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The correlation of growth hormone (GH) mRNA abun-
dance and expression of specific transcription factors
was studied in pituitaries of panhypopituitary (Ames
df/df and Snell dwJ/dwJ dwarf), isolated GH-deficient
(lit /lit), and GH-overproducing (growth hormone–re-
leasing hormone [GHRH] transgenic) mice compared
with normal littermates. A fluorescence-based reverse
transcriptase polymerase chain reaction assay was devel-
oped for seven target mRNAs: GH, prolactin (PRL), pro-
opiomelanocortin (POMC), �����-subunit of the glycopro-
tein hormones (�����SU), Pit-1, Prop-1, and Zn-16. Ampli-
fication parameters for each of these primer pairs were
determined in order to calculate initial mRNA transcript
number. The reproducibility of the assay was found to
be ±10% for either Pit-1 or Zn-16 mRNAs measured
in characterized murine GHFT1-5 somatotroph pre-
cursor cells. The cell extracts also showed an increased
abundance of both Zn-16 and Pit-1 mRNAs when com-
pared with whole pituitary extracts. Measurement of
copy number in normal pituitaries showed that for
every 106 GH or PRL mRNAs, there were 3 ����� 105 POMC,
4 ����� 104

�����SU, 2 ����� 103 Pit-1, and only 70 Zn-16 or Prop-
1 transcripts. Transcript abundance in GH-altered mice
as a percentage of copy number per normal gland
showed that POMC was significantly reduced in dwJ/
dwJ (p < 0.01) and df/df (p < 0.05) mice. �����SU mRNA
was reduced in df/df (p < 0.05), dwJ/dwJ (p < 0.05), and
lit /lit (p < 0.05) mice, but not in GHRH-excess mice.
PRL mRNA was not detected in dwarf mice, reduced
to 52% of normal in lit /lit (p < 0.05), and unchanged
in GHRH-excess animals. GH mRNA was not detected
in dwarf mice, reduced to 1.3% in lit/lit (p < 0.005),
and increased to 242% in GHRH-excess mice (p < 0.05).
Pit-1 mRNA was not detected in dwarf mice, was 2.9%

of normal in lit/lit (p < 0.005) mice, and increased to
200% in GHRH-excess mice (p < 0.05). Prop-1 was
not present in dwarf mice, was decreased to 1.4% in
lit /lit (p < 0.01), and increased to 223% in GHRH-
excess mice (p < 0.05). Zn-16 abundance in df/df mice
was significantly reduced (p < 0.05) to 4.8% of nor-
mals, to 6.3% of normals in dwJ/dwJ (p < 0.005), to
6.1% of normals in lit /lit (p < 0.005) mice, and signifi-
cantly elevated in GHRH-excess mice to 197% (p <
0.05). Altered pituitary mRNA abundance was found
for several products not previously measured, or thought
not to be affected by these mutations. Correlation of
GH mRNA abundance with transcription factor copy
number showed a significant correlation for Pit-1, Prop-
1, and Zn-16. These quantitative analyses provide the
first in vivo evidence that Zn-16 mRNA abundance
correlates with GH expression.

Key Words: Somatotroph; gene expression; neuroendo-
crine regulation.

Introduction

Spontaneous and transgenic mutations in mice that alter

growth hormone (GH) expression have been used to study

GH effects and pituitary differentiation, as well as to iden-

tify similar human mutations (1–5). Comparison of expres-

sion among the mutant models, which range in GH from

undetectable to greater than normal, of related hormones

and regulatory factors could provide information about tran-

scriptional regulation. These models include Snell (6,7) and

Ames (8) dwarf mice with combined pituitary hormone (GH,

prolactin [PRL] and thyroid-stimulating hormone) defi-

ciency, the little mouse (9) with isolated GH deficiency, and

transgenic human GH-releasing hormone (GHRH)-express-

ing mice with increased endogenous GH (10). The sponta-

neous mutations have now been characterized. The Snell

dwarf mouse was found to have a mutation in the pituitary-

specific transcription factor, Pit-1, as either an amino acid

substitution (gene symbol dw) or an independently arising



Mouse Pituitary Transcript Abundance / Wojtkiewicz et al.68 Endocrine

large-scale rearrangement (Snell Jackson, gene symbol dw
J
)

(11). The Ames dwarf mouse (gene symbol df) was found

to have a mutation affecting a transcription factor named

Prophet of Pit-1 (Prop- 1), which is necessary for the initia-

tion of Pit-1 expression (12). The little mouse (gene symbol

lit) has a mutated GHRH receptor (GHRH-R) that prevents

proper signaling from the hypothalamus to activate somato-

troph lineage expansion and GH production (13–15). Muta-

tions in the same genes have been found in patients with

similar endocrine profiles: Pit-1 (16,17), Prop-1 (18), and

GHRH-R (19).

Studies of pituitary hormone expression in these models

have been reviewed by Phillips et al. (20), and later by Phelps

(21). These reviews point out differences from normal not

expected from the known properties of the mutant gene

products, such as reduced gonadotropins in df/df mice (22).

While thyrotrophs are absent in the dwarf pituitary (23,24),

gonadotrophs might be either normal or reduced in activity;

measuring expression of the common �-subunit of the gly-

coprotein hormones (�SU) might address this area of ques-

tion. Adrenocorticotroph hormone (ACTH) is present in

dwarf pituitary (25,26), and proopiomelanocortin (POMC)

expression should be unaffected by any of the mutations so

that abundance of POMC mRNA could serve as a functional

control in comparisons. Further, although circulating levels

of many hormones have been assayed, pituitary content is

often unknown. For example, the PRL content of lit/lit pitu-

itaries has not been determined, although lactotrophs might

be affected by the loss of precursor somatolactotrophs (27,

28). Thus, it would be useful to have a more nearly com-

plete panel of results from the GH-altered mice to examine

the extent of altered expression in the pituitary, especially

for correlation with the functions of the mutant gene prod-

ucts in cell type development and maintenance (1).

It was hypothesized that changes in GH expression would

correlate with changes in mRNA copy number of transcrip-

tion factors that regulate GH. Because large differences in

mRNA abundance would be predicted when comparing

normal and GH-altered pituitaries, a quantitative reverse tran-

scriptase polymerase chain reaction (RT-PCR) assay was

developed to provide the needed range of sensitivity. The

reproducibility of the RT-PCR assay was tested first with

cloned templates, then with mRNA from murine GHFT1-5

cells, a somatotroph precursor cell line previously charac-

terized for hormone mRNA abundance (29), as well as hav-

ing detectable mRNAs for Pit-1 (29) and Zn-16 (30). Then,

copy number was quantified for seven mRNA targets in pitu-

itaries from individual Ames df/df dwarf, Snell dw
J
/dw

J

dwarf, little lit/lit, and GHRH-excess giant mice: GH; PRL;

POMC; �SU; and transcription factors Pit-1, Prop-1 and

Zn-16.

Whether Zn-16 and GH mRNA abundance were corre-

lated was a focus of the present study. Zn-16 is a bipartite

transcription factor with multiple zinc fingers (30) that has

been shown in vitro to act with Pit-1 on the GH promoter

by binding to a recognition element that is conserved in

mammals (31). However, there is no information about the

in vivo role of Zn-16. Sequencing mouse Zn-16 showed

that the predicted amino acid sequence is �90% similar to

that of rat and provided the information necessary to design

primers for RT-PCR assay in pituitary (30). It was hypoth-

esized that Zn-16 mRNA abundance would correlate with

GH mRNA transcripts in this panel of mouse models, as a

test of the physiologic relevance of Zn-16 in GH transcrip-

tional control.

Results

Pit-1 and Zn-16 Expression

in Murine Presomatotroph GHFT1-5 Cells

To test the reproducibility of the quantitative RT-PCR

assay (see Materials and Methods) on cells in which tran-

scription was expected to be uniform, mRNAs present in

the GHFT1-5 cell line were quantified. In agreement with

previous analysis (29), GH, POMC, �SU, and PRL tran-

scripts were not detectable in GHFT1-5 cell extracts (data

not shown). Pit-1 and Zn-16 were detectable, and the abun-

dance of each was determined in five separate assays of inde-

pendently prepared samples from GHFT1-5 cells (Table 1).

The results show that in independent trials of the assays,

there were 621 ± 52 Pit-1 and 64 ± 5 Zn-16 mRNAs/µg of

total RNA in the GHFT1-5 cells, so that, even with separate

Table 1

Pit-1 and Zn-16 mRNA Abundance

in Normal Pituitary Tissue and GHFT1-5 Cell Extracts
a

                        Copy no./µg total RNA

RNA source Trial Pit-1 mRNA Zn-16 mRNA

Pituitary 1 640 53

2 571 35

3 423 27

4 408 25

5 390 28

mean ± SEM 486 ± 50 34 ± 5

GHFT1-5 1 638 66

2 495 52

3 629 64

4 798 83

5 545 56

mean ± SEM 621 ± 52* 64 ± 5**

a
Quantitative fluorescence-based RT-PCR assay of both Pit-

1 and Zn-16 mRNA was performed as described in Materials and

Methods. Total RNA was extracted from five separate samples of

pituitary or cells, and then independent reverse transcriptions and

amplifications for either Pit-1 or Zn-16 were performed. Values

shown are initial copy numbers of each target divided by the

amount of total RNA in the sample measured spectrophotometri-

cally. Significant differences between GHFT1-5 and pituitary

samples are indicated as follows: *p < 0.05; **p < 0.01.
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extractions, variance was low (SEM �10%). Under the same

protocol, normal mouse pituitaries showed significantly

lower numbers of transcripts for both Pit-1 (486 ± 50; p <

0.05) and Zn-16 (34 ± 5; p < 0.01). Using GHFT1-5 cells

or whole pituitary extracts, assay reproducibility as indi-

cated by the SEM for these repeated trials was 9.3–11.5%

for Pit-1 and 9.3–14.7% for Zn-16.

Transcript Comparisons in GH-Altered Mouse Pituitaries

Efficiency calculated for each primer pair was used to

determine the relative number of transcripts present/µL of

total RNA extracted from whole pituitaries from individual

mice. From these data, the transcript copy number of each

of the seven mRNAs in normal and GHaltered pituitaries

of each strain was calculated (Table 2). In the four types of

normal mice, it was found that for every 10
6
 copies of GH

mRNA detected, there were 10
6
 PRL, 3 � 10

5
 POMC, 4 �

10
4
 �SU, 2 � 10

3
 Pit-1, and 70 transcripts each for Zn-16

and Prop-1. These relative abundance values did not differ

significantly among the four strains of normals.

The results in Table 2 show that POMC abundance was

reduced significantly in dw
J
/dw

J
 (p < 0.01) and df/df (p <

0.05) mice compared with normal littermates; POMC abun-

dance was not significantly different from normals in lit/lit

and GHRH-excess mice. Abundance of �SU mRNA was

reduced significantly in df/df (p < 0.05), dw
J
/dw

J
 (p < 0.05),

and lit/lit (p < 0.05) mice but was the same in GHRH-excess

as in normal mice. PRL mRNA was not detected in df/df and

dw
J
/dw

J
 mice, was reduced significantly (p < 0.05) in lit/lit

pituitary to 52% of normal, and was not different from normal

in GHRH-excess pituitary. GH mRNA was not detected in

df/df or dw
J
/dw

J
 mice, reduced significantly (p < 0.005)

in lit/lit to 1.3% of normal, and elevated significantly (p <

0.05) in GHRH-excess pituitary to 242% of normal. Pit-1

mRNA was not detected in df/df or dw
J
/dw

J
 mice, was at

2.9% of normal (p < 0.005) in lit/lit mice, and was increased

significantly to 200% in GHRH-excess pituitary (p < 0.05).

Prop-1 was undetectable in df/df and dw
J
/dw

J
 mice, was

decreased significantly (p < 0.01) in lit/lit to 1.4% that of

normal pituitaries, and increased significantly (p < 0.05) to

223% in GHRH-excess mice. Zn-16 abundance in df/df

mice was reduced significantly (p < 0.05) to 4.8% of nor-

mals, to 6.3% of normals in dw
J
/dw

J
 (p < 0.005) mice, to

6.1% of normals in lit/lit (p < 0.005) mice, and elevated

significantly in GHRH-excess pituitary to 197% (p < 0.05).

Figure 1 compares mouse type on the x-axis and percen-

tage of GH, Pit-1, Prop-1, and Zn-16 mRNA relative to nor-

mal littermates on the y-axis. Average copy numbers in all

normal pituitaries within each strain were used to determine

this relative percentage; the 100% level is indicated by a

dotted line in Fig. 1. Regression analysis using copy num-

bers showed that there was no correlation of POMC mRNA

with any of the transcription factors. There were significant

correlations for Pit-1 vs GH (p < 0.001), Pit-1 vs PRL (p <

0.001), Prop-1 vs GH (p < 0.001), Prop-1 vs PRL (p < 0.001),

Zn-16 vs GH (p < 0.001), and Zn-16 vs PRL (p < 0.001).

Table 2

mRNA Copy Number in GH-Altered and Normal Mouse Pituitaries
a

Target mRNA

Mouse type POMC �SU PRL GH Pit-1 PROP-1 Zn-16

Normal DF/? 311,667 57,900 1,131,667 1,378,000 1501 52 21

±75,614 ±33,051 ±238,787 ±534,029 ±448 ±5 ±1

df/df 57,600 1919 7 2 0 0 1

±1971* ±546* ±4
†

±2
†

±0
†

±0
†

±1*

Normal DWJ/? 428,200 24,954 1,790,400 1,639,800 2761 48 16

±76,741 ±9,707 ±92,001 ±198,049 ±329 ±15 ±5

dw
J
/dw

J
47,620 1450 14 23 0 0 1

±4535** ±687* ±9
†

±23
†

±0
†

±0
†

±0
†

Normal LIT/? 336,000 23,860 716,000 578,600 1435 74 147

±41,378 ±2328 ±57,890 ±127,162 ±184 ±31 ±28

lit/lit 144,675 13,388 374,025 7383 42 1 9

±47,563 ±3703* ±50,002* ±2742
†

±12
†

±1** ±1
†

Nontransgenic 189,660 75,940 1,504,200 896,600 2131 108 109

±44,767 ±25,604 ±642,685 ±229,301 ±770 ±44 ±35

GHRH giant 128,167 77,683 2,378,333 2,173,500 4258 241 215

±17,130 ±18,229 ±120,538 ±354,639* ±1,168* ±44* ±46*

a
Values are the average copy number ± SEM for each mRNA in all four types of GH-altered mice and the four normal littermates from

1 µL of RNA extract used for quantitative RT-PCR as described in Materials and Methods. Statistical differences determined by student’s

t-test are indicated as follows: *p < 0.05; **p < 0.01; 
†
p < 0.005. Numbers of animals for each group were as follows: normal DF (n = 4);

df/df (n = 4); normal dw
J
 (n = 5); dw

J
/dw

J
 (n = 4); normal LIT (n = 4); lit/lit (n = 5); nontransgenic (n = 6); GHRH-transgenic giant

(n = 5).



Mouse Pituitary Transcript Abundance / Wojtkiewicz et al.70 Endocrine

Discussion

Quantitative RT-PCR-based assays have the advantages

of speed, sensitivity, and selectivity for studies of gene expres-

sion (32–37). A previous RT-PCR analysis of dwarf pitu-

itaries simply determined the presence or absence of certain

transcripts (38). In the present study, quantitative detection

of RT-PCR products combined with determined efficien-

cies of amplification for each primer set was used to calcu-

late the initial copy number of mRNAs for four hormones

and three transcription factors present in the anterior pitu-

itary. Because the abundance of transcripts showed a wide

range, from 70 copies of Zn-16 to >1,000,000 copies of GH

or PRL mRNA, it was important to determine the reliabil-

ity of measurement at quantity extremes. Repetitions with

known amounts of input transcripts ranging from 1 to 1000

copies produced from cloned templates varied between 7.5

and 10.5%, similar to previously reported RT-PCR assays

(32–37). The variation was not different for mRNAs with

different lengths as well as for different initial abundance.

Reproducibility was also tested using murine GHFT1-5

cells, a clonal somatotroph precursor cell line derived from

pituitaries of transgenic mice with a Pit-1 promoter directing

large T antigen expression (29). These cells express mRNA

for Pit-1 (29) and Zn-16 (30), but not GH, PRL, POMC, or

�SU (29); Prop-1 was not tested in that previous report. In the

present study, only Pit-1 and Zn-16 mRNAs were detected.

Comparison of abundance of each mRNA in GHFT1-5 cells

with those in normal pituitary showed a 190% increase in

Zn-16 and a 133% increase for Pit-1, likely owing to the

fact that the cells are a single type in contrast to the multiple

cell types present in the pituitary. It is interesting that both

Zn-16 and Pit-1 transcripts are present while GH is not, but

this provides further evidence for the involvement of Zn-

16 in somatotroph differentiation.

The wide range of transcript abundance in normal pitui-

taries largely reflected what is known about cell-type popula-

tions. The abundance of either GH or PRL mRNA was shown

to be �4-fold higher than that of POMC mRNA and 25-fold

more than �SU. By contrast, the abundance of Pit-1, Prop-1,

or Zn-16 mRNAs was markedly lower than that of the hor-

mones that they regulate. The amplification afforded by

RT-PCR is critical for measuring transcription factors with

very low abundance such as Zn-16 and Prop-1. In situ hybri-

dization (ISH) has been useful for cellular localization of

expression during pituitary development, but ISH may lack

needed sensitivity for factors at very low abundance (12).

Other pituitary transcription factors, such as Rpx (also called

Hesx1) (39,40) and Lim-3 (also called P-Lim or Lhx3) (41–

43), would likely also require the sensitivity of an RT-PCR

assay.

GH mRNA was abundant in normal pituitary and varied

in abundance in all the GH-altered mice, as predicted; i.e.,

undetectable in either df/df or dw
J
/dw

J
 mice, reduced to

1.3% in lit/lit mice, and increased to 242% in GHRH-excess

pituitaries. In previous reports, Northern blot analysis showed

that GH mRNA was �8% of normal in lit/lit mice (44), and

GH mRNA assayed by RT-PCR in the GHRH-excess trans-

genic mice was increased to 153% of normal (45).

PRL was as abundant as GH in normal pituitaries. In

dw
J
/dw

J
 and df/df pituitaries, PRL mRNA was not detected,

as expected (11). In lit/lit mice, the abundance of PRL mRNA

was reduced to 52% of normal. There are no published mea-

surements of PRL protein in lit/lit pituitaries, and several

studies have shown disparate estimates of PRL in lit/lit mice,

including increased circulating hormone by radioimmuno-

assay (46) and PRL absence using nonimmunogenic electro-

phoresis (9). Lactotroph cell density by fluorescence immu-

nocytochemistry has been reported as unaltered (14), which

may correlate with the present finding because the defi-

ciency in somatotrophs in the lit/lit results in a gland of

approximately half normal size. The lactotroph population

in lit/lit mice might be reduced through the loss of precur-

sor somatolactotrophs (27,28). The GHRH-excess mice

were found to have PRL mRNA abundance that was 158%

that of normal littermates, similar to the reported 120%

increase using an RT-PCR assay (45). Thus, results in these

two models suggest that GHRH has effect(s) on lactotrophs

as well as somatotrophs (47).

It was assumed that POMC would be expressed normally

in the mutant pituitaries and would provide a normalization

factor. POMC mRNA abundance was comparable with nor-

mal in both lit/lit and GHRH-excess pituitaries but was

Fig. 1. Relative expression in Ames dwarf (df/df), Snell dwarf

(dw
J

/dw
J

), little (lit/lit) and GHRH transgenic “giant” (GHRH

xs) mice for GH, Pit-1, Prop-1, and Zn-16 mRNAs. Columns rep-

resent the mean percentages of normal expression in GH-altered

mouse pituitary samples determined using RT-PCR assay. A line

is drawn at 100%, indicating the average of the values for expres-

sion in normal littermates of that strain. Vertical bars denote SEM.

Values that were significantly different from normal littermates

by student’s t-test are designated as follows: *p < 0.05; **p < 0.01;

†p < 0.005.
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reduced significantly in df/df and dw
J
/dw

J
 mice. In a previ-

ous study, RT-PCR assay of POMC mRNA in GHRH-excess

mice showed a significant reduction (45). The reduction in

POMC mRNA in dwarf mice may reflect the “highly vari-

able” immunostaining reported for POMC in dw/dw pitui-

taries (48). ACTH has been detected in dwarf mouse pituitaries

by immunocytochemistry (49) but has not been quantified.

Diminished ACTH has been noted in some Prop-1-deficient

patients (50). However, it is important to distinguish mRNA

abundance from protein levels. Translational mechanisms

may compensate for alterations in transcript copy numbers,

especially for products such as ACTH that result from pep-

tidase action on precursor proteins.

Abundance of �SU mRNA was reduced significantly in

df/df and dw
J
/dw

J
 mice; this may reflect deficient thyro-

trophs, and reduction in gonadotrophs has also been reported

in dwarf mice (22). Expression of �SU in lit/lit mice also

was reduced significantly, but in the GHRH-excess mice,

expression was normal. The reduced abundance of �SU

mRNA in lit/lit mice was unexpected because the GHRH-R

signaling pathway has not been thought to influence glyco-

protein hormone–producing populations (51).

Pit-1 mRNA abundance was in agreement with the known

mutational status of df/df and dw
J
/dw

J
 mice, in which expres-

sion is abrogated either directly (11) or indirectly (12), as

well as in the GHRH-excess “giants,” in which previous

studies have shown that Pit-1 protein was increased and highly

localized to nuclei (52). On the other hand, the reduction in

Pit-1 mRNA in lit/lit mice was greater than that previously

measured using Northern blot analysis (15). It is likely that

methodologic considerations account for this difference.

It is important to note that the reduced Pit-1 mRNA abun-

dance in the present study correlated significantly with the

reduction in both GH and PRL expression in the lit/lit pitui-

tary, in agreement with the role of Pit-1 in transcriptional

activation for both hormones (11).

That Prop-1 is needed to activate Pit-1 expression has

been shown in murine and human dwarfism (4,12,18), but

it is not known whether other roles exist for this protein. It

was previously reported that there was no detectable Prop-

1 mRNA in adult mouse pituitaries assessed by ISH (53).

However, Prop-1 mRNA has been detected in human ade-

nomas and normal pituitaries (54). Prop-1 mRNA was low

but detectable in all four types of normal mouse pituitaries

assayed in the present report. Changes in correlation with GH

and PRL in pituitaries of the four types of GH-altered mice

studied suggest that Prop-1 has a functional role in addition

to the developmental initiation of Pit-1 expression (12).

Little is known about the transcription factor Zn-16. Zn-

16 showed the same low mRNA abundance as Prop-1 in the

present study. In all the models examined, Zn-16 mRNA

abundance was correlated significantly with GH and PRL

mRNA. This is the first evidence from in vivo models to

suggest that Zn-16 functions in the physiology of pitui-

tary hormone expression. The low abundance of Zn-16

and Prop-1 mRNAs in normal adult pituitaries implies that

the localization of these factors to specific cell types using

ISH methods may not be possible. Thus, it may be diffi-

cult to characterize the functions of Zn-16 by the methods

employed so successfully for Pit-1, for which �30-fold more

transcripts (2000 vs 70) are present in the normal mouse

pituitary. However, the findings of expression in somato-

troph precursor cells and significant correlation with GH

mRNA in models of over- and underexpression describe a

pattern of Zn-16 expression that would be predicted for a

transcription factor synergizing with Pit-1 in the somato-

troph (55).

Materials and Methods

Mice and Cell Culture

Male mice of 3 to 4 mo of age were either phenotypically

normal (heterozygous or homozygous dominant) littermates

or homozygous mutants. Ames dwarf (df/df) mice were

from the colony of Dr. Carol Phelps; Snell Jackson (dw
J
/

dw
J
) and little (lit/lit) mice were purchased from Jackson

(Bar Harbor, ME). Transgenic GHRH-excess mice (56) were

the generous gift of Dr. James Hyde, formerly at the Depart-

ment of Anatomy and Neurobiology, University of Kentucky

Medical Center. Mice were euthanized with CO
2
 accord-

ing to procedures approved by the Tulane University Institu-

tional Animal Care and Use Committee. Individual pituitaries

were removed using instruments washed between dissections

and stored in separate tubes at –70ºC. The presomatotroph

cell line GHFT1-5 was provided by Dr. Pamela Mellon, Uni-

versity of California, San Diego, and cultured as described

previously (29).

RNA Isolation and Reverse Transcription

Total RNA was extracted from individual mouse pitui-

taries or from independent aliquots of �1 � 10
7
 GHFT1-5

cells using a modified phenol/chloroform/ guanidinium

protocol according to the manufacturer’s directions (Ultra-

spec; Biotecx, Houston, TX). The RNA pellet was briefly

dried before resuspension in 0.1 µM oligo-dT and aliquots

used in subsequent reverse transcription of poly-A RNA

(SuperScript II Preamplification System; Life Technolo-

gies, Gaithersburg, MD) according to the manufacturer’s

instructions. The reaction was carried out in a 20-µL vol

containing 200 U of Moloney murine leukemia virus reverse

transcriptase at 45ºC for 60 min. Then the enzyme was

denatured by heating at 65ºC for 15 min. Hybridized RNA

was removed by digestion with 2 U of Escherichia coli RNase

H. The volume was then brought to 50 µL with diethylpyro-

carbonate-treated water and stored at –20ºC. Transcriptions

in vitro using RNA polymerase were performed as previ-

ously described (57). In assays used to evaluate the kinetic

parameters of each primer set, cDNA was pooled from
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several reactions to provide adequate template for repeated

tests. Ultraviolet absorbance at 260 nm was measured on a

GeneQuant spectrophotometer (Pharmacia, Piscataway, NJ)

in a 50-µL cuvet.

Primers

Primers were selected for specificity for mouse mRNAs,

high annealing temperature, and absence of secondary struc-

ture using the computer programs Right Primer (BioDisk,

San Francisco, CA) and Oligo 5.0 (National Biosciences,

Plymouth, MN). Primer sequences and the accession num-

bers of derivation from the GenBank database were as follows:

1. POMC, NM008895.1; upper, GATGTCTGGAGCTGGTG

CCTG; lower, TTGACGTACTTCCGGGGGTT.

2. �SU, NM009889.1; upper, TGTGGCCAAAGCATTTAC

TAAGG; lower, TTTCTGACGGAACCGTGGTAA.

3. GH, NM008117.1; upper, AAGAGTTCGAGCGTGCCT

AC; lower, ACAGGAGAGTGCAGCAGAGACACTGG.

4. PRL, NM011164.1; upper, AGGGAGTTGAGAAGATAAT

TAGCCAG; lower, AAGAGGAGACCCAATTGCACCCA.

5. Pit-1, NM008849.1; upper, TGGAGCAGTTTGCCAACGA;

lower, TTCTCTCTGCCTTCGGTTGC.

6. Prop-1, NM008895.1; upper, TGGTACAGAGCTGGGGA

GACCTAAG; lower, GGCTATCGGCTGGAGAAGTGAC.

7. Zn-16, NM013889.1; upper, TGAAAGGCCATAAGGAT

ATCGAA; lower, GATGCTCCTTTCGGTGGGCTAA.

PCR Amplification

Standard PCR conditions for cDNA amplification included

each dNTP at a concentration of 0.2 mM and 1.25 U of Taq

polymerase in a final volume of 50 µL. The fluorescent dye-

labeled dUTPs ([F]dUTPs) used for labeling were [R110],

[R6G], or [TAMRA] (Applied Biosystems, Foster City,

CA). [F]dUTPs were diluted for a constant addition volume

of 0.1 µL per reaction for a final concentration of 0.2%.

Amplifications were performed in a Model TC-1 thermal

cycler (Applied Biosystems). Amplification reactions were

initiated with a hot start using AmpliWax PCR Gem 50

beads (Applied Biosystems) to separate the primers, MgCl
2
,

and dNTPs (lower master mix) from the DNA template and

Taq polymerase (upper master mix). Thermal cycling con-

ditions consisted of initial denaturation for 60 s at 94ºC,

followed by a three-step profile (94ºC for 60 s, 54ºC for 45

s, and 72ºC for 90 s) for the desired number of cycles, and

a terminal extension step of 72ºC for 5 min. For some reac-

tions, a final, nontemplate-dependent extension was carried

out at 60ºC for 30 min. After amplification, samples were

diluted with water, and the wax was remelted to facilitate

accurate withdrawal of sample. Unincorporated primers and

dNTPs were removed by centrifugation through Centricon-

50 or Microcon-30 filters (Amicon, Beverly, MA).

Visualization and Detection of Product

PCR products were analyzed on 12-cm well-to-read gels

composed of 10% Long Ranger (FMC BioProducts, Rock-

land, ME) with a 373A instrument using GeneScan 1.2

software. Electrophoresis was performed with power limit-

ing at 12 W in 0.5X TBE buffer. Samples were mixed with

an ROX-dye-labeled size marker (ROX-500; Applied Bio-

systems) and a sucrose– or Ficoll–bromophenol blue dye

solution before loading on the gel.

Development of Fluorescence-Based RT-PCR Assay

A kinetic RT-PCR assay was developed using fluores-

cence detection and molecular weight determination on

an automated sequencing instrument. Amplifications were

performed in the presence of fluorescence-labeled dUTP

so that products were detectable during electrophoresis

using an Applied Biosystems 373A DNA sequencer in the

“GeneScan” mode. Peaks of fluorescence intensity from

amplification products were sized by comparison to labeled

standards present in each lane as an internal control, and the

amount of product determined from peak height. To mea-

sure samples in the linear range of the instrument response

(data not shown), amplification products were sometimes

diluted before analysis. This also ensured that all products

were measured over the same range, avoiding variation aris-

ing from the differences in initial abundance. For quantifi-

cation of amplification products, peak height was found to

be a more sensitive measure of product amount than peak

area (data not shown).

Kinetic quantitative RT-PCR analysis required the deter-

mination of two values for each primer set (32,33). First,

peak heights were correlated with the amount of DNA in

the sample by pooling multiple amplification products and

determining the concentration of DNA in the sample. Then,

peak heights of samples that were diluted from this known

concentration were determined and used to generate calibra-

tion curves of final copy number (FCN) vs measured peak

height. The slopes and intercepts of these curves are given

in Table 3. Second, amplification with each primer set was

performed at different numbers of initial input molecules

from cloned templates. Average efficiencies (EF) were then

calculated from 20 to 35 repetitions. Efficiency was constant

for a primer set at levels of mRNA abundance that were varied

over a 1000-fold range. Table 3 shows EF values determined

empirically for each of the seven primer pairs, as well as

optimized primer and MgCl
2
 concentrations, and product

sizes. Multiple bands or other indications of nonspecific

amplification were not detected. Each product was cloned

and sequenced and found to be identical to the designated

target sequence (data not shown). The determined sizes of

the products obtained were close to those predicted, although

some variation was caused by the size difference of fluores-

cent dye–labeled nucleotides. The deviation found for PRL

apparently was owing to the A+T richness of the region of

amplification, since trials using lower ratios of dye-labeled

to unlabeled nucleotides resulted in a size in agreement with

the predicted value (data not shown). GH gave a size 10%

less than predicted, apparently owing to standards being less
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effective at >500 bp, the limit of the sizing mixture. Sizing

with other standards of higher molecular weight gave a size

closer to that predicted (data not shown).

From EF and FCN, the initial number of template (IT)

molecules present in a sample before amplification can be

calculated using the mathematical relationship of factors IT,

FCN, EF, and number of amplification cycles (CN) (32,33):

FCN = IT � (EF + 1)
CN

(1)

Equation 1 may be rearranged to solve for IT:

                       

   IT = e

 
          ln FCN

         CN ln(EF + 1)   
             (2)

In Eq. 2, IT can be calculated from FCN as determined by

calibration curves and from the measured values of EF shown

in Table 3. Using these values, the reproducibility of the assay

was tested using known amounts of RNA transcribed in

vitro as input template. In 10 independent repetitions of all

enzymatic steps of the assay, the SEM ranged from 7.8%

for Pit-1 to 10.5% for Zn-16.

Efficiency Measurements

Efficiency was determined using amplification of a series

of diluted templates under standard conditions for increas-

ing numbers of cycles. The results were used to plot cycle

number and the logarithm of product intensity. The mea-

sured logarithmic range of amplification for each reaction

covered 6–12 cycles depending on relative IT. On average,

3.3 more cycles were needed to amplify the 10-fold more-

dilute samples to a given intensity. Given exponential ampli-

fication, this 9.98 (2
3.3

)-fold difference is equal to the known

10-fold difference in template concentration. Using the

values from 20 to 30 repetitions, the measured slope of the

exponential portion of each amplification profile, the effi-

ciency of amplification was calculated from the following

relationship (32,33):

                          Efficiency = 10
(slope-1)                                         

(3)

Statistical Analysis

GHFT1-5 and normal samples were compared using anal-

ysis of variance followed by Dunnett one-tailed test. Student’s

t-test was used to compare values in GH-altered and nor-

mal pituitaries. Linear regression was used to determine

correlation of hormone and transcription factor abundance.

Testing was performed using either SuperANOVA (Abacus

Concepts, Berkeley, CA) or StatWorks (Abacus Concepts)

software. A significant difference was considered present

at p < 0.05.
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