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Abstract 

Cytomegalovirus (CMV)-induced encephalomeningitis is a dramatic complication in patients with the acquired 
immunodeficiency syndrome (AIDS) and treatment of this infection remains a major clinical problem. In order to 
study the pathogenesis and treatment of CMV-induced encephalomeningitis, we experimentally induced intracranial 
rat CMV (RCMV) infection in rats that were immunosuppressed by total body X-irradiation. CMV infection was 
monitored by viral plaque assay for estimation of the viral load. CMV-induced pathology, the presence of 
CMV-infected cells, as well as the presence of T-lymphocytes and monocytes/macrophages were studied by 
histopathologic and immunohistochemical staining techniques. The meninges showed CMV infection in mononuclear 
infiltrative cells and in endothelium of small blood vessels 8 days after intracerebral inoculation. This was 
accompagnied by multiple haemorraghes and inflammatory cell infiltration. The infection and inflammatory response 
persisted for at least 21 days p.i. Animals were treated with (S)-l-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine 
(HPMPC), 9-(1,3-dihydroxy-2-propoxymethyl)guanine (DHPG), hyperimmune serum (HIS) and both DHPG and 
HIS combined. Treatment with one dosage of HPMPC at 20 mg/kg effectively reduced virus titers. However, all other 
treatment modalities were not effective. In conclusion, the pathology of  RCMV-induced encephalomeningitis in 
immunocompromised rats closely resembles that of AIDS patients. The infection is effectively treated by HPMPC. 
© 1997 Elsevier Science B.V. 
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1. Introduction 
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Cy tome ga lov i ru s  (CMV)  infect ions are a m a j o r  
p r o b l e m  in i m m u n o c o m p r o m i s e d  pa t ien t s  espe- 
cial ly in t r a n sp l a n t  recipients  (L inneman  et al., 
1978) and  in pa t ien t s  wi th  the acqu i red  im- 
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munodeficiency syndrome (AIDS). The preva- 
lence of CMV infections in individuals infected 
with the human immunodeficiency virus (HIV) is 
high. (Drew et al., 1981; Collier et al., 1987; 
Quinn et al., 1987). In AIDS patients CMV infec- 
tions are the most frequent opportunistic infec- 
tions during the late phase of disease (McKenzie 
et al., 1991; Wilkes et al., 1988; Salazar et al., 
1995). Those infections are associated with symp- 
toms of fever, pneumonitis, hepatitis and retinitis 
(Meyers et al., 1982). A significant percentage of 
these patients (Snider et al., 1983; Kalayjian et al., 
1993) experience neurological complications, such 
as encephalitis, meningo-encephalitis and radicu- 
lomyelitis (Snider et al., 1983; Schooley, 1990; 
McCutchan, 1995; Arribas et al., 1996). Although 
it has been shown that neural tissue obtained 
from these patients contains CMV antigens or 
nucleic acids, the role of the virus in the patho- 
genesis of meningo-encephalitis is not fully under- 
stood (Nelson et al., 1988; Fiala et al., 1991). 

For treatment of CMV infections in these pa- 
tients commonly used antiviral drugs are 9-(1,3- 
dihydroxy-2-propoxymethyl)guanine (DHPG) 
and phosphonoformate (PFA) (Collaborative 
DHPG Treatment Study Group, 1986; Emanuel, 
1990). The use of both compounds is limited by 
serious side effects such as neutropenia and kid- 
ney failure. The effect of alternative treatment 
modalities like hyperimmune serum (HIS) in 
AIDS patients is not known. More recently, it has 
been described that (S)-l-(3-hydroxy-2-phospho- 
nylmethoxypropyl)cytosine (HPMPC) (De Clercq 
et al., 1986, 1987) is a very potent inhibitor of 
herpes viruses (Yang and Datema, 1991). The 
advantage of HPMPC over DHPG is the very 
high selectivety and antiviral activity against hu- 
man CMV. 

Other advantages are that the drug is highly 
specific and active against rat (RCMV) and 
mouse CMV (Neyts et al., 1990; Stals et al., 1991, 
1996). The intracellular halflife of the active 
metabolite is long and in animal studies the effect 
of HPMPC is long lasting (Neyts et al., 1990; 
Stals et al., 1991). In immunocompromised rats 
HPMPC completely inhibited viral replication in 
all internal organs and effectively reduced the 
mortality from RCMV infection. 

In this report we describe CMV infection in rats 
at day 8 and 21 after intracerebal infection of rat 
CMV (RCMV). We compared the therapeutic 
effect of HPMPC on this infection to the effects 
of DHPG, HIS and both HIS and DHPG com- 
bined. 

2. Material and methods 

2.1. Animals 

Inbred specified pathogen free (SPF) male 
Brown Norway (BN) rats 8 weeks old, were bred 
at the department of experimental animal services 
at the University of Maastricht, The Netherlands. 
Animals were used for the experiment at a total 
body weight between 140-180 g. 

The rats were immunosuppressed 1 day before 
infection by 5 Gray total body irradation (TBI) as 
described previously (Stals et al., 1991). 

2.2. R C M V  infection 

The rat cytomegalovirus (RCMV) Maastricht 
strain, was obtained from a pool of salivary 
glands of infected laboratory rats (Bruggeman et 
al., 1982, 1983). The virus pool used underwent 7 
passages in laboratory rats. The salivary glands 
were homogenized and the supernatant was col- 
lected after centrifugation and stored at -70°C.  
Each rat received 105 plaque forming units (PFU) 
of RCMV in a volume of 20 /zl by intracerebral 
injection. Controls received 20/t l  of a noninfected 
salivary gland supernatant. 

2.3. Antiviral treatment 

The antiviral agents ganciclovir, 9-(1,3-dihy- 
droxy-2-propoxymethyl)guanine was purchased 
from Syntex (Palo Altho, CA). (S)-l-(3-hydroxy- 
2-phosphonylmethoxypropyl)cytosine (HPMPC) 
(Gilead Sciences, Foster City, CA) was a gift from 
Dr E. De Clercq, Leuven, Belgium. Hyper im- 
mune serum (HIS) was prepared in rats as de- 
scribed by Stals et al. (1990). In this study HIS 
was used at a neutralization titer NT of 640 and 
was given intravenously (i.v.). The antiviral 



J.S. Kloover et al . /Antiviral Research 35 (1997) 105 112 

Table 1 

Experimental groups and treatment regimens used 

107 

Treatment regimens of rats harvested at day 8 p.i. n c Treatment regimens of rats harvested at day 21 p.i. n c 

HPMPC (10 mg/kg) a 5 
HPMPC (20 mg/kg) a 4 - -  

HPMPC (40 mg/kg) a 5 HPMPC (40 mg/kg) a 
DHPG (40 mg/kg) b 5 DHPG (40 mg/kg) b 
HIS (NT 640) a 5 HIS (NT 640) ~ 
DHPG (40 mg/kg)b+HIS (NT 640) a 5 DHPG (40 mg/kg)b+HIS (NT 640) a 
Infected, but not treated 5 Infected, but not treated 
Not infected 5 

a Treatment adminsitred at day 0 
b Treatment administred daily from day 0 to day 5 

n = number of rats per group 

compounds (HPMPC and DHPG)  were adminis- 
tered by intraperitoneal (i.p.) injection. All treat- 
ments were given 1 day after RCMV infection. 
The treatment regimens used for each group are 
outlined in Table 1. 

2.4. Survival, specimen collection and detection 

All rats were examined daily for the presence 
of  disease, as described by Stals et al. (1991) and 
survival was recorded. To study the effect of 
treatment on the course CMV infection, brain 
tissue was obtained at two measure points after 
infection (day 8 and 21 p.i.). To study the effect 
of  treatment on the spread of  virus within the 
body, the spleen was sampled at these two mea- 
sure points. At that time the presence of  infec- 
tious virus and viral antigens was measured. In 
addition, brain tissue was analysed for histo- 
pathological changes. The number of infectious 
virus particles determined in organs was counted 
by plaque assay using rat embryonic fibroblasts, 
as described previously (Bruggeman et al., 1982). 
The presence of  viral antigens was evaluated by 
immunohistochemistry. For  this purpose organs 
were fixed in paraformaldehyde-lysine-periodate 
and embedded in parafin. For  detection of  
RCMV antigens mouse monoclonals (McAb) 
were used, directed against cytoplasmic (McAb 
35) and nuclear (McAb 8) antigens (Bruning et 

al., 1987). The infection load was graded by two 
independent observers based on the number of  
RCMV immunoreactive cells in the sections. 
This number was expressed as point score units 
(PSU), as described previously (Li et al., 1996). 
The quantity of  CMV reactive cells scored from 
0 to 5 (0: no staining; 1: sporadic cells; 2: few 
cells; 3: moderately dense; 4: dense; 5: very 
dense). Sections of  brain tissue, 4 /~m thick and 
embedded in parafin were analysed for the pres- 
ence of inflammatory cells by the immunoperoxi- 
dase technique. Monoclonal antibody W3/13 
(Sera-lab, Crawly Brown, UK) were used for the 
detection of  T-lymphocytes and monoclonal an- 
tibody ED-1 (kindly supplied by Dr C. Dijkstra, 
University of Amsterdam, The Netherlands) for 
detection of  monocytes and macrophages were 
used. In addition, routine haematoxylin and 
eosine staining was carried out. 

2.5. Statistical analysis 

The score of  positive cells in different groups 
was compared with the aid of the two tailed 
non-parametric Mann-Whitney U test. For  com- 
parison of  the number of  infectious virus parti- 
cles measured by plaque assay the non 
parametric Mann-Whitney U test was also used. 
P values < 0.05 were regarded as statistically 
significant. 
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3. Results 

3.1. Effect of treatment on virus titers at day 8 
p.i. 

A total of 8 days after intrathecal inoculation 
of  105 PFU RCMV the brains harbored high 
numbers of infectious virus. In these animals gen- 
eralized infection was observed by the presence of  
high numbers of  infectious virus in the spleen 
(Table 2). Treatment with HPMPC at a dosage of 
20 and 40 mg/kg significantly reduced the virus 
titers in both brain tissue and spleen. HPMPC 
treatment at 10 mg/kg reduced the virus titer in 
both organs, but not completely. The other treat- 
ment regimes (DHPG,  HIS, and both, D H P G  
and HIS combined) all failed to reduce the num- 
ber of infectious CMV in the brains significantly. 
In contrast, these compound had a moderate ef- 
fect on the number of infectious virus particles in 
the spleen. 

3.2. Effect of  treatment at day 21 p.i. 

Intrathecal injection of RCMV resulted in per- 
sistence of  infectious virus for at least a period of 
3 weeks (Table 3). At that time CMV was also 
present in the spleen, indicating general infection 

Table 2 
Effect of  antiviral t reatment on the R C M V  infection in brain 
and spleen at day 8 post infection 

Treatment  of  rats n a Virus titer 

Brain b Spleen b 

Table 3 
Effect of  antiviral t reatment on the RCMV infection in brain 
and spleen during the chronic phase of infection 

Treatment  of  rats n a Virus titer 

Brain b Spleen b 

H P M P C  (40 mg/kg) 5 1.26 _+ 1.76 ~ 0.00 _+ 0.00 c 
D H P G  (40 mg/kg) 6 6.31 _+ 0.43 2.79 -- 2.41 
HIS (NT 640) 5 6.37 _+ 0.52 3.80 _+ 0.74 
D H P G + H I S  5 5.84+_0.61 3 .72+0 .30  
None (control) 5 5.61 _+ 1.45 4.79 +_ 1.25 

Number  rats per group. 
b Virus titer in brain and spleen harvested at day 21 p.i. is 
expressed as log10 PFU/g  organ tissue (mean + S.D.). 
c Significant difference (P<0 .05)  compared to the nontreated 
(control) group. 

during the chronic phase of disease. No significant 
difference was found in the infectious virus load 
between the acute and the chronic phase of infec- 
tion (days 8 and 21, respectively), which indicates 
continuous viral replication in these immunosup- 
pressed animals for a period of  at least 21 days. 

As described for the day 8 p.i., HPMPC treat- 
ment at 40 mg/kg significantly decreased the num- 
ber of RCMV in the brain. In addition, at that 
dosage HPMPC completely inhibited RCMV in- 
fection in the spleen, indicating that the drug 
prevented further spread of the infection through 
the body. The other treatment modalities (DHPG, 
HIS and both combined) did not significantly 
reduce virus titers in the brain and the spleen. 

3.3. Pathology of  the brain and meninges and the 
effect of antiviral therapy 

H P M P C  (10 mg/kg) 5 1.19 (2.67) 1.31 (1.80) c 
H P M P C  (20 mg/kg) 4 0.72 (1.44) c 0.00 (0.00) c 
H P M P C  (40 mg/kg) 5 1.36 (1.87) c 0.00 (0.00) c 
D H P G  (40 mg/kg) 5 6.58 (0.22) 4.64 (0.50) 
HIS (NT 640) 5 6.79 (0.18) 4.73 (0.71) 
D H P G  (40 mg /kg )+  5 6.22 (0.18) 2.10 (1.95) 

HIS (NT640) 
None (control) 5 6.54 (0.47) 6.05 (0.41) 

Number  of  animals per group. 
b Virus titer in brain and spleen at day 8 p.i. was measured and 
is expressed as log~o PFU/g  organ tissue (mean +_ S.D.) 
c Significant difference (P<0.05)  compared to the nontreated 
(control) group. 

CMV in meninges and brain tissue was local- 
ized immunohistochemically using RCMV-specific 
monoclonal antibodies. As presented in Table 4 
the meninges of untreated rats harbored high 
numbers of  virus-infected cells at day 8 p.i. (cell 
score = 3.7 (0.3) median (range)). At 21 days p.i. 
the number of  virus-infected cell declined to a 
score of 2 (1) median (range). In the brain tissue 
only few virus-infected cells were observed (me- 
dian PSU (range) 1 (0) at day 8 and 1 (1) at day 
21). 
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Table 4 
Effect of antivirals on the presence of RCMV-infected cells within the meninges and in blood vessels within the meninges 
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Treatment Virus infected cells b in: 

Meninges Blood vessels within the meninges 

Day 8 p.i. Day 21 p.i. Day 8 p.i. Day 21 p.i. 

H P M P C  (40 m g / k g )  a 0.2 -}- 0.2 a 0 -[- 0.0 a 0,0 __+ 0.0 a 0 -~- 0.0 a 
D H P G  (40 mg /kg )  b 3 __+ 0.3 1.6 + 0.2 1.4 _+ 0.2 0.6 _+ 0.1 

HIS  (NT  640) a 1.2 + 0.3 a 1.4 + 0.2 0.8 _+ 0.1 a 0.8 + 0.0 
HIS (NT  6 4 0 ) a + D H P G  (40 mg /kg )  b 2.8 + 0.2 a 2.4 + 0.3 1.6 + 0.3 2.8 _ 0.4 

N o n e  (control)  3.7 + 0.3 1.7 + 0.4 2.2 _+ 0.3 1.2 _+ 0.1 

a Significant difference P<0.05 compared to nontreated RCMV infected (control) rats. 
b Virus infected cells expressed as median (range). 

In the meninges and to a significantly lesser 
extent in the brain, scattered hemorrhages with 
foci of  necrosis were present. CMV antigen was 
often detectable within these necrotic regions, as 
shown immunohistochemically. In the blood ves- 
sels numerous giant endothelial cells were noticed 
(data not shown). The enlarged cells contained 
basophylic intranuclear and intracytoplasmic in- 
clusions which are typical for an active CMV 
infection. Immunohistochemical  staining proved 
the presence of  R C M V  antigens in these cells. 

While in non-infected rats nearly no inflamma- 
tory cells were noticed, in the CMV-infected ani- 
mals numerous inflammatory cells infiltrated the 
meninges and brain. These infiltrates predomi- 
nantly consisted of  monocytes/macrophages,  and 
to a lesser extent T-lymphocytes.  Nearly half of  
the macrophages present in the meninges and 
brain were reactive with monoclonals 8 and 35, 
indicating that these cells contained viral antigens. 
Infiltrates were extensively present at day 8 p.i. 
Thereafter,  the inflammatory response declined. 
In addition, endothelial cells, mainly those present 
in the small vessels, reacted with McAb 8 and 35. 

The effect of  treatment with HPMPC,  D H P G ,  
HIS and both, D H P G  and HIS combined, on the 
quantity of  virus-infected cells in brain and 
meninges was evaluated. As presented in Table 4 
H P M P C  at a dosage of  40 mg/kg significantly 
reduced the number  of  virus-infected cells in the 
meninges. In the blood vessels of  these organs the 
effect was even more pronounced. In contrast, 

t reatment with D H P G ,  HIS and both, D H P G  
and HIS combined, had hardly any effect on the 
number  of  CMV-infected cells. In the brain of  
untreated animals the number  of  virus-infected 
cells was low. Therefore, evaluation of the effect 
of  antivirals was not performed. None of  the four 
antiviral regimes had any effect on the inflamma- 
tory response in the meninges and in the brain of  
RCMV-infected rats. This was true for both mea- 
sure points: day 8 and 21 p.i. 

3.4. S u r v i v a l  

All animals submitted to this study survived at 
least during a period of  21 days. Only the HIS 
treated group and the control group became ill, 
but they all survived. 

4. Discussion 

This study describes the pathologic features of  
CMV infection in the brains and meninges of  
immunosuppressed rats after intracerebral inocu- 
lation of  RCMV. In addition, it describes the 
effect of  administration of  antiviral treatment 
modalities, HPMPC,  D H P G ,  HIS and both, 
D H P G  and HIS combined, on the course of  
infection. 

The rat model described mimics the pathology 
of  CMV-induced meningo-encephalitis in AIDS 
patients. Histochemical evaluation of  brain and 
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meninges from RCMV-infected rats revealed 
acute infection accompanied with signs of inflam- 
mation. Particulary, in the meninges high 
amounts of virus-infected cells were present. The 
virus-infected cells were localized mainly in and 
around the blood vessels, and consisted predomi- 
nantly of  monocytes/macrophages and endothelial 
cells. The presence of CMV-infected cells present 
in blood vessels of  infected organs is also de- 
scribed in AIDS-patients (Hawley et al., 1983). 
CMV infection in and around bloodvessels is 
accompanied by a local inflammatory response. 
Earlier, it has been described that after inocula- 
tion of RCMV in the foot-pad of rats polymor- 
phonuclear granulocytes infiltrated the 
perivascular region during the first days post in- 
fection, followed by infiltration of CMV-infected 
monocytes/macrophages. The inflammatory re- 
sponse reached the highest level at about 1 week 
after infection (Persoons et al., in press). 

Another interesting observation is the detection 
of viral antigens in the endothelium of meninges 
and brain during the acute phase of infection. The 
presence of CMV in the endothelium of the brain 
is also described in postmortem specimen of 
AIDS patients (Morgello et al., 1987). It suggests 
that endothelium could act as a portal for entry of 
the virus into the central nervous system. 

An important role of endothelial cells in the 
pathogenesis of  CMV infection is suggested by 
Grefte et al. (1993), who indicates that infected 
endothelial cells are detectable in systemically in- 
fected immunocompromised patients. Predomi- 
nantly, endothelial cells of small vessels become 
infected by CMV, while the endothelium of large 
vessels is exceptionally infected (Span et al., 1993). 
Recent data of Vossen et al. (1996) indicate that 
endothelial cells consist of a very heterogenous 
population that differently interact with CMV. 
Infection of these cells seems to be relevant for the 
pathogenesis. The finding of CMV specific anti- 
gens and nuclear inclusions of cells in the brain 
and meninges indicates local replication and is 
related with brain damage. 

Treatment of RCMV-infected rats with DHPG,  
HIS or both D H P G  and HIS combined had 
hardly any effect on the virus titers in spleen and 
brain of the animals during acute and chronic 

CMV-infection. This finding is in contrast with 
the synergistic effect of D H P G  and HIS during 
generalized infection (Stals et al., 1996; Rubin et 
al., 1989). In patients with severe CMV disease 
combined treatment with D H P G  and im- 
muneserum appears to be beneficial (George et 
al., 1993; Question-and-answer-session, 1993). 
One explanation for therapeutic failure in this 
model could be poor  penetration of the antivirals 
into the brain area, which permits initial replica- 
tion cycles of the virus. 

It should also be mentioned that antibody does 
not cross the blood brain barrier unless there is 
inflammation. Since there is nearly no inflamma- 
tory response in the brain this explains the fact 
that HIS alone or in combination with D H P G  
does not lead to a reduction in virus titer. 

HPMPC treatment significantly reduced virus 
titers in brain and spleen. This is in agreement 
with earlier reports about the highly effective and 
specific effect of the drug (Stals et al., 1996; Neyts 
et al., 1991). We found, using immunohistochemi- 
cal methods, that CMV antigens were localized in 
cells of the brains and the meninges from the rats. 
In contrast with the lack of  antiviral effect of HIS 
and both HIS and D H P G  combined, the number 
of virus-infected cells were reduced in the 
meninges at day 8 p.i. by these treatment regi- 
mens. Whether this effect was a result of a de- 
creased number of infected cells, or a decreased 
sensitivity of  the immunohistochemical detection 
technique by interference of  the HIS, remains 
unknown. 

High dosages of HPMPC reduced effectively 
and long lasting the virus titers as well as the 
number of virus-infected cells in both brain and 
spleen, while a lower dosage (10 mg/kg) of the 
drug showed a less pronounced effect. 

It should also be mentioned that intrathecal 
infection may injure the blood brain barrier and 
that this may possibly alter the penetration of the 
compound(s) in the brain. Yang and Datema, 1991 
demonstrated however that HPMPC is still able to 
reduce titers of HVS-2 in brains of mice that were 
injected intraperitoneally and in which treatment 
was only started at the time the virus had 
spread to the brains. Neyts et al., 1992 demon- 
strated that HPMPC efficiently prevents MCMV- 



J.S. Kloover et al./Antiviral Research 35 (1997) 105-112 111 

assoc ia ted  m o r b i d i t y  and  m o r t a l i t y  u p o n  in t ra-  
ce rebra l  infect ion.  However ,  fo l lowing long- te rm 
bu t  in f requent  t r ea tmen t  (once a week)  wi th  
H P M P C  in S C I D  mice tha t  had  been infected 
in t r ape r i tonea l ly  wi th  M C M V ,  virus  rep l ica t ion  
was f o u n d  in the  bra in .  In  cont ras t ,  l i t t le virus  
rep l ica t ion  was f o u n d  in o the r  o rgans  at  tha t  
t ime. Thus  b ra in  infect ions m a y  be more  refrac-  
to ry  to  systemic t r ea tmen t  wi th  H P M P C  than  
visceral  infections.  This  m a y  suggest  tha t  pe rhaps  
h igher  and  more  f requent  dosages  o f  H P M P C  are  
needed  to t rea t  b ra in  infect ions wi th  H P M P C  
than  those  does  used in the present  s tudy.  

In  conclus ion,  we showed  tha t  in t race rebra l  
R C M V  infect ion in i m m u n o c o m p r o m i s e d  ra ts  
closely resembles  severe h u m a n  C M V  infect ion in 
A I D S  pat ients .  I t  d i sp lays  a p a t h o l o g y  with  p ro -  
nounced  local  infect ion o f  m o n o n u c l e a r  infi l t rates 
and  endo the l i a l  cells o f  the small  vessels. The  
t r ea tmen t  m o d e l  seems sui table  to s tudy  the effect 
o f  c and ida t e  an t iv i ra l  drugs  on  C M V  infect ion o f  
meninges  and  b ra in  in the  severe i m m u n o c o m p r o -  
mised  host .  H P M P C  signif icant ly reduces  the  viral  
l oad  in bra in ,  meninges  and  spleen. Therefore ,  we 
r e c o m m e n d  the s tudy  o f  the effect o f  H P M P C  on 
C M V - i n d u c e d  encephal i t i s  in A I D S  pat ients .  
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