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Summary. The purpose of these studies was to determine
whether insulin detected immunochemically in extrapancre-
atic tissues of the adult rat is synthesized in situ by quantitat-
ing mRNA in these tissues. A blot hybridization assay was uti-
lized with cloned **P-proinsulin cDNA. The lower limit of de-
tection was estimated to be 3pg. Proinsulin mRNA concentra-
tion was found to be 1000-1500 g in isolated pancreatic islets
and was easily detected in total pancreatic RNA at 10-15 pg/
ug. Proinsulin mRNA was quantitated in rat insulinoma cells
adapted to culture at levels 1:50 those in normal islets. Sam-
ples of RNA (20-50 ug) enriched about 50-fold for mRNA se-
quences by repeated oligo-deoxythymidylate chromatogra-
phy were assayed. No insulin mRNA was detected in 50 ug
samples of RNA from brain or in 20 pg samples from subsec-

tions of brain or other extrapancreatic tissues. RNA samples
were undegraded as assessed by ability to stimulate protein
synthesis in a cell-free system. Proinsulin mRNA from pan-
creas was added to brain homogenates and recovered intact.
Brain RNA samples with insulin mRNA levels 1:1000 that of
pancreas would be predicted to have 50-75pg proinsulin
mRNA/50 ug sample assayed if present. Because none was
found, brain must have a concentration < 1:6,000 that of pan-
creas. These findings suggest that immunoassayable insulin
detected in extrapancreatic tissues of the adult rat is synthe-
sized by the pancreas.

Key words: RNA blot hybridization, rat, proinsulin mRNA,
brain mRNA, pancreatic islets.

A number of peptides originally described as hormones
from gut have been identified in brain [1, 2]. Some are
present in approximately equal concentrations in hypo-
thalamus and gut (e. g. somatostatin) [3]. Others, such as
insulin, are present at levels 1000-fold less in brain than
in pancreas [4, 5]. The identification of pg quantities of
less abundant peptides per g of brain has been facilitat-
ed by radioimmunoassays and by localization with im-
munocytochemical techniques [1-5].

The immunochemical detection of hormones in
brain leaves unanswered the important question of their
origin. Demonstration of insulin synthesis in brain or
elsewhere would strongly imply as yet undescribed
functions for this peptide. There are no data to answer
this question, except reports of increased levels of insu-
lin in brain compared with plasma under various condi-
tions [4-6]. The low abundance of insulin in brain pre-
cludes the use of radiolabelled amino-acid incorpora-
tion to document synthesis directly {7].

Using an RNA blot hybridization technique, we
have assayed for proinsulin I and IT mRNA’s (which
are 93% homologous) in brain and several other tissues
of the adult rat, using a cloned *?P-labelled probe com-
plementary to rat insulinl mRNA [8]. Proinsulin I
cDNA hybridizes readily to both genes under the con-
ditions of hybridization employed [9]. The presence of
proinsulin mRNA in extrapancreatic tissues would pro-
vide an independent line of evidence for synthesis. The

present limit of sensitivity of this assay is about 5 pg of
proinsulin mRNA in 50pg of RNA (0.00001%). Be-
cause amino-acid incorporation requires that a protein
represent at least 0.1% of total protein synthesis, the
mRNA assay is approximately 10,000-fold more sensi-
tive. Using this approach, we have estimated the abun-
dance of proinsulin mRNA in pancreas and in extra-
pancreatic tissue.

Methods

RNA extraction

Several organs were dissected from anaesthetised (pentobarbitol so-
dium, 3 mg/kg) male Sprague-Dawley rats (weight 200-300 g), blot-
ted, weighed and total and poly-adenylated(Poly A +)RNA prepared
by the method of Chirgwin et al. [10] using sedimentation through
CsCl. Poly A+RNA was prepared from total cellular RNA by two
cycles of oligo deoxythymidylate (dT)-cellulose (Collaborative Re-
search, Lexington, MA) as described previously [11]. RNA recovered
was 1.6-2.0% of input RNA. Islets of Langerhans were isolated by
collagenase digestion [12] as described previously [13]. RNA pooled
from 6-20 rats was used for analysis, excepting pancreas where RNA
from 2-6 rats was used. Three preparation of RNA were analyzed on
five occasions.

Quality of isolated RNA was checked by Ajgo nm t0 Asgo nm ratios >
2.0; electrophoresis under denaturing conditions of total RNA, which
was visualized by staining with 1-ethyl-2-{3-(1-ethylnaphtho[1,2d] thi-
azolin-2-ylidiene)-2-methylpropenyl] naphtho[1,2d] thiazolium bro-
mide (Stainsall, Eastman-Kodak, Rochester, NY) (ratio of 28S to 18S
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Fig.2. Estimation of proinsulin mRNA in isolated rat pancreatic islet
RNA and insulinoma cell RNA. RNA (20 ug) from insulinoma cells
adapted to culture (lane 1) was compared to rat pancreatic islet RNA
(1pg, lane2), by blot hybridization analysis with *?P-proinsulin
c¢DNA as described in the Methods. Size was determined from 18S
and 288 RNA standards electrophoresed in adjacent lanes. Exposure
time, 73 h

peak heights ~2), and cell-free translation. Brain poly A+ RNA was
translated using a kit from rabbit reticulocyte lysate according to the
direction of the manufacturer (Promega-Biotec, Madison, WI). Prod-
ucts were assayed by SDS-polyacrylamide (Eastman-Kodak) gel elec-
trophoresis as described elsewhere [13].

RNA hybridization analysis

Poly A+ RNA (20-50 pg) was denatured with 1 mol/1 glyoxal (Fisher
Scientific, St. Louis, MO) in 50% dimethyl-sulfoxide (Sigma, St.
Louis, Missouri, USA) [14] and electrophoresed on 2% agarose gels,
pre-treated with 0.2% diethylpyrocarbonate (Sigma) to inactivate nuc-
leases potentially present in agarose. Gels were run at 23 °C at 50 volts
for 4 h. Proinsulin mRNA size was estimated [rom 188 and 288 ribo-
somal RNA. RNA was transferred from gels to diazophenylthio pa-
per (Giddings, St. Louis, MO) [15] for at least 18 h using 100 mmol/l
sodium acetate (pH 4) as the transfer buffer [16]. Filtres were hybrid-
ized with pre-proinsulin T cIDNA cleaved from the plasmid pcRI 354
[8] and labelled to 5 x 10f cpm/ug with PO, by (New England Nu-
clear Corporation, Boston, MA) nick translation [17]. Hybridization
was performed at 42 °C for 24-72h, followed by washing and auto-
radiography as described previously [13].
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Fig.1A and B. Quantitation of proinsulin
mRNA by blot hybridization assay using a
cloned complementary DNA standard. Un-
labelled plasmid pcRI 354 containing rat
pre-proinsulin I cDNA [8] was digested with
the restriction endonuclease Hind III, dena-
tured with glyoxal, diluted, electrophoresed,
transferred, hybridized with *P-proinsulin I
¢DNA and autoradiographed. A The ¥P-
hybrid cpm in relation to pg proinsulin
cDNA applied to the gel. B Autoradio-
graphs of 3¥P-proinsulin cDNA hybridized
to 420 pg of proinsulin cDNA (lane 1),

160 pg (lane 2), and 42 pg (lane 3). Minor
bands in lanes 1 and 2 represent partially di-
gested plasmids (<5% of total). Exposure
time, 60 h

Quantitation of insulin mRNA

To estimate proinsulin mRNA concentration in tissues by RNA blot
hybridization, two different proinsulin mRNA standards were used.
The first was rat pre-proinsulin I cDNA in the cloned plasmid pcRI
354 [8]. When 20-240pg of proinsulin cDNA were subjected to
blot hybridization analysis as in Figure 1, the amount of ?P-proinsu-
lin cDNA bound was proportional to the proinsulin cDNA electro-
phoresed. Poly A+ RNA from a subcutaneously transplanted rat in-
sulinoma [18] was utilized as the second standard since double-
stranded DNA might not hybridize to the probe with an efficiency
equal to that of mRNA. The insulinoma RNA was estimated to con-
tain 0.3% proinsulin mRNA [19] and in the RNA blot hybridization
gave results comparable to those obtained with cloned proinsulin
c¢DNA (see Results) . In each RNA blot analysis a known amount of
rat proinsulin cDNA was electrophoresed to provide a standard and
to control for variations in efficiency of transfer and hybridization.
The amount of cDNA bound to specific bands on filters was detet-
mined by liquid scintillation counting (Fig.1) or by densitometric
analysis (Table 1) of autoradiograms using the gel scanning accessory
of a recording spectrophotometer (Beckman DU-8, Palo Alto, CA) as
described previously [9, 26, 32].

Results

Proinsulin mRNA in pancreatic tissue

Isolated pancreatic islets. To determine the concentra-
tion of proinsulin mRNA in pancreatic f-cells, islets
were isolated from pancreas by collagenase digestion.
RNA blot hybridization with 3?P-rat proinsulin cDNA
indicated that proinsulin mRNA was 600 = 20 nucleo-
tides in length (Fig.2 lane2). This is consistent with
about 160 poly A+ residues attached to an mRNA of
330 coding and 110 non-coding nucleotides [8]. The
concentration of proinsulin mRNA, determined using
as standards either cloned rat proinsulinl c¢DNA
(Fig.1) or poly A+ RNA from a rat insulinoma, was es-
timated to be 1000-1500 pg/ug islet RNA.

Insulinoma cells adapted to culture. To demonstrate that
the method may estimate proinsulin mRNA levels in
tissues which synthesize less insulin, hybridization anal-
ysis was performed on RNA from rat insulinoma cells
(Rin 5F) adapted to tissue culture [20]. RNA blot analy-
sis (Fig. 2, lane 2) of 1 ug of islet RNA and 20 pg of insu-
linoma cell RNA (lane 1) indicated there was 20-30 pg
proinsulin mRNA/pg insulinoma RNA or approxi-
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Fig.3. Estimation of proinsulin RNA concentration of pancreatic
and extrapancreatic tissues. This autoradiograph compares the
amount of 3*P-proinsulin ¢cDNA hybridizing to 20 ug of total RNA
from rat pancreas (lane4), or 20 ug of poly A+ RNA from testes
(lane 1), kidney (lane2), spleen (lane3), liver (laneS5), and brain
(lane 6). Hybridization time was increased 3-fold and the autoradio-
graphs overexposed to facilitate detection of proinsulin mRNA in ex-
trapancreatic tissues. The apparent band at the top of lane 5 corrc-
sponds to the origin of the gel. Exposure time, 9 days
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Fig.4. Proinsulin mRNA content of poly A+ RNA from subsections
of rat brain and guinea pig pancreas compared to that in total rat pan-
creatic RNA. Methods were as described in Figure3 except that
brains were dissected and poly A+ RNA (20 ug) from cerebrum
(lane 1), olfactory lobes (lane 2), midbrain (Jane 3), cerebellum (lane 4)
and hindbrain (lane5) were subjected to RNA blot hybridization.
Guinea pig pancreas poly A+ RNA (20 ug, lane 6) was compared to
lotal rat pancreatic RNA (20 ng, lane 7). Stringency was descreased by
lowering the temperature of the posthybridization washes from 52° to
42° to facilitate detection of partially homologous sequences. Expo-
sure time, 6 days

mately 1/50 that found in normal islet cells. Proinsulin
mRNA from insulinoma celis appeared to be about
100 bases larger than that from normal islet cells, which
is due to additional poly A+ residues on the 3’ end (un-
published observations).

Total pancreatic RNA. The sensitivity of this assay al-
lowed quantitation of proinsulin mRNA in RNA from
whole pancreas without purifying poly A+ mRNA
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(Fig.3, lane 4, and Fig. 4, lane 7), even through islets rep-
resent only 1% of pancreas tissue, and mRNA only 1%
of total RNA. When 20 ug of total RNA from pancreas
was subjected to blot hybridization, it was estimated to
contain 300 pg insulin mRNA (or 15 pg/pg) which was
readily detected.

Proinsulin mRNA in extrapancreatic tissues

RNA was isolated from several organs of rats which
had been reported to contain levels of insulin greater
than plasma including liver, spleen, kidney, testes, and
brain [21}. To look for proinsulin mRNA in extrapan-
creatic tissues, polyadenylated mRNA was enriched ap-
proximately 50-fold by oligo dT-cellulose chromatogra-
phy. The amount of proinsulin mRNA present in the
poly A+ RNA fraction from these tissues (Fig.3,
lane 1-3, 5) was compared with that present in total
pancreatic RNA (Fig.3, lane4). While proinsulin
mRNA in total pancreatic RNA was readily detected
(lane 4), repeated blot hybridization failed to reveal any
proinsulin mRNA in any of the other tissues. The radio-
autograph in Figure 3 was from an RNA fiiter subjected
to increased hybridization time (from 24 to 72 h) with
32P-proinsulin ¢DNA and deliberate overexposure
which increased background. There was no detectable
proinsulin mRNA in the extrapancreatic tissues ex-
amined.

To determine whether mRNA for insulin is present
in brain at levels which might be detectable only in sub-
sections, brains were quickly divided into olfactory
lobes, cerebrum, midbrain, hindbrain, and cercbellum,
and poly A+ RNA isolated. There was no measurable
mRNA for insulin in poly A+ RNA from any subsec-
tion of brain (Fig.4, lanes 1-5 compare with total pan-
creatic RNA, Fig.4, lane 7). Background hybridization
in Figure 4 is prominent because the washing tempera-
ture was lowered by 10 °C in order to determine whether
RNA with somewhat divergent sequences might be pre-
sent in subsections of brain (see below).

It is possible that proinsulin mRNA in extrapan-
creatic tissues is different from that found in pancreatic
islets. To determine whether rat proinsulinl cDNA
could detect mRNAs for insulins which are as divergent
in amino acid sequence as guinea pig [22] is from rat
(about 65% homology), poly A+ RNA from guinea pig
pancreas was examined. At the nucleic acid level, guin-
ea pig mRNA differs from rat] and II proinsulin
mRNA by about 20% at replacement sites, and up to
40% at silent sites [23]. A single hybridizing band of
mRNA was readily detected in poly A+ guinea pig
pancreatic RNA (Fig. 4, lane 6), which appeared identi-
cal in size to rat proinsulin mRNA (Fig.4, lane 7). While
there is no precedent for a messenger RNA being differ-
entially polyadenylated in various tissues, non-polyad-
enylated RNA from brain was examined and no insulin
mRNA was found.

Because no proinsulin mRNA was detected in ex-
trapancreatic tissue, it is important to estimate the lower
limits of detection of the RNA blot hybridization meth-
od. Biot hybridization assays have been shown by oth-
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Table 1. Hybridization assay for proinsulin mRNA

RNA applied to gel Area under curve (absorbance) opti-
Total Proinsulin cal density

ug) mRNA (pg) Experiment1  Experiment 2

4 60 5.06 3.74

2 30 3.89 191

1 15 0.96 0.29

0.4 6 0.84 0.31

0.2 3 0.46 0.23

041 1.5 ND? ND?

2 Not detected

ers to measure as little as 1-2 pg of mRNA [14, 24, 25].
The limits of the rat proinsulin mRNA assay is demon-
strated by subjecting total pancreatic RNA containing
15 pg of proinsulin mRNA/ug, to serial dilution and
hybridization analysis. Autoradiographs were analyzed
by densitometry (Table 1). The lower limits of detection
of this assay was 3 pg of proinsulin mRNA.

To demonstrate that brain RNA did not interfere
with detection of proinsulin mRNA, poly A+ RNA
from pancreas was diluted 10,000-fold and added to a
20 pg sample of poly A+ RNA from rat brain, and ana-
lyzed. A faint but distinct band was recognized. To con-
firm the data in Figure 3 and 4 and to extend the sensi-
tivity of the assay, 50 ug of poly A+ RNA from brain
(the maximum capacity of the gel) was electrophoresed
in an adjacent lane. No hybridizing band was detected
in this or other similar experiments.

Failure to detect insulin mRNA in brain might be
caused by degradation during the isolation process. To
test this possibility, a small amount of pancreas was
added to brain and RNA isolated. A strong signal for
proinsulin mRNA was present in poly A+ RNA from
the sample. Further evidence that brain mRNA was un-
degraded was provided by demonstrating that brain po-
ly A+ RNA was active in stimulating synthesis of high
molecular weight brain protein in a rabbit reticulocyte
cell-free protein synthesizing system (data not shown).

Discussion

Blot hybridization provides a sensitive and specific
method for identification and quantitation of messen-
ger RNA’s [9, 13, 26, 30]. Cloned cDNA probes can be
labelled to specific activities similar to those obtained
when iodinating peptides for use in radioimmunoas-
says. Thus, cDNA hybridization is theoretically as sen-
sitive an assay for nuclei acids as are radioimmunoas-
says for proteins.

The nucleic acid hybridization assay for protein hor-
mone mRNA'’s provides a distinct advantage over im-
munoassay for documentation of hormone biosynthesis
in situ because presence of the mRNA is a prerequisite.
Using this method we have quantified insulin mRNA in
islets, insulinoma cells adapted to culture and total pan-
creas. Because f-cell number and RNA content are
known for rat islets [13, 31], we can estimate the f-cell
insulin mRNA copy number from the data presented
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here to range from 50-150,000 molecules per cell. This
estimate is similar to the copy numbers of other abun-
dant mRNA’s in differentiated tissues, (e.g. casein in
mouse mammary gland [27], and ovalbumin in chick
oviduct [28].

These studies demonstrate that as little as 3 pg of in-
sulin mRNA can be detected in a RNA sample. Be-
cause no signal was detected in a 50 ug sample of poly
A+ RNA from brain, there is less than 0.06 pg of insu-
lin mRNA per pg of brain messenger RNA. Similar re-
sults were obtained for all other extrapancreatic tissues
examined. This compared to 1500 pg of insulin mRNA
per ug of pancreatic mRNA. Havrankova et al. [4] and
Rozensweig et al. [21] have presented data to show that
levels of insulin in brain are about 20 ng/gm of tissue, as
compared to 40 pg/gm of pancreas. Because the level of
mRNA coding for a protein is roughly proportional to
the amount of protein synthesized [29, 30, 32] one would
estimate insulin mRNA in brain to be 2000-fold less
abundant than in pancreas. The data here demonstrate
that insulin mRNA is at maximum 6000-fold less
abundant than in pancreas. In the studies by Havranko-
va et al. [4] and Rozensweig et al. [21] cited above, levels
of insulin varied considerably from one animal to the
next. In the studies presented here, RNA was pooled
from 6-20animals for each analysis, decreasing the
possibility that the samples analyzed came from ani-
mals with particularly low levels ov extrapancreatic in-
sulin. These data do not rule out the possibility that
there are extremely stable, slowly turning over pools of
insulin synthesized in extrapancreatic tissues at low
rates and encoded by levels of messenger undetected in
this study.

The insulin in other tissues demonstrated by immu-
noassay might be an insulin-like peptide, although bi-
oassay and gel filtration of this material do not seem to
support this view (3, 21]. In support of such an hypothe-
sis, Rozensweig et al. [37] presented data to suggest that
insulin in extracts of guinea pig brain was more “pork-
like” than insulin from guinea pig pancreas. The recent
demonstration of only one gene for insulin in the guinea
pig, encoding guinea pig pancreatic insulin [23], de-
creases support for distinct pork insulin-like molecules
synthesized in brain. Nevertheless, we have screened
for the presence of a partially homologous mRNA in
brain by decreasing the stringency of hybridization. It is
known that when RNA-DNA hybrids vary in sequence,
they dissociate at lower temperatures than strictly ho-
mologous polynucleotides [33]. Decreasing the stringen-
cy of post-hybridization washes allowed detection of
mRNA for guinea pig insulin, which is only 60-80% ho-
mologous to the rat proinsulin I mRNA [23]. These re-
sults do not exclude the possibility that a less homolo-
gous mRNA encodes the insulin reported in brain. Ex-
amples of distantly related members of the insulin gene
family include IGF T and II [34, 35] and pre-prorelaxin
[36]. These mRNA’s which are partially homologous to
proinsulin mRNA encode proteins with distinctly dif-
ferent immunoactivity and biological activity. Because
insulin mRNA is not found in extrapancreatic tissues at
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levels considerably lower than those predicted by their
insulin content, this suggests that the insulin found in
brain and other tissues is not synthesized there, but
more likely originates in pancreatic f-cells.
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