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Summary 

Experimental infection of 2-day-old gnotobiotie lambs with lamb astrovirus 
produced mild diarrhoea after an incubation period of about 48 hours. No other 
clinical symptoms developed. Infection was studied by immunofluorescent and 
histological examination of tissues from the lambs. Astroviruses infected only 
mature villus epithelial cells and subepithelial macrophages in the small intestine, 
where they produced partial villus atrophy. Infected enterocytes were replaced 
with euboidal cells from the crypts, and the lesion gradually healed by 5 days after 
infection. No serological relationship was detected by immunofluorescence be- 
tween lamb astrovirus antigen in gut sections and antisera to either calf or human 
astrovirus. 

Introduction 

Viruses of 28--30 nm diameter with a circular outline and stellate surface 
structure have been observed in faeces from diarrhoeic children (7, 14), lambs (15) 
and calves (19). The name astrovirus has been suggested for these morphologically 
distinctive viruses (6) and will be used in this paper. 

Little is known of the pathogenic potential of these viruses. After oral in- 
oculation they produced mild diarrhoea in lambs (15), and partial villus atrophy 
in calves (19) and inconsistently caused diarrhoea in adult human volunteers (5). 
This paper reports findings made on the pathogenesis of astrovirns infections 
in gnotobiotic lambs. 

Materials and Methods 

]n/ection o/ Lambs 
Six gnotobiotic lambs were infected orally when approximately 24 hours old with 

intestinal contents from the third passage of lamb astrovirus in gnotobiotic lambs (15). 
Five of the lambs received 1.5 ml of a 0.22 tzm filtrate of a 20 per cent suspension of 
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these  i n t e s t i na l  con ten t s ,  while  t he  s ix th  ( t ha t  kil led 120 hours  a f te r  infect ion)  rece ived  
1.5 ml  of u l f i l te red  bac te r ia - f ree  con ten t s .  The  i noeu lum a p p e a r e d  b y  e lec t ron  micro-  
scopic e x a m i n a t i o n  to c o n t a i n  m a n y  fewer a s t rov i ruses  a f t e r  f i l t ra t ion .  One l a m b  
was ki l led a t  each  of t he  fol lowing hours  a f te r  in fec t ion  (p.i . ) :  14, 23, 38, 45, 70 a n d  120. 
F ive  gno tob io t i e  l ambs  ki l led be t w een  72 a n d  144 hours  of age se rved  as cont ro l s  for 
t h e  his to logy.  Six gno tob io t i e  l a m b s  b e t w e e n  72 a n d  408 hou r s  of age were cont ro l s  for 
lae tase  es t imat ions .  

Necropsy Procedures 
L a m b s  were deeply  a n a e s t h e t i s e d  w i t h  sod ium p e n t o b a r b i t o n e  or h a l o t h a n e .  

Segmen t s  were ob t a ined  f rom j e j u n u m  (about  10 cm dis ta l  to  t he  duodeno - j e juna l  
f lexure) ;  f r om m i d g u t ;  a n d  f rom i leum (about  50 cm p rox ima l  to t he  ileo-caecM junc-  
t ion,  f rom a n  a rea  free of Peye r ' s  pa tches) .  T he  l ambs  were t h e n  ki l led b y  exsangu ina -  
t ion,  a n d  t issues col lected f rom caecum,  colon, k idney ,  l iver  a n d  lung.  

Histological 2Vlethods 
Tissues for his tological  e x a m i n a t i o n  were f ixed in  10 per  cen t  fo rmalsa l ine  a n d  

processed as descr ibed  p rev ious ly  (16). Add i t i ona l  smal l  (1 m m  a) b locks  of i n t e s t ine  
were f ixed in  3 pe r  cen t  g l u t a r a t d e h y d e  in p h o s p h a t e  buf fe r  ( p i t  7.4) a n d  processed to 
ArMdite .  Sect ions  1 Bm t h i c k  were cu t  a n d  s t a i ned  b y  10 pe r  cen t  Giemsa,  a t  60 ° C. 

Villus he igh t s  a n d  c ryp t  d e p t h s  in  H E - s t a i n e d  sect ions  were m e a s u r e d  by  ocular  
m i c r o m e t e r  on  t en  ve r t i ca l ly -cu t ,  full  l eng th  villi  a n d  c ryp t s  a t  each  si te  of smal l  
in tes t ine .  

Immuno/luorescence 
Addi t i ona l  por t ions  of all  t issues were f rozen in a CO2-ethanol  f reezing mix tu re .  

L e n g t h s  of smal l  i n t e s t ine  a n d  colon were filled w i t h  e m b e d d i n g  m e d i u m  (Tissue- 
Tek  I I ,  L a b - T e k  P r o d u c t s )  pr ior  to  freezing, to  a id  p rope r  o r i e n t a t i o n  of villi. F r o z e n  
t issues  were m o u n t e d  on m i c r o t o m e  chucks  a n d  6 ~m sect ions  cu t  on a c ryos ta t .  A n  
a n t i s e r u m  to l a m b  a s t rov i ru s  was p r e p a r e d  as follows : - - a  gno tob io t i c  l a m b  was 
in fec ted  ora l ly  w i t h  as t rov i rus ,  a n d  re in fec ted  10 days  later .  Af te r  a f u r t h e r  4 days  t h e  
l a m b  was g iven  b y  i n t r a m u s c u l a r  i nocu la t ion  a n  a s t rov i ru s  p r e p a r a t i o n  pa r t i a l ly  
pur i f i ed  b y  d i f fe rent ia l  c en t r i f uga t i on  of i n t e s t ina l  con ten t s .  Blood  was col lected for 
s e r u m  p r e p a r a t i o n  5 days  a f te r  f inal  inocu la t ion .  Tissue  sect ions  were t r e a t e d  w i th  
th i s  an t i s e rum,  followed b y  f luoresee in -con juga ted  r a b b i t  an t i - sheep  globulin.  Contro l  
sect ions  were t r e a t e d  w i t h  gno tob io t i c  l a m b  a n t i s e r u m  to l a m b  ro tav i rus ,  fol lowed 
b y  t h e  c o n j u g a t e d  a n t i  sheep globul in .  

F o r  purposes  of serological  compar i son ,  a s t r o v i r u s - c o n t a i n i n g  gu t  sect ions  were 
s t a ined  w i t h  calf a n t i s e r u m  to calf a s t rov i rus  (k indly  suppl ied  b y  Dr.  J .  C. Br idger ,  
Compton ,  Berksh i re )  or h u m a n  a n t i s e r u m  to  h u m a n  a s t rov i ru s  (k indly  suppl ied  b y  
Dr.  J .  B. K u r t z ,  Churchi l l  Hospi ta l ,  Oxford) ,  followed b y  t he  a p p r o p r i a t e  f luorescein-  
c o n j u g a t e d  globul ins .  

Enzyme Analysis 
Addi t i ona l  por t ions  of t i ssue  f rom the  t h r ee  si tes of smal l  i n t e s t ine  were col lected 

a n d  s to red  a t  - - 2 0  ° C. Lae tase  e s t ima t ions  used the  m e t h o d s  of DAHLQVIST (1). 

Virus Detection 
Faeces  samples  were col lected dai ly  f rom all l ambs ,  a n d  suspens ions  e x a m i n e d  b y  

e lec t ron  mic roscopy  for t he  presence  of a s t rov i rus  (15). 

Results 

Clinical and Virological 

T h e  l ~ m b s  k i l l ed  a t  14, 23 a n d  38 h o u r s  p . i .  d i d  n o t  d e v e l o p  d i a r r h o e a .  T h e  

o t h e r  t h r e e  i n f e c t e d  l a m b s  d e v e l o p e d  d i a r r h o e a  4 4 - - 4 8  h o u r s  a f t e r  i n f ec t i on ,  

faeces  c h a n g i n g  f r o m  f i r m  a n d  d a r k  b r o w n  in  c h a r a c t e r  to  v e r y  loose a n d  ye l low.  
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Voluntary  milk intake remained normal. Astrovirus was not  observed in faeces 
from the lambs killed t4 and 23 hours p.i., but  was first seen in the faeces of all 
other infected lambs between 38 and 48 hours p.i. At  necropsy, astrovirus was 
detected in intestinal contents of all Iambs except tha t  killed 14 hours p.i. 

The control lambs remained clinically normal,  and passed firm brown faeces 
throughout  the durat ion of the experiment.  No virus particles were detected in 
their faeces. 

Immuno/luorescence 
Specific immunofluorescent  staining was detected only in scattered epithelial 

and subepithelial cells on small intestinal villi (Fig. 1). The immunofluorescenee 
was usually fine and stippled in appearance (Fig. 1 b). Infected cells were present 
between 14 and  70 hours p.i. (Table 1). Fewer infected celts were present in 
je junum than  in midgut  or posterior ileum. The greatest  number  of infected 
cells was present early in infection, during the incubation period from 14 to 
38 hours p.i. The infected enterocytes were generally scattered through the apical 
half of the villi. Occasional infected cells were observed in the villus lamina 
propr ia . .No specific reaction was observed when the rotavirus ant iserum was 
used. Tissues other than  small intestine showed no specific reaction. 

No immunofluoreseenee was observed with lamb astrovirus-infeeted intestinal 
sections and the antisera to either calf or human  astrovirus. 

Fig. 1. Astrovirus immunofluorescence in midgut, a 23 hours p.i., transverse villus 
section, b 38 hours p.i., longitudinal villus section 
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T a b l e  1. A s t r o v i r u s  i m m u n o / l u o r e s e e n c e  detected i n  the smal l  in tes t ine  

T i m e  k i l l ed  
( h o u r s  p.  i. ) J e j u n u m  M i d g u t  

Si te  

P o s t e r i o r  i l e u m  

14 ÷ ÷  - - ÷  

23 ÷ ~  ÷ + b  

38 -~- ÷ ÷ ÷  

45 ÷ ÷ 

70 ÷ -~ 

120 - -  - -  

+ ÷  

+ + + °  

+ +  

a ÷ V e r y  o e c a s i o n M  i n f e c t e d  e p i t h e l i a l  cel ls  (less t h a n  1 p e r  v i l l u s  s ec t ion )  
b + + I n f e c t e d  cells  on  m o s t  v i l l u s  s e c t i o n s  
e T + , S e v e r a l  i n f e c t e d  cells  on  al l  v i l l u s  s e c t i o n s  

Fig. 2. Villus from midgut, 23 hours p.i. The lateral epithelia contain numerous clefts 
or microcrypts, and many enterocytes have rounded apical margins. Compare with 

control (Fig. 3). I-I & E × 950 (total magnification) 
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Histology 

The proximal intestine was unchanged throughout the experiment. No morpho- 
logical alterations were seen in the midgut at 14 hours p.i. Many enterocytes in 
the ileum at 14 hours p.i. contained large ovoid vacuoles apical to the nucleus, 
although the villi were long and slender. Changes were first observed at 23 hours 
p.i. in the midgut. Here the villi were long and their lateral margins contained 
many clefts or mieroerypts (Fig. 2), compared with control villi (Fig. 3). The 
enteroeytes lining the lower one-third of the villi appeared normal, but  those of 
the apical two-thirds had rounded margins and were cuboidal rather than columnar. 

Fig. 3. Villi from midgut, 3 day-old control lamb. H & E × 380 

Many enterocytes contained large single basal vacuoles and multiple small apicM 
vacuoles (Fig. 4). The apical vacuoles often impinged upon and indented the 
nucleus, which consequently appeared collapsed or pyknotic. Both apical and 
basal vacuoles contained pleomorphie Schiff-negative bodies which stained deep 
mahagony-red by Pollak's trichrome method. Similar intra-eytoplasmie bodies 
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were also seen in some enteroeytes and subepithelial maerophages, usually close 
to the nucleus. These bodies were most clearly demonstrated in araldite s~etions 
(Fig. 5), and have been shown subsequently (GRAY, E. W., in preparation) to 
contain arrays of astrovirus partieles. The lamina propria of affected villi contained 
moderate numbers of maerophages with abundant cytoplasm. Goblet cell numbers 
were comparable to controls. The ileum was unaffected at this stage; single clear 
apical vacuoles were present in many of the enterocytes. 

Fig. 4. ArMdite section of villi, midgut site, 23 hours p.i. The basal portions of the 
villi are lined by normal columnar cells, while the apical two-thirds are lined by 
vaeuolated cells wi~h rounded margins. Microcrypts are numerous in distal villous 

margins. Giemsa × 140 

By 38 hours p.i., villi in midgut and ileum were obviously shorter and more 
spatulate than those in equivalent control sites, or at earlier stages of the infec- 
tion. At 45 hours p.i., villi in the midgut and ileum were short and blunt with 
crenated epithelium, and crypts which were elongated contained numerous 
mitotic figures. The lamina propria contained infiltrates of macrophages, lympho- 
eytes and neutrophils, as well as eosinophils in similar numbers to the control 
iambs. None of the enteroeytes in the midgut contained the multiple apical 
vacuoles and granular bodies seen at 23 hours p.i. IJ[owevcr, single apical vacuoles 
were seen in the ileum of the infected Iambs at 38 and 45 hours p.i. By 70 hours 
p.i. the villi in the midgut site were long and slender and indistinguishable from 
normal intestine, but those in the ileum were stunted and lined by a erenated, 
partly euboidal epithelium. At 5 days p.i., however, all three intestinal sites were 
morphologically normal. 
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Large  basa l  vacuoles  were seen in midgu t  en te rocytes  of control  l ambs  a t  
72 and  96 hours  of age, bu t  apical  vacuoles were confined to the  i leum of control  
lambs.  These f indings are in accord wi th  those made  in normal  calves (8, 9) and  
piglets  (2, 11, 12). The  vacuola ted  cells m a y  be absorp t ive  wi th  a m a r k e d  pino- 
ey to t ic  capac i ty  (11). 

A few neut rophi l s  were p resen t  in bo th  caecal  and  colonic mucosa  of the  lambs  
ki l led 23 hours p. i . ,  b u t  no t  in a n y  o ther  lamb.  No changes were found in a n y  of 
the  o ther  t issues a t  a n y  stage. 

Fig. 5. Higher magnification of par t  of villus from Figure 4. Brush borders of entero- 
eytes are intact .  The apical cytoplasm contains numerous vacuoles which indent the 
nuclei. Dense bodies (arrows) can be seen in the cytoplasm or in small vacuoles close 
to the nucleus of some cells. Several of the large basal vacuoles contain coarse granular 
material .  Large maerophages can be seen in the lamina propria. Giemsa. Oil immersion 

× 3800 

Villus and Crypt Measurements 

The villus heights  and  c ryp t  dep ths  a t  the  th ree  sampl ing  sites in the  five 
control  Iambs d id  no t  v a r y  s ignif icant ly  wi th  age. N o r m a l  measurements  for villi  
and  c ryp t s  a t  each site were therefore  ob ta ined  b y  pooling observat ions  for all 
f ive lambs.  Measurements  from ind iv idua l  infected lambs  were compared  wi th  
these no rma l  values  (Table 2). 

The length  of the  villi  in j e j unum did  no t  differ s ignif icant ly  f rom normal .  
Villus a t r o p h y  was observed  a t  38 and 45 hours  p. i .  in midgut ,  and  f rom 38 to 
120 hours  p. i .  in i leum. The  c ryp t s  in all th ree  sites showed a progressive elonga- 
t ion  t h roughou t  t he  exper iments .  The most  m a r k e d  changes were observed in 
i leum, and  are  i l lus t ra ted  in F igure  6. 
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Table  2. Histological measurements o/villi and crypts 

Time  of Villi (pun, m e a n - V S E )  Cryp t s  (Fro, m e a n 4 - S E )  

sample  Pos te r io r  Pos te r io r  
(hours p.i .)  J e j u n u m  Midgu t  i l eum J e j u n u m  Midgu t  i l eum 

Contro ls  6904-14 6134-17 6 8 7 ± 1 5  1244- 4 i154-  3 1 0 5 ~ 3  

14 7 0 2 ± 2 3  5 8 1 ± 1 3  613~=20 1 5 9 ±  6 c 139=}= 4 b 122=}=5 a 

23 7714-34 a 5894-37 590:]:17 ~ 150d: 8 b 1334-}= 8 ~ 1194-8 

38 6 8 3 ± 2 5  438=[=17 c 3244-24 c 1744- 5 c 1544- 5 c 1174-5 

45 7324-16 3064-21 c 3514-20 e 1674- 8 c 161=]=10 c 1294-6 b 

70 6844-20 5¢0±27 3594-10 ° 2 t84 -  7 c 1654- 8 c 1534-4 c 

120 7 1 3 ± 2 4  804=t= 5 e 4 3 9 ± 1 0  e 2 2 5 ± 1 0  c 1764- 7c i 7 2 4 - 8  c 

p < 0 . 0 5  
b p < 0 . 0 l  
c p < 0 . 0 0 1  

Signif icance of dev i a t i on  h ' o m  

Villus height (pro) 

cont ro l  va lue  

Crypt depth {jJm) 

' 3'0 ' ' 120 0 60 90 

time(hours) after infection 

Fig. 6. Vil lus h e i g h t  a n d  c r y p t  d e p t h  in i leum. The  c r y p t  a n d  vi l lus  cont ro ls  are  
r e p r e s e n t e d  b y  a b a n d  for m e a n ± s d .  T he  s ignif icance of t he  dev ia t ions  f rom these  
con t ro l  va lues  are  shown.  --  n o t  s ignif icant ,  • p < 0 . 0 5 ,  • • p < 0 . 0 1 ,  • • • p < 0 . 0 0 1  

Enzyme Analyses 

L a c t a s e  l eve l s  in  t h e  6 c o n t r o l  l a m b s  we re  ¢ . 5 ± 0 . 5 ,  5 .14-0 .6 ,  a n d  2 .44 -1 .2  u n i t s / g  
t i s s u e  fo r  t h e  p r o x i m a l ,  m i d ,  a n d  d i s t a l  s m a l l  i n t e s t i n a l  s i t es  r e s p e c t i v e l y .  I n  

m i d g u t  of i n f e c t e d  l a m b s ,  o b s e r v a t i o n s  we re  c o n s i s t e n t l y  b e l o w  t h o s e  of t h e  

c o n t r o l s ,  fMl ing  t o  a m i n i m u m  of 1.2 u n i t s / g  t i s sue  a t  23 h o u r s  p . i .  :No c o n s i s t e n t  

c h a n g e  was  o b s e r v e d  in  l a e t a s e  c o n c e n t r a t i o n s  in  p r o x i m a l  a n d  d i s t a l  si tes.  
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Discussion 

These experiments confirmed the ability of lamb astrovirus to multiply in the 
intestinal tract of gnotobiotic lambs, and to cause diarrhoea. The site of multiplica- 
tion was shown by immunofluorescence and electron microscopy (GRAY, E. W., 
in preparation) to be the small intestine, and these same techniques failed to find 
evidence of astrovirus infection in any other site. Immunofluorescence showed 
less evidence of virus multiplication in jejunum than in other levels of small 
intestine, and this was reflected in the absence of histological change. Crypt 
hypertrophy was, however, as marked in jejunmn as at more distal sites, but 
the stimulus for this is not known. Lamb rotaviruses have similarly been found 
to cause least damage in the jejunum (16). 

Damage produced by astrovirus infection could be demonstrated by histo- 
pathology and estimations of lactase, and was consistently associated with a mild 
transient diarrhoea. A sequence of events with initial epithelial cell infection and 
destruction leading to partial villus atrophy, reclothing of the villi with relatively 
immature cells, and eventual healing of the lesion, can be postulated. This effect 
is similar to that  of other viral infections of villus epithelial cells, particularly 
rotavirus (16, 18) and coronavirus (3, 10, 13) infections. In  the lamb, astrovirus 
infection is at each stage less severe than rotavirus infection (16, 17), with fewer 
enterocytes infected, a lesser degree of villus atrophy and a milder clinical disease. 

The astroviruses of lambs, calves, and man have not been shown to be sero- 
logically related by immunofluorescence. Further serological and biochemical 
studies are necessary to investigate the relationships between these viruses. 

This study has confirmed that  lamb astrovirus is a pathogen of the small 
intestine of lambs. However, the only information available on the epidemiology 
of any of the astroviruses is that  antibody to bovine astrovirus was detected in 
cattle in 11 or 22 herds (19), so no at tempt can be made as yet to define their role 
in causing diarrhoea under natural conditions. 
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