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Mapping of Herpes Simplex Virus—1 Neurovirulence to
v134.5, a Gene Nonessential for Growth in Culture

Joany CHoU, EARL R. KERN, RICHARD J. WHITLEY,

BERNARD RoO1ZMAN*

The gene designated v,34.5 maps in the inverted repeats flanking the long unique
sequence of herpes simplex virus—1 (HSV-1) DNA, and therefore it is present in two
copies per genome. This gene is not essential for viral growth in cell culture. Four
recombinant viruses were genetically engineered to test the function of this gene. These
were (i) a virus from which both copies of the gene were deleted, (ii) a virus containing
a stop codon in both copies of the gene, (iii) a virus containing after the first codon an
insert encoding a 16—amino acid epitope known to react with a specific monoclonal
antibody, and (iv) a virus in which the deleted sequences were restored. The viruses
from which the gene was deleted or which carried stop codons were avirulent on
intracerebral inoculation of mice. The virus with the gene tagged by the sequence
encoding the epitope was moderately virulent, whereas the restored virus reacquired
the phenotype of the parent virus. Significant amounts of virus were recovered only
from brains of animals inoculated with virulent viruses. Inasmuch as the product of the
v134.5 gene extended the host range of the virus by enabling it to replicate and destroy
brain cells, it is a viral neurovirulence factor.

PPROXIMATELY ONE IN 250,000

adults per year acquires herpes sim-

plex virus (HSV) encephalitis: an
acute, frequently lethal disease with lasting
sequelae even in individuals treated prompt-
ly with antiviral drugs (7). The morbidity
associated with the HSV encephalitis has
prompted considerable interest in determin-
ing which of the more than 70 viral genes
impart to the virus the capacity to cause
central nervous system (CNS) disease. We
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report that the protein encoded by the
HSV-1 gene designated +y;34.5 enables
HSV-1 to cause lethal infection of the
mouse brain.

The HSV-1 genome, schematically repre-
sented in Fig. 1, consists of two sets of
unique sequences each flanked by inverted
repeats (2). The long unique sequence is
flanked by 9-kbp inverted repeats designated
as ab and b'a’, respectively (3). The observa-
tion that the terminal 500-bp a sequence
acts as a late (y;) HSV promoter led to the
discovery of the v;34.5 gene. The coding
sequences for the v;34.5 gene are located in
the adjacent b sequences and specify a pro-
tein of 263 amino acids with an apparent
molecular weight of 44,000 (4-6). The re-
markable properties of this gene are that it
lacks a canonical TATAA box and that its 5’
untranscribed domain, the a sequence, is
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GC-rich, contains numerous repeats, and
lacks the features characteristic of HSV pro-
moters (7-9). The protein contains five to
ten repeats of the amino acid sequence Ala-
Thr-Pro (4-6). Interest in this gene was also
kindled by the knowledge that the a se-
quence contains signals for processing of
viral DNA. Viral DNA is synthesized as
head-to-tail concatemers, and cleavage of
unit-length viral DNA for packaging into
virus particles occurs in the direct repeat 1
(8-12). The transcription of the y,34.5 gene
is initiated in this repeat (4).

Studies of the identification of the genes
associated with neurovirulence have repeat-
edly implicated DNA sequences located at
or near a terminus of the long component of
HSV-1 DNA. Thus, Centifanto-Fitzgerald
et al. (13) transferred, by means of a DNA
fragment, a virulence marker from a virulent
to an antivirulent strain of HSV-1. Deletion
of genes located at one terminus of the long
component of HSV-1 DNA contributed to
the lack of virulence exhibited by a proto-

type HSV vaccine strain (14). In other stud-
ies, Javier et al. (15) and Thompson et al.
(16) demonstrated that an HSV-1 x HSV-
2 recombinant virus consisting largely of
HSV-1 DNA but with HSV-2 sequences
located at one terminus of the long compo-
nent was avirulent; virulence could be re-
stored by rescue with the homologous
HSV-1 fragment. Taha et al. (17, 18) de-
scribed a spontaneous deletion mutant lack-
ing 1.5 kbp at both ends of the long compo-
nent of a HSV-2 strain. Because of hetero-
geneity in the parent virus population, the
loss of virulence could not be unambig-
uously related to the specific deletion, al-
though the recombinant obtained by marker
rescue was more virulent than the deletion
mutant. In neither study was a specific gene
or gene product identified at the mutated
locus, and no gene was specifically linked to
a virulence phenotype.

To test the possible role of the product of
the v;34.5 gene [infected cell protein (ICP)
34.5], a series of four viruses (Fig. 1) were

Fig. 1. Sequence arrange- . ab N LA ca
ments of the gcnomcgof HS¥-(F)a305 :l|ﬁ o ﬁ,—l_—'——ﬁ g
wild-type stran HSV-1 | |

strain F [HSV-1(F)] and T~ —_

of recombinant viruses G345 10P0 ~ ICPO 1CP34.5

derived from it. Top line, ! ~

the sequence arrange- ! NBe s st > ~ 2,845 genotype
ment of HSV-1(F)A305.  p4gp2 {1+ s wT

The rectangles identify “craas o

the inverted repeats ab,

b'a'c, and ca (3). The

HSV-(F) a sequence is m Truncated
present in a direct orien- 1 % 34.5
tation at the two genomic  pagyy N Be st

termini and in the invert- (R3616) i+ A I %345~

ed orientation at the junc- A cP34s

ﬁocfil bgtwecn the long  Hsy-1(F)R NBe s st

and short components f i

(3). Theband ¢ scggcnccs __|_~_. ' % 84.5F
are approximatcly 9and 6 F restored ICP34.5

kbp long, respectively (3).

The triangle marked TK ~ R4010

identifies the position of  (R4009)

the tk gene and of the

Bgl II to Sac I sequence _

of Bam HI Q fragment GTAACCTAGACTAGTCTAGC % %% Y;34.5
deleted from  HSV- *xxx*xGATCTGATCAGATCGCATTG (stop codon)
1(F)A305 (19). Lines

two and three from the

top show that the b se-

Kiere conItélF;‘lllchcncj Ra004 METASPGLUTYRASPASPALAALAASPALAALAGLYASPARGALAPROGLYMET | T30
specifying I o A (R4003) | CATGGACGAGTACGACGACGCAGCCRACGCCGCCGECGACCGEGCCCCGEG<x | insertion
ICPO and, since the b sc- *xx+CTGCTCATECTGCTGCGTCGECTECEGCEGCCGCTERCCCEGEGCCCETAC

quence is repeated in an
inverted orientation,

there are two copies of these genes per genome. The construction of the a27-tk fragment containing
portions of the glycoprotein H gene has been described (4-6). Line 7 shows a schematic diagram of the
insertion of the oligonucleotide containing stop codons in all three reading frames. The plasmids pRB3615
and pRB3976 used in the construction of R4002 and R4004, respectively, were described clsewhere (4, 6).
To generate pRB3616, plasmid pRB143 (19) was digested with Bst EII and Stu I, blunt-ended with T4
polymerase, and religated. The asterisks designate nucleotides from vector plasmid that form cohesive ends
with the synthesized oligomers. The insertion of the a4 epitope into the first amino acid of ICP34.5 (line 9)
has been described (6), except that in this instance the sequence was inserted into both copies of the y,34.5
gene. The tk gene was restored in all recombinant viruses tested in mice. HSV-1(F)R (line 6) was derived
from R3617 by restoration of the sequences deleted in +y,34.5 and tk genes. N, Be, S, and St are
abbreviations for Nco I, Bst EII, Sac I, and Stu I restriction endonucleases (New England Biolabs),
respectively. The numbers in parentheses are the tk™ version of each construct tested in mice.
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genetically engineered by the procedures of
Post and Roizman (19).

1) Recombinant virus R4002 (Fig. 1,
lane 3) contained the insertion of a thymi-
dine kinase (tk) gene driven by the promoter
of the 027 gene (a27-tk) in both copies of
the ICP34.5 coding sequences. It was con-
structed by cotransfecting rabbit skin cells
with intact DNA of HSV-1(F)A305, a virus
from which a portion of the tk gene was
specifically deleted (19), with the DNA of
plasmid pRB3615, which contains the a27-
tk gene inserted into the v,34.5 gene con-
tained in the Bam HI § fragment. Recombi-
nants that were tk* were then selected on
human 143 thymidine kinase minus (TK™)
cells. The fragment containing the «27-tk
gene contains downstream from the tk gene:
the 5’ untranscribed promoter, the tran-
scribed noncoding sequence, and the initiat-
ing methionine codon of the glycoprotein H
gene (4). The Bst EII site into which the
a27-tk fragment was inserted is immediately
upstream of the codon 29 of the v,34.5
open reading frame. As a consequence, the
initiating codon of glycoprotein H was
fused in frame and became the' initiating
codon of the truncated open reading frame
of the v,34.5 gene (Fig. 1, line 3). The
recombinant selected for further study,
R4002, was shown to contain the o27-tk
gene insert in both copies of v,34.5 gene
(Fig. 2, lanes 4) and specified only the
predicted truncated product of the chimeric
v134.5 gene (Fig. 3, right panel, lane 3).
The amounts of the native ICP34.5 protein
detected in these and previous studies have
been generally low (5). The chimeric genes
formed by the fusion of the 5’ transcribed
noncoding region and the initiating codon
of glycoprotein H in frame with the truncat-
ed v;34.5 gene were expressed far more
efficiently than the native genes.

2) The recombinant virus R3617 (Fig. 1,
line 5 from the top) lacking 1 kb of DNA in
each copy of the v,34.5 gene was generated
by cotransfecting rabbit skin cells with intact
R4002 DNA and the DNA of plasmid
pRB3616. In this plasmid, the sequences
containing most of the coding domain of
v134.5 had been deleted (Fig. 1, line 5 from
top). The tk~ progeny of the transfection
was plated on 143TK™ cells overlaid with
medium containing bromodeoxy uridine
(BrdU). This procedure selects tk™ viruses,
and since the tk gene is present in both
copies of the v,34.5 gene, the selected prog-
eny of the transfection could be expected to
contain deletions in both copies. The select-
ed tk™ virus designated as R3617 was ana-
lyzed for the presence of the deletion in both
copies of the y,34.5 gene (20). For assays of
neurovirulence, the deletion in the native
tk™ gene of R3617, which traces its origin
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from HSV-1(F)A305, had to be repaired.
This was done by cotransfection of rabbit
skin cells with intact R3617 DNA and Bam
HI Q fragment containing the tk gene. The
virus selected for tk* phenotype in 143TK™
cells was designated R3616. This virus con-
tains a wild-type Bam HI Q fragment (Fig.
2, right panel, lane 6) and does not make
ICP34.5 (Fig. 3, right panel).

3) To ascertain that the phenotype of
R3616 indeed reflects the deletion in the
v134.5 gene, we restored the deleted se-
quences by cotransfecting rabbit skin cells
with intact R3617 DNA, the HSV-1(F)
Bam HI Q DNA fragment containing the
intact tk gene, and the Bam HI SP DNA
fragment containing the intact vv,34.5 gene
in the molar ratios of 1:1:10, respectively.
Viruses that were tk* were then selected in
143TK™ cells overlaid with medium con-
taining hypoxanthine, aminopterin, and thy-

midine. The #* candidates were then
screened for the presence of wild-type tk and
¥134.5 genes. As expected, the selected virus
designated HSV-1(F)R (Fig. 1, line 6) con-
tained a wild-type (tk*) Bam HI Q fragment
(compare Fig. 2, right panel, lanes 2 and 7),
a wild-type terminal long component frag-
ment (compare Fig. 2, left panel, lanes 2, 7,
and 8), and expressed ICP34.5 (Fig. 3, right
panel, lane 6).

4) To climinate the possibility that the
phenotype of R3616 reflects deletion in
cryptic open reading frames, we constructed
avirus (R4010, Fig. 1, line 7 from the top)
that contains translational stop codons in all
three reading frames in the beginning of the
ICP34.5 coding sequence. The 20-base oli-
gonucleotide containing the translational
stop codons and its complement sequence
(Fig. 1) were made in an Applied Biosys-
tems 380D DNA synthesizer, mixed at
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= o o -« o O - =
o MR S R iR e BT B S Sl
SREE S 5 g & 3¢ Beng3
| . 550 o ol i Bl TEEE Bk R ARt | f . B TG s e B BER TR aw |
! 1
#
3 .‘. }BamHISP
‘2_ }ABamHISF‘
S
& = ] vz [ 49 -
» b o @ o e
BamHI S
- - Bre AQ - -
.ABamHIS
-
F 3548 6138 90 S35 1885 TE%D

probe: Nco | to Sph | of ICP34.5 (pRB4081)

Fig. 2. Autoradiographic image of electrophoretically

probe: Bam HI Q (pPRB103)
ted digest of plasmid, wild-type, and

mutant virus DNAS, transferred to a solid substrate and hybridized with labeled probes for the presence
of ¥, 34.5 and tk genes. The plasmids or viral DNAs shown were digested with Bam HI or, in the case of
the R4009 shown in lanes 10, with both Bam HI and Spe I. The hybridization probes were the
fragment Nco I to Sph I contained entirely within the coding sequences of ¥;34.5 (left panel) and the
Bam HI Q fragment of HSV-1(F) (right panel). The probes were labeled by nick translation of the
entire plasmid DNAs with [a-3?P]deoxycytidine triphosphate and reagents provided in a kit (Du Pont
Biotechnology Systems). The DNAs that were limit digested with Bam HI (all lanes) or both Bam HI
and Spe I (ﬁpancl, lane 10) were electrophoretically separated on 0.8% agarose gels in 90 mM tris-
phosphate buffer at 40 V overnight. The DNA was then transferred by gravity to two nitrocellulose
sheets sandwiching the gel and hybridized overnight with the respective probes. y;34.5 maps in Bam
HI S and SP fragments, which form a characteristic ladder of bands at 500-bp increments. The ladders
are a consequence of a variable number of a sequences in the repeats flanking the unique sequences of
the long component. Inasmuch as Bam HI cleaves the viral genome within the inverted repeats but not
at the junction between the long and short components, Bam HI § is the terminal fragment of the viral
genome at the terminus of the long component, whereas Bam HI SP is a fragment formed by the fusion
of the terminal Bam HI S fragment with Bam HI P, the terminal Bam HI fragment of the short
component. Bands of Bam HI S, SP, and Q and their deleted versions, ABam HI S, ABam HI SP, and
ABam HI Q (AQ), respectively, are indicated. Band 1 represents the 1.7-kbp a27-tk insert into the Bam
HI SP fragment in R4002, and therefore this t reacted with both labeled probes (lanes 4). Band
2 represents the same insertion into the Bam HI S fragment.
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equal molar ratio, heated to 80°C, and al-
lowed to cool slowly to room temperature.
The annealed DNA was inserted into the
HSV-1(F) Bam HI S fragment at the Bst
EIl site. The resulting plasmid pRB4009
contained a stop codon inserted in the be-
ginning of the ICP34.5 coding sequence.
The 20-nucleotide oligomer DNA insertion
also contained a Spe I restriction site, which
allowed rapid verification of the presence of
the insert. To generate the recombinant
virus R4010, rabbit skin cells were cotrans-
fected with the intact DNA of R4002 and
the pRB4009 plasmid DNA. Recombinants
that were tk~ were selected in 143TK™ cells
in medium containing BrdU. The t* ver-
sion of this virus, designated R4009, was
generated by cotransfection of intact tk™
R4010 DNA with HSV-1(F) Bam HI Q
DNA fragment, and selection of tk* proge-
ny. The virus selected for neurovirulence
studies, R4009, contained the Spe I restric-
tion endonuclease cleavage site in both Bam
HI S and SP fragments (compare Fig. 2, left
panel, lanes 9 and 10) and did not express
ICP34.5 (Fig. 3, right panel, lane 7).

5) R4004 (Fig. 1, last linc) was a recom-
binant virus produced by insertion of a
sequence encoding 16 amino acids. This
sequence had been shown to be the epitope
of the monoclonal antibody H943 reactive
with a viral protein designated as ICP4 (21).
The virus was generated by cotransfecting
intact R4002 DNA and the DNA of plas-
mid pRB3976 containing the insert, and the
selected tk™ progeny was analyzed for the
presence of the insert. For neurovirulence
studies, its tk gene was restored (recombi-
nant virus R4003) as described above. The
DNA sequence was inserted in frame at the
Nco I site at the initiating methionine codon
of the v,34.5 gene. The insert regenerated
the initiating methionine codon and gener-
ated a methionine codon between the epi-
tope and the remainder of ICP34.5. Because
of the additional amino acids, the protein
migrated more slowly in denaturing poly-
acrylamide gels (Fig. 3, right panel, lane 4).

Plaque morphology and size of all of the
recombinants were similar to those of the
wild-type parent, HSV-1(F) when plated on
Vero, 143TK™, and rabbit skin cell lines.
Whereas HSV-1(F)R and R4003 replicated
as well as the wild-type virus in replicate
cultures of Vero cells, the yields of R3616
and R4009 were reduced to one-third to
one-fourth the amount of the wild type.
Although ICP34.5 was not essential for
growth of HSV-1 in cells in culture, the
results of the studies shown in Table 1
indicate that the deletion or termination of
translation of the v,34.5 had a profound
effect on the virulence of the virus. Thus, all
of the mice inoculated with the highest
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Fig. 3. Autoradiographic images (lcft panel) and
photographoflysataofocllsmockmfccted (M)

or infected with HSV-1(F) and recombinant vi-
ruses (right panel) separated clectrophorcnally
dcnaturmg polyacrylamide (10%) gels, trans-
to a nitrocellulose sheet, and
smned with rabbit polyclonal antibody R4 de-
scribed elsewhere (5, 6). Replicate cultures of
Vero cells were infected and labeled with
[**S]methionine (Du Pont Biotechnology Sys-
tems) from 12 to 24 hours after infection, and
equivalent amounts of cell lysates were loaded in
cach slot. The procedures were as described (5, 6)
except that the bound antibody was made appar-
ent with the alkaline phosphatase substrate system
supplied by Promega, Inc. Infected cell proteins
were designated by number according to Honess
and Roizman (24). The chimeric ICP34.5 speci-
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fied by R4003 migrated more slowly than the protein produced by other viruses because of the
increased molecular weight caused by the insertion of the epitope. The reactivity of the inserted epitope

with monoclonal antibody H943 was reported elsewhere (6) and is not shown here.

Table 1. Comparative ability of wild-type and recombinant viruses to causc death after intracerebral
neurovirul

inoculation of mice. The

ence studies were done on female BALB/C mice obtained at 21 days

of age (weight = SD, 9.4 + 1.8 g) from Charles River Breeding Laboratories in Raleigh, North
CuohmmcvuusswmdduwdmmuumummcnndmedmmeonwnmgﬁadessalmandlO%fcml

bovine serum, penicillin, and

tamicin. The mice were inoculated intracerel

in the right cerebral

hcnnsphctewxdn%gmgcneedlc The volume delivered was 0.03 ml, and each dilution of virus was
tested in groups of ten mice. The animals were checked daily for mortality for 21 days. The LDy, was
calculated with the aid of the “Dosc effect Analysis® computer program from Elsevier Biosoft,

Cambridge, United Kingdom.

Virus in the

inoculum Genotype PFU/LDs,
HSV-1(F) Wild-type parent virus 420
R3616 1000-bp deletion in the v,34.5 >1,200,000
HSV-1(F)R Restoration of y,34.5 and tk 130
R4009 Stop codon in v,34.5 >10,000,000
R4003 Monoclonal antibody epitope inserted at the NH, terminal 4,200

concentration [1.2 X 10° plaque-forming
units (PFU)] of R3616 survived. In the case
of R4009, only three of ten mice died as a
result of inoculation with the highest con-
centration of virus (~107 PFU). In compar-
ison with other deleton mutants, R3616
and R4009 rank among the least pathogenic
viruses we have tested (14, 22). The virus in
which the v;34.5 gene was restored exhibit-
ed the virulence of the parent virus.

The wild-type virus and all of the recom-
binants have identical surface glycoproteins
necessary for attachment and penetration
into brain cells. Injection of 10° PFU into
the brain should result in infection and
death of a significant number of the brain
cells. Death after intracerebral inoculation
results from viral replication, spread from
cell to cell, and cell destruction before the
immune system has a chance to act. Titra-
tions of brain tissue suspended in minimal
essential medium containing Eagle’s salts
and 10% fetal bovine serum showed that the
brains of animals inoculated with the viruses
that failed to make ICP34.5 contained very
little virus. Thus, for the R3616 and R4009
viruses, the recovery was 120 and 100 PFU
per gram of brain tissue, respectively. Given
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the amount of virus in the inoculum (high-
est concentration tested), it is not clear
whether the small amounts of recovered
virus represent a surviving fraction of the
inoculum or newly replicated virus. In con-
trast, the amounts of virus recovered from
mice inoculated with HSV-1(F)R and
R4003 were 6 X 10° and 4 X 10, respec-
tively. These results indicate that the failure
of the two recombinant viruses to cause
death must be related to poor spread of virus
in neuronal tissue as a consequence of the
inability of mutant viruses to replicate in the
CNS, reflecting a reduction in their host

l-m'Ig'lu:c significance of the results reported in
this paper stems from several considerations.
First, most deletion mutants in coding se-
quences generated and tested to date (14,
22) have a reduced capacity to cause discase
in experimental animals. None of the HSV-
1 mutants that carry a deletion in a single
gene, however, exhibited as drastic a de-
crease in ability to cause death in experimen-
tal animals as those reported in this study.
Second, the loss of capacity to replicate in
the CNS and cause death is not due to
rearrangement of DNA as a consequence

of the deletion. Identical loss of capacity to
replicate in the CNS was obtained by inser-
tion of the stop codons. Furthermore, the
loss of virulence by the mutants containing
the stop codons was not a consequence of
some rearrangement of the DNA sequences
at the terminus of the genome, since inser-
tion of the ICP4 cpitope, a much larger
insert, into the coding sequence had a mar-
ginal effect on the ability of the virus to
replicate in the CNS. These data also indi-
cate that the modification of the NH; termi-
nus of the protein did not grossly debilitate
the capacity of the protein to function in the
mouse brain. Lastly and more significantly,
while the function of ICP34.5 is not known,
it is not essential for growth in cells in
culture. The slight decrease in replication of
this virus in cells in culture is not concordant
with the loss of its ability to multiply and to
destroy the CNS in mice. The failure to
recover virus from CNS suggests that brain
cells, unlike cells grown in culture, do not
express genes whose products can substitute
for ¥;34.5 gene product and complement
the deletion mutants. ICP34.5 extended the
host range of HSV-1 and enabled the virus
to replicate in CNS. From this point of
view, the protein is necessary for the dissem-
ination of the virus from cell to cell and
destruction of brain tissuc characteristic of
human encephalitis.

Gross deletions in the viral genome that
result in decreased capacity to cause death in
experimental animals have been previously
reported (13, 14). In this report, we have
excluded rearrangements in the viral
genome, insertion of nonhomologous
DNA, or deletion of cryptic open reading
frames as the cause of the loss of neuroviru-
lence. The results directly relate the capacity
to replicate in CNS, the hallmark of neuro-
virulence, to the synthesis and expression of
a specific protein made in relatively moder-
ate amounts and not essential for replication
in cultured cells. By its properties, the prod-
uct of the v,34.5 gene comes closest of all
known viral proteins to the definition of an
HSV neurovirulence factor.
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Calcium Mobilization and Exocyt

osis After One

Mechanical Stretch of Lung Epithelial Cells

HuBEeRrRT R. W. WiRTZ* AND LELAND G. DOBBST

Deep inflation of the lung stimulates surfactant secretion by unknown mechanisms.
The hypothesis that mechanical distension directly stimulates type II cells to secrete
surfactant was tested by stretching type II cells cultured on silastic membranes. The
intracellular Ca’>* concentration was measured in single cells, before and after
stretching. A single stretch of alveolar type II cells caused a transient (less than 60
seconds) increase in cytosolic Ca?* followed by a sustained (15 to 30 minutes)
stimulation of surfactant secretion. Both Ca** mobilization and exocytosis exhibited
dose-dependence to the magnitude of the stretch-stimulus. Thus, mechanical factors
can trigger complex cellular events in nonneuron, nonmuscle cells and may be involved

in regulating normal lung functions.

VIDENCE FROM EXPERIMENTS WITH
E whole animals or isolated lungs sug-

gests that deep inflation of the lung
augments secretion of pulmonary surfactant,
the phospholipid-rich, chemically heteroge-
neous material that lowers surface tension at
the air-liquid interface within the lungs (1).
The mechanism by which an increase in lung
volume apparently stimulates surfactant se-
cretion is unknown. Because alveolar surface
area may increase by as much as 80% during
inflaion to total lung capacity (2), one
hypothesis is that mechanical distension of
the alveolus causes surfactant to be secreted
by alveolar type II epithelial cells. (Surfac-
tant components are synthesized by the type
IT cell, stored in intracellular organelles, and
secreted by exocytosis.) We found that a
single stretch of alveolar type II cells cul-
tured on elastic membranes caused a tran-
sient increase in cytosolic Ca®*, after which
surfactant secretion persisted for 30 min.
Intracellular Ca?* concentration ([Ca?*};)
was measured in single cells before and after
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stretching. Calcium was mobilized from in-
tracellular rather than extracellular stores.
Thus, mechanical factors can trigger com-
plex cellular events in a nonneuron, non-
muscle cell and may be of general impor-
tance in regulating cellular functions.

Rat alveolar type II cells were cultured for
20 to 24 hours on one of two types of
circular elastic silicone membrane dishes (3).
In experiments designed to study surfactant
secretion, cells were incubated during this
period with [*H]choline (1 pCi/ml) to label
phosphatidylcholine (PC), the major com-
ponent of surfactant (4). Release of lactic
acid dehydrogenase (LDH) into the media
was measured as one indicator of cellular
damage (5).

Membranes were stretched by applying
hydrostatic pressure beneath the membranes
(6). To imitate deep inflation of the lung, we
distended membranes once and then re-
turned them to the relaxed position. Secre-
tion from cells on stretched or unstretched
membranes was then measured. Changes in
membrane surface area for each type of
membrane were determined by measuring
the height of membrane displacement and
calculating the increase in surface area from
the formula for the area of a sphere (7). We
compared the increase of measured two-
dimensional cellular surface area (CSA) (8)
to the increase in calculated membrane sur-

face area (MSA) by photographing living

cells on membranes in stretched and relaxed
states and digitizing cellular surface area
(Fig. 1). For cells cultured on both types of
membranes, stretch-induced increases in se-
cretion relative to unstretched controls cor-
related well with increases in CSA rather
than with increases in MSA.

We measured secretion of [*H]phosphati-
dylcholine ([*H]PC) over 1 hour from cells
on silastic sheeting and Sylgard membranes
(Table 1). One hour after a single stretch
that increased mean CSA by 16% (silastic
sheeting membranes) or 17% (Sylgard
membranes), [*H]PC secretion by cells on
both types of membranes (Table 1 and Fig.
2) was significantly increased when com-
pared to control membranes studied concur-
rently in the same device.

There was a direct correlation between
the magnitude of stretch (as measured by an

Fig. 1. Living rat alveolar type II cells cultured for
22 hours on Sylgard membranes. Photographs
were taken at equal magnification on a Leitz
Orthoplan microscope with differential interfer-
ence contrast optics (X40 lens). Cells were loaded
with fluorescein diacetate (50 pM for 1 hour) and
the membrane was held and stretched in a modi-
fied Sykes-Moore chamber (Bellco Glass) with a
no. 1 cover slip bottom. (A) Two connecting cells
shown in the stretched state. The calculated in-
crease in MSA was 52%. The measured increase
in two-dimensional CSA was 23% for the cell on
the left and 25% for the ccll on the right com-
pared to the relaxed state (B). (C) Staining with
the vital dye fluorescein acetate indicates viability
of the two cells. (D) Overlaid outlines of the two
cells, showing the difference in shape and area.
Cells were covered with a thin layer of medium
(MEM with 25 mM Hepes buffer with Krebs
salts).
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