH. The data
presented here demonstrate that 0.5 kb of CRH 5' flanking
DNA is not sufficient for cell-specific expression of the
CRH gene in vivo. Sequences within the CRH structural
gene or 3 flanking DNA may repress expression in pe-
ripheral tissues, and sequences between 8.7 and 0.5 kb &'
of the transcription start site are important for transgene
expression in appropriate CRH neurons.

MATERIALS AND METHODS

Construction of 0.5 CAT Transgene

The 0.5 CAT construct is identical to the previously
described plasmid CRHCAT-497 (16). Briefly, it contains
CRH genomic sequences extending from the Bglil site at
~497 1o the Pst] site at +94 bp fused to the chloram-
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phenicol acetyltransferase (CAT) gene in the pOCAT
vector (21). The 3’ polyadenylation sequences are from
the herpes simplex virus thymidine kinase gene.

Construction of CRH-3-galactosidase Transgenes

CRH genomic clones were isolated from a Sprague-
Dawley rat genomic library as previously described (13).
The 0.5 CRH j-gal was generated as follows. A 4.4-kb
Bgtll/Sacl CRH genomic DNA fragment was isolated and
subcloned into pUC18 vector DNA digested with BamHI
and Sacl to create rCRH4.4Bgll[/Sacl. This clone includes
CRH genomic DNA from the Bglll site at —497 bp to the
Sacl restriction endonuclease site approximately 3900 bp
3’ to the transcription initiation site. In total, this con-
struct contains 497 bp of CRH & flanking DNA, exon |,
intron 1, exon II, and approximately 2.0 kb of CRH 3’
flanking DNA. rCRH4.4Bgl11/Sacl was digested with
Kpnl restriction endonuclease which cleaves at +117 bp
in the untranslated first exon. The Kprl site was blunted
with T4 DNA polymerase and a 3.1-kb DNA fragment
containing nucleotides 1309 to 4373 of the Escherichia
eoli B-galactosidase gene (GenBank Accession No, J01636)
was ligated into this vector to create 0.5CRH 8-gal. This
8-galactosidase sequence includes the translation start
and stop codons. Polyadenylation signal sequences are
provided by the CRH gene.

To produce 8.7 CRH 3-gal 1, the plasmid pGem9Zr-
CRH12.6 HindIII/Sacl was used. This plasmid includes
8.7 kb of CRH 5’ flanking DNA (from the HindIII site
approximately 8700 bp 5' to the transcription initiation
site) and 3900 bp of DNA 3’ to the transcription initiation
site including exon 1, intron I, exon II, and approximately
2.0 kb of CRH 3' flanking DNA in HindIl1/Sacl-digested
pGEM9Z vector DNA (Promega, Madison, WI). A 3.6-
kb Kpnl/HindIll DNA fragment from pnlacF (kindly
provided by Jacques Peschon and Richard Palmiter) was
converted to a 3.6-kb nlacF Kpnl fragment using Kpnl
linkers. This fragment contains a nuclear localization
signal at the amino terminus of the §-galactosidase coding
sequence and mouse protamine 3' untranslated sequences
including an intron and polyadenylation signal (22). The
3.6-kb nlacF Kpnl fragment was ligated with Kpnl-
digested pGEM9ZrCRH12.6Hindll/Sac]l to create 8.7
CRHp-gal 1 which contains the nuclear §-galactosidase
gene in the Kpnl site of CRH untranslated exon I

The 8.7 CRH §-gal 2 was generated as follows, A 3.6-
kb Neol/Pstl DNA fragment was isolated from pnlacF
and ligated to oligonucleotides to create Rsr I restric-
tion endonuclease cohesive ends. The modified g-galac-
tosidase fragment was inserted in frame into the CRH
protein coding sequence at the Rsr II site (+1290 bp)
immediately preceding the CRH peptide sequence in the
pGEM9zrCRH12.6 Hindlll/Sacl DNA clone.

In all cases, restriction endonuclease digests and DNA
sequence analysis (Sequenase Version 2.0, United States
Biochemicals, Cleveland, OH) were utilized to confirm
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the orientation and integrity of the 8-galactosidase DNA
insert.

Generation of Transgenic Mice

A 3.2-kb insert containing 0.5 CAT was isolated from
the plasmid vector by restriction endonuclease digestion
with Bglll and Sacll. The 7.4-kb insert containing 0.5
CRH {-gal was released from the pUC18 vector by diges-
tion with Sael and Xbal restriction endonucleases. The
8.7 CRH B-gal 1 and 8.7 CRH B-gal 2 inserts (16.2 kb
each) were isolated from the plasmid vector by digestion
with Hindlll and S£il restriction endonucleases. The SAl
site is in the pGEMYZ vector just 3’ to the Sacl site present
in rat genomic DNA. All fragments were separated by
agarose gel electrophoresis, electroeluted and purified by
CsCl centrifugation (23} or Nucleobond AX column chro-
matography (The Nest Group, Southborough, MA). The
purified DNA fragments were microinjected into F2 hy-
brid zygotes from C57BL/6J X SJL/J parents at a con-
centration of approximately 2 ng/ul (23). After overnight
incubation, the eggs which survived to the two-cell stage
were transferred to Day 0.5 posteoitum pseudopregnant
CD1 females. Approximately 66% of the zygotes survived
injection, 9% of the implanted embryos resulted in live
mice, and 14% of the mice were transgenic.

C57BL/6J and SJL/J mice {The Jackson Lahoratory,
Bar Harbor, ME) and CD1 mice (Charles River, Wil-
mington, MA) were bred at the University of Michigan.
All procedures using mice were approved hy the University
of Michigan Committee on Use and Care of Animals. All
experiments were conducted in accord with the principles
and procedures outlined in the NIH “Guide for the Care
and Use of Laboratory Animals.”

Identification and Breeding of Transgenic Mice

Genomic DNA prepared from tail biopsies was screened
for the presence of the CAT or -gal reporter gene using
polymerase chain reaction (PCR} (24, 25). Amplification
of a 364-bp B-gai fragment was accomplished with a 30-
bp sense oligo (5-TTC ACT GGC CGT CGT TTT ACA
ACG TCG TGA -3) and a 30-bp antisense oligo (5- ATC
TGA GCG AGT AAC AAC CCG TCG GAT TCT- 3).
Oligonucleatides specific for the CAT gene amplified a
244-bp fragment (26). The PCR reaction mix, consisting
of genomic DNA (100-200 ng), primers (0.5 pmol/ul), and
2.5 mM MgCl; (25), was subjected to 29 cycles of dena-
turation at 94°C for 1 min, annealing at 60°C for 1.5 min,
and extension at 72°C for 2 min, followed by a final ex-
tension at 72°C for 10 min. Coamplification of a 454-bp
fragment of the endogenous B-globin gene was used as a
positive control for the quality of the genomic DNA sam-
ple (27).

After identification of transgenic mice by PCR, South-
ern blots were performed to verify the integrity of the
transgenes and to estimate copy number. Copy number
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standards were generated by mixing the appropriate
amount of plasmid with genomic DNA from a nontrans-
genic mouse (28). Mouse tail genomic DNA (10 pg) was
digested for 20 h in the presence of 4 mM spermidine.
Southern blotting and hybridization conditions have pre-
viously been described (27). Hybridization probes were
selected for detection of the 5 or 3’ ends of the transgene
tandem array, permitting the detection of multiple inser-
tion sites. Founder mice were bred to C57BL6/J to pro-
duce lines.

Timed Pregnancies

B6SJLE, /J females were superovulated and mated with
male transgenic mice {23). The presence of a vaginal plug
on the morning following mating was set as Day 0.5 of
gestation (e0.5), and postnatal day 1 (pl) was designated
as the day of birth. Gestation period in the mouse is 19—
20 days.

CAT Assays

Brain regions (cerebellum, hypothalamus, medulla/
pons, midbrain, thalamus, hippocampus, striatum, and
cortex) and peripheral tissues (liver, spleen, testis, heart,
kidney, thymus, lung, and adrenal} were dissected from
transgenic mice and homogenized in 0.25 M Tris-HCI,
pH 7.5. Total protein content in the homogenate was de-
termined using Bradford reagent (BioRad, Hercules, CA).
An aliquot (60 ul) of the tissue homogenate was heat in-
activated at 65°C for 10 min and centrifuged and the su-
pernatant was assayed for CAT activity overnight at 37°C
with acetyl coenzyme A and ['*C]chloramphenicol as pre-
viously described (16). "*C-acetylated products were sep-
arated by thin-layer chromatography and quantitated by
liquid scintillation counting. A nontransgenic mouse liver
was used as a negative control for background CAT ac-
tivity. Expression greater than twofold over background
was considered significant.

Tissue Preparation for Histochemical Analyses

Brains from adult and p7 transgenic mice were re-
moved, frozen in 2-methylbutane at —25 to —35°C, and
stored at —80°C. Whole e16.5 fetuses and heads from pl
pups were frozen by the same procedure. Peripheral tis-
sues, liver, kidney, spleen, thymus, adrenal, and gonads
were embedded in OCT medium, frozen on dry ice, and
stored at -—80°C. Frozen sections (20 um) were cut on a
eryostat microtome (Bright Instrument Company, Hun-
tingdon, England), thaw mounted onto poly-L-lysine
(Sigma, St. Louis, MO}-coated slides, and stored at —80°C
untit use.

Evealuation of CRH 8-gal Transgene Expression

CRH 3-gal transgene expression was evaluated by in
situ hybridization histochemistry with a 8-gal riboprobe,
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FIG. 1. Endogenous CRH gene and CRH transgenes. The CRH
gene contains two exons (boxes, top line). The CRH propeptide sequence
(hatched box) is encoded by exon 2 and processed to the mature CRH
peptide {black box). The 0.5 CAT construct contains rat CRH gene
sequences from the Bglll site at —497 to the Pst1 site at +94 fused to
the chloramphenicol acetyltransferase (CAT) reporter gene (shaded) in
the pOCAT wvector {21). The 3 sequences are from the herpes simplex
virus thymidine kinase (tk) gene (stippled). The 0.5 CRH -gal construct
extends from the Bglll site at —497 to the Sacl site at +3900 with the
cytoplasmic 3-gal reporter gene ($-gal) inserted into the Kpnl site of
exon 1 {+117 bp). The 8.7 CRH 8-gal 1 and 2 transgenes contain rat.
CRH genomic sequences from the Hindill site at —8700 to the Sacl
site at +3900. For 8.7 CRHg-gal 1, a nuclear localized §-galactosidase
reporter gene (nf-gal) was inserted into the same Kprl site of exon 1
as in the 0.5 CRH §-gal construct. In the 8.7 CRH $-gal 2 construct,
the nf-gal reporter was inserted in frame into the Rsr1l site, creating a
CRH fusion protein, but terminating prior to the CRH peptide sequences,
None of the constructs should produce CRH peptide. All constructs are
shown to scale except the §-gal reporter genes, which are 3 kb,

by immunochistochemistry with a polyclonal antibody for
B-gal (Organon Teknika Corp., Cappel Research Products,
Durham, NC), and by enzymatic histochemical assay us-
ing the substrate 5-hromo-4-chloro-3-indolyl-3-D-galac-
topyranoside {X-gal). Al methods were successful in de-
tecting transgene expression. X-gal histochemistry was
as sensitive as the other methods and was selected for
these studies because the blue precipitate was most easily
visualized.

For X-gal histochemical assays, frozen tissue sections
were fizxed for 5 min in either 4% paraformaldehyde or
0.6% gluteraldehyde in 0.1 M sodium phosphate buffer,
pH 7.3, 5 mM EGTA, and 2 mM magnesium chloride.
Sections were rinsed in wash buffer (0.1 M sodium phos-
phate, pH 7.3, 2 mM magnesium chloride, and 0.02%
Nonidet P-40) and stained for 16-20 h at 37°C in wash
buffer containing 1 mg/ml X-gal [stock solution 25 mg/
m} X-gal {Boehringer Manneheim, Indianapalis, IN) in
dimethyl formamide (Sigma, St. Louis, MO}], 5 mM po-
tassium ferrocyanide (Sigma), and 5 mM potassium fer-
ricyanide (Sigma). Following staining with X-gal, sections
were lightly counterstained with eosin or 0.5% neutral
red and dehydrated, and coverslips were mounted with
Permount (Fisher, Pittsburgh, PA).

Brain and peripheral tissue sections were evaluated for
(-gal expression by light microscopy. Cells expressing 8-
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gal were noted by a blue precipitate under brightfield il-
lumination. Under the more sensitive darkfield illumi-
nation, the §-gal expressing cells appeared pink (29). Tis-
sues from nontransgenic C57BL./6J mice were examined
for background f-gal staining. No background was ever
observed in brain. Significant endogenous 8-gal activity
was observed in epididymis and ovary, and scattered,
faintly stained cells were occasionally noted in the other
tissues examined.

RESULTS

0.5 kb of CRH & Flanking DNA Directs Higher Levels of
Transgene Expression in Peripheral Tissues Than in
Brain Regions

Four lines of transgenic mice containing 0.5 kb of CRH
5" flanking DINA and 94 bp of CRH 5 untranslated se-
quences fused to the CAT gene (Fig. 1) were examined
by assaying CAT activity in dissected brain regions and
peripheral tissues. Two of the four lines expressed the
transgene at low levels in the brain (Fig. ZA). Expression
was distributed in most brain regions, and one of the two
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FIG. 2. The 0.5 CAT transgene is expressed in brain and pe-

ripheral tissues. Four 0.5 CAT transgenic lines were analyzed for
CAT activity in dissected tissues. CAT activity i1s expressed as per-
centage conversion of ['*C]chloramphenicol to acetylated products
per milligram protein, with background CAT activity subtracted (see
Materials and Methods). Two insertion sites demonstrated significant
expression in brain regions, 1142-A (shaded) and 1374 (hatched) (A).
Line 1374 (hatched) did not exhibit detectabie CAT activity in brain
stem and cerebellum, but exhibited high levels of expression in spleen,
testis, thymus, and lung (B). Founder 1142-A (shaded) exhibited
expression in testis (B). Other peripheral tissues were not examined,
and no line was established from this founder. No brain expression
was detected in Jines 1396 and 1142-B (not shown). Line 1396 ex-
hibited expression only in liver (0.06% conversion/mg), and line 1142~
B expressed the transgene only in testis (0.8% conversion/mg)} (not
shown). Each value represents the average of two determinations for
each tissue from different animals within a line, except for 1142-A,
where the founder was analyzed. No CAT activity was detected in
kidney or heart in any lines examined.



EXPRESSION OF CRH TRANSGENES

lines exhibited inappropriate expression of the transgene
in the cerebellum. However, the level of transgene
expression within each region did not resemble the pattern
expected for the endogenous CRH gene: brain stem >
cerebral cortex = hypothalamus > midbrain > striatum
> hippocampus (13). In direct contrast to endogenous
CRH expression, all four lines exhibited CAT activity in
at least one peripheral tissue at levels greater than that
observed in the majority of discrete brain regions (Fig.
2B). One line exhibited expression in the liver (not
shown). Although CRH immunoreactivity has been re-
ported in the liver (14), no mRNA transcripts are de-
tectable by Northern blot or PCR analysis (13, 15). CAT
activity was detected in lung in one line, yet CRH mRNA
is not detectable by in situ hybridization analysis of adult
lung (Keegan, unpublished observations). Surprisingly
high levels of transgene expression were detected, in spleen
and thymus in one line. Testis expression, present in three
of four lines, is attributable to the herpes simplex virus
thymidine kinase sequences contained in the construct
(30). A construct with 3.6 kb CRH 5' flanking DNA fused
to the CAT reporter gene gave similar results in transgenic
mice. Two of six insertion sites expressed the transgene.
One line exhibited expression in brain regions, testis, and
thymus, and the other line expressed the transgene only
in thymus (data not shown).

0.5 CRH $-gal Transgenes Are Expressed Only in Brains
of Transgenic Mice

Because the 0.5 CAT transgene did not exhihit appro-
priate region-specific expression, we tested a construct
with additional CRH genomic sequences, including both
exons, the intron, and 2 kb of 3’ flanking sequence (Fig.
1). This construct utilized the E. coli 8-galactosidase (-
gal) reporter gene to facilitate assessment of the cell spec-
ificity of transgene expression. Many other groups have
used this reporter gene successfully in transgenic mice
(22, 29, 31-34).

Coronal brain sections and peripheral tissue sections
from seven lines containing the 0.5 CRH 8-gal transgene
were evaluated for expression by X-gal enzymatic histo-
chemical assay. No endogenous 8-gal activity was noted
in braing from nontransgenic mice, but expression was
detected in brains of two of the seven transgenic lines.
Expression of 0.5 CRH pB-gal was ocbserved mainly in in-
appropriate brain regions. In line 4489, appropriate cor-
tical expression (layer I1) was noted, but strong inappro-
priate expression was detected in the hippocampus, den-
{ate gyrus, and habenular nucleus {(data not shown). Line
4312 exhibited inappropriate expression of the transgene
in the piriform cortex (data not shown). None of the seven
lines exhibited expression in the major regions which ex-
press the endogenous CRH gene, such as the PVN, in-
ferior olivary nucleus, medial geniculate nucleus, and
Barrington’s nucleus. At least two individuals were ex-
amined from each expressing line, and expression patterns
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were identical between individuals within a line. No §-
gal staining above background levels was detected in any
peripheral tissues examined from 0.5 CRH #-gal trans-
genic mice.

8.7 CRH f-gal 1 Transgenes Are Expressed in Several
Appropriate CRH Neuronal Sites

A construct containing additional 5 flanking DNA was
prepared using a §-gal reporter gene modified with a nu-
clear localization signal (n8-gal, Fig. 1). The advantages
of the nuclear-localized §-gal reporter gene have previ-
ously been described (22, 35). Of the 16 lines carrying the
8.7 CRH §-gal 1 transgene, 10 expressed the transgene
in the brain. Six of the 10 lines exhibited expression in a
subset of the appropriate CRH neurons, with 3 of those
lines expressing the transgene in major CRH neuronal
groups. Line 7901 correctly expressed the transgene in
the medial parvocellular division of the PVN (Fig. 3A),
consistent with the localization of endogenous CRH
mRNA to the medial parvocellular neurons of the mouse
PVN(12). Appropriate expression in line 7901 was also
noted in Barrington’s nucleus (BAR) (Fig. 3C), medial
geniculate nucleus (GEN), and cerebral cortex (layer II).
The appropriateness of transgene expression was con-
firmed in both the PVN and BAR by demonstrating en-
dogenous CRH gene expression by in situ hybridization
histochemical analysis of adjacent slides (four and five
sections, respectively, in the caudal direction) as previ-
ously described (12) (Figs. 3B, 3D). Moving in a rostro-
caudal direction, the Barrington’s nucleus is located in a
more dorsal position (36). Consequently, the in situ hy-
bridization signal in Fig. 3D appears slightly more dorsal
to the §-gal-stained cells in Fig. 3C. Founder 7765 dem-
onstrated transgene expression in many appropriate re-
gions including the inferior olivary nucleus (ION), Bar-
rington’s nucleus, cortical layers V and VI, and central
nucleus of the amygdala. Line 7907 expressed the trans-
gene in BAR, and in three additional lines transgene
expression was noted in some appropriate cortical layers,
In each expressing line the §-gal activity appeared to be
confined to neuronai cells although some inappropriate
neuronal expression was noted. Several of the 10 express-
ing lines demonstrated inappropriate neuronal expression
in thalamic nuclel, medial habenular nucleus, and hip-
pocampus; however, the overall pattern of ectopic expres-
sion appeared to be random. As for 0.5 CRH §-gal, no
significant §-gal activity was observed in any peripheral
tissues examined.

Placement of the Reporter Gene Does Not Influence
Transgene Expression

In the 8.7 CRH §-gal 1 transgene, the n3-gal reporter
gene was inserted into the 5" untranslated region of the
CRH gene. Because the 5 untranslated region can influ-
ence the efficiency of protein synthesis and can contain
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transcriptional control elements, the 8.7 CRH §-gal 2
construct was designed with ng-gal inserted into the CRH
protein coding region within exon 2, leaving the 5" un-
translated region intact {Fig. 1). Three of seven transgenic
lines expressed the transgene in the brain. Two of the
three expressing lines demonstrated transgene expression
in a subset of the appropriate CRH neurons. One line
(9599) expressed the transgene in the parvocellular neu-
rons of the PVN (Figs. 3E and 3F), in appropriate cortical
layers, and in BAR. In line 9600, appropriate transgene
expression was detected in the medial geniculate nucleus
and cerebral cortex. However, inappropriate neuronal
expression was detected in all three expressing lines in
several of the same neuronal regions as with the 8.7 CRH
B-gal 1 transgene, providing further support for the idea
that additional DNA sequences are necessary for complete
restriction of transgene expression to appropriate neu-
ronal sites. The observation of parvocellular PVN
expression in line 7901 (8.7 CRH f$-gal 1) and line 9599
(8.7 CRH f-gal 2) suggests that expression in these hy-
pothalamic neurons is not simply due to an effect of the
transgene integration site.

Transgene Expression Is Not Copy Number Dependent

A correspondence between transgene copy number and
level of transgene expression has been attributed to locus
control regions or a combinatorial interaction of multiple
enhancer elements (37-41). None of the constructs tested
exhibited a correlation between the level of transgene
expression and transgene copy number {data not shown).
For example, the most appropriate transgene expression
was observed in 8.7 CRH g-gal 1 line 7901 and 8.7 CRH
$-gal 2 line 9599, which had one and five copies of the
transgene, respectively. 8.7 CRH £-gal 1 line 7951, which
did not express the transgene at all, contained 100 copies.
The copy numbers of other nonexpressing lines ranged
from 1 to 25 copies.
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Developmental Expression of CRH Transgenes

One of the transgenic lines exhibiting expression in
several appropriate regions was examined for develop-
mental regulation of transgene expression. Progeny of line
7901 (8.7 CRH §-gal 1) were collected at three time points,
Embryonic Day 16.5 (e16.5), Postnatal Day 1 (pl), and
Postnatal Day 7 (p7). In BAR, S-gal activity was noted
at e16.5 (Figs. 3G and 3H). Correct identification of BAR
was confirmed by demonstration of endogenous CRH
expression in an adjacent slide by in situ hybridization
histochemistry (Fig. 31). Transgene and endogenous gene
expression in BAR was also detected at P1 and P7 (data
not shown). The endogenous mouse CRH gene is ex-
pressed in the PVN at e16.5 (12). However, no transgene
expression was detected in the PVN at this time. Trans-
gene expression in the PVN was barely detectable at p1l,
with higher levels evident by p7 {(data not shown).

DISCUSSION

Transgenic animals provide an ideal system for the
analysis of regulatory sequences within the context of the
physiology of the animal and the opportunity to examine
tissue-specific and developmental signals controlling gene
expression. In the present study we have analyzed the
expression of several CRH reporter constructs in trans-
genic mice in order to identify the cis-acting regulatory
sequences controlling CRH gene expression in vivo.

Two of 4 lines of transgenic mice carrying the 0.5 CAT
transgene exhibited low levels of CAT activity in the
brain, and 4 of 4 lines exhibited significant levels of
expression in peripheral tissues. In contrast, 2 of 7 0.5
CRH §-gal lines expressed the transgene in the brain,
while no transgene expression was detected in peripheral
tissues. Although we cannot rule out a contribution of
the reporter gene, this result suggests that sequences con-
tained within the CRH gene and 3' flanking DNA suppress

FIG. 3. The 8.7 CRH f-gal 1 transgene is expressed in the parvocellular division of the PVN and in Barrington’s nucleus, Coronal brain
sections are shown depicting transgene expression in the PVN and Barrington’s nucleus of an adult mouse from 8.7 CRH f-gal 1 line 7901. A
and C were stained for §-gal activity by X-gal histochemistry and counterstained with 0.5% neutral red. The cells expressing the transgene can
be easily visualized by the blue precipitate. B and D represent ir sifu hybridization histochemical analysis, demonstrating endogenous mouse
CRH expression in the PVN and Barrington’s nucleus (four and five sections, respectively, in the caudal direction). Antisense and sense CRH
riboprobes were transcribed from a mouse CRH 578-bp Pstl exon 2 fragment {59} and hybridized as previously described (12). The antisense
CRH riboprobe does not hybridize to the transgene because transcription termination occurs at the mouse protamine polyadenylation sequences
of the transgene (see Materials and Methods, Fig. 1}. Magnification bars shown in A and C equal 100 pm, and magnifications are constant for
each nucleus. (E, F) The 8.7 CRH $-gal 2 transgene is expressed in the PVN. The photomicrographs depict X-gal histochemical staining of a 20-
gm coronal brain section demonstrating transgene expression in the parvocellular division of the PVN of an animal from line 9599 carrying the
8.7 CRH (-gal 2 transgene., Expression in the PVN under brightfield is evident (E); however, 8-gal expression is more apparent when the same
section is viewed under darkfield illumination (F}, in which the cells expressing 8-gal appear pink. The section is counterstained with 0.5% neutral
red. The magnification bar shown in E equals 50 um. The same magnification was used in F. (G-I) The 8.7 CRH §-gal 1 transgene is expressed
appropriately during development in Barrington’s nucleus. G and H show a coronal section from an el6.5-day fetus from 8.7 CRH g-gal 1 line
T7901. The section was stained for §-gal activity in the Barrington’s nucleus using X-gal histochemistry, counterstained with neutral red (0.5%),
and viewed under brightfield (G) and darkfield (H). Endogenous CRH expression is shown by in situ hybridization histochemistry of an adjacent
slide (four sections away) with an antisense CRH riboprobe {I). The magnification bar shown in G equals 100 gm. The same magnification was
used in H and L.
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the inappropriately high levels of expression in the pe-
riphery. This is supported by analysis of a construct sim-
ilar to 0.5 CRH j-gal that contained SV40 T-antigen in-
serted into exon 1 of the CRH gene instead of 3-gal. Nine-
teen founders carrying this transgene were observed for
1 year. One founder developed a brain tumor. The other
18 lines did not develop tumors in the brain or in any
peripheral tissues (Karolyi, unpublished observations).
The presence of DNA sequences that repress expression
in peripheral tissues has also been demonstrated for the
vasopressin and SCG10 genes in transgenic mice (42, 43),
and the existence of cis-acting DNA sequences at internal
and downstream positions is not uncommon (39, 44-46).

The idea that CRH internal sequences contribute to
CRH expression in transgenic mice has been previously
proposed (47). However, that study used the metallothi-
onein promoter, which can act in a combinatorial manner
with other structural genes to produce novel cell specific-
ities including hypothalamic expression in transgenic mice
{48-50). The lack of PVN expression in seven transgenic
lines with the 0.5 CRH 8-gal construct supports the notion
that the metallothionein promoter contributed signifi-
cantly to the PVN expression observed in the metallo-
thionein-CRH fusion transgene.

When transgenic mice were produced with additional
CRH & flanking DNA, there were multiple examples of
expression in appropriate CRH neurons. For example,
transgene expression was evident in the PVN, medial ge-
niculate nucleus, Barrington’s nucleus, and appropriate
cortical layers in an 8.7 CRH $-gal 1 line. Similar patterns
of transgene expression were demonstrated with the 8.7
CRH §-gal 2 transgenic mice, suggesting that the position
of #-gal within the 5 untranslated region in 8.7 CRH §-
gal 1 did not disrupt a regulatory element. Since 20%
(5/23} of transgenic lines with 8.7 kb of CRH 5’ flanking
DNA exhibited transgene expression in one or more of
the major CRH neuronal groups (PVN, ION, BAR, GEN)
compared to none (0/7) of the 0.5 CRH §-gal mice, im-
portant regulatory information may lie between 8.7 and
0.5 kb. Although the penetrance of expression in major
CRH neuronal groups is low, it is unlikely that this rate
could occur by chance. Additional DNA sequences are
probably required to recapitulate endogenous gene
expression in every transgenic line, and further localiza-
tion of regulatory elements between 0.5 and 8.7 kb of §'
flanking DNA would be extremely difficult because of the
variation in transgene expression between lines.

An interesting facet of the regulation of CRH expres-
sion 1s 1ts developmental profile. CRH mRNA is detected
at Day 13.5 in the PVN, BAR, and inferior olivary nu-
cleus. Adult levels of expression are attained in these brain
regions at different times during development, suggesting
independent cell-specific transcriptional control during
ontogeny {12}. Developmental regulation of transgene
expression was consistent with this hypothesis. In line
7901 (8.7 CRH B-gal 1), transgene expression was similar
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to the expression of the endogenous gene in fetal BAR.
However, no transgene expression was detected in fetal
PVN 3 days after the onset of endogenous gene expression.
This is unlikely to be due to insensitivity of the §-gal
assay because transgene expression in BAR was readily
detected. It probably reflects a delay in activation of
transgene expression relative to the endogenous gene,
similar to that observed for other neuronal transgenes
(33, 34, b1). However, the delay is specific to the PVN
and not BAR. Our observation of appropriate expression
in fetal BAR suggests that DNA regulatory sequences
controlling fetal expression in BAR are present in this
construct, and that additional DNA sequences are re-
quired to ensure the timely onset of CRH gene expression
in the PVN.

The presence of variable ectopic neuronal expression
in CRH transgenic lines suggests that an additional en-
hancer or locus control region is required to insulate the
transgene from position effects (37}, Although we cannot
exclude the possibility that species differences between
the rat and mouse genes contribute to the lack of appro-
priate expression, their nearly identical patterns of cell-
specific expression and regulation suggest that the factors
regulating their expression should be similar. A more
likely possibility is that additional DNA regulatory se-
quences are required, which is supported by numerous
examples of genes in which the enhancer elements lie a
large distance {up to 50 kb) away from the gene (38-41,
44, 52, 53).

The requirement for cell-specific neuronal expression
is a rigorous test of transgene expression. There are sev-
eral examples in which appropriate organ- or region-spe-
cific transgene expression in tissue homogenates or dis-
sected brain regions has been demonstrated (43, 54-56).
In cases where cell specificity has been examined, both
appropriate and inappropriate neuronal expression have
been observed, similar to our observations with 8.7 CRH
B-gal transgenes (22, 42, 50, 57, 58). This may suggest
that neuronal specificity is particularly elusive. However,
with the exception of vasopressin (42), most of these
transgenes have not included substantial 5’ and 3’ flanking
sequences. Another intriguing possibility is that neuron-
ally expressed genes are more susceptible to position ef-
fects due to the large number of genes expressed in the
brain relative to other tissues.

in this study we present an analysis of four different
constructs containing various segments of the rat CRH
gene in transgenic mice. Regulatory elements within 0.5
kb of the CRH gene appear to be suflicient for basal
expression in vive, but sequences within the CRH gene
or 3’ flanking DNA contribute to repression of inappro-
priately high levels of peripheral transgene expression.
Regulatory sequences between 8.7 and 0.5 kb of CRH '
flanking DNA are important for obtaining expression in
major sites of CRH expression in the brain, such as the
paraventricular nucleus, inferior olivary nucleus, medial
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geniculate nucleus, and Barrington’s nucleus. Additional
DNA regulatory sequences are probably necessary in order
for the transgene to perfectly recapitulate expression of
the endogenous CRH gene. This evidence supports the
hypothesis that the CRH gene has multiple interacting
transcriptional regulatory elements.
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