synchronized with respiration. These
spectral methods have been useful pri-
marily for determining the effects of
pharmacologic doses of potent cardiotro-
pic drugs. Synchronization of breathing
with pulse results in immensely less non-
predictable variability and a far more
precise evaluation of the sinus arrhyth-
mia.

Our curve-fitting method of assess-
ment of the resting RSA, during volun-
tary cardiorespiratory synchronization,
had reasonably small test-to-test vari-
ability within the same individual who
had been tested at roughly the same
times of day before and after venipunc-
ture. The resting RSA amplitude is an
easily measured index that correlates
well with age. The timing of the peak of
the function best described by the indi-
vidual data also changes predictably with
advancing age. These predictable rela-
tionships allow the construction of no-
mograms that correlate chronologic age,
the RSA amplitude or timing of peak
value, and ‘‘biologic cardiac age.’’ This
technology provides an objective mea-
sure of physiologic cardiovascular aging.

Data obtained on a patient after cardi-
ac transplantation and a patient with
severe neuropathy lead us to agree with
the hypothesis put forward by Bain-
bridge (/7) in 1920, stating that a nega-
tive pressure-dependent increase of the
diastolic filling of the heart increases
cardiac rate primarily through intracardi-
ac, rather than extracardiac, sympathet-
ic and parasympathetic reflex arcs. This
is not to say that these heart rate changes
cannot be overridden by sympathetic or
parasympathetic discharge, by circulat-
ing chronotropes like epinephrine or nor-
epinephrine, or by other cardioactive
drugs.

Our results in patients with absolutely
and relatively denervated hearts lead us
to believe that the resting RSA is primar-
ily a measure of cardiac suppleness, elas-
ticity, or tissue compliance. For this to
be proved, concurrent, more direct mea-
surements of cardiac compliance need to
be correlated with this index. Chest wall
compliance also needs to be considered
by measuring and correcting for respira-
tory volume and for the rate of and
amount of negative pressure induced
during inspiration.

If some basic property of the heart
tissue, such as myocardial compliance,
is the primary variable being measured,
longitudinal assessment of cardiac status
would seem to be pertinent for individ-
uals suffering from many cardiovascular
diseases and possibly in routine health
maintenance. This technology will allow
quantitative objective assessment of ag-
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ing, as well as any drug effect, disease,
or behavior that affects the RSA. The
instrument may also be useful for screen-
ing drugs for cardiotoxicity or general
cardioactivity.
W. J. M. HRUSHESKY
D. FADER
Departments of Medicine and
Laboratory Medicine and Pathology,
University of Minnesota Medical
School, Masonic Cancer Center,
Minneapolis 55455
O. SCHMITT
Department of Biophysics, University
of Minnesota Medical School
V. GILBERTSEN
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Transient Expression of Homologous Genes in Drosophila Cells

Abstract. A cloned Drosophila heat shock protein 22 gene was transfected into two
independently established Drosophila cell lines. Each line carried a different heat
shock protein 22 allele, distinguishable by electrophoresis of the protein. The
transfected gene was not expressed at 25°C but could be induced at 36°C. In one line,
two heat shock protein 22 electromorphs were synthesized.

Cloned genes have been introduced
into cultured somatic cells, unfertilized
eggs, or zygotes under conditions that
lead to their expression and regulation
(). Such transformation and transient
expression systems provide a functional
assay for defining DNA sequences flank-
ing structural genes that are necessary
for control of their expression (2). One
limitation to these systems is that the
introduced gene and recipient cell are
seldom homologous—that is, they are
usually derived from different species—
because in most cases one could not
distinguish qualitatively the expression
of the transfected gene from the expres-
sion of the equivalent endogenous gene.
As a consequence, several strategies
have been developed to study the regu-
lated expression of transfected genes.
One is to use a completely heterologous
system consisting of a cloned gene and a
recipient cell from different species (3).
The foreign gene, when expressed, pro-
duces an RNA and protein molecule
whose presence can then be assayed
directly and with no interfering signal
from endogenous gene expression. A
second strategy is to link physically the
putative regulatory DNA sequence of a

homologous gene to a heterologous
structural gene (4). In this chimera the
homologous regulatory region then
drives the transcription and subsequent
translation of a foreign gene whose
expression can then be assayed directly.
This approach introduces some homolo-
gy. A third approach is to use a recipient
cell that contains a mutationally defec-
tive or functionally inactive gene so that
the expression and regulation of a gene
introduced by transfection can be mea-
sured unambiguously (5). Such systems
are limited by the availability of the
necessary mutant line.

We now describe our study of homolo-
gous gene expression in a transient
expression system. Although our experi-
ments were performed with cultured
Drosophila cells as recipients for trans-
fection, the same principles would work
for gene transfer into eggs (transforma-
tion) and would apply for any species.
Qur approach exploits the presence of
ubiquitous genetic polymorphism, which
appears in the form of electrophoretic
mobility variants (6). We first identified
two independently isolated cell lines that
expressed different electrophoretic vari-
ants at some protein coding locus. The
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two cell lines were then transfected with
cloned DNA containing the gene in ques-
tion. If the transfected gene was ex-
pressed, one of the cell lines would ex-
press a new electrophoretic variant of
the protein. If the allele in the cloned
gene was different from that in either cell
line, both of the cell lines would acquire
a new variant.

For example, the heat shock protein
(hsp) 22 gene of Drosophila melanogas-
ter belongs to a small multigene family
located on chromosome 3 in the polytene
band 67B1 (7). The gene has been isolat-
ed and cloned (8), and the entire nucleo-
tide sequence of the coding and flanking
regions has been determined (9). The hsp
22 gene is not normally expressed in
Drosophila adults or in cultured cell
lines. In cell lines, hsp 22 expression can
be induced by either heat shock (10) or
exposure to physiological doses of the
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Fig. 1. Two-dimensional gel electrophoresis
(11, 13) and autoradiography of [**S]methio-
nine-labeled polypeptides synthesized in line
S3 cells (a to e) and line Kc cells (f to j) during
a 90-minute period. (a and f) Controls heat
shocked at 36°C; (b and g) samples labeled at
25°C 2 hours after transfection with T6BV1; (c
and h) samples labeled at 36°C 2 hours after
transfection with T6BV1; (d and i) samples
labeled at 36°C 2 hours after transfection with
pBR322; (e and j) samples labeled at 36°C 22
hours after transfection with T6BV1. The
hsp’s 83, 70, 68, and 23 and the two electro-
phoretic variants hsp 22a and 22b are indi-
cated.
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TAG AAATAAGTTG AGATTATACT AAAACCGATA AAATGCTAGT GAACTCCTAT GTTTAGATAT TCCAAAACCT ATCAAATTTA AGTTCTTGTT
AAATTAACAA GTTAATTTTA AAACAATTGT GATTCGGTAG CCCGCAGCCC AATAATTTTA TTTAGAAGAA AATAAATATT CGAAAAGACT
ATGATCAAAA TATTTACTTT CATTGGTTGG GTTGGGAACA CATTTGATAT GGATAGTATT ATAGATTATT ATATATATCT GTCAAGTCAT

GAAAATGGAT CC

Fig. 2. Partial restriction digest map of the recombinant plasmid T6 and the subclone T6BV1
used for transfection (8). The DNA sequence of the 3’ region from the translation stop signal
(the underlined TAG) to the terminal Bam HI site of T6BV1 is indicated (9). The consensus
poly-A addition sequence AATAAA is underlined, and the terminal nucleotide transcribed 14
bases toward 3’ is indicated (T, thymine; A, adenine; G, guanine; C, cytosine).

steroid molting hormone ecdysterone
(11). In whole animals hsp 22 expression
can be induced by heat shock (/0), and in
pupae the hsp 22 gene is developmental-
ly regulated presumably in response to
an elevation of endogenous ecdysterone
titers (12).

Earlier we showed that hsp 22 is poly-
morphic in two independently estab-
lished cell lines (/3) designated S3 (/4)
and Kc (15). When cells of the S3 line
and the Kc line were heat shocked for an
hour at 36°C in the presence of
[**SImethionine, the autoradiograph of
extracted proteins analyzed by two-di-
mensional polyacrylamide gel electro-
phoresis (2D-PAGE) revealed the pres-
ence of hsp 22 variants that differed in
net charge but not molecular weight (Fig.
1). One-dimensional peptide maps of the
two hsp 22 variants, constructed by the
Cleveland procedure (16), produced in-
distinguishable patterns (data not shown)
indicating that they are allelic variants.
In S3-Kc hybrid cell lines, both hsp 22
variants were induced simultaneously by
heat shock or ecdysterone treatment
3.

The recombinant plasmid used for
transfection, designated T6BV1, con-
tains a 2.15-kilobase pair (kbP) segment
of genomic DNA inserted into the
Bam HI-Pvu II sites of pBR322 (Fig. 2).
The downstream Bam HI site is 282 + 1
base pairs (bp) beyond the translation-
terminating TAG stop codon and 116 bp
beyond the consensus AATAAA poly-A
addition signal (T, thymine; A, adenine;
G, guanine). The upstream Pvu II site is
about 1.0 kbP from the transcriptional
initiation site (Fig. 2).

The T6BV1 plasmid DNA was trans-
fected into both S3 and Kc cells by a
modification of the polyornithine method
(17) for Drosophila cells. Under these
conditions we detected significant
amounts of intact plasmid DNA within
the cells 2 hours after transfection and a

reduced but detectable amount by 20
hours (Fig. 3). Cells transfected with
DNA in the absence of polyornithine or
with DNA complexed with DEAE-dex-
tran contained little or no plasmid (Fig.
3). Higher levels of transfection with
DNA-CaCl, precipitates have been
found (/8). Control transfection with
vector DNA, pBR322, alone was also
performed.

We examined the constitutive and reg-
ulated expression of the transfected
genes in both cell lines by 2D-PAGE
analysis after 90 minutes of [*S]methio-

Fig. 3. Southern blot analysis (2/) showing the
presence of intact recombinant plasmid DNA
in transfected Drosophila S3 cells. Cells were
transfected for 2 hours with recombinant plas-
mid DNA complexed with polyornithine (50
wg/ml final concentration) (b, c, and d); with
polyornithine (30 pg/ml final concentration)
(e, f, and g); with DEAE-dextran (500 wg/ml
final concentration) (h, i, and j); or with no
carrier (k, 1, and m). All transfections were
donie with recombinant plasmid DNA at a
final concentration of 0.625 ug/ml. Cells were
harvested immediately after transfection (b,
e, h, and k); 4 hours after transfection (c, f, i,
and 1); and 20 hours after transfection (d, g, j,
and m). Cells were treated with proteinase K
(100 wg/ml, final concentration) in 0.01M tris
(pH 7.8), 0.5M EDTA, and 0.5 pércent sar-
cosyl. The DNA’s were extracted with phenol
and a mixture of chloroform and isoamyl
alcohol (24:1) and precipitated with ethanol.
DNA'’s were subjected to electrophoresis on a
1.0 percent agarose gel in tris-acetate buffer,
blotted onto nitrocellulose, and hybridized to
pBR322 in 50 percent formamide and 10 per-
cent dextran sulfate. The blot was washed
under conditions of moderate stringency. (a
and n) DNA size-markers.
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nine incorporation. In no case where
labeling was carried out in cells main-
tained at 25°C was there any evidence of
hsp synthesis (Fig. 1). This indicates that
the transfection procedure and subse-
quent manipulation did not induce a
stress response and that the transfected
genes were not expressed constitutively
at 25°C. Cells labeled during heat shock
at 36°C displayed the characteristic
stress response (Fig. 1), which included
the synthesis of the large hsp’s 68, 70,
and 83, the small hsp’s 23 and 22, as well
as hsp 26 and 27, which were not re-
solved in these gels (13). In line S3 cells,
whether untransfected or transfected
with pBR322 or T6BV 1, there was only a
single hsp 22 variant expressed (Fig. 1).
In line Kc cells labeled at 36°C 2 hours
after polyornithine transfection with
T6BV1, two hsp 22 variants were syn-
thesized (Fig. 1). One was characteristic
of the endogenous hsp 22 induced in
control or sham transfected cells, and
the other new hsp 22 variant comigrated
with the hsp 22 found in S3 cells. This is
evidence that the T6BV1 clone contains
a functional hsp 22 gene that encodes a
protein whose electrophoretic mobility is
indistinguishable from the hsp 22 found
in S3 cells. This also implies that the
transfected gene has acquired a pattern
of hsp 22 regulation characteristic of the
recipient Kc cell. The second, new hsp
22 variant was not found in heat-shocked
Kc cells that had been transfected with
pBR322. Only small amounts were found
in Kc cells 20 hours after transfection
with T6BV1, consistent with the disap-
pearance of plasmid sequences by 20
hours (Fig. 3).

Although the relative rates of hsp 22
synthesis were not studied quantitative-
ly, qualitative inspection of hsp 22 label-
ing in Fig. 1 indicated that the expression
of the two hsp 22 variants in T6BV1
transfected Kc cells at 2 hours occurred
at similar levels. Since there appears to
be no method of determining how many
transcriptionally active genes have be-
come transfected, or what the level of
their expression is when active, it is not
possible to comment on the significance
of the observed pattern. Further, the
relative intensity of hsp 22 labeling in S3
cells induced at 36°C 2 hours after trans-
fection with T6BV 1 did not differ notice-
ably from that induced in untransfected
control cells. This implies the absence of
a gene dosage effect on hsp 22 synthesis
in this system. The absence of a gene
dosage effect was also noted in experi-
ments with Northern blot analysis (/9) to
determine the relative abundances of hsp
22 and 70 messenger RNA (mRNA) in
control and transfected Kc cells subject-
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ed to heat shock (data not shown). Al-
though several different hypotheses can
explain this pattern (a rate-limiting
amount of hsp 22 inducer or limiting
RNA polymerase activity), there are in-
dications that hsp 22 transcription and
translation are autoregulated by the ac-
cumulated level of hsp 22 protein. Auto-
regulation of hsp 22 was indicated by the
results of another experiment. When
Drosophila S3 cells were heat shocked
for an hour and returned to 25°C to
prevent cell death, the level of hsp 22
mRNA reached a plateau and then de-
clined (Fig. 4). When the same experi-
ment was performed in the presence of
cycloheximide at a concentration that
inhibited protein synthesis by 95 per-
cent, the level of hsp 22 mRNA contin-
ued to increase for several hours (Fig. 4).
This suggests that the repression of hsp
22 transcription, which was initially trig-
gered by heat shock, may be auto-
regulated. In Drosophila cells, hsp 70
transcription' and translation is also
thought to be autoregulated (20).
Genetic polymorphisms can be used
by molecular biologists interested in de-
fining DNA sequences that are important

= 8 8 =

Fig. 4. Northern blot analysis (/9) of hsp 22
RNA accumulation during recovery from heat
shock. Drosophila S3 cells were incubated for
30 minutes at 25°C in the presence of cyclo-
heximide at 1 ug/ml (c, e, g, 1,1, n, and p) or in
the absence of cycloheximide (b, d, f, h, k, m,
and 0); subjected to a 1 hour heat shock at
36°C; and allowed to recover at 25°C for 0
hours (b and c), 1 hour (d and e), 2 hours (f
and g), 3 hours (h and i), 4 hours (k and 1), §
hours (m and n), or 6 hours (o and p). Cells
were extracted in 7.5M guanidine hydrochlo-
ride, 10 mM dithiothreitol, and 20 mM sodi-
um acetate. RNA’s were isolated by centri-
fuging through a 5.7M CsClI cushion, extract-
ed with phenol and a mixture of chloroform
and isoamyl alcohol (24:1), and precipitated
with ethanol. Total RNA's were glyoxalated
and subjected to electrophoresis on a 1.6
percent agarose gel (40 pg of RNA per lane) in
10 mM sodium phosphate buffer, pH 6.8. The
blot was hybridized to T6BV1 plasmid DNA
in 50 percent formamide and 10 percent dex-
tran sulfate and was washed under conditions
of moderate stringency. (a and j) Glyoxalated
size-markers.

in homologous gene expression and reg-

ulation. In principle, allelic variation can

be used in any system where the RNA or

protein products can be distinguished.
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