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Summary 

Suckling CD 1 mice infected intracerebrally or extraneurally with 0C43 virus 
developed a lethal neurotropie infection with high titres of virus in the brain. 
Examination of infected brain by routine H & E staining revealed no necrosis 
even in extensively infected tissue. Resistance to infection developed with 
increasing age, and by 20 days of age mice were completely insusceptible to i. e. 
inoculation. Virus rephcation was also demonstrable by FA staining, in spinal cord, 
dorsaIroot ganglia and retina. All other tissues were insusceptible and in particular, 
macrophages from both susceptible and resistant mice were found to be resistant 
to infection both in rive and in vitro. Immunosuppression rendered 15 day old 
mice more susceptible to infection but  adult mice remained insusceptible. The 
transfer of immune or non immune spleen cells from resistant mice did not confer 
resistance to newborn mice. Treatment of resistant mice with anti interferon 
globulin (AIG) did not render them more susceptible. These results indicate tha t  
the immune response is partially responsible for the development of resistance 
to 0C43 infection but  that  it is only partially protective and other factors must 
also be required. The basis for the unique susceptibility of neural tissues in suckling 
mice is being investigated. 

Introduction 

An age-related resistance to infection has been described for various viruses 
in mice including members of the coronavirus family (5, 7, 1t). Age-related 
resistance to eoronaviruses has been attributed to: 

i) Age-related changes in the ability of macrophages either to support infection 
or their ability to hmit virus spread (4, 7, 9). 

ii) Maturation of cell mediated immunity with increasing age (4). 

iii) Age-related changes in interferon production (10). 
iv) A combination of these mechanisms. 
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Macrophages have been shown to play an important role in the resistance of 
older mice, peritoneal macrophages taken from 4 week old (resistant) C 3 H mice 
infected in vitro with mouse hepatitis virus strains produced 1/10 as much virus 
as macrophages from 1 week old (susceptible) mice (9). The same workers showed 
that  peritoneal cells transferred from 4 week old mice to one week old mice rendered 
these mice resistant to subsequent infection. Also young SJL mice can be protected 
against infection with the JHM strain of MHV by transferring adherent peritoneal 
cells (macrophages) from older resistant mice (7) or by transferring spleen cells 
from immune adults (5). The transfer of resistance to MI-IV 3 requires T lymphoeytes 
together with adherent ceils and older mice have been rendered susceptible to 
infection by treatment with immunosuppresive drugs (4). 

Interferon also appears to play a role in age-related resistance to MHV3. 
Strain A/J  mice are normally resistant to MHV3 when older than 15 days but 
mice up to 6 weeks old can be rendered susceptible when treated with anti-inter- 
feron globulin one hour prior to inoculation of virus (9, 10). Resistant 4 week old 
C3 H mice infected with MHV-S generate 4--8 times as much serum interferon 
as susceptible 1 week old mice (9). 

In  different experiments therefore, age-related resistance of mice to infection 
with various types of MHV appears to be related to maerophages, with or without 
T cells, and also to interferon production. 

All the above reports concern mouse eoronavirus. No studies on the pathogenesis 
or neurotropism of 0C43 or other human eoronaviruses, which are of eonceivable 
importance in diseases such as multiple sclerosis, (1) have been reported. Although 
these viruses are assumed to cause harmless upper respiratory tract infections the 
ability of other coronaviruses to invade the CNS make them worthy of study. 

Materials and Methods 

Virus 

OC43 virus was received as the 8th passage of infected suckling mouse brain 
suspension and was obtained from Dr. D. A. J. Tyrrell. Clinical Research Centre, 
Northwiek Park, Middlesex. Stock virus was an infected suckling mouse brain 
suspension which had a titre of 109 SM ic LD 50/ml. 

Animals 
All CD 1 outbred and C57 BI6 mice were specific pathogen free, obtained from the 

Spaceway unit, Guy's Hospital Medical School. SJL/J inbred mice were received as a 
gift from Jay Wallace, Chester Beatty Institute, London. 

2VIouse Embryo Brain Cultures 
Mouse embryo brain (MEB) cells were derived from 16 day old embryos of CD 1 

mice and were plated on to plastic tissue culture flasks (Falcon) or "ring" eu]tures (2) 
on microscope slides. 

Peritoneal Jlavrophage Cultures 
Resident peritoneal cells were obtained from mice in Eagles Minimal Essential 

Medium (MEM) containing I0 U FIeparin/ml plus 15 per cent heat inactivated foetal 
calf serum (FCS). They were added directly into "ring" cultures, allowed to settle 
for zl hours, washed vigorously to remove non-adherent cells, and heparin-free 
medium replaced. 
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Assay o] Tissues/or In~curious or Viral Antigen 
Homogenised tissues were obtained and dilutions added to ring cultures of pr imary 

MEB cells atlowed to absorb for 1 hour and then ruled with MEM containing 2 per cent 
heat  inact ivated FCS. Three days la ter  the cell monolayers were fixed and stained by  
the fluorescent ant ibody (FA) technique (see below). Infected rings were then scored 
and the virus t i t re  calculated as tissue culture infectious dose (TCID50)/ml. On 
occasions the  virus t i t re  was determined as the  suckling mouse i. c. lethal dose 50 (SMie 
LD 50). 

Immuno/Iuorescence 
The indirect  method was used for F A  staining of both eryostat  sections of tissues 

and celt cultures. Antiserum to OC 43 virus was raised in mice (a 1 in 2560 dilution of 
AS was capable of neutralizing 100 sm LD 50 as detected by  ic inoculation into 1 day  
old mice) and F ITC conjugated goat  anti-mouse imrnunoglobutin was purchased from 
Nordic, Maidenhead, Berks. stained slides mounted in neutral  glycerol-PBS were 
examined with a Leitz Orthoplan microscope equipped for UV observation, using 
water  immersion objectives. 

Spleen Cells 
Spleens from each group of mice were pooled and a single cell suspension was made 

by  passing the spleens through a metal  sieve in ice cold Hanks medium supplemented 
with 5 per cent FCS. The cells were washed and resuspended to give 3 × 10 s cells/ml 
and 0.05 ml (15 × 106 cells) was inoculated i .p.  into suckling mice. 80 per cent of cells 
were viable as indicated by  t rypan  blue exclusion. The spleens and cell suspensions 
were mainta ined at  4 ° C to minimize the  loss of adherent  ceils. 

Results 

Infection of Mice by OC 43 Virus 

Infec t ion  of suckling CD 1 mice with  0C43  virus  b y  ei ther  in t r ape r i tonea l  or 
in t racerebraI  routes  resul ts  in a le tha l  neuro t rop ic  infect ion and  the  mice die 
af ter  3 - - 7  days .  1 d a y  old mice were infected e i ther  i .p .  or i .c.  and  t a k e n  when 
sick 2 - - 4  days  pos t  infection.  The  bra ins  of these  mice conta ined  1010 SMJc LDs0/G 
b u t  ne i ther  v i ra l  an t igen  (FA) nor  infectious vi rus  could be de tec ted  in the  hear t ,  
l iver,  spleen, lungs, k idney,  intes t ine,  muscle,  t h y m u s  or adrenals .  I m m u n o -  
f luoreseent  examina t ion  of bra ins  revea led  occasional  foei of infect ion a t  16 hours  
pos t  infection.  B y  48 hours  there  was extens ive  and  general ised ino lvement  of 
the  cor t ical  g rey  m a t t e r  (Fig. 1) wi th  s t r ik ing  infect ion of large bands  of hippo-  
campal  neurones.  Basa l  gangl ia  and  tha l amus  were sparse ly  infected.  In fec t ion  
of the  cerebellum, however ,  was res t r i c t ed  to  Purk in j e  cells, whi te  m a t t e r  a n d  
granule  cells did  no t  conta in  v i ra l  an t igen  (Fig. 2). In fec ted  cells were seen in 
spinal  cord, dorsal  roo t  gangl ia  (Fig. 3) and  in the  r e t ina  (Fig. 4). The experiment.  
was r epea t ed  wi th  5 d a y  old mice wi th  ident ica l  results.  E x a m i n a t i o n  of infected 
bra ins  b y  H & E d id  no t  reveal  cell damage  even in t issue t a k e n  f rom ex tens ive ly  
infected brains.  

Features of Age Dependent Susceptibility 

CD1 mice infected wi th  0C43  virus  d i sp lay  an  age-re la ted  suscep t ib i l i ty  
becoming  res i s tan t  to  i. c. infect ion a f te r  15 days  old and  res i s t an t  to  i .p .  infect ion 
af ter  10 days.  The dose of virus  r equ i r ed  to cause dea th  increases w i th  the  age of 
t he  an imal  (Table 1). S u b d e t h a l  doses cause no de tec tab le  disease. Mice older  t h a n  
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Fig. I. Extensive infection of cerebral cortex. Photographs of fluorescent antibody 
stained mouse tissue 48 hours after i.e. infection with 100 LDso OC43. All photo- 

graphs × 300 magnification 

20 days were not susceptible to intracerebral infection with up to 107 SMie LD50, 
and infected cells could not be detected in the brain on thorough FA examination. 
}Vistar rats and C57 B16, Balb C, C3H and SJL / J  mice showed a very similar 
pat tern  of age-related resistance to the virus (Data not shown). 

Mechanisms of Age-Dependent Resistance 

Immunosuppression 

Immunosuppression of adult mice (12 weeks old) with cyelophosphamide (12) 
(200 mg/Kg 3 and 7 days p.i.) did not render them susceptible to very large 
amounts of OC43 virus inoculated i.c. (Table 2). All the treated :mice remained 
well throughout the experiment and on FA examination at  7dpi all brains were 
negative for viral antigen. 40 per cent of the 15 day old mice, however, became 
susceptible to 102 SMie LDs0 following eyelophosphamide t rea tment  and died 
within 7 days. The brains of 6 of these mice were examined by FA staining and 
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Fig. 2. Cerebellmn showing infection restricted to Purkinje cells 

found to contain viral antigen, the pattern of infection being the same as that  for 
mice given a lethal dose of OC43 without immunosuppression. 

Spleen Cell Transfer 

Immune and non-immune spleen cells from 12 week old CD1 mice were 
transferred to 3 day old and also to 9 day old suckling mice by i.p. inoculation. 
The mice were challenged i.p. or i.c. with a lethal dose of virus 24 hours after 
transfer. Neither immune nor non immune spleen cells were capable of protecting 
the suckling mice (Table 3) in spite of the fact that  large numbers of spleen cells 
were transferred and when as few as 2 lethal doses of virus were given. 

Macrophages 

Cultures of peritoneal macrophages from mice of different ages were established 
and infected in vitro. Peritoneal macrophages were also removed from infected 
animals and examined for the presence of viral antigen. 

8 Arch. Virol. 77]2--4 
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Fig. 3, Dorsal root ganglia displaying infected neurones 

Table 1. Age suscet)tibility o/CD 1 mice to OC ~3 virus 

Age of animal (days) 

LDs0 b to give 100% mortMity 

i.c. inoculation i.p. inoculation 

1 - -  104 
5 101 106 

10 2 × t01 107 
15 2 × 102 Non lethal ~ 
20 Non lethal a Non lethal a 

No deaths when > 2 × 10 7 SMie LDso inoculated. 
b SMic LD 5o calculated for i day old CD i mice inoculated intracerebrally. 

PeritoneM macrophages from 2 day old and  from 12 week old CD 1 mice were 
infected with 105 TCID50 of 0C43 virus per ring culture. At  various t imes al ter  
infect ion the cultures were fixed and  stained by  FA to demonst ra te  viral antigen.  
All macrophages were negat ive for viral  an t igen  a t  24, 48 and 72 hours and  7 days 
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Fig. 4. infected cells in ret ina 

Table 2. E/]ect o/ cyclophosphamide on the susceptibility o] CD1 mice to 0C43 virus 

Age of Animal 15 days 12 weeks 

Cyelophosphamide + - -  + -- 
Dose of vicus a 10 ~ 10 e 10 7 t0 7 
Mortal i ty  13 / 32 0/11 0/10 0/10 

Dose of virus adminis tered i.c. and calculated as SMic LD 5o. 

a f te r  infect ion in  vitro. I t  would  therefore  appea r  t h a t  macrophages  f rom both  
2 d a y  old and  a d u l t  mice cannot  be irffected in  vitro. 

Suscept ible  2 d a y  old mice were inocula ted  i. 13. wi th  a le thal  dose (106 SMic LD50) 
of OC43 and  sacrificed 24, 48 and  72 hours  pos t  infection.  Per i tonea l  cells were 
r emoved  into r ing cul tures  and  i m m e d i a t e l y  f ixed  and  s ta ined  b y  FA.  The  cells 
were nega t ive  for v i ra l  an t igen  a t  all t imes.  A d u l t  mice were infected i .p .  wi th  
107 SMLDs0 and  pe r i tonea l  cells r emoved  a t  24, 48 and  72 hours  were also nega t ive  
for 0C43  ant igen.  

8* 
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Table 3. E//ect o/adult  spleen cell trans/er on outcome of in/ection of suckling mice with 
OC 43 virus 

Age of Spleen ceils No. Virus dose 
animM No. transferred spleen cells (SMic LDs0) I~oute Mortal i ty 

3 days 30 Non immune 15 × 10" 1 × 10~ (100 × LD) a 
3 days 26 Immune 15 x 106 I x 106 (100 × LD) 
3 days 7 --- 0 1 x 106 (I00 X LD) 
9 days t0 Non immune 15 x 106 2 X 10 7 (2 X LD) 
9 days 10 Immune 15 × 106 2 × 107 (2 × LD) 
9 days 5 • 0 2 x 107 (2 × LD) 
9 days 10 Non immune 15 × 106 2 × 103 (80 × LD) 
9 days 10 Immune  15 × 106 2 × 1@ (80 X LD) 
9 days 5 --- 0 2 × 10 ~ (80 × LD) 

~.p. 30/30 
Lp. 26/26 
1. p. 7/7 
Lp.  10/10 
Lp. 10/10 
1.p. 5/5 
~.p. 10/Io 
1.p. 10/10 
1. e. 5/5 

a The figure in brackets represents the virus dose in relation to the lethal dose for tha t  
route of inoculation in tha t  age of mice, 

Effect  of In te r fe ron  

Twelve 6 week old mice were t r ea t ed  with  0.1 mI an t i - in te r feron  globul in  (10) 
(AIG) (a gift  f rom Ion  Gresse r - Ins t i tu te  de Recherches Scient if iqnes sur le cancer,  
Villejuif) i n t r avenous ly  followed one hour  la te r  b y  i .c.  inocula t ion  of 106 SMLDs0 
0C43.  A t  3 days  pos t  infection the  animals  were given a second dose of AIG.  
15 control  mice were t r e a t e d  wi th  vi rus  onlyo 11 of the  12 mice t r e a t ed  wi th  AIG 
remained  well and  F A  examina t i on  of these  bra ins  a t  7 days  p . i .  d id  no t  reveal  
a n y  v i ra l  ant igen.  One mouse d ied  3 days  p . i .  and  extens ive  infect ion of the  b ra in  
was seen by  F A  staining.  Of the  15 mice t r ea t ed  with  virus  only,  none became sick 
and  none demons t r a t ed  v i ra l  an t igen  in the  brain.  

Discussion 

W h e n  0C43 virus  infects suckling mice i t  i nva r i ab ly  causes dea th  following 
acu te  infect ion of the  nervous  system.  High  t i t res  (1010 SMic LDs0/G) of virus  can 
be recovered f rom the  bra in  and  extens ive  infect ion can be d e m o n s t r a t e d  b y  F A  
s ta ining.  Spinal  cord, dorsa l  roo t  gangl ia  and  re t ina  are also infected.  There  is, 
however ,  no growth  of v i rus  in non neura l  t issues as  de tec tab le  e i ther  b y  the  
presence of infectious virus  or  v i ra l  ant igen.  

CD 1 mice become res i s t an t  to  i .c .  or i .p .  infect ion by  20 days  of age a n d  this  
resis tance could ref lect  the  inab i l i ty  of the  virus  to  ei ther  re~ch or grow in i ts t a rge t  
organ.  The failure to de tec t  infected cells in the  b ra in  of adu l t  mice following di rec t  
in t racerebra l  in jec t ion  of v i rus  suggests t h a t  t h e y  are res i s tan t  because 0C43 virus  
does no t  grow in the i r  b ra in  cells. The t imecourse  of m a t u r a t i o n  of the  immune  
sys tem (6) appears  to  para l le l  t he  deve lopmen t  of res is tance in mice. F o r  th is  
reason a d u l t  (resistant)  mice were immunosuppressed  wi th  cyc lophosphamide  (12) 
pr ior  to infect ion wi th  0C43,  bu t  this  d id  no t  render  t h e m  suscept ible  to  infect ion.  
T r e a t m e n t  of 15 d a y  old mice with  cyc lophosphamide ,  however,  r endered  t hem 
suscept ible  to  a p rev ious ly  sub- le thal  dose. This  indicates  t h a t  the  immune  system,  
whils t  being pa r t i a l l y  p ro tec t ive  in 15 d a y  old mice, was no t  the  sole fac tor  in th is  
resistance.  Suckl ing mice could no t  be p ro tec t ed  f rom infection b y  the  t ransfe r  
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of immune or non-immune spleen cells, in spite of the fact that  large numbers of 
cells were transferred and care was taken to include adherent cells. The failure 
of transferred spleen cells to protect against infection could be due to their 
inability to localise in the site of viral growth i.e. the CNS as OC43 is exclusively 
neurotropie. I t  has been demonstrated in MHV8 virus infections (3, 7) tha,t the 
maerophages of (susceptible) suckling mice support viral replication whilst those 
of adult (resistant) mice do not, and that  this accounts for the differences in 
susceptibility. In  the above experiments the maerophages of CD 1 mice of all ages 
were uniformly insusceptible to OC43 virus infection, both in vitro and in vivo. 
The age-related resistance to 0C43 virus infection therefore does not depend on 
the inability of virus to grow in maerophages. This does not rule out a contribution 
of adult macrophages to control the infection by controlling virus replication in 
other cells (8). 

Treatment of adult (resistant) mice with AIG did not cause a significant 
increase in mortality following infection. This indicates that interferon is not 
involved in the resistance of adult mice to 0C43 virus, in contrast to the results 
reported for MIIV3 infection (10). This difference in response to AIG could be 
due to the action of interferon on the extraneural growth of MHV3 whereas it 
was not capable of limiting the rapid growth of OC43 in the CNS. Resistance to 
i.p. inoculated virus appears earlier in life than resistance to i.c. inoculated virus 
(Table 1). I t  is possible that  the rate of clearance of virus from the blood is more 
efficient in older mice following i.p. infection, and this prevents virus from reaching 
the brain. Experiments to monitor the rate of clearance from the blood did indicate 
that  inoculated virus could be detected in the blood of suckling mice at higher 
concentrations for slightly longer periods of time (data not shown). This could 
contribute to the development of resistance to i.p. infection. 

I t  is concluded that  age-related resistance of mice to 0C43 virus is likely to 
depend on changes in the ability of neural cells to support virus growth, possibly 
because of the absence of virus receptors. Experiments with cultured neural cells 
are being earried out to substantiate this. 
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