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Expression of human growth hormone (hGH) was
targeted to growth hormone-releasing factor (GRF)
neurons in the hypothalamus of transgenic rats. This
induced dominant dwarfism by local feedback inhibi-
tion of GRF. One line, bearing a single copy of a GRF-
hGH transgene, has been characterized in detail, and
has been termed Tgr (for Transgenic growth-retarded).
hGH was detected by immunocytochemistry in the
brain, restricted to the median eminence of the hypo-
thalamus. Low levels were also detected in the anterior
pituitary gland by radioimmunoassay. Transgene
expression in these sites was confirmed by RT-PCR.
Tgr rats had reduced hypothalamic GRF mRNA,
in contrast to the increased GRF expression which
accompanies GH deficiency in other dwarf rats. Endo-
genous GH mRNA, GH content, pituitary size and
somatotroph cell number were also reduced signific-
antly in Tgr rats. Pituitary adrenocorticotrophic
hormone (ACTH) and thyroid-stimulating hormone
(TSH) levels were normal, but prolactin content, mRNA
levels and lactotroph cell numbers were also slightly
reduced, probably due to feedback inhibition of prolac-
tin by the lactogenic properties of the hGH transgene.
This is the first dominant dwarf rat strain to be reported
and will provide a valuable model for evaluating the
effects of transgene expression on endogenous GH
secretion, as well as the use of GH secretagogues for
the treatment of dwarfism.
Keywords: dominant dwarfismlGRF gene/growth
hormone/hypothalamus/transgenic rat

Introduction
Growth hormone (GH) is the major endocrine regulator
of post-natal growth in mammals. GH gene expression
(Barinaga et al., 1985a,b), synthesis (Bilezikjian and Vale,
1984; Fukata et al., 1985) and secretion (Guillemin et al.,
1982; Rivier et al., 1982; Spiess et al., 1983) are stimulated
by the hypothalamic peptide GH-releasing factor (GRF)
which also has a powerful trophic effect on somatotrophs
(Billestrup et al., 1986), the pituitary cells which produce
GH. This system is subject to direct feedback control by

GH; hypothalamic GRF gene expression is increased in
GH deficiency (Chomczynski et al., 1988) and reduced
by GH excess (De Gennaro et al., 1988), probably
mediated by GH receptors in the arcuate nucleus (Burton
et al., 1992; Lobie et al., 1993), the major site of GRF
synthesis in the brain.

Advances in our understanding of these basic physio-
logical mechanisms have emerged from studies of rodents
bearing spontaneous mutations which result in an altered
pituitary GH production and growth phenotype. Since the
ultimate cause of dwarfism is GH deficiency, they can
invariably be stimulated to grow by direct replacement
therapy, either with exogenous GH (Charlton et al., 1988),
or by a transgene expressing GH (Hammer et al., 1984).
The most obvious example is the dwarf dr/dr rat, which
carries a mutation in the rat GH gene resulting in a
truncated, inactive product (Takeuchi et al., 1990). We
have also characterized a spontaneous GH-deficient dwarf
(dw/dw) rat (Charlton et al., 1988), whose recessive
mutation has not yet been identified. This animal shows
a specific partial GH deficiency, and grows in response to
GH or insulin-like growth factor (IGF)- 1 treatment
(Skottner et al., 1989). The GRF receptor appears normal,
and GRF treatment elicits small GH secretory responses
(Carmignac and Robinson, 1990). However, the GH output
is too small to elicit a significant increase in growth, even
with prolonged administration of GRF. GH deficiencies
also arise from other mutations. For example, the Snell
and Jackson dwarf mice bear recessive mutations in the
Pit-i gene (Li et al., 1990), resulting in a defect in
the development of somatotrophs, lactotrophs [prolactin
(PRL)-producing cells] and thyrotrophs [thyroid-stimulat-
ing hormone (TSH)-producing cells], and show multiple
pituitary hormone deficiencies (Roux et al., 1982). In
contrast, the Little (lit/lit) mouse (Eicher and Beamer,
1976) shows a specific GH deficiency, resulting from a
recessive mutation in the GRF receptor gene (Godfrey
et al., 1993; Lin et al., 1993).

Whilst all of these dwarf animals will grow in response
to GH, all bear mutations which render them unsuitable
for testing the growth-promoting capacity of GH secreta-
gogues which may be of therapeutic value in the treatment
of children with short stature (Thorner et al., 1990).
However, it is now possible to create new models of
altered growth rate by transgenesis. Numerous lines of
transgenic mice have been generated which express GH
under the control of heterologous promoters, usually
resulting in increased growth given a significant level of
peripheral GH expression (Palmiter et al., 1982; Morello
et al., 1986; Bchini et al., 1991). There have been two
interesting exceptions to this phenotype, in which dominant
dwarfism results from human GH (hGH) expression in
the CNS (Hollingshead et al., 1989; Banerjee et al., 1994).
This arises from unregulated hGH transgene expression
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Fig. 1. Structure of the rat GRF gene locus. Thin lines represent introns, 5'- and 3'-flanking sequences; filled boxes represent exons. Transcripts
arising from the GRF gene are represented below, as are cosmids cos rGRF-S1, -S3 and cos GRF-GH, with the hGH gene represented by the open
box. The MluI site (M) used for insertion of the hGH gene and the vector NotI sites (N) used for excision of the insert are indicated.

exerting an inappropriate negative feedback via hypo-
thalamic GH receptors to suppress GRF activity, which
in turn reduces endogenous mouse GH production. Unfor-
tunately, the size of these dwarf mice renders studies
of physiological GH secretion and GRF responsiveness
difficult to perform in vivo.
We decided to exploit this GH negative feedback

mechanism more specifically, by targeting expression of
hGH to the GRF neurons of the hypothalamus. Our
approach differed from previous studies in two key
features. The transgenic mice lines expressed hGH in
relatively broad areas of the CNS (Hollingshead et al.,
1989) and peripheral sites (Banerjee et al., 1994). Since
attempts to target transgene expression to GRF neurons

using short GRF gene 5'-flanking sequences have not
been successful (Botteri et al., 1987; Giraldi et al., 1994),
we used a cosmid transgene with larger pieces of DNA
flanking the rat GRF gene to maximize the chances of
appropriate tissue-specific expression of the hGH trans-
gene. Secondly, we chose to use rats rather than mice,
to create a model that would be amenable to detailed
physiological analysis using methodology developed for
the rat (Clark et al., 1986). This report describes the
production and initial physiological characterization of
such a line of transgenic growth-retarded (Tgr) rats. Some
of these results have been presented recently in abstract
form (Flavell et al., 1995; Wells et al., 1995).

Results
Isolation of genomic clones for the rGRF gene
Screening of a rat genomic DNA cosmid library with a
rat GRF (rGRF) cDNA (Mayo et al., 1985) resulted in
the isolation of two independent cosmid clones (cos rGRF-
S1 and -S3) which hybridized strongly on Southern
blots. Restriction mapping and comparison with previously
cloned genomic fragments (generously provided by Dr
Kelly Mayo) revealed that both cosmids contained the
entire rGRF gene with cos rGRF-S containing 20 kb of
5'- and 12 kb of 3'-flanking sequence, and cos rGRF-S3
containing 16 kb of 5'- and 14 kb of 3'- flanking sequence

(Figure 1). In total, these cosmids span 42 kb of genomic
DNA of the rGRF gene.

Table I. Growth rates of rGRF-hGH founders

Rat # Sex Tg status Body weights (g) at week

6 8 10 12 14

FP62 F - 131 176 212 228 238
FP64 F - 120 176 214 226 240
FP65 F - 121 182 214 237 244
FP66 F +6 95 141 165 - 222
FP1O1 M +1 83 124 157 184 190
FP128 M +16 43 76 102 128 158
FP129 M +/- 156 237 277 331 -

Individual body weights for the four rRGF-hGH founders are shown,
together with their genotype and copy number. Three wild-type female
littermates of FP 66 are shown for comparison. Founder #129 had a
partial copy of the transgene and grew at a normal rate for male rats.

Generation of GRF-GH transgenic rats
A genomic fragment containing the 5'-untranslated region
(UTR), exons 1-5, introns, the 3' UTR and polyadenyl-
ation sequence of the hGH gene (DeNoto et al., 1981)
was inserted into the 5' UTR of the rGRF gene hypo-
thalamic exon 1 in cos rGRF-S3 to make cos GRF-GH
(Figure 1). The resulting 38 kb rGRF-hGH insert fragment
was microinjected into fertilized AS rat eggs. Surviving
eggs were transfered into the oviducts of pseudopregnant
recipients, and the resulting pups were assayed for the
presence of the transgene by Southern blot analysis with
an hGH probe of genomic DNA prepared from tail biopsy.
Four pups (66, 101, 128, 129) were found to have
incorporated transgene DNA (data not shown) and were
mated with wild-type AS rats. Two of the founders, 101
and 129, produced litters from which lines subsequently
were established. Founder 66 (female) produced only one
litter which died shortly after birth, and founder 128
(male) produced no offspring. Southern blot analysis of
founder 129 indicated that this animal bore a partial copy
of the transgene which lacked the entire rGRF 5'-flanking
sequences and the 5' end of the hGH gene, which would
not make hGH mRNA. Founder 66 contained six copies
of the transgene, 101 a single copy and 128 ~16 copies.
The growth rate of all founders was monitored; the three
founders with intact transgenes all exhibited dwarfism,
whilst founder 129 did not (Table I).
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Fig. 2. Growth curves for wild-type (open symbols) and Tgr (closed
symbols) male and female littermates. Groups of 6-8 animals were

weighed weekly for up to 14 weeks. Data shown are mean ± SEM.
Tgr rats were significantly smaller than their wild-type littermates by
3 weeks of age.

Growth rate of Tgr rats
Tgr animals from line 101 and their wild-type littermates
were weighed at weekly intervals. Adult hemizygous Tgr
rats were -60-70% of the weight of their sex-matched
littermates (Figure 2). This dwarfism became significant
(P<0.001) in both sexes by 3 weeks of age. Body length
was also reduced in adult male Tgr rats (nose-tail length
329 5 mm) compared with wild-type animals (362 ±

3 mm, n = 7,7; P<0.01). In the rat, growth is sexually
dimorphic. In the normal rats, this sex difference became
significant (P<0.05) by 4 weeks of age, whereas this
difference was not significant until 7 weeks in Tgr rats.
The rate of weight gain continued more slowly in Tgr
males than in wild-type males (A wt between 6 and 12
weeks was 115 ± 4 versus 150 ± 4 g, P<0.05), whereas
the rate of weight gain in female Tgr animals was more
similar to that of wild-type females (A wt 69 ± 3 in Tgr
versus 79 ± 5 g in wild-type females, n.s.)
Homozygote animals did not show any greater growth

retardation than the hemizygotes (data not shown). Sub-
sequent studies were therefore performed on paired groups
of hemizygote dwarfs and their non-transgenic littermates.

Expression of the GRF-GH transgene
Initial attempts to detect hGH mRNA in Tgr hypothalamus
by RNase protection, or hGH protein by radioimmunoassay
(RIA) of hypothalamic extracts were unsuccessful. We
therefore examined expression of the hGH transgene

by reverse transcription-polymerase chain reaction (RT-
PCR) using hGH gene-specific primers. Rat ,-actin was

also amplified as a control. The expected 428 bp PCR
product was observed in the hypothalamus and pituitary of
Tgr animals (Figure 3). With extended RT-PCR analysis,
small amounts of hGH product were also detectable in
extracts of cortex, cerebellum, lung and testis, but no

product was visible in liver, heart, kidney, muscle or

intestine (not shown). Immunocytochemistry was used to
examine the site of hGH expression in Tgr brain sections.
Immunoreactive hGH was only detectable in the median
eminence of the hypothalamus (Figure 4A and B). A
similar distribution of hGH immunoreactivity was also
found in the median eminence of founder 66. Serial
sections examined for hGH and rat GRF precursor (Monts
et al., 1996) by immunocytochemistry showed that both
peptides exhibited an identical distribution in the median
eminence of Tgr animals (not shown). hGH immuno-
reactivity was not detected in other parts of the brain, nor
in brains from wild-type animals. A few hGH-positive
cells were also detected in the anterior pituitary of Tgr
animals and of founder 66.

Expression of the endogenous rGRF, rGH and rPRL
genes
Hypothalamic GRF mRNA levels were examined in wild-
type and Tgr littermates at post-natal day 42 (P42) by
RNase protection analysis (Figure SA). The level of GRF
mRNA was decreased in Tgr hypothalamus compared
with wild-type littermates. This contrasts with an up-
regulation of GRF mRNA levels in the dw dwarf rat
compared in the same assay. Measurements of hypo-
thalamic GRF peptide content by RIA also showed a

slight reduction in Tgr rats (1.15 + 0.09 versus 1.37 ±

0.09 ng), but this did not reach statistical significance
(P = 0.08).

Expression of the GH and PRL genes in the anterior
pituitary of wild-type and Tgr littermates was examined
through post-natal development by SI nuclease protection
analysis, with rat P-actin mRNA levels determined as a

control (Figure 5B). GH gene transcription rises gradually
from birth in wild-type and Tgr animals.When normalized
to 13-actin levels, rGH mRNA levels were reduced in Tgr
pituitaries, from post-natal day 2 (P2) and at subsequent
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Fig. 4. Immunocytochemistry of hypothalamic human GH and pituitary rat GH in the Tgr rat. Human GH immunoreactivity is restricted to the
hypothalamic median eminence (A and B) of a Tgr rat. Immunopositive GH cells in wild-type rat anterior pituitary (C) are much more abundant
than in the Tgr pituitary gland (D). 3V = third ventricle, ME = median eminence, scale bar = 100 km.

time points, compared with non-transgenic littermates,
except for P42 female pituitary. The reduction in mRNA
levels between normal and Tgr animals became less
pronounced with age, such that GH mRNA levels are

comparable at P42 when measured per gg of pituitary
RNA. rPRL mRNA levels were also reduced in Tgr
pituitary compared with wild-type pituitaries.

Pituitary hormone content
Pituitary rGH protein levels were examined by RIA
through post-natal development in wild-type animals and
their Tgr littermates (Figure 6). When compared with
normal animals, Tgr pituitary rGH levels were significantly
reduced from 9 days of age and all subsequent time points
in both males (Figure 6) and females (not shown). Pituitary

weights were also markedly reduced in Tgr animals (150
days, 6.0 0.5 versus 10.1 ± 0.6 mg in wild-type
littermates, P<0.001). Levels of other pituitary hormones
were examined by RIAs of the same pituitary homogenates
taken from 23 day wild-type and Tgr littermates (Table
II). GH showed the most dramatic reduction, to 20% of
wild-type levels. PRL and luteinizing hormone (LH) levels
were also reduced, though LH levels were not reduced
when pituitaries from older animals were examined (data
not shown). Levels of adrenocorticotrophic hormone
(ACTH) and TSH were unaffected. Pituitary hGH levels
were also determined by an assay specific for hGH and
found to be low, but consistently detectable in extracts of
Tgr pituitary but not from their wild-type littermates
(Table II).
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Fig. 6. Pituitary rGH content through post-natal development in wt
and Tgr rats. Rat GH levels were measured by RIA in wt and Tgr
pituitary extracts at post-natal days 2, 9, 16, 23, 42 and 150. The first
three groups are from both sexes, whereas the last three groups are
from males only. Results are expressed as mean ± SEM. n = 6-22;
*, P<0.05; ***, P<0.001.
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Fig. 5. (A) Expression of GRF in hypothalami of AS dwarf, wild-type
and transgenic rats. RNase protection analysis of 20 tg of total
cellular RNA from hypothalami of AS dwarf (dw), wild-type (wt) and
transgenic (Tgr) rats at post-natal day 42 (P42). M is 32P end-labelled
MspI-digested pUC19. P is undigested probe. (B) Expression of GH,
PRL and f-actin in the anterior pituitary of wild-type and Tgr rats
through post-natal development. S1 nuclease protection analysis of
3 ,ug of total cellular RNA from pooled (n = 5-13) normal (wt) and
transgenic (Tgr) pituitaries at post-natal day 2 (P2), day 9 (P9), day 16
(P16), day 23 (P23) and day 42 (P42) males and females, with probes
specific for rGH, rPRL and ,B-actin. M is 32p end-labelled MspI-
digested pUC 19.

Immunocytochemistry for rGH and rPRL
Immunocytochemistry using rGH-specific antibodies was

performed on sections from 150 day Tgr and wild-type
littermate pituitaries (Figure 4) and the percentage of GH-
immunoreactive cells was determined. The proportion of
pituitary cells identified as somatotrophs was reduced
markedly in Tgr rats (31 1% versus 45 ± 1% in wild-
type rats, P<0.001), whereas the lactotroph numbers
identified by immunocytochemistry in the same sections
were unaffected (26 ± 1 versus 28 ± 2%, n = 6 per group).

Release of endogenous GH in Tgr dwarf rats
The secretory pattern of rat GH was measured by auto-
mated serial blood microsampling in conscious, chronic-
ally catheterized adult wild-type and Tgr male rats. Two
examples are shown in Figure 7, and analysis of secretory
profiles from a larger group of animals is shown in Table
III. Whilst GH pulse frequency was not significantly
altered, GH peak amplitude, peak area and total GH
secretion were all markedly reduced in the Tgr animals,
compared with their non-transgenic littermates.

Discussion
Our primary aim was to generate a novel dwarf rat
with pituitary GH deficiency but still responsive to GH

Table II. Pituitary hormone content in wild-type and Tgr rats at post-
natal day 23

Hormone content Wild-type (wt) Transgenic (Tgr)
(4g/pituitary)

Rat GH 36.3 ± 3.3 6.9 + 0.4***
Rat PRL 0.85 + 0.08 0.49 + 0.04***
Rat LH 3.3 +0.5 2.1 ±0.3*
Rat TSH 1.7 +0.1 1.6 +0.1
Rat ACTH 13.4 + 1.0 13.4 + 0.9
Human GH n.d. 0.0003 + 0.00003

The rat pituitary hormones GH, PRL, LH, TSH, ACTH and the human
GH transgene product were measured by specific RIAs in the same
homogenates obtained from wild-type (wt) and transgenic (Tgr) 23-day
old littermates. Results are expressed as mean ± SEM, n = 11 (wt),
n = 22 (Tgr). n.d. not detectable * P<0.05; *** P<0.001.

secretagogues. Although existing dwarf strains are useful
in studies of GH or IGF-1 action (Skottner et al., 1989;
Gargosky et al., 1995), neither show significant growth
responses to GH secretagogues. The primary stimulus for
GH release is hypothalamic GRF, but no GRF-deficient
mice made by homologous recombination or transgenic
ablation have been reported. Destruction of GRF neurons
by neonatal monosodium glutamate (MSG) treatment
produces dwarf rats which grow in response to GRF
(Clark and Robinson, 1985), but this treatment is non-
specific and toxic. Two transgenic mouse experiments
suggested a different strategy to us. A dominant dwarf
phenotype was reported in mice expressing hGH in the
cerebral cortex driven by the mouse mammary tumour
virus long terminal repeat (Hollingshead et al., 1989). A
similar phenotype was also reported in a mouse line
expressing hGH in the CNS under the control of the
tyrosine hydroxylase promoter (Banerjee et al., 1994).
Both these lines showed reduced GRF and pituitary GH
(Hollingshead et al., 1989; Szabo et al., 1994), suggesting
that the dwarfism resulted from central hGH activating
the feedback pathway by which pituitary GH inhibits its
own secretion (Katakami et al., 1987).
GH controls its own production via feedback on GH

receptors located in the arcuate and periventricular nuclei,
repressing GRF and increasing somatostatin expression,
respectively (Burton et al., 1992; Lobie et al., 1993).
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Fig. 7. Blood rGH secretory profiles in individual wild-type (O) and Tgr (U) freely-moving conscious male rats.

However, GH receptors are expressed in several other
sites in the CNS, where their function is poorly understood.
To maximize physiological control of transgene expres-
sion, we chose to express hGH under the control of a

specific hypothalamic promoter. The GRF gene was chosen
since its expression is largely restricted to neurons in the
arcuate nucleus of the hypothalamus (Bloch et al., 1983)
and these represent a major target for GH feedback in the
rat. We chose to make rats rather than mice since a

dwarf phenotype in rats is still compatible with extensive
cannulation, sampling and infusion procedures which are

not feasible in dwarf mice. Although most knowledge of
the physiological control of GH release by the hypo-
thalamus derives largely from studies in the rat, few
transgenic rats with modifications in the GH axis have
been reported (Ikeda et al., 1995).

Previous attempts to target GRF neurons in transgenic
mice used relatively short flanking sequences of the human
(Botteri et al., 1987) or mouse (Giraldi et al., 1994) GRF
genes expressing SV40 large T antigen. No hypothalamic
expression was obtained, though ectopic expression pro-
duced thymic hyperplasia or adrenal medullary tumours.
Appropriate transgene expression is achieved more reliably
with larger constructs that contain the regulatory elements
necessary for position-independent, copy number-
dependent expression (Grosveld et al., 1987; Jones et al.,
1995). Accordingly, we isolated cosmids spanning 42 kb
of the rGRF gene locus. In the rat, GRF is also expressed
in extrahypothalamic tissues such as placenta (Gonzalez-
Crespo and Boronat, 1990; Margioris et al., 1990) and
testis (Berry and Pescovitz, 1988). These transcripts arise
from promoters 10 kb upstream of the hypothalamic
promoter and splice into the second exon of the hypo-
thalamic GRF mRNA (Gonzalez-Crespo and Boronat,
1991). To avoid extrahypothalamic expression, the hGH
gene was inserted into the 5' UTR in the hypothalamic
first exon of the GRF gene. Any transcripts arising from
upstream GRF promoters, which could theoretically splice
into the second exon of the hGH gene, would not produce
bioactive hGH.

Table III. PULSAR analysis of GH secretion in wild-type and Tgr
male rats

GH secretory parameters Wild-type male Tgr male

Total secretion (ng/mlX 12 h) 168.6 ± 24.2 69.2 ± 10.6**
Peak frequency (peaks/12 h) 10.2 ± 0.9 7.8 ± 0.8
Peak interval (h) 1.24 ± 0.11 1.51 ± 0.17
Peak amplitude (ng/ml) 39.1 ± 5.8 20.4 ± 3.6*
Peak area (ng/mlxh) 12.8 + 1.5 6.7 ± 1.1**

GH secretory profiles were obtained from conscious, chronically
catheterized male wild-type (n = 5) and Tgr rats (n = 6) and
subjected to PULSAR analysis as described in Materials and methods.
Data shown are mean ± SEM *P<0.05; **P<0.01 versus wild-type.

Four rGRF-hGH founders were generated, three of
which grew more slowly than their non-transgenic litter-
mates. The fourth founder, which had the GRF 5'-flanking
sequences and part of the hGH gene deleted, showed a
normal growth rate. The two higher copy number animals
did not breed successfully, suggesting that there may be
a gene dosage effect of hGH on fertility (Hammer et al.,
1984). However, a line was established from the single
copy number founder #101, which we have termed Tgr (for
Transgenic growth-retarded). In this line, hGH transgene
expression was low, and highly restricted within the CNS.
It was detectable by RT-PCR in the hypothalamus and
anterior pituitary gland of Tgr rats, whilst extremely low
level expression was also observed in cerebellum, cortex,
lung and testis, matching endogenous GRF expression
(Matsubara et al., 1995). hGH was detectable by immuno-
cytochemistry in the median eminence of founder 66 and
in Tgr rats from line 101; no other CNS site showed hGH
immunoreactivity. The low level of hypothalamic hGH
expression was not unexpected, since hypothalamic GRF
levels are low in normal animals (Katakami et al., 1987).
Furthermore, since the hGH transgene is driven from the
rGRF promoter, transgene hGH production from GRF
cells would inhibit its own expression.
The slight amounts of hGH mRNA and protein in the

pituitary of Tgr rats could have reflected inappropriate
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expression of the transgene, caused by regulatory
sequences within the hGH gene (Slater et al., 1985)
directing expression to the anterior pituitary gland. This
is unlikely, as relatively few anterior pituitary cells stained
for hGH whereas somatotrophs make up -40% of the
cells in the anterior pituitary. Pituitary expression of the
transgene is more likely to parallel the low level expression
of the endogenous GRF gene in the anterior pituitary
(Matsubara et al., 1995). Hypothalamic GRF content
was slightly but not significantly reduced in the Tgr
hypothalamus. However, GRF content measurements
reflect a balance between synthesis and release. For
example, hypophysectomy (Katakami et al., 1987;
Chomczynski et al., 1988) increases GRF mRNA but
reduces hypothalamic GRF content. In contrast to the
increased GRF mRNA levels normally observed in GH-
deficient rats (Chomczynski et al., 1988; De Gennaro
Colonna et al., 1988; Downs et al., 1990; Mizobuchi
et al., 1991), Tgr rats showed a significant reduction in
GRF mRNA levels despite their marked pituitary GH
deficiency.
GH mRNA levels and GH content and cell numbers

were reduced thoughout post-natal development of Tgr
rats. ACTH and TSH levels were normal, suggesting
that the corticotroph and thyrotroph populations were
unaffected by transgene expression. However, Tgr rats
also showed a reduced PRL mRNA level and PRL
content. Reduction in PRL is not simply a consequence
of somatotroph hypoplasia, as PRL levels are normal in
the spontaneous dwarf rat (Kineman et al., 1989). Since
hGH also binds to PRL receptors in the rat (Roupas and
Herington, 1989), a decrease in PRL is consistent with a
hypothalamic feedback inhibition of the PRL system by
hGH (Steger et a!., 1991; Phelps and Bartke, 1995).
GH release is highly episodic in the rat (Tannenbaum

and Martin, 1976), and effective analysis requires multiple
serial sampling. We showed that, in chronically catheter-
ized conscious male Tgr rats, the normal episodic pattern
of GH secretion was maintained, but with a markedly
reduced pulse amplitude. Other physiological studies in
these animals have shown that they release GH in response
to GRF, and that their dwarfism can be corrected by
chronic treatment with GH secretagogues (Wells et al.
1995). This first specific model of GRF-responsive GH-
deficient dwarfism in the rat will therefore prove invaluable
in studies of the physiological control of the somatotroph
by GRF and of the effectiveness of GH secretagogues in
the treatment of GH deficiency.

Materials and methods
Screening of cosmid libraries
A rGRF cDNA clone (Mayo et al.. 1985) was used to screen a rat
genomic DNA library (kindly provided by Dr Noel Buckley) in the
cosmid vector pWE15. Positive clones were Southern blotted, and
strongly hybridizing clones were restriction mapped and compared with
previously isolated clones (Mayo et al., 1985).

Construction of the rGRF-hGH transgene
An 11 kb Kp,nI fragment containing 4 kb of 5'-flanking sequence. exons
1-4 of the rGRF gene and 2 kb of intron 4 was subcloned. and an MlIll
site was introduced at the Pi'uI site in the 5' UTR of the rGRF gene. A
1.5 kb (BanHI-Sspl) M!II-linkered fragment containing the entire hGH
gene (DeNoto et ca!., 1981) with its own ATG initiator codon, introns,
stop codon and polyadenylation signal [BamiiHI-SspI (DeNoto et al..

1981)] was inserted into the Muldi site in the appropriate orientation. The
11 kb KpnI fragment of cos rGRF-S3 was replaced by the 12.5 kb
rGRF-GH KpnI fragment to generate cos GRF-GH. and packaged using
Gigapack II Plus packaging extract (Stratagene).

Generation of transgenic rats
All experiments in the generation and analysis of transgenic rats were
carried out in accordance with local and National ethical guidelines. Cos
GRF-GH was digested with NotI and the 38 kb insert fragment was
separated from the vector by centrifugation on a 5-25% salt gradient
(Dillon and Grosveld, 1993). DNA (2 ng/pl) was injected into the male
pronucleus of fertilized one-cell rat oocytes using standard techniques
(Hogan et al., 1986). Viable eggs were transferred into the oviducts of
pseudopregnant surrogates under halothane anaesthesia, and tail biopsies
were taken from the resulting pups using local anaesthesia. Transgenic
pups were identified by Southern blot analysis using a 1 kb PvulII hGH
3' probe (DeNoto et al., 1981) or a 700 bp BglII-HindIII rGRF intron
1 probe (Mayo et al., 1985) for copy number determination.

Reverse transcriptase-polymerase chain reaction
Reverse transcription on 1 jg of total cellular RNA was carried out
using a cDNA Cycle Kit (Invitrogen) according to the manufacturer's
instructions. Primers used were: 5' hGH, TAGCTGCAATGGCTACA-
GGCT; 3' hGH, TTAGGAGGTCATAGACGTTGCTGTC; 5' rat 3-actin.
TTGTAACCAACTGGGACGATATGG; 3' rat 1-actin, GATCTTGAT-
CTTCATGGTGCTAGG. PCR conditions used were as follows. Reac-
tions were incubated at 94°C for 5 min then I unit of Taq DNA
polymerase (Cetus) was added. PCR amplification was performed for
35 cycles of: denaturation at 94°C for 1 min; annealinc at 59°C for
I min; extension at 72°C for 50 s, followed by a final extension at 72°C
for 5 min. Products were analysed by electrophoresis on a 2% agarose gel.

Sl nuclease and RNase protection analysis of tissue RNA
Tissue was taken from Southern blot-positive line 101 hemizygotes and
their non-transgenic littermates and RNA was prepared by the LiCl-
urea method (Auffray and Rougeon, 1980). S I nuclease protection
analysis (Berk and Sharp, 1977) was performed on 3 jig of total pituitary
RNA using 32P end-labelled probes. For rGH mRNA measurement. a
292 bp SacI-BspHI probe from intron 4 and exon 5 of the rGH gene
(Page et al., 1981) was used, giving a 161 nt protected fragment. For
rPRL, a 339 bp AccI-BglII rPRL cDNA fragment (Maurer et al., 1981)
was cloned into the HinidIII site of pUC19 and a 317 bp PvulII-BspEI
fragment was used, giving a 133 nt protected fragment. A 320 bp
BanmHI-Av'aI human 3-actin cDNA fragment from pHF3A-1 (Gunning
et al., 1983) was used for 3-actin mRNA measurement, giving a 112 nt
protected fragment.
RNase protection analysis (Melton et al.. 1984) was performed as

previously described (Gabriellson et al., 1995) using 20 pji of total
hypothalamic RNA. Probes used were a 212 nt RNA probe complement-
ary to the rGRF cDNA (EcoRI-HindIII) (Mayo et al.. 1985). giving a
protected fragment of 205 nt. Following electrophoresis, signals were
detected by autoradiography.

Radioimmunoassay
Anterior pituitary glands were homogenized in phosphate-buffered saline
(PBS) and assayed for GH, PRL, ACTH. TSH and LH by specific RIAs
using reagents donated by the NIDDK reagents program. Human GH
was assayed by a specific hGH RIA that did not cross-react with rat
GH, as previously described (Fairhall et al.. 1992). Rat GRF was assayed
as described by Tsagarakis et al. (1989).

Immunocytochemistry
Pituitary glands and hypothalami from Tgr and wild-type rats were fixed
in 4% paraformaldehyde in 0.1 M sodium phosphate buffer for 24 h
prior to embedding in paraffin wax. hGH was localized in 4 jm sections
of hypothalamic and pituitary tissue using an avidin-biotin (AB)-
immunoperoxidase method as previously described (Brown et al., 1993)
but with a primary sheep anti-hGH serum (incubated at 1:30 000
overnight; Scottish Antibody Production Unit, Lanarkshire, UK). Double
sequential immunostaining for rGH and rPRL in anterior pituitary
sections was performed with a combined AB-immunoperoxidase-
alkaline phosphatase procedure (Brown et al., 1993) following overnight
incubation with a monkey anti-rGH serum at 1:2000 and a rabbit anti-
rPRL serum: 1:8000; NHPP, Rockville, MD, USA. AB-horseradish
peroxidase complexes were visualized using a solution of 3.3-diamino-
benzidine tetrahydrochloride (4 mg/10 ml) containing 3% H,O,. AB-
alkaline phosphatase complexes were visualized with a 5-bromo-4-
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chloro-3-indoxyl phosphate/nitro blue tetrazolium chloride mixture
containing 1 mM levimisole to block endogenous phosphatase activity.
Sections were counterstained with haematoxylin or neutral red. Control
sections were incubated either with normal control serum in place of
primary antibody, or in primary antibody pre-absorbed overnight with
excess hormone (10 ,ug/ml). The proportion of rGH- and rPRL-immuno-
positive cells was determined by cell counting using an eyepiece graticule
and expressed as a percentage of the total cell number of each field.

Blood sampling
Serial blood samples (20 It) were obtained from chronically catheterized
conscious Tgr and wild-type adult male rats using an automated
microsampling system and assayed for rat GH by RIA as previously
described (Clark et al., 1986). Blood GH profiles were analysed using
the PULSAR algorithm (Merriam and Wachter, 1982) with the following
parameters G(1) 3.98; G(2) 2.40; G(3) 1.68; G(4) 1.24; G(5) 0.93.
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