¢ + 2mkAx.  Thus, Rp=cAGk) [cos(d) -—
cos(db + 2mwkAx)]. If kAx is small, then the expres-
sion in brackets may be represented as a Taylor
series in powers of kAx. The coefficient of the first
term in the series involving kAx is 2msin(db), which
has its maximal value at the null position where
o =m/2 and sin(dy,) = 1, and which goes to zero at
the peak tEositjon where sin(p) = o. At the peak
position, the first nonzero term in the Taylor expan-
sion for Ry is 27 cAG(k) FAx*. M. Sur and S. M.
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fered a similar analysis.
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G(k) 1s not equal to these functions of Z, but rather
is bounded by them, we obtain the result that
bresol = Giny(1/Z) is asymptotically bounded by Z'#
or log Z. Both of these rates of increase are substan-

tially shallower than proportional to Z. A stronger
result holds for the linespread functions of usual
models (Gaussian, difference of Gaussians, Lapla-
cian of Gaussians) and for any linespread function
which takes convolution with optical blur into
account. In these cases, kresor is asymptotically pro-

rtional to (log Z)'2. For the Gaussian linespread

nction, these asymptotic limits are reached even
when Z is of order 3, well below the ;hysiological
range. Thus, (log Z)" is a very good approxima-
tion for the dependence of spatial frequency resolu-
tion on signal-to-noise ratio.
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Gonadotroph-Specific Expression of Metallothionein
Fusion Genes in Pituitaries of Transgenic Mice

MarcowMm J. Low, RoNALD M. LECHAN, ROBERT E. HAMMER,
RArLPH L. BRINSTER, JOEL F. HABENER, GAIL MANDEL,

RicHARD H. GOODMAN

Transgenic mice expressing a metallothionein-somatostatin fusion gene contain high
concentrations of somatostatin in the anterior pituitary gland, a tissue that does not
normally produce somatostatin. Immunoreactive somatostatin within the anterior
pituitaries was found exclusively within gonadotrophs. Similarly, a metallothionein—
human growth-hormone fusion gene was also expressed selectively in gonadotrophs. It
is proposed that sequences common to the two fusion genes are responsible for the
gonadotroph-specific expression.

OREIGN GENES UNDER THE CON- hancer sequences, or undetermined elements

trol of either their own or heterolo-
gous promoters are expressed in vari-
ous tissues in transgenic mice. Expression of
genes may be limited to specific tissues
depending on the particular promoter, en-

(I). Several experiments involving trans-
genic mice have made use of fusion genes
containing the mouse metallothionein I
(MT) promoter (2, 3). Recently we have
shown that a fusion gene (MT-SS) consist-
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Fig. 1. Structures of the metallothionein-somatostatin and metallothionein—human growth-hormone
fusion genes. The plasmid MTrSS 142 was constructed as described (4). MThGH Sal has an 8000-bp
Kpn fragment of the mouse MT gene (12) inserted into MThGH 111 (3). Plasmid pBX322 or pBR322
sequences are denoted by a solid line, introns and flanking sequences by open boxes, and exons by
closed boxes. The linearized fragment of MTrSS used for microinjection is indicated by a double-
headed arrow. MThGH Sal was linearized at the Pvu I site. Both injected fragments contain portions of
the MT-1 promoter and first exon (12) and portions of the hGH exon 5 and 3’ flanking regions (13).
The two gene constructions differ in the structural coding sequences.
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ing of the MT promoter, the protein-coding
region of rat pre-prosomatostatin (pre-
proSS), and exon 5 plus the 3’ flanking
region of the human growth-hormone
(hGH) gene was actively expressed in the
anterior pituitaries of transgenic mice (4).
This tissue does not normally produce so-
matostatin. We report here the distribution
of somatostatin-containing cells in the ante-
rior pituitaries of these transgenic mice and
show that expression is restricted to gonado-
trophs. Additionally, we demonstrate that,
in MT-hGH transgenic mice, expression of
the fusion gene within the pituitary also
occurs exclusively in gonadotrophs. We pro-
pose that the MT promoter, either alone or
in concert with other sequences common to
the two fusion genes, results in gonado-
troph-specific expression.

Fusion genes containing the mouse MT
promoter, rat pre-proSS complementary
DNA or the hGH structural gene, and the
hGH 3’ flanking region are depicted in Fig.
1. A portion of exon 5 and the 3’ flanking
region of the hGH gene were retained in the
somatostarin construction to provide poly-
adenylation and transcriptional termination
signals. The fusion genes were microinjected
into the male pronuclei of fertilized eggs
from C57 x SJL hybrid mice, and the eggs
were transplanted into the reproductive
tracts of random-bred Swiss mouse foster
mothers (5). Founder mice with integrated
fusion genes were outbred to produce sever-
al pedigrees of heterozygous transgenic mice
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Fig. 2. Localization of somatostatin and luteinizing hormone (LH) in mouse pituitary glands. Eighteen
hours after induction of the metallothionein promoter with CdSO, (1 mg of Cd per kilogram body
weight, injected intraperitoneally at 1800 and 0800)(14), animals were decapitated. The pituitary
glands were rapidly removed and fixed for 2 hours in 5 percent acrolein (15). Free-floating Vibratome
sections (50 um) from a control C57 Bl (A) or MT-SS transgenic mouse (B) were reacted with
antiserum to cyclic somatostatin at a titer of 1:1000 (16), based on the unlabeled peroxidase-
antiperoxidase (PAP) technique of Sternberger and co-workers (6). The reaction product was
developed with 0.025 percent diaminobenzidine (DAB). Sections were counterstained with methyl
green, dehydrated, and permanently mounted in Histomount. Abbreviations: (pp) posterior pituitary;
(ap) anterior pituitary; (il) intermediate lobe. Specificity of the reaction product was demonstrated by
the loss of all somatostatin immunoreactivity when the primary somatostatin antiserum was pread-
sorbed with excess (107°M) synthetic cyclic somatostatin (C). Sections of pituitaries from MT-SS
transgenic mice were stained by the same method with antiserum to rat LH (1:500), rat growth
hormone (1:500), rat prolactin (1: 500), rat thyroid-stimulating hormone (1:500), and rat adrenocor-
ticotropic hormone (1:750). Each antiserum identified a characteristic population of cells. Only
immunoreactive LH cells in the ap (D) are shown. Original magnifications: (A, B, C, and D) x156;
(insets) X500.

Ss o -
>
: -~
.
. 2
a,
=
J
s LH - o
g )
,"‘_- .
i b : ] _:"::‘_ o FOT R,
s Angil . MR S S e ]
: ;‘um%. _' l-."\.";__ o ”;'._} ' ‘ ‘
o A"\_wt-i.t W X e -
L g i R SRy ”
c B SRR
D . v

28 FEBRUARY 1986

with stable high levels of either somatostatin
or growth-hormone production.

We determined the distribution of so-
matostatin in the transgenic mice by immu-
nohistochemical techniques involving the
peroxidase-antiperoxidase procedure (6).
The posterior pituitaries of both control
(Fig. 2A) and transgenic mice (Fig. 2B)
showed the expected distribution of somato-
statin-immunoreactivity in nerve fibers and
terminals (arrows). Unlike the controls, the
anterior pituitaries of the transgenic mice
also contained a discrete population of so-
matostatin-immunopositive cells (Fig. 2B).
These cells were distributed predominantly
along the dorsal and ventral surfaces of the
rostral half of the gland and were less dense-
ly distributed within the central areas of the
lateral wings. These polygonal, vacuolated
cells varied in size from 7 to 15 pm in
diameter and frequently occurred in small
clusters centered around capillaries. In one
transgenic mouse, we observed rare somato-
statin-positive cells within the intermediate
lobe (arrow, Fig. 2B). Specificity of the
reaction product was demonstrated by an
adsorption control (Fig. 2C). Because the
distribution (7) and the morphology of
these cells were similar to gonadotrophs
(Fig. 2D), we investigated the possibility
that the MT-SS fusion gene was expressed
only in gonadotroph cells.

Pituitary sections from three independent
lines of MT-SS transgenic mice were reacted
sequentially with antiserum to somatostatin
and to each of the anterior pituitary hor-
mones by means of the antibody elution
method of Tramu and colleagues (8) as
described in the legend to Fig. 3. These
studies demonstrated that somatostatin pro-

Fig. 3. Colocalization of somatostatin and lutein-
izing hormone in anterior pituitary cells. Pituitary
sections were reacted with antiserum to somato-
statin with 4-chloro-1-naphthol as the chromo-
gen, then wet-mounted in glycerol and photo-
graphed (A and B). The reaction product was
removed in acetone, and the antibody complex
was eluted as described (8). Complete elution was
established by the absence of immunostaining
when tissues were reincubated with goat antise-
rum to rabbit immunoglobulin G, the PAP com-
plex, and 4-chloro-1-naphthol. The same sections
were then reacted with the other antisera listed in
Fig. 2, and the reaction product was developed
with DAB and photographed again (C and D).
Tissue shrinkage occurred because of the dehydra-
tion step for permanent mounting. The brackets
in (A) and (C) outline areas of enlargement
shown in (B) and (D). All the somatostatin cells
(A and B) can be matched with LH cells (C and
D), allowing for the differences in focal planes in
these 50-um Vibratome sections. No correspon-
dence was identified between SS cells and the
other anterior pituitary cell types. Original magni-
fications: (A and C) x40; (B and D) x400.
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duction was limited to the luteinizing hor-
mone-producing cells of the anterior lobe.
Although immunoreactive gonadotrophic
cells are occasionally found within the inter-
mediate lobe (9), we have been unable to
demonstrate colocalization of somatostatin
and luteinizing hormone in the intermediate
lobes of any of the transgenic mice.

To determine whether the high level of
expression in gonadotrophs is specific for
MT-SS, we examined the pituitaries of
transgenic mice containing MT-hGH. The
hGH fusion gene differs from the SS fusion
gene in the substitution of the pre-proSS
coding region for the four introns and the
first four of the five exons of the hGH gene.
MT-hGH Sal also contains an additional
8000 base pairs (bp) of the mouse MT gene.
In contrast to the uniform population of
small, round somatotrophs in the control
animals (Fig. 4A), pituitaries from MT-
hGH transgenic mice showed two popula-
tions of growth-hormone-immunopositive
cells (Fig. 4B). One population of cells
(open arrowhead) had characteristics of nor-
mal somatotrophs. These cells were substan-
tially reduced in number compared to nor-
mal pituitaries; this is consistent with an
carlier report that the number of acidophilic
cells decreases in the pituitaries of mice
containing an MT-hGH fusion gene (3). A
second population of hGH-immunoreactive
cells (numbered arrows and small inset) was
distinguished by their large, pleomorphic,
vacuolated appearance (Fig. 4B), which is
characteristic of gonadotrophs. This second
population of cells contained both growth
hormone and luteinizing hormone (Fig.
4C).

By Northern blot analysis with a metallo-
thionein antisense RNA hybridization
probe, we determined that anterior pituitar-
ies do contain detectable levels of MT-I
RNA (10). However, we were unable to
determine whether MT expression, like that
of the fusion genes, was restricted to a
specific cell type in the anterior pituitary by
cither immunohistochemistry or by in situ
hybridization.

The mechanism underlying the cell-specif-
ic expression of the two fusion genes in
gonadotrophs is unknown. The location of
integrated foreign genes in the genome of
transgenic animals is presumably a random
process (11), so that it is unlikely that
insertion of two different genes in several
founder mice always occurs in a chromo-
somal site actively transcribed in gonado-
troph cells. A more plausible explanation is
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that the MT promoter used in the fusion
genes is activated by #rams-acting factors in
gonadotrophs. This interpretation is con-
sistent with the finding that the endogenous
MT gene is expressed at a low level in the
anterior pituitary. However, the level of
expression of the MT-SS fusion gene in
various tissues does not correlate well with

Fig. 4. Colocalization of human growth hormone
and luteinizing hormone in mice expressing the
MT-hGH gene. Pituitary sections from a control
C57 Bl (A) and an MT-hGH transgenic mouse
(B) were reacted with antiserum to hGH (1:200)
as described in Figs. 2 and 3. The antiserum cross-
reacts with mouse growth hormone despite a
difference of more than 50 percent in sequence
between mouse and human growth hormone.
The open arrowhead identifies a cluster of three
normal somatrophs. The numbered arrows identi-
fy larger pleomorphic cells shown under oil im-
mersion in the smaller inset. After the sections
were subjected to the antibody elution technique
described in Fig. 3, only the larger, pleomorphic
population of hGH cells were found to stain with
antiserum to luteinizing hormone (C). Original
magnifications: (A) X390, (inset) oil immersion;
(B) x40, (large inset) X400, (small inset) oil
immersion; (C) x40, (inset) X400.

the level of expression of endogenous MT.
This observation suggests that the MT pro-
moter within the fusion gene is influenced
by a different set of controls than the natural
MT promoter. A further possibility is that
gonadotroph-specific enhancer sequences
may be present within the 3’ flanking hGH
region common to both the SS and hGh
gene constructions.

We have previously found that pre-proSS
is correctly processed within the anterior
pituitaries of transgenic mice to the biologi-
cally active forms of somatostatin (4) and
that it appears to be packaged in secretory
granules (10). These findings raise the possi-
bility that secretion of MT fusion gene
products from the pituitaries of transgenic
mice can be regulated by hypothalamic-
releasing factors such as gonadotropin-re-
leasing hormone.
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