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Current interest in double-stranded 
RNA's (dsRNA's) takes on many forms. 
It ranges from physicochemical studies 
of their structure, through descriptions 
of the large diversity of cellular reac- 
tions brought about by these molecules, 
to studies of events triggered at the 
level of the intact animal. 

We attempt in this article to develop 
a perspective on the heterogeneity of 
reactions provoked by dsRNA in bio- 
logical systems. We describe how chem- 
ical lesions (bond breakage, unpaired 
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bases) in the double-helical structure 
can modulate or abort biological func- 
tion. Finally, we submit for considera- 
tion a hypothesis that dsRNA is both 
the molecular mediator of much of 
the morbidity and cellular damage as- 
sociated with cytolytic viral infection, 
as well as a crucial molecular trigger 
that stimulates many of the organism's 
defenses to viral infection. By defining 
this dynamic role of dsRNA, we hope 
to signal new experimental inquiry 
which may permit a more detailed 
analysis of events at the molecular 
level, which until now have been de- 
scribed at the microscopic level as 
"extreme tissue damage probably due 
to a virus." 

Before we proceed with development 
of ideas on the role of dsRNA in viral 
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infection, it should be recalled that 
dsRNA is generally considered as not 
being a regular constituent of the eu- 
karyotic cell. This view is clearly cor- 
rect in a quantitative sense, although it 
may require some revision. For exam- 
ple, it has been shown that heteroge- 
nous nuclear RNA contains double- 
stranded regions (1). Recently, dsRNA 
from nuclei of HeLa cells has been iso- 
lated (2) and shown to have molecular 
weight in excess of - 25,000. It is 
postulated that dsRNA may interact 
with an initiation factor thought to be 
necessary for messenger RNA (mRNA) 
translation (3); a helical region greater 
than 20 base pairs seems to be involved 
in this recognition. The amount of 
dsRNA in ascites tumor cells appears 
to be under control of a specific nu- 
clease (4), and thus the extent and the 
rate of translation could be regulated 
by this mechanism. Such evidence sup- 
ports the view that dsRNA may have 
a regulatory role in protein synthesis 
within mammalian cells. 

Interferon Induction by dsRNA 

Many specialized cellular functions 
are altered in cells exposed to dsRNA. 
One of the most characteristic func- 
tions triggered by dsRNA is the pro- 
duction of interferon. Various dsRNA's 
of both biological and synthetic origin 
have been shown to stimulate inter- 
feron production: 
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1) Double-stranded RNA's of ani- 
mal viruses [for example, reovirus (5)], 
insect viruses [for example, cytoplasmic 
polyhedrosis virus (6)], plant viruses 
[for example, rice dwarf virus (6) and 
wound tumor virus (7)], mold viruses 
[mycophages of Penicillium funiculo- 
sum (8), P. stoloniferum (8, 9), P. 
cyaneofulvum (10), P. chrysogenum 
(11), and Aspergillus niger (12)], and 
bacterial viruses [bacteriophages such as 
replicative forms of MS 2 (13) and 
MU 9, and f2 (14) coliphages] are 
potent interferon inducers. 

2) Double-stranded RNA with in- 
terferon-inducing (or virus-inhibitory) 
activity has also been demonstrated 
in "normal," ostensibly uninfected, 
mammalian cells such as chick em- 
bryo, chick liver, rat liver, and rabbit 
kidney, and in HeLa cells (15). This 
dsRNA represents about 0.01 percent 
of the total RNA of the cell (.15) 
[newer estimates suggest as much as 
0.1 to 1 percent (17)]. Its general 
occurrence in cells of different animal 
species and the finding that it can be 
hybridized with host cell DNA (15) 
argue against a viral origin of these 
RNA's. Whether its biosynthesis is sen- 
sitive or resistant to actinomycin D 
remains controversial (15). 

3) The DNA viruses and single- 
stranded RNA (ssRNA) viruses are 
also potent interferon inducers. It is 
not unequivocally established, however, 
whether their interferon-inducing ca- 
pacities result from the input nucleic 
acids (DNA or ssRNA), or traces of 
dsRNA in the input virions, or inter- 
mediary dsRNA formed during the 
viral replicative cycle within infected 
cells. Evidence for the last alternative 
is perhaps strongest and has been pro- 
vided with both RNA [mengo (18), 
influenza (15)] and DNA [vaccinia 
(15)] viruses; it should be noticed, 
however, that interferon induction does 
not appear to correlate exclusively with 
dsRNA content or synthesis (16). 
Some late events in viral replication 
may also be mandatory for induc- 
tion. 

4) Synthetic dsRNA's: Homopoly- 
mer pairs (19) such as rI,, * rC,,, rA, * rU,, 
and rG,, rC,, and copolymers such as 
r(I,C),, r(A,U),,, and r(G,C),, [as 
reviewed recently (20)]. 

In contrast with dsRNA, ssRNA's, 
ds- and ssDNA's, and DNA-RNA hy- 
brids are all rather ineffective inter- 
feron inducers (21). Occasionally, in- 
terferon-inducing activities have been 
described with synthetic ssRNA's, espe- 
cially when they form complexes with 
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basic substances such as DEAE-dex- 
tran, methylated albumin, protamine, 
or neomycin (22). The interferon titers 
obtained with these ssRNA's are con- 
siderably lower than those obtained 
with dsRNA. In general, dsRNA's are 
103-fold to 105-fold more active in 
interferon induction than any com- 
plexes containing RNA in a hybrid 
or single-stranded form. This difference 
in activity, of several orders of magni- 
tude, provides a ground for our first 
assumption-namely, that only RNA's 
with double helices will be quantita- 
tively important in triggering antiviral 
responses. As we will see, this is a 
most reasonable assumption, since the 
extent of triggering the interferon re- 
ceptor can be a quantitative indicator 
of double-helical content (23). 

The reactivity of cells, in terms of 
interferon induction by dsRNA, has 
permitted a type of mapping study in 
which one titrates the tolerance of the 
receptor (presumably, membrane lo- 
cated) to fine lesions in the degree of 
secondary structure of the inducer 
complex. For example, the structural 
requirements of the receptor on human 
fibroblasts have been studied (23); in 
this work, the rI, or rCn strand in the 
complex has been interrupted either by 
unpaired bases (U or G) or by bond 
breakage. The complexes r(I39,U),' 
rC,, and r(I21,U)n * rC, have little 
induction ability, while rl. * r(C20,G)n, 
rI, r(C22,U)n, rI,, (C13,U)n, and 
rlIn r(C7,U) are active. Similarly, com- 
plexes of rI, and oliogocytidylate [such 
as rIn (Cp)23G > p] are active, while 
complexes of oligoinosinate and rC, 
(such as r19g rC,) are generally inert. 
Thus, for interferon induction, struc- 
tural requirements in strand continu- 
ity and base pairing are apparently 
much more stringent in the rIl strand 
than in the rC, strand. An important 
aspect of this work has been the ob- 
servations that two inducers, rI, r(C1,- 
U) and rI,n (C20,G), may have better 

therapeutic indexes than rI,'rC, itself. 
They are hydrolyzed by nucleases up 
to eightfold faster, and yet are nearly 
as active as unmodified rI,.rC, (23). 
These observations form a ground for 
our second assumption; namely, that a 
particular biological effect-for exam- 
ple, interferon-inducing ability-de- 
pends not only on double strandedness 
of the inducer, but also on fine struc- 
tural features of one of the two strands. 
We project that a "fine structure" term 
can be sought and developed for other 
reactions triggered by dsRNA's in bio- 
logical systems. If other events trig- 

gered by dsRNA's also depend on "fine 
structure" and not only on double- 
helical conformation, then one can vis- 
ualize a basis for the diversity of bio- 
logical effects of the ostensibly uniform 
family of dsRNA's. 

Intrinsic "Toxicity" of dsRNA 

Double-stranded RNA triggers many 
events in addition to the receptor for 
interferon induction. Another conspicu- 
ous event is the inhibition of protein 
synthesis, both in cell extracts (4, 24, 
25) and intact cell cultures (26). The 
shutoff of host protein synthesis, gen- 
erally observed in cells infected with 
lytic viruses (for example, poliovirus), 
seems related to formation of inter- 
mediary dsRNA. The rate of appear- 
ance of dsRNA in the infected cell 
parallels the decline in rate of cellu- 
lar protein synthesis (26). The accu- 
mulation of dsRNA in mammalian 
cells infected with lytic viruses is not 
only associated with a decline in host 
cell protein synthesis, but, eventually, 
with death of the cell (27). In yeast 
cells, cell-killing has also been associ- 
ated with dsRNA (28), and the pro- 
duction of dsRNA has been incrimi- 
nated as well as a molecular mediator 
of the destructive action of some vi- 
ruses on tumor cells in mice (27, 29). 

In addition to effects on protein syn- 
thesis, dsRNA has a specific effect on 
DNA synthesis and, therefore, on cell 
division. For example, rI,,rC, inhibits 
DNA synthesis (stimulated by iso- 
proterenol) in salivary gland cells and 
mitosis in liver cells (stimulated by 
partial hepatectomy) (30). 

In the whole animal, various adverse 
effects have been observed with 
dsRNA, especially in those species 
(mice, rats, rabbits) that are most re- 
sponsive to the interferon-inducing 
capacity of dsRNA. These effects in- 
clude a local Schwartzman phenome- 
non, pyrogenicity, embryotoxicity 
(fetal resorption), and ocular toxicity 
(lens opacification, iris hyperaemia, 
and aqueous flare) in the rabbit (31). 
In mice and rats, a diminution of 
hemopoietic stem cells in bone mar- 
row and spleen (and of peripheral 
white blood cells), as well as induction 
of a runtlike disease (thymic atrophy, 
spleen hypoplasia), has been noted 
(32). An accelerated onset of malig- 
nant tumors and autoimmune disease 
has also been reported (33). Finally, 
cellular toxicity (edema and hemor- 
rhage due to destruction of endothelial 
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cells of the small blood vessel) occurs 
in the chicken (34). 

A consistent toxic mainfestation ob- 
served in man upon administration of 

relatively low doses of dsRNA (rln 
rC,,) has been fever (35). Production 
of fever is probably related to stimula- 
tion of release of a granulocyte-spe- 
cific polypeptide, pyrogen. This prod- 
uct, in turn, effects a rise in body 
temperature by exerting its effect on 
the hypothalamic thermal regulatory 
"center." For this discussion, it is im- 

portant to note that fever production 
is, for all intents, only observed with 
one class of nucleic acid molecules- 

namely, dsRNA's. DNA-RNA hybrids 
and ssRNA are 102-fold to 104-fold 
less pyrogenic, which suggests that 
these molecules probably never cause 

thermoregulatory problems in vivo. 
The question arises as to what is the 

molecular basis for each of these toxic 
effects. Although multiple loci of inhi- 
bition of cellular function could be 

operative, we favor a simple model 
in which most of these toxicities would 
be achieved by inhibition of protein 
and DNA synthesis, or both. 

Different possibilities have been en- 

visaged to explain the mechanism of 
inhibition of protein synthesis by 
dsRNA. Most recently, Kaempfer 
and Kaufman (25) attributed the in- 

hibitory activity of dsRNA on protein 
synthesis to an inactivation of IF-3, an 
initiation factor required for the re- 

cycling of ribosomes and for their 

binding to mRNA. The concentrations 
of dsRNA necessary to achieve strong 
inhibition of IF-3 are roughly compa- 
rable to those necessary to stimulate 
extracellular interferon production, al- 

though they are 103 to 10- times higher 
than those necessary to achieve intra- 
cellular antiviral protection (which is 

probably conferred simply by the intra- 
cellular molarity of interferon). 

An inspection of the relative sensi- 
tivities of two events-interferon in- 
duction and inhibition of cellular pro- 
tein synthesis-to concentrations of 
dsRNA might bear on understanding 
why the intracellular molarity of 
dsRNA does not always elicit the ex- 

pected interferon level. Interferon pro- 
duction seems to require de novo 

protein synthesis (36), so that if the 
intracellular concentration of dsRNA 
rose too quickly, the protein machinery 
would be operationally closed and un- 
able to accommodate incoming 
mRNA's. 

We submnit that the concentration 
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of dsRNA could serve as a type of 
chemostat that modulates the back- 
ground of residual cellular protein 
synthesis. It seems likely that the 
chemostat for triggering the interferon 
receptor is set somewhat below that 

necessary to activate the inhibition of 
IF-3. Obviously, compartmental con- 
siderations (such as the location of the 
dsRNA receptor relative to the func- 
tional polysomal machinery), as well 
as kinetic ones, may turn out to be 
major terms in modulating the inter- 
feron concentration finally achieved. 
These considerations would explain, of 
course, why high interferon concen- 
trations are not always found where 

they are expected, simply on the basis 
of the recoverable amount of dsRNA. 
We can restate these ideas in the form 
of two "equations." (i) Interferon 
concentration is equal to k1 times the 
concentration of dsRNA times the 
time, and (ii) the percentage of inhi- 
bition of protein synthesis is equal to 
k., times the concentration of dsRNA 
times the time. In both cases, the time 
term implies that period in which 
double-helical structure is preserved. 
Probably a "compartment" term is also 

necessary, to cover concentration gra- 
dients that would be expected to exist 
within the cell, as well as across the 

plasma membrane on which the inter- 
feron trigger receptor is presumably 
located. Our fine structure term might 
also be important here, but further 
studies are needed to define the re- 

activity of IF-3 to dsRNA's with vary- 
ing degrees of fidelity in total base 

pairing. It may be a sufficient treat- 
ment to suggest that a dynamic situa- 
tion could exist in which receptors 
compete for dsRNA molecules and 
that the outcome of these "races" in 
each cell (multiplied by, say, the 109 
to 1012 cells per tissue bed) could 
have important implications for the 
whole animal. 

One particular phenomenon evoked 

by dsRNA, namely, fever production, 
deserves further comment. Evidence 
now suggests that the efficiency of 

replication of certain viruses, particu- 
larly those with an upper respiratory 
tropism, can be modulated by small 

changes in temperature (as discussed 
later). Thus, we wonder if fever pro- 
duction has not evolved as a specific 
response to the presence of dsRNA 
molecules in the circulation: the 

availability of dsRNA molecules would 
be facilitated by tissue destruction 
and leakage of nucleic acid from 

cells during the packaging steps asso- 
ciated with late events in the viral rep- 
lication cycle. It has been interesting 
to note that fever production in the 
rabbit, triggered by dsRNA's, is ex- 
quisitely sensitive to the fidelity in 
base pairing of the input polymer pair 
(37). For example, infrequent "loops" 
(one nucleotide per 20 base pairs) in 
an otherwise perfectly helical rl, *. rC,, 
molecule [such as rIl r(C19,U)J 
dramatically changes its fever produc- 
tion properties. Its activity as an inter- 
feron inducer remains constant despite 
this modification. 

The foregoing experiments empha- 
size an important conceptual point. 
Biological effects of dsRNA's, like 
fever production, may vary in magni- 
tude not only in response to the serum 
molarity of dsRNA, but also in re- 
sponse to subtle conformational fea- 
tures. At the present time, we do not 
know whether the ability to trigger 
one reaction, without the other, is due 
to specific structure-function consider- 
ations or simply to kinetic considera- 
tions. For example, it might take a 
significantly longer lag time to trigger 
fever responses than to trigger inter- 
feron production. The interferon trig- 
ger is known to respond quickly-in 
cell culture it requires less than 5 min- 
utes (38). Since introduction of "loops" 
facilitates nucleolytic attack, trigger 
or nontrigger decisions may just de- 
pend on the half-life of the dsRNA, 
rather than on the structural configura- 
tion per se. 

Double-Stranded RNA in 

Acute Infections 

Infection with highly cytocidal vi- 
ruses (for example, picornaviruses) 
leads to rapid destruction of the cell. 
Amako and Dales (39), as well as 
Haase et al. (40), attributed the virus- 
induced (mengo) cell death to a viral 
protein synthesized at the end of its 
replicative cycle. However, this view is 
contested by Cordell-Stewart and Tay- 
lor (27), who have reported rapid 
destruction of the same virus-infected 
cells in the absence of viral protein 
synthesis since, in their restrictive cells, 
only dsRNA was synthesized. If we 
assume that a viral protein synthesized 
late in infection is indeed responsible 
for the cytopathology, it is hard to un- 
derstand how interferon would fail to 

prevent cell death in the mengovirus- 
infected cell (40). We would antici- 
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pate that such viral protein (or pro- 
teins) would not be synthesized in the 
interferon-treated cell (41); this evi- 
dence may be, therefore, indirect sup- 
port that dsRNA is a better candidate 
to explain this particular cytopathic 
effect. As we have stated, dsRNA is 
formed as an intermediate in the rep- 
lication cycle of most, if not all, cytoc- 
idal viruses (42), and it generally 
accumulates throughout the infection 
cycle. Eventually, it may be a major 
viral RNA species at the time of cell 
death. Clearly, implication of dsRNA 
as a mediator of local and systemic 
toxicity would not restrict the roles of 
other virus-induced products in the 
process of evolving the total pathologic 
picture. For example, other products 
might "polish" or create a unique 
pathologic situation by modifying an 
organism or tissue already acted upon 
by dsRNA. 

Does the dsRNA molecule play a 
major role in the toxicity evoked by 
most animal viruses? To incriminate 
dsRNA as a principal causative agent 
of the cytopathic effect of viruses and 
the clinical symptoms of certain viral 
diseases, some requirements would 
have to be met. First, the dsRNA 
should indeed be produced during the 
multiplication of most, if not all, cytoc- 
idal viruses. Second, the pathologic 
manifestations of virus infections 
should mimic those directly obtained 
with administration of dsRNA. And, 
third, the dsRNA should be made in 
sufficiently high amounts during the 
infection to account for both the gen- 
eral and local toxic manifestations of 
the disease. Evidence is rapidly emerg- 
ing to suggest that these requirements 
are fulfilled. 

1) Formation of a double-stranded, 
replicative intermediate is a general 
characteristic of the multiplication of 
RNA viruses. Recently, dsRNA has 
also been demonstrated in cells in- 
fected with DNA viruses such as vac- 
cinia virus (15, 43) and adenovirus 
(17, 44). It has not yet been shown 
to occur in cells infected with herpes 
simplex virus, although possibly the 
critical experiments have not been per- 
formed. Moreover, herpes simplex in- 
fections-in contrast to vaccinia and 
adenovirus infections-are commonly 
asymptomatic and produce only local 
lesions (for example, "fever" blisters), 
usually upon exposure of the host to 
some provocative stimuli (menstrua- 
tion or fever). If dsRNA is a major 
mediator of the systemic toxicities oc- 
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curring in viral infections, then we 
hypothesize that dsRNA may appear 
in relatively low quantities in the 
herpes-infected tissue. 

2) Both the local and general mani- 
festations of viral infection are remi- 
niscent of the toxic effects that we have 
previously noted with dsRNA. In cells, 
there is damage (cloudy swelling, 
vacuolation) and death (margination 
of nuclear chromatin, pyknosis); and, 
in whole organisms, there is fever, 
chills, malaise, headache, and prostra- 
tion. Some virus infections may re- 
main localized to the portal of entry 
(influenza and other respiratory tract 
infections), whereas others spread 
through the organism and eventually 
settle in the so-called target organs 
(such as skin, central nervous system, 
and liver). Local or systemic spread is 
probably determined in part by specific 
affinities of viruses for certain cells. 
Our hypothesis, posing dsRNA as a 
molecular mediator of local and sys- 
temic toxicity, would accommodate a 
lingering dilemma in the pathogenesis 
of certain viral infections. Why, for 
example, do infections with adenovi- 
rus, influenza, and rhinovirus cause 
profound systemic effects (like prostra- 
tion or fever) in the absence of virions 
ever being detected at any distance 
from the original (local) target tissue? 
The availability of dsRNA molecules 
in the original tissue, its biological re- 
activity, and its stability in biological 
fluids suggest that dsRNA is a reason- 
able candidate to mediate the systemic 
effects. 

3) It seems to us that the dsRNA 
may be produced in sufficiently high 
quantities to account for the wide array 
of general and local toxic manifesta- 
tions seen in the virus-infected host. We 
have commented on the specific activ- 
ity of dsRNA, particularly in terms of 
its ability to induce generalized toxic 
effects at extremely low doses (for ex- 
ample, pyrogenicity in the rabbit is 
sustained for 20 to 40 hours with as 
little as 1 microgram per kilogram of 
body weight) (32, 37). It seems reason- 
able to assume that equivalent amounts 
of dsRNA may be made during virus 
infections, and released into the blood 
stream upon lysis of the infected cell, 
although as yet we lack any direct 
concentration measurements. Tech- 
niques are now available for quanti- 
tative recoveries of small concentra- 
tions of dsRNA existing in a large 
pool of macromolecular nucleic acid 
(45). Thus, it should now be possible, 

for example, to percolate human serum 
through a CF-11 (Franklin) column and 
thereby determine the molarity of the 
RNA species present as a by-product, 
say, of influenza infection. 

In addition, we point out that the 
interferon produced during the repli- 
cative cycle of the virus probably will 
potentiate the sensitivity of the unin- 
fected host cell to the toxicity of the 
newly synthesized dsRNA. Such in- 
creased toxicity of dsRNA in 'inter- 
feron-treated cells has been clearly 
demonstrated in cell culture (46) and 
may also apply to viral infection in 
the whole animal (47). Only dsRNA's 
show an enhanced toxicity in the inter- 
feron-treated cell; various other sub- 
stances tested-including ssRNA's, 
dsDNA's, and metabolic inhibitors- 
do not prove more toxic in interferon- 
treated than in untreated cells (48). 
This interesting phenomenon could, in 
fact, increase the effects of dsRNA 
by up to one order of magnitude. We 
suggest that this phenomenon presents 
a biological paradox: namely, inter- 
feron produced as a defensive response 
renders the uninfected cell actually 
more susceptible to the toxic effects of 
dsRNA molecules released by the in- 
fected cell. 

Host Defense Mechanism 

Another facet in the wide spectrum 
of biologic activities displayed by 
dsRNA's is their adjuvant effect on 
both humoral and cellular immunity. 
In mice, this effect can be shown with 
a variety of antigens, including sheep 
red blood cells and transplantation 
antigens (49). Double-stranded RNA 
acts as a potent mitogen for human 
peripheral blood leukocyte cultures, as 
well as for mouse spleen and bone 
marrow cells in vitro (50). In vivo, 
either enhancement or depression of 
the immune response can be observed 
to depend on several factors, includ- 
ing the time of RNA injection in rela- 
tion to antigen delivery and time of 
actual measurement of the immune 
response (49). The transient immuno- 
suppression noted "early" (on days 3, 
4, and 5 after antigen injection) has 
been attributed to a cytopathic action 
of dsRNA on the reticuloendothelial 
cell (49). The stimulatory effect on 
dsRNA on antibody production (fre- 
quently seen on days 7 and 8 after 
antigen injection) has been ascribed 
to an absolute increase in the number 
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Table 1. Classification of animal virus genetic systems. This table is modified from data in (60). 

Virion- 
Messenger associated 

Class cGenomnec replication igenome RNA polymerases Examples 
Class Gonwith hosti transcriptiont for mRNA with hosts:: 

synthesis 

I -?DNA -> DNA +(P) -D)NA - t-RNA Yes (pox) DNA viruses (that is, herpes, 
adeno-, pox-, polyoma vi- 
ruses) 

2 +RNA -> -tA ? RNA + (M) ?DNA -+RNA No Oncornaviruses 

3 +RNA -s ? RNA -> --RNA -?RNA - --RNA No Picornaviruses, (?) arboviruses 

4 - RNA-> - RNA-> - RNA --RNA - -FRNA Yes Rhabdoviruses, (?) myxo- and 
paramyxoviruses 

5 ?RNA - RNA ?+RNA-> --RNA Yes Reovirus 

(P), possible route; (M), nilmadatory route. i Messenger RNA is defined as the plus (+) strand in all systems. 

of antibody producing cells. The 
molecular basis of these enhancement 
and suppressive effects on the immune 
systems are not known at present. Pos- 
sibly the effects on growth of malignant 
tumors and triggering of autoimmune 
disease (as has been discussed in 
connection with the intrinsic toxicity 
of dsRNA) are related to similar 
molecular events. 

These effects may be important in 
the recovery from acute viral infection. 
With certain viral infections, like 
measles, serum interferon appears 
first, and specific immunoglobulin ap- 
pears later (51). The load of serum 
dsRNA, by acting on the immuno- 

competent cell, might serve to dampen, 
or heighten, the immune responsive- 
ness. Thus, it could accelerate or post- 
pone the detection of specific antibody, 
and thereby modulate the rate of re- 
covery from the morbid condition. 
That bone marrow-derived (B) cells 
and thymus-derived (T) cells may 

RNA virus 

Inhibition of host-cell protein 
synthesis 

both be primary targets for the effects 
of dsRNA on the immune response is 
indicated by the recent experiments of 
Cone and Johnson and Jaroslow and 
Ortiz-Ortiz (52); these experiments 
suggest that dsRNA (such as rA,-. 
rU,,) appears to preferentially act on 
the thymus-derived cell. 

Recovery from Acute Virus Infection 

In view of its diverse biologic ac- 
tivities documented above, we suggest 
that dsRNA produced during an acute 
viral infection (Table 1) will play a 
role, perhaps an important one, in the 

recovery from disease. It may be use- 
ful to review the levels at which these 
molecules could exert effects, and to 
consider the collective responses of the 
organism carrying concentrations of 
dsRNA in specific and generalized 
body compartments (Fig. 1). 

1) Interferon induction. Interferon 

Induction of interferon syn- 
thesis, increase in apparent 
dsRNA level. Cell mediated 

^immune response 
(lymphokines) 

Local and systemic toxic reactions Stimulation of host defense 
(fever, cell destruction) release mechanisms (humoral and of dsRNA s cellular immune responses). 

.s, ,...,'Fever inhibition of virus rep- 
_,~...,,..,, . _._--'""' lication. "Scavenger" opera- 

~Ba^lanEe at tions by phagocytic cells. Balante at 
the host level 

Fig. 1. Modulatory role of dsRNA. 
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blocks virus replication (probably at 
the translational level) and, in addi- 
tion, exerts a variety of nonantiviral 
effects. These include an enhancement 
of the phagocytic activity of macro- 
phages (53) and stimulation of the 
immunolytic activity of lymphocytes 
(54). These "secondary" effects of 
interferon may promote recovery from 
the virus infection by serving to opera- 
tionally localize the infection. 

2) Stimulation of the production of 
virus specific antibodies (immuno- 
globulins). These immunoglobulins 
should assist in curtailment of infec- 
tion (and, especially, reinfection) by 
neutralizing the virus either locally (at 
the mucosae, for example, IgA) or 

systematically, as in the blood (IgG, 
IgM). The concentration of dsRNA 
may prove to be especially important 
since, as we have seen, actual blunting 
of the immune response can occur un- 
der certain experimental conditions. 

3) Enhancement of the cell-medi- 
ated immune response (delayed hyper- 
sensitivity). Accumulating evidence 

suggests that, at both the portal of 

entry and at the target organ, cellular 
immune responses are important in 
the recovery from virus infection (55). 
Cellular immunity appears to operate, 
in part, through the production of 

lymphokines (56); these are effector 
molecules generated during the inter- 
action of sensitized lymphocytes with 
specific antigens. However, they may 
also be induced nonspecifically in the 
unsensitized cell exposed to dsRNA. 
Various lymphokines have been de- 
scribed and include lymphocyte-trans- 
forming factors, macrophage inhibiting 
and activating factors, skin reactive 
factors, chemotactic factors, cytotoxic 
factors, and interferon-like factors. 

Thymus-derived lymphocytes are gen- 
erally regarded as the major source 
of lymphokines (57), although lympho- 
kines may also be formed by other cell 
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types such as macrophages and granu- 
locytes (58). (The thymus-derived cell 
appears to be the preferential recipient 
of dsRNA mediated effects on the im- 
mune system.) 

4) Fever induction. Many viruses 
multiply better at temperatures below 
37?C, and their multiplication will be 
inhibited if the body temperature goes 
above 39?C. Rhinovirus replication, 
for example, may fall off by 106 log 
units with a temperature shift of 2?. 
Carefully controlled body temperature- 
virus production curves have not been 
developed at the in vivo level, but tem- 
perature increments could exert some 
modulation effect on replication effi- 
ciency. Such increments may not prove 
to be fine controls, or of relatively 
great magnitude, under the "typical" 
naturally occurring infection. 

5) Finally, we suggest that the pro- 
duction of dsRNA is undoubtedly 
detrimental to the virus-infected cell 
itself, because it accelerates the inevi- 
table onset of cell death. As a direct 
consequence, the virus-infected cell 
will be submitted to "scavenger" op- 
erations by, for example, phagocytic 
cells, and thereby a contribution to 
the final abrogation of the infection 
will be effected. The scavenger activity 
should free more double helices into 
the circulation; additionally, the cell's 
own dsRNA (as already discussed) 
would then gain access into biologic 
fluid and therefore drive up the total 
dsRNA concentration ultimately avail- 
able for reactivity for granulocytes, 
lymphocytes, or other solid tissue. 

Conclusion 

Double-stranded RNA, made as an 
intermediary substance in the replica- 
tion of most, if not all, viruses, may 
play a much more important role in 
the pathogenesis and the recovery from 
virus infections than has hitherto been 
suspected. Apparently, dsRNA is used 
by both the challenge virus and the 
host cell in an attempt to gain "molec- 
ular control." Double-stranded RNA 
exerts a set of effects, which may be 
well balanced, not only at the level of 
the individual cell but also at the com- 
plex assemblage of these cells termed 
the organism (Fig. 1). In the cell, in- 
terferon synthesis is triggered, although 
interferon mRNA translation may not 
occur if dsRNA shuts off protein syn- 
thesis too quickly. In the whole orga- 
nism, the disease severity will depend 
on how certain toxic reactions evoked 
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by infection (such as cell necrosis and 
fever) are counterbalanced by an in- 
crease in the host defense mechanisms 
(for example, immune responsiveness 
and interferon production). Many as- 
pects of the response, relating to either 
progress of, or recovery from, the dis- 
ease, can be explained on the basis of 
a dsRNA. 

In addition to drawing attention to 
the biodynamic role of dsRNA, our 
hypothesis suggests specific experi- 
mental vectors designed to enhance our 
information on the molecular basis of 
the morbid process which occurs with 
viral infection. Finally, we suggest that, 
although the dsRNA molecule may be 
viewed as a rather simple unit struc- 
ture, the opportunity for further diver- 
sity in the biological activity of a given 
dsRNA molecule always exists. Name- 
ly, each deviation from a perfectly 
double-helical arrangement introduces 
the possibility for emphasizing one bi- 
ological reactivity at the expense of 
another. This latter structure-activity 
property may partially account for the 
extreme apparent diversity, commonly 
encountered, in the presentations of 
virologic illness. 

Appendix note added in proof. Sub- 
sequent to submission of this text, we 
have found that the potent mitogen 
effect of dsRNA for lymphocytes 
(murine and human) is also exquisi- 
tively sensitive to the fidelity in base 
pairing of the input polymer pair (59). 
For example, infrequent "loops" (one 
nucleotide per 20 base pairs) in an 
otherwise perfectly helical rI,, rC, 
molecule [for example, rn * r(C191U)J, 
strongly changes its mitogenic prop- 
erties. This observation, which supports 
our thesis that a "fine structure" term 
can be developed for other reactions 
triggered by dsRNA's in biological 
systems, emphasizes that diverse bio- 
logical effects may be encountered 
with an ostensibly uniform family of 
dsRNA's. 
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It is not universally agreed that there 
is an absolute shortage of physicians, 
but it is so agreed that there exists a 
maldistribution of medical services that 
leaves many millions of Americans 
with minimal or no primary health 
care. The problem must be attacked 
from two directions if the situation is 
to be alleviated: physicians must be 
trained so that their undergraduate and 
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in rural America, and acceptable sub- 
stitutes must be found for the physical 
presence of highly qualified physicians 
and teachers of medicine. The Depart- 
ment of Health, Education, and Wel- 
fare (HEW) has examined both ap- 
proaches to the problem and recently, 
at the Lister Hill National Center for 
Biomedical Communications, a part of 
the National Library of Medicine, sci- 
entists have been exploring the possi- 
bility of using advanced telecommuni- 
cations techniques to deliver health 
care and medical education to popula- 
tions where these commodities are 
scarce. 
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Since 1971, the Advanced Technol- 
ogy Satellite (ATS-1) launched by the 
National Aeronautics and Space Ad- 
ministration (NASA) has been used 
in a program for delivering health care 
to rural populations in Alaska (1). The 
Tanana Service Unit in central Alaska 
an area about the size of Texas, was 
chosen as the first experimental site 
because of the nature of the terrain 
and climate and because the Indian 
Health Service, a sister organization 
at HEW, has responsibility for the 

well-being of all Alaskan Indians. The 

majority of the native population is 
scattered in some 200 villages over the 
length and breadth of the state. Seven 
health service units, each with a service 
unit hospital, serve these villages. The 
major hospital to which patients are 
referred is located in Anchorage. Pri- 
mary health care in the villages is ad- 
ministered by a community health aide 
who has received up to 16 weeks of 
training by the Public Health Service 
(PHS). The health aide's tools are a 
basic drug kit, a manual, and a high- 
frequency (hf) radio that may be used 
to contact a PHS physician on a daily 
schedule and in times of emergency. 
The hf radio is plagued by ionospheric 
interference that causes periods of 
"blackout" (no communications) which 
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