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Summary. Spread of Venezuelan equine encephalitis (VEE) virus and damage of 
the central nervous system (CNS) in mice infected by respiratory route was 
studied. Virus concentration in organs and blood, "dose-effect" relationships, 
and ultrastructural lesions in various tissues were examined in immune and 
normal mice. We showed, via three independent methods- characteristic CUlWe 
investigations, tissue virus concentration dynamics, and ultrastructural methods - 
the spread of VEE virus through the olfactory tract into the brain of immune 
mice. From these experiments it was concluded that in case of respiratory 
challenge VEE virus can enter the CNS of normal mice by both vascular and 
olfactory pathways, while in immune mice the main route is olfactory. 

Introduction 

An understanding of the pathways by which neurotropic viruses may enter the 
CNS is important for the analysis of the possible pathogenic mechanisms of these 
infections. Three probable mechanisms of virus conveyance into the CNS have 
been postulated: 1. vascular route involving crossing the blood-brain barrier 
and entering the CNS; 2. neurogenic spread along the peripheral nerves; and 
3. olfactory pathway, which begins from the infected olfactory neuroepithelial 
cells [1]. The possibility of viral entry into the brain by means of olfactory 
neuroepithelial cells infection has been shown for Venezuelan equine encephalitis 
(VEE) virus [7-10, 12-13, 19], St. Louis virus [16], herpes simplex virus [6, 14] and 
mouse hepatitis virus [21], and is assumed for some other viruses. Some findings 
could be indirect evidence in favour of an assumption that the immune barrier is 
weaker along the olfactory pathway [15, 17]. In [4, 5] the existence of macro- 
molecular transport along the olfactory nerve has been shown. 

Knowledge of the mechanisms of the olfactory route of infection may be 
helpful for the following modes of interference with infection: 1. the intranasal 
application of drugs for blocking viral spread along the olfactory tract; 2. the 
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t r anspor t  o f  drugs  a long the o l fac tory  p a t h w a y  into the CNS;  3. the possibil i ty of  
local immuniza t ion  o f  the o l fac tory  zone for  the effective prevent ion  o f  C N S  
viral infection. 

In ou r  s tudy  we tr ied to investigate the ent ry  o f  V E E  virus into the brain  o f  
respi ra tory  infected immune  and  normal  mice and to determine the significance 
o f  the o l fac tory  tract  in deve lopment  o f  C N S  damage .  

Materials and methods 

Mice 

Outbred ICR mice weighing 18-20 g were used. They were obtained from the colony of the 
State Research Center (SRC) "Vector" (Russia). 

Virus 

The Trinidad (IA) strain pathogenic for humans and the attenuated TC-83 strain [2] of VEE 
virus were obtained from the DI Ivanovsky Institute of Virology. Strains were passed twice 
through chicken embryos and once through Vero cells. Culture fluid containing virions at a 
concentration of 3 x l0 s pfu/ml was collected from infected Vero cells. Virus samples were 
stored at -20 °C before use. 

Aerosol challenge 

Exposure of animals to virus aerosols was carried out in a dynamic aerosol system with 
horizontal aerosol flow. The velocity of flow was 10 cm/sec, and airflow through the system 
was 201/min. The mass median diameter of the particles generated was 0.95 mcm. The mice 
were exposed to the aerosol for 2 min, and the aerosol was sampled over the whole of this 
period using impingers like aerosol samplers containing 10.0 ml Earle's solution obtained 
from SRC Vektor supplemented with 2% bovine serum (SRC Vektor), 100 units/ml of 
penicillin and 100 mcg/ml of streptomycin ("Krasnoiarskmedpreparaty'). The respiratory 
dose was calculated on the basis of the virus aerosol concentration and the mouse minute 
respiratory volume of mouse using the Guyton formula [11]. 600 normal and 210 immune 
mice were used for determination of"dose-effect" relationships in aerosol challenge experiments. 

Animal inoculation and immunization 

Local intranasal route was realized by inoculation of virus suspension into the olfactory zone 
by inserting a blunt needle into a nostril of the anaesthetized mouse. The needle length 
corresponded to the distance between the nostril and the olfactory zone. Inoculum volume 
was about 1 mcl. Nasomucosal damage did not occur. This method of infection provided the 
ratio of virus quantity in the nose to the virus quantity in the lungs about 100:1, as was 
defined by virus assay and radioisotope methods. 510 normal and 220 immune mice 
were used for determination of "dose-effect" relationships in local intranasal challenge 
experiments. 

Subcutaneous mice inoculation was made by injection of 0.2 ml virus suspension. 230 
normal and 230 immune mice were used. 

Immunization of mice was performed by subcutaneous injection of 0.2 ml rabbit immune 
serum to produce a specific antibody titre of 1:200-1:300 as determined in radio immu- 
noassays. This route of immunization provided the least dispersion of immune antibody 
levels in blood of experimental animals. Only passively immunized mice were used for 
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determination of tissue virus concentration, in the ultrastructural studies, and in the "dose- 
effect" experiments. 

Tissue sampling 

Virus distribution in mouse organs was determined at different intervals after respiratory 
inoculation. Anaesthetized mice were perfused with 200-300 ml Earle's solution supple- 
mented with antibiotics. The degree of perfusion was controlled by measuring the hemo- 
globin concentration in suspensions of homogenized organs. Hemoglobin concentration 
was diminished more than 100 times by this technique. The presence of virus at various time 
intervals postinfection was defined in organs of three mice at each time point of experiments. 
Tissue specimens were homogenized, and 10% suspensions of tissue in Earle's solution with 
2% bovine serum and antibiotics were stored at -20 °C before titration. Tissue samples for 
ultrastructural analysis were obtained at the same time from nonperfused animals. 

Virus assay 

VEE virus concentrations were defined by plaque assay procedures. Chick embryo fibroblast 
cell monolayers in glass bottles were inoculated with 0.2 ml of viral suspension. After 1 h at 
37 °C, the maintenance medium containing 2.4% agar (Difco) and 0.001% neutral red 
(Merck) was added to the bottles. Cells were incubated in a dark room during 48 h at 37 °C, 
and plaques were counted. Control of sensitivity of cell monolayers was performed by the 
TC-83 strain that was stored at -20 °C. 

Statistical analysis 

Method of maximal probability was applied for estimation oflgLDs0 (median) and b (slope) 
[3]. These values were parameters of alternative "dose-effect" relationship. We supposed the 
log-normal nature of distribution of individual animal sensitivity to infection [18]. Parameter 
b that characterized the slope of"dose-effect" relationship in log-normal axis was calculated 
as a value inversely proportional to the deviation of animal sensitivity distribution. LDs0* 
and LDs0 are 50% lethal doses for immune and normal mice respectively. Testing of 
H0-hypothesis for parameters lgLDs0 and b for various animals groups was carried out by 
standard normal variable quantity (z-statistics) with statistical assurance (S) 95% [18]. The 
resistance index (IR) was calculated as IR = lgLDs0*-lgLDs0. 

Electron microscopic studies 

Tissue specimens for ultrastructural study were obtained at 24, 36, 48, 72 h postinoculation, 
fixed in a 4% paraform aldehyde and 2.5% glutaraldehyde solution and postfixed in 1% 
osmium tetroxide solution. The material was dehydrated and embedded in Epon-Araldite 
(Serva). Ultrathin and semithin sections were cut upon a Reichert (Reichert-Young, Austria) 
ultratome and were contrasted with uranyl acetate and lead citrate. Semithin sections were 
stained with azur-2 (Serva). Thin sections were examined in H-600 (Hitachi, Japan) and 
JEM - t00S (JEOL, Japan) electron microscopes. 

Results 

F o r  detai led charac ter iza t ion  o f  virus-animal  interact ions we examined  the 
"dose-response"  dependence  as well as the lgLDs0 and  b (the slope o f  a "dose- 
response"  relat ionship straight  lines in log-normal  axes) [18]. 
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The results for the challenge of normal and immune mice are given in Table 1. 
The values of lgLDs0, b and IR for various methods of inoculation could be 
estimated. It should be noted that the characteristic curves for normal and 
immune mice have different slopes (b) for the same challenge mode. Parameters 
b differed in the cases of aerosol, subcutaneous and intranasal challenge of 
normal mice with statistical assurance more than 95%. The same parameters 
in immune mice decreased and did not differ for different inoculation routes 
(S > 95%). Thus, despite of equal levels of injected immune antibodies in mice we 
registered widening of distribution of individual sensitivities of animals to virus 
(b value diminished). 

lgLDs0 value for normal mice increased in aerosol infection 
(lgLDs0ae~o = 0.23) and olfactory zone challenge (lgLDs0vn = 2.07), as compared 
with subcutaneous infection (lgLD50s/c=-0.32), whereas in immune mice 
lgLD*50a~ro = 2.56 increased to lgLD*50~n = 3.39 and then to lgLD*50~/c = 3.78. 

The resistance index (IR) falls about three times upon a change from sub- 
cutaneous challenge (IR = 4.1) to aerosol (IR = 2.3) and intranasal olfactory 
zone challenge (IR = 1.3). These data demonstrated that the olfactory tract 
represented a way for viral propagation weakly controlled by host immunity. 

Dependence of VEE virus concentrations in blood and tissues of infected 
immune and normal mice of the time after respiratory challenge show further 
evidence in support of the importance of the olfactory zone in the pathogenesis of 
VEE virus infection. The infectious dose was chosen to secure 100% mice 
lethality and to produce a low rate of virus concentration rise in animal tissues. 
Dependence of VEE virus concentrations in blood and tissues in immune and 
normal mice of the time after respiratory challenge is shown in Fig. 1, where each 
point represents the average value of virus concentration in the organs of three 
mice. VEE virus concentrations were assayed in brain, olfactory bulbs, olfactory 
zone of nose, throat, trachea, lungs, blood, liver, spleen, kidney, adrenal glands, 

Table 1. lgLDs0 and b values for various routes of inoculation of normal and immune mice 
with Venezuelan equine encephalitis virus 

Inoculation lgLDs0 SD L b SD b lgLD5 *" SD *b b *c SD *d IR e 
route 

Intranasal 2.07 0.13 0 .64  0 .05 3.39 0.22 0.38 0.06 1.3 
Aerosol 0.23 0.05 1.28 0 .10 2.56 0.29 0.47 0.11 2.3 
Subcutaneous -0.32 0.14 0 .86  0.11 3.78 0.32 0.47 0.06 4.1 

aLDs0, LDs* 50% lethal doses in plaque forming units for normal and immune mice 
respectively 

bSDL, SD* Standard deviation of parameters lgLDs0 and lgLDs~ respectively 
Cb, b* Slope of"dose-effect" relationship in log-normal axis for normal and immune mice 

respectively 
d ~ SD;, SD b Standard deviation of parameters b and b* respectively 
eIR Resistance index 
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Fig. l .  VEE virus concentration in organs and tissues of  normal  and immune mice versus 
time after respiratory infection, a, b Aerosol challenge of  immune mice (challenge dose 
2.5 lg (PFU)); c, d aerosol challenge of  normal  mice (challenge dose 3.0 lg (PFU)); e, f intra- 
nasal (locally onto olfactory zone) challenge of  normal  mice (challenge dose 2.5 lg(PFU)).  
a, c, e - [ ] -  olfactory bulb, - • - brain, - • -o l fac tory  zone, b, d - [] - lung, - • - blood, 

- • - spleen, f -  [] - blood, - • - lung 
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bone marrow, lymph nodes, heart. The graphs in Fig. 1 are illustrative of the role 
of the olfactory tract in the development of virus brain infection. 

Virus appeared first in the lungs of normal mice, then in blood and other 
tissues (Fig. 1 c, l d). Between 16 h and 24 h after aerosol challenge virus concen- 
tration in olfactory bulb was about 3 orders greater than in brain. The two values 
then became equal and rose to 107 PFU/g at 60 h after the challenge. The 
concentration in the blood was 106-107 PFU/g at that time. 

In aerosol infected immune mice virus appeared first in the olfactory zone, 
lung and olfactory bulb (Fig. la, curves - [ ] - ,  - • - ,  Fig. lb, curve - [ ] - ) .  
Virus concentration in the lungs was reduced (10 3 PFU/g) in comparison with 
normal mice. Virus was detected in the olfactory zone of the nose and olfactory 
bulb on 20 h postinfection at concentrations of 103-104 PFU/g. The same virus 
concentration in brain were reached only 12-14 h later. After 36 h the blood virus 
was found at relatively low concentrations (102 PFU/g). 

Concentration curves observed in the brain branches and olfactory zone in 
immune mice after aerosol challenge were similar to those found after intranasal 
dosage of normal mice (Figs. le, lf). In the latter case virus appeared first in the 
olfactory zone, then in blood, and later in the lungs at 10 4 PFU/g. 

Ultrastructural data were consistent with the results of the virological study 
and demonstrated the propagation of VEE virus in nasal mucous after local 
intranasal inoculation onto the olfactory zone. Virus-induced changes were 
observed at 20 h postinfection both in olfactory epithelium and in olfactory bulb. 
Degenerative changes were registered in neuroepithelial cells, supporting cells 
and basal cells, and in mucosal lamina propria including Bowman's glands, 
which produce specific secretion for the olfactory epithelial surface. 

Morphological features of virus reproduction were seen at 48 h after inocula- 
tion both in olfactory epithelium cells and in secretory cells of Bowman's glands 
(Fig. 2). Infected cells contained virus-specific structures: osmiophilic amorphic 
aggregates of viroplasm, spherical nucleocapsids 28 nm in diameter with a lucent 
center 10 nm in diameter and mature virions 55 nm in diameter in cisternae of the 
Golgi apparatus and in vacuoles. Virus budding was observed on the membranes 
of the Golgi apparatus and on the plasma membrane. In addition, mature virions 
were present in secretory granules of Bowman's gland cells. These findings were 
not unexpected because secretory granules developed from the Golgi apparatus. 
Unusual tubular structures 18 nm in diameter situated in the lumen of the 
endoplasmic reticulum were registered in infected cells. The role of these tubules 
was not clear, but they did not appear to be directly connected with virion 
formation. VEE virus reproduction was not found in polymorphs, vascular 
endothelium, and cells of lamina propria connective tissue. Only neurons and 
Bowman's gland cells were capable to VEE virus reproduction. 

Alteration and necrosis of epithelial and Bowman's gland cells, polymorph 
infiltration of the olfactory epithelium and lamina propria of nasal mucosa 
was observed in the olfactory zone of mice at 48 h after intranasal inoculation. 
The olfactory nerve always contained few degenerating axons, and VEE virus 
particles were found betwcen them. 
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Fig. 2. VEE virus reproduction in nasal mucous, 48 h after inoculation onto olfactory 
epithelium. A Sustentacular cell of olfactory epithelium. B Viral budding on plasma mem- 
brane of olfactory mace (arrows); C Bowman's gland cell. x 20000. 1 Congestion ofvirat 
particles in vacuoles and secretory granules (la); 2 cytoplasm; 3 part of olfactory mace; 

4 lash; 5 mitochondria; 6 secretory granules free of virions 
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Compara t ive  studies of  olfactory bulbs and brain cortex showed that  virus 
reproduct ion  and histopathological  changes appeared in the olfactory bulbs 
earlier than in brain cortex. Morphological evidence of  viral reproduction (Fig. 3) 

Fig. 3. Olfactory bulb of mice, 48 h after aerosol inoculation of VEE virus. A VEE repro- 
duction in neuron, x 40 000. B VEE viral particles within the myelinated nerve fib. × 80000. 
C Two infected neurons, x 15 000.1 Viroplasm; 2 cytoplasm; 3 myelinated envelope ofaxon; 
4 Golgi apparatus; 5 nucleus; 6 mitochondria; arrows: nucleocapsids; stressed arrows: virions 
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was observed in all cell types of nerve tissue. A significant amount of mor- 
phologically mature virions was concentrated inside the cells, in the cisterns and 
vacuoles of the Golgi apparatus. Mature virions were found also in myelinated 
axons. Virions can probably spread from olfactory bulb neurons into the CNS 
via axonal transport. Several pathological changes were noted at the border 
peripheral part of the olfactory bulb affecting a layer of large neurons and 
surrounding glial cells as early as 48 h after respiratory inoculation. Zones of 
injury were characterized by erythrocyte congestion and little haemorrhages, 
polymorph infiltration, and oedematous or necrotic lesions of nerve cells and 
neuropili. 

Pathological changes in brain cortex were registered only at 72 h after 
respiratory inoculation. Mononuclear infiltration of neural parenchyme and 
perivascular regions (so-called perivascular cuffs) was observed in brain cortex. 
We observed damaged endothelial cells, erythrocytes congestion and haemor- 
rhages. Destructive changes of cortical nervous tissue (oedema, necrosis) were 
usually perivascular. Injured zones were mostly infiltrated by mononuclear cells 
and polymorphs; many macrophages with a large phagosomes were found in the 
same zones 96 h postinoculation. Reproduction of VEE virus was seen only in 
few damaged cortex zones. The number of infected cells and viral particles were 
far less than were observed in the slices of the olfactory bulb. This phenomenon 
was probably connected with mechanisms inhibiting virus reproduction some 
time after inoculation. Perhaps mononuclear infiltrating cells participate in these 
inhibition mechanisms. 

Discussion 

Differences in the parameters of lgLDs0 and b and virus concentration after VEE 
virus infection are indicative of the specific sensitivity of the olfactory pathway. 

VEE virus in aerosol challenged normal mice was detected first in lung, 
secondly in blood, and later in other organs including the olfactory bulb 
(Figs. lc, d). From the blood stream virus may enter the CNS through blood- 
brain barrier, which formed with uninterrupted capillary epithelium and pro- 
vided the extremely low penetration of an infectious agent into the CNS. Only in 
the olfactory neuroepithelium zone the uninterrupted endothelium changed to a 
fenestrated one which is specific for secretory tissues (Bowman's gland cells). The 
diameter of the fenestrae between endothelial cells is about 0.1 mcm [1]. This 
structure of capillaries could allow closer interaction between virus and sensitive 
neuroepithelial cells. These anatomical peculiarities allow the indirect infection 
of olfactory zone nerve terminals from blood stream through nasal mucous. 

We observed a high level of protection produced by immune serum in mice, 
subcutaneously injected with VEE virus, which was much less in the case of 
aerosol and intranasal challenge (Table 1). These results imply the possibility of 
direct infection of neuroepithelial cells by viral aerosol particles impacted on 
nasal mucous. The VEE virus concentration in blood of immune mice was very 
low (Fig. lb). Direct infection of nerve terminals in olfactory zone of nasal cavity 
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is the predominant factor in development of CNS damages (Fig. la). Absence 
of differences between lgLDs0 and parameter b (S > 95%) in aerosol and intra- 
nasal infected immune mice confirmed this supposition. Passive immunization 
smoothed the differences of immune antibodies levels and diminished the rote of 
blood-brain barrier. The significance of olfactory tract in VEE virus spread 
markedly rose in this case. Hence, individual peculiarities of olfactory tract in 
immune mice became more prominent and influence on the widths of animals 
sensitivities distribution (b value diminished) (Table 1). 

Our data provide reasons enough to assume direct infection of neuroepi- 
thelial cells with VEE virus, and viral entrance into the CNS through the 
olfactory tract. This view is supported by the results of ultrastructural investi- 
gations and the concentrations of virus in various organs (Figs. 1-3). Jahrling 
and Stephenson [ 13] supposed that local immunity of the olfactory zone was very 
significant in the protection of hamsters against VEE virus aerosol infection, and 
our findings in mice support them. 

Parameters lgLDs0 of "dose-effect" relationships (Table 1) illustrated the 
various sensitivity of animals for different inoculation methods. Normal mouse 
sensitivity for aerosol infection is two orders greater than that registered in the 
experiments with intranasal inoculation. In the case of aerosol challenge syn- 
chronous infection of the upper and lower parts of respiratory tract developed. 
The values of LDs0 for normal mice in our aerosol exposure experiments are in a 
good agreement with the results of Stephenson et al. [20]. 

Ultrastructural investigation revealed VEE virus reproduction in olfactory 
epithelium and in the Bowman's glands of the lamina propria. Therefore infec- 
tion of the nasal mucous olfactory zone suggests two possible routes of viral 
spread: 1. through the fenestrated epithelium of olfactory zone capillaries allow- 
ing entry of viral particles into the blood stream with subsequent spread of 
infection, 2. transport along the olfactory nerve with viral penetration into the 
olfactory bulbs and spread to the CNS. 

Our data showed some new features of VEE virus morphogenesis. VEE 
virions accumulated in vacuoles of the Golgi apparatus of neural and Bowman's 
gland cells. Such connection of Golgi apparatus and VEE virus morphogenesis 
was not reported [8]. Virions, packed in vacuoles, can move along the axons by 
the same mechanisms which serve for cellular organelle transport. A mechanism 
of rapid axonal transport can quickly deliver virus directly into the olfactory 
bulb. It is very important that virions remain inside the cell during this spread and 
have no contact with the extracellular medium. Consequently the virus is inacces- 
sible for inactivation by antibodies. 

In summary, our complex investigation showed the spread of VEE virus 
through the olfactory tract into the brain in immune mice. We suppose the 
exploitation of the olfactory tract for the entrance into the CNS by viruses that 
could not produce high concentrations in blood [16] or low-virulence viruses 
[15, 21]. Two questions arise: is it the main pathway for other animal species, and 
can the olfactory application of drugs and vaccines protect the CNS against virus 
damage? These problems will be examined in future research. 
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