
zation of genes on mouse chromosomes 
prepared for high-resolution analysis should 
more precisely delineate regions of genetic 
homology bctween man and mouse and 
should facilitate the use of the mouse as a 
model for human genetic disease. 
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Viral Shedding and Transmission Between Hosts 
Determined by Reovirus L2 Gene 

Two reovirus isolates (type 1 Lang and type 3 Dearing) differ in their transmissibility 
between littermates of newborn mice. They also differ in the amounts of virus excreted 
by the gastrointestinal tract. With the use of reassortant viruses, these properties were 
mapped to the L2 gene. Thus environmental spread of reovirus is a genetic property. 

ANY PATHOGENIC MICROORGA-

nisms have an obligatory stage in 
.a eukaryotic host. Such a "para- 

sitic" microorganism, whether virus, bactc- 
rium, or parasite, must develop a mechanism 
for efficient transmission from the infected 
host to another susceptible host. Transmis- 
sion between animal hosts often takes place 
by defined routes such as respiratory, fecal- 
oral, or inoculation. The route of transmis- 
sion is often related to the localization of the 
infecting microorganism. Thus, influenza, 
which localizes in the lung, is spread by 
respiratory secretions, whereas poliovirus, 
an enteric virus, is spread in stool. 

Much has been learned in recent years 
about the mechanisms by which viruses 
localize in certain tissues, and hence about 
why viruses might select different strategies 

Fig. I. Frequency of reovin~s transmission among 
members of a litter as a hnction of inoculum 
givcn to infector mice. In standard transmission 
experiments (five replications), one litter of eight 
to ten suckling mice of the NIHiSwiss strain was 
placcd in each cage. At age 1 to  2 days, two 
members of the litter were infected by orogastric 
intltbation with a dose of v in~s  in 30 ~l of gelatin 
salinc, as previously described (6).These "infector 
mice" were designated by clipping the tail and 
were replaced in the litter. At 10 days the litter- 
mates were killed and their intestines were re-
moved (the site of primary replication for reovi- 
rus) (14).Intestines were placcd in 1 ml ofgelatin 
saline, f ro7~n and thawed three times, and soni- 
catcd. The sonicatc was diluted from lo-'  to 
lo-', and titers of virus were determined in the 
plaque assay previously described (15).Because of 

for transmission. There is also considerable 
information about the stability of viruses on 
release into the environment and the way in 
which properties such as droplet size, heat, 
and moisture might affect spread. Little is 
known, however, about how the genetic 
properties of viruses affect the capacity of 
viruses to be transmitted bctween hosts and 
to survive in the environment. Schulman ( I )  
attempted to dcfine differences in transmis- 
sibility between two strains of influenza that 
differed in virulence. He was able to show 
clearly that virulence and transmissibility 
were genetically determined, but the specific 
genetic basis for transmission was difficult to 
define (2). In fact, there is no example in 
which a specific gene (or genes) has been 
shown to play a clear role in transmission. 

We used mammalian reoviruses to define 
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the toxicity of the intestinal contents to the I, cells uscd in the assay, the 10-' dilution wells were 
difficult to interpret. However, the assay detected the presence of v in~s  at ~ 1 0 0 0PFU per intestine. 
Presence of virus in the intestines of the littermates was scored as (+) transmission and its absence as 
(-) transmission. 
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the genctic basis of viral-host interactions. 
The reoviruses are widelv distributed in 
nature, infecting humans, cows, mice, and 
many other species. By age 15, 50 to 80 
percent of humans have antibody to rcovin~s 
(3 ) .  Although not important pathogens, 
they produce multiple pathologic thanks in 
mice after experimental inoculation (4). The 
reovirus genome consists of ten segments of 
double-stranded (ds) RNA; there are three 
serotypes. Coinfection of L-cell cultures 
with differcnt strains of vinls results in reas- 
sortant virions (5). The relative ease of 
generating reassortants has enabled us and 
others to identify the fiinctions of a number 
of genes [reviewed in (4)], including the 
gene responsible for receptor binding and 
serotype-specific immunity (S 1), growth in 
differentiated tissue and protease sensitivity 
(M2), and initiation of persistent infection 
in cell culture (S4). 

We uscd reovirus infection of newborn 
mice to dcfine the gcne responsible for 
transmission between mice and for en-
hanced secretion from the gastrointestinal 
tract. The gcne that confers these properties 
is L2. 

Initially we asked whether reovirus iso- 
lates could be identified that differed in their 
capacity to be transmitted between litter- 
mates. The standard laboratory strains, type 
1Lang and type 3 Dearing, showed marked 
differences in transmission under standard 
conditions (see Fig. 1).When a dose of 1 0' 
plaque-forming units (PFU) of type 1Lang 
was given to two members of a litter (five 
litters inoculated), 57  t 10 percent of the 
littermates were infected. Only one instance 
of transmission (five litters inoculated) was 
observed when type 3 lkaring was givcn at 
the same dosage (a transmission frequency 
of 3.7 t 6 percent). The murille reovirus 
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Fig. 2. Shedding from the gastrointestinal tract of 
micc infected with reovinls type 1 (Tl) ,  type 3 
(T3), or typc 1 and typc 3 together (TI  + T3). 
AU members of a littcr of I -  to 2-day-old NIHI 
Swiss mice wcre inoculated by orogastric intltba- 
tion with lo5 PFU of virus in 30 pl of gelatin 
saline. Pairs of micc werc kdcd at 2, 4, 6, and 8 
days aftcr infection. The abdomen was opened in 
sterile fashion, and the intestine was drssected 
from duodenum to anus. The duodenum was 
ligated over a tuberculin syringe, and 1 ml of 
gelatin saline was gently flushed through the 
intestine. Tltcrs of virus wcrc determined for the 
intestinal washings by methods described previ-
ously (15).Mice that died shortly after inocula- 
tion or that showed signs of peritonitis due to the 
intubation were not used. Each mint reoresents 
the mean of four animals. 

type 3 isolate, clone 9, showed 100 percent 
transmission at lo4PFU. This indicated that 
the differences in transmission were proper- 
ties of individual isolates and were not sero- 
type-specific. For all isolates examined, in- 
fection in littermates appeared first in the 
small intestine; this is consistent with the 
known transmission of reovirus by the fecal- 
oral route (3 ) .The electropherotype of the 
virus recovered from four of the infected 
littermates was identical to that used to 
inoculate the infector mice for both type 1 
and clone 9. The first cases of transmission 
of type 1virus were observed on day 6 after 
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pups) had a lower frequency of transmission 
for a given inoculum. These studies indicate 
that different viruses show reproducible dif- 
ferences in their capacity to transmit be-
tween littermates. 

In order to determine the genetic basis for 
infection, and the frequency rose to a pla- differences in transmission, we inoculated 
teau by day 8. Smaller litters (four to six mice with reassortants composed of a mix-

ture of genome segments derived from the 
high trallslnission strain (type 1 Lang) and 
the low transmission strain (type 3 Ilearing) 
(Table 1).The reassortants were separable 
illto two categories, those that wcrc capable 
of being transmitted between littermates 
and those that were not. In each case of 
positive transmission (upper section of Ta- 
ble l ) ,  the L2 dsRNA segment of the 
reassortant virus was derived from the type 
1parent. Every other dsRNA segment was 
derived from the type 3 parent in at least one 
of the reassortant viruses demonstrating 
transmission. Thus. the L2 dsRNA serment -
of type 1was sufficient to confer the pheno- 
type of high transmission. Cases of negative 
transmission (absence of virus in the intes- 
tine) are listed in the lower part of Table 1. 
Each reassortant that failed to be transmit- 
ted contained the L2 dsRNA segment of 
type 3. Furthermore, the presence of any 
other type 1 dsRNA did not confer trans- 
missibility when the L2 was derived from 
type 3. This suggests that the L2 segment of 
type 1was necessary as well as sufficient for 
transmission. 

A wide variation in the rate of transmis- 
sion was observed among reassortants bear- 
ing the I,2 gene of type 1(30 to 78 percent), 
suggesting that other genes may modulate 
the effect of I,2. However, the litter-to-litter 
variation in transmission of the type 1strain 

Table 1. Trallsrnission in reovirus reassortants. All stocks and reassortants wcre plaque-purified three times and used as second-passage stocks. Generation of 
rcassortants by coinfection of mouse L cells and their analysis by polyacrylarnidc gel electrophoresis have been described previously (.5, 16). Scandard 
transmission experiments were conducted with one litter per cage of cight to ten suckling micc of the NIHlSwiss strain. 105 1'FU of virus in 30 p1 of gelatin 
saline was given to two members of the litter at 1 to 2 days aftcr birth (the infectors). All micc werc killed at 7 days (cight experiments) or 10 days (45 experi- 
ments). The day of death did not affect the result. Titers of virus werc determined for the intestine, and transmission was scored as positivc or negative, as dc- 
scribed for Fig. 1. 
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itself (57 f 10 percent) made it impossible 
to discern the effect of additional genes from 
these data. 

Although these studies showed that the 
L2 dsRNA segment is responsible for differ-
ences in transmlsslon, they did not reveal 
how the L2 segment might mediate these 
differences in transmisslon. Slnce reovlruses 
multiply in the gastroiiltestiilal tract and are 
shed into the environment like other enteric 
viruses, we coilsidered the possibilities that 
the L2 genes influence (i) the growth of 
virus in the small intestine, (ii) the release of 
virus from the large intestine into the envi- 
ronment, or (iii) the stability of the virus in 
the environment outside the host. Earlier 
studies suggested that the M2 gene deter- 
mines growth in the small intestine (6). A 
study of the capacity of various reassortant 
reoviruscs to grow in intestinal tissue will 
determine whether the I,2 gene has a role in 
this growth. Resistance to enviroilmeiltal 
stresses such as heat, drying, and high ionic 
strength might determine transmission if 
persistence outside the host for long periods 
is necessary. Drayna and Fields (7) e x m -
ined the relation of intertypic difereilccs in 
stability to a number of such stresses and 
fi~undthat the capsid genes (Sl, M2, or S4) 
were res~onsible for resistance to these 
stresses; L2 did not have a central role. 

We tested the hypothesis that the rate of 
shedding affects tr&smission, and we were 
able to demonstrate marked differeilces in 
the release of type 1 Lang and typc 3 
Dearing from the gastrointesti~lal tract after 
oral iil&ulation of the viruses. After an 
inoculum of lo5 PFU, type 1 was shed in 
high titers (>lo7 PFU) within 4 days after 
mfection, whereas type 3 was shed at titers 
below lo5PFU (Fig. 2). 111 order to  deter- 
mine whether thls property of sheddlilg is 
related to the d~ffercnces in transmisslon, we 
used the rcassortant clones to determine 
whether the L2 dsRNA segment 1s responsl- 
ble for allow~ilg type 1 virus to be shed in 
the stool in hlgh titer (Flg. 3). The analysis 
of reassortants showed that the high shed-
ding phenotype correlated with the presence 
of the L2 gene segment of type 1 (Fig. 3). 
All clones showing transmission in the earli- 
er experiments were shed at titers greater 
than lo5 PFU, whereas clones that did not 
show transmisslon wcre shed 111tltcrs below 
10' PFU (see Table 1 for parental orlgln of 
dsRNA segments). 

When the L2 dsRNA segment of typc 3 
was present in a reassortant, no other typc 1 
dsRNA segmcnt conferred the high shed- 
ding phenotype of the type 1 parent (clones 
G2 and 126). All reassortants bearing the 
L2 dsRNA segmcnt of type 1 wcre shed in 
titers greater than lo5 PFU. A typc 3 
dsRNA segmcnt occurring in ally other 
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Fig 3 Shedding from the gastrolil- 
testlilal tract of mice Infected with 
rcassortant reoviruses The proto 
col 1s discussed in the legend to Fig 
2 The clectropherotypcs of the -
clones sntdied 1s glvcn m Table 1 3 
(A) Yleld of virus for those v~ral 
clones that shcd virus in the Intesti- ' 
nal washings at high tlters (R)  
Viral cloncs that shed virus at low a 
titer Each point represents the ' 
mean of four animals ? SD (0)
Clone 85, (0)clone 143, (@) clonc Z 
144, (8) clone 146, (4) clonc 
H14, (0)clone G2, and (A)  clone 
126 

0 

locus d ~ d  not abol~sh the effect of L2. How- 
ever, one reassortant (clone 143) d ~ d  not 
shcd In tltcrs above 106 despite the presence 
of the L2 gene of type 1 T h ~ ssuggests that 
some typc 3 dsRNA segments may attcnu- 
ate the effect of the typc 1L2 segment. Thus 
these expcrlments lndlcated that the L2 
dsRNA segmcnt of typc 1 reovlrus IS re-
spons~ble for allowlng reovirus type 1 both 
to transmlt efficiently between littermates 
and to be shcd from the gastro~ntcst~nal 
tract at high tltcr Slnce both shcddlng and 
transmlsslon are under the control of the 
same dsRNA segment, they may be occur- 
rmg through the same mechanism, that IS, 

the capaclty to be shed from the gastrolntes- 
tinal tract at high levels allows the virus to be 
transn~itted to other hosts 

The L2 dsRNA segment encodes the A2 
sp~ke protein of reovirus (8) .The splkc IS 

composed of pentamers of A2 that form 
hollow tubes stretching from the vlral core 
to the vertlces of the ~cosahedral outer cap- 
sid (9). Removal of the A2 proteln ellmi- 
nates the RNA transcriptase actlvlty of iso- 
lated cores, and ultrastructural studies sug- 
gest that messenger RNA is actlvcly extrud- 
ed through the sp~kes durlng 1WA 
transcription (10, 11) The A2 protan also 
serves a major structural role In the virus 
Temperature-sens~tive mutants of L2 show 
defectlve assembly at the nonpermisslve 
temperature (12). Thc L2 gene also governs 

2 4 0 0 2 4 0 
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the generation of defective vlrus In high- 
passage stocks In vltro Reassortants bearlng 
the L2 dsRNA segment of type 3 generate 
deletions at h ~ g h  frccluency In h~gh-passage 
cell cultures, whereas those bearmg the L2 
genes of type 1 do not (13) 

The role of the L2 segment In determln- 
ing the generatloll of deletion mutants sug- 
gested to us the poss~b~lity that the low 
shedding of type 3 Dearing might be related 
to high levels of interfering virus 111the large 
intestine of mice infected with type 3 Dear- 
mg The poss~bll~ty of dcfectlve virus Inter- 
ference was lnvestlgated by co~nfection of 
s~tckling mlce with both parental strains (see 
Fig. 2) Both parental strains wcre ~noculat- 
ed lilto Infector mlce In cxperimeilts slmllar 
to the i n ~ t ~ a ltransmlsslon experlments. 
Transmlss~on occurred In 50 percent of 11t- 
termates, a rate equivalent to that seen w ~ t h  
type 1 alone (see Elg 1) Thus the presence 
of the parental typc 3 had llttle effect on the 
high ssheddlng phenotype of typc 1. These 
results suggest that high levels of interfer- 
ence from defective type 3 vlrus did not 
appear to cause the low yield S~mllarly, 
materilal Immunity does not account for the 
dlffercnces in transmlsslon, since the NIHI 
Swiss mice used fix the experlments wcre 
tested for the presence of antlbody to reovi- 
rus type 1 and type 3 and found to  be 
negatlvc 

In sqnmary, we studled transmission of 
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reoviruses uncier controlled conditions of  
host anci environment and found that high 
transmission is a genetically cietermined 
property controlled by the L2 dsRNA seg- 
ment. Release of high levels of viri~s (shed- 
cling) from the gastrointestinal tract is also a 
property controlled by the 1,2 segment, 
suggesting that the diferences in transmis- 
sion are mediated by the level of shedding. 
These findings indicate that a single reovirus 
gene can influence the capacity of the virus 
to  he transmitteci in the environment. A 
further uncierstanding of the L2  gene and 
how other genes a&ct its properties should 
provide new insights into the behavior of 
viruses in the natural environment. 
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Suppression of Neurite Elongation and Growth 
Cone Motility by Electrical Activity 

Electrical activity may regulate a number o f  neuronal functions i n  addition to its role i n  
transmitting signals along nerve cells. T h e  hypothesis tha t  electrical activity affects 
neurite elongation in sprouting neurons was tested by stimulating individual snail 
neurons isolated in cell culture. T h e  findings demonstrated that  growth cone advance, 
and thus  neurite elongation, is reversibly stopped during periods when action 
potentials are  experimentally evoked, A decrease i n  filopodial number and  growth cone 
area was also observed. Thus, action potentials can mediate the  cessation o f  neurite 
outgrowth atid thereby may influence stnlctllre and  connectivity within the  nervous 
system. 

EI,ECTRICAI, ACTIVITY PLAYS A PROM-

inent role in communication within 
the nervous system. It has long been 

suggested that electrical activity might also 
play a role in shaping the morphology and 
connectivity of the nenrous system both 
ciuring development and in adult neuroplastic 
events (1). One plausible mechanism for 
such regulation is through the control of 
neurite outgrowth. While, in recent years, 
dlemical factors have been shown t o  inf  u- 
ence neurite outgrowth (2), a similar role 
for electrical activity has not been unequivo- 
cally demonstrateci. However, electrical ac- 
tivity has heen sliown t o  regulate many 
other cellular processes including: the syn- 
thesis of acetylcholine receptors (3,4), the 
synthesis of neurotransmitters and enzymes 
used in the production of neurotransmitters 
and hormones ( S ) ,  the formation and pat- 
tern of  synaptic connections (6),and sprout- 
ing at the neuromuscular junction (7).Elec-
trical fields have been implicated in influent-
ing the direction of  neurite outgrowth (#), 
and shifts in the membrane potential in-
ciuced by changes in ion concentrations o r  
the addition of  ionophores and growth fac- 
tors can cause changes in the state of  ditfer- 

entiation anci the amount of neurite out- 
growth in culture (9) .Hy stimulating specif- 
ic neurons growing in cell culture, we cii- 
rectly tested the hypothesis that action po-
tentials can atfect tleurite outgrowth. Our  
findings show that the generation of  action 
potentials is a sufficient signal to  halt neurite 
outgrowth abmptly and reversibly. 

We used cultured neurons from the snail 
Helzsoma, as they atford a high level of 
resolutio~i in the analysis of neurite out-
growth. Single identified neurons were re- 
moved from huccal ganglia and plated in cell 
culture (10).Within 3 days of plating, these 
neurons extended neurites via large growth 
cones that typically measured 20 p m  in 
width. A direct test of the hypothesis re-
quired that three experimental conditions he 
met. First, growth cone acivance should be 
clumtitatively nieasured during stimulation 
of the neuron. Seconci, action potentials 
mmt  he evokeci at will and their occurrence 
monitored. Third, the techniques used t o  
stimulate the neurons and record the re-
sponxstmust not interfere with the motile 
properties of the growth cones. We have 
now beeti able to  sat is^ all of  these concii- 
tions in a single set of experiments with a 
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total of 143 growth cones from 21  neurons. 
Quantitative measurements of the advance 
of each growth cone were readlly ohta~ned 
from pll~tographs taken at constant time 
intenlals (11). Direct stimulation was ac-
complisheci by extracellularly stimulating 
the somata of indiviciual neurons during the 

L, 

period of neurite outgrowth. We init~ally 
testeci two stimulation techniques. l'enetrat- 
ing the cell hody wlth an ~ntracellular micro- 
electrode frequently stopped neurite elonga- 
tion; in contrast, extracellular patch plpettes 
(12) attached t o  the soma memhrane by a 
gtgohm 5eal dld not alter elongat~on (we 
below) Consequently, we used extracellular 
patch pipettes In these experiments Recause 
the patch plpette coulci not reveal the mag- 
nltude of membrane potentla1 change dur- 
lng sttmulat~on, we performed control ex- 
periments t o  evaluate the effect of current 
pulses delivered through the patch pipette 
by simultaneously recording from the soma 
with an intracellular microelectrocie (Fig. 1) .  

Neurons were stimulated under current- 
clamp conditions with 20-msec pulses ( a m  
plitucies of 1to 6 nA, depending on  the seal 
resistance). Current pulses delivered 
through the patch pipette produced small 
depolarizations (approximately 1 0  mV in 
amplitucie), which evokeci action potentials 
(Fig. 1 )  as measured intracellularly (13). 
Furthermore. we could monitor these action 
potentials with the patch pipette as a result 
of capacitive coupling between the pipette 
anci the cell. Thus, individual neurons could 
be stimulateci extracellularly and the evoked 
action potentials could be recorded through 
thc sati~e noninvasive pipette. 
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