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Ultrastructural, histopathologic, and virologic studies of adult hamsters infected with
virulent Venezuelan equine encelphalomyelitis (VEE) virus (Subtype I-B) demon-
strated precise chronologic and topographic progression of lesions and viral replication
in extraneural sites. Thymus contained the earliest lesions and the highest initial and
subsequent viral titers. No particular cytotropism was observed as highly efficient viral
replication and severe cytonecrosis proceeded. Early cortical necrosis of splenic peri-
arteriolar lymphocytic sheath was followed by lymphoblastoid repopulation of the
peripheral zone. Massive bone marrow necrosis was accompanied by ultrastructural
evidence of VEE viral particle production in reticulum cells, rubricytes, myeloid cells.
lymphoblastoid cells, and megakaryocytes. Speed, efficiency, destructiveness, and rela-
tive sensitivity of virtually all lymphoreticular and hematopoetic cells were hallmarks
of virulent VEE infection in the hamster. (Am ] Pathol 84:351-370, 1976)

Two \3JoR pathogenetic patterns are exhibited by the various
alphaviruses (the Group A arboviruses) in their mammalian hosts. One
pattern. that of predominant neurotropism. is exemplified by eastern
equine encephalitis virus.! This pattern depends upon minimal extra-
neural viral proliferation and rapid destructive infection of the central
nervous system. A second pattern, that of predominant mvotropism, is
exemplified in experimentally infected mice by Ross River virus ? and in
man. probably by chikungunya virus. In this pattern. despite a high
viremia, invasion of the central nervous svstem is minimal. Most of the
other alphaviruses have pathogenetic patterns in experimentally or natu-
rally infected mammals and man that fit one of these patterns or a
combination of the two. However. one exceptional pattern is represented
by Venezuelan equine encephalitis (VEE) virus in hamsters and guinea
pigs.*" In tivo studies in these species have shown lvmphoreticulotropism
and myelotropism. In some species. such as the mouse.®® horse.® and
monkev.! the extraneural sites of viral growth contribute to lethal in-
vasion of the central nervous system. but in the hamster and the guinea
pig. death occurs rapidly and precedes evidence of neurologic disease.
The lymphoreticular and myveloid tissue destruction in these species is
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massive. Several histopathologic descriptions of this destruction of bone
marrow, splenic white pulp, thymus, and lvmph nodes have been pub-
lished. At the ultrastructural level, study of the extraneural pathogenesis
of VEE virus infection in hamsters has been limited to Pever's patches 2
and pancreas.'®

The acutelyv lethal mechanisms involved in viral destruction of Ivm-
phoreticular and myeloid tissues must be extremely complex; in a recent
contribution to our understanding of these mechanisms, necrotizing in-
fection of Pever's patches in hamster ileurn was shown to result in bactere-
mia. increased sensitivity to bacterial endotoxin, and terminal endotoxin-
induced shock.’ In this context, death is related to viral destruction of
only one lvmphoreticular organ, but destruction of all such organs occurs,
and the entire capacity of the host to mount immunologic and reti-
culoendothelial defense is compromised.

The present study was undertaken to extend understanding of the
ultrastructural events in several lvmphoreticular and mveloid elements of
hamsters infected with a virulent strain of VEE virus. Toward this end,
thyvmus. spleen, and lvmph nodes (and ileum) of infected hamsters were
serially studied by infectivity titration and by light and electron micro-
scopy.

Materials and Methods

Virus and Viral Assay

VEE virus (Subtype I-B: strain designation " Three Rivers.” CDC W37947). obtained as
a third suckling mouse brain passage. was diluted 10® in 0.75% bovine albumin phos-
phate-buffered saline (BAPS) for animal inoculation. Two-tenths milliliter of this diluted
stock contained 100 plaque-forming units (PFU) of virus. Organ and tissue infectivity
titrations on samples of plasma. spleen. thymus. lvmph node. and Pever's patch were
assayved by plaquing in primary duck embryo cell cultures maintained under agar medium
according to a standard method.' Infectious virus content of these organs and tissues is
expressed as plaque-forming units per gram of tissue or milliliter of fluid.

Animals

Twenty-one 8-week-old male LVG: LAK Syvrian hamsters ( Lakeview Hamster Colony.
Charles River Company. Newfield. N. J.\. were inoculated subcutaneously with 100 PFU
of VEE virus contained in 0.2 ml.

Experimental Design

Tissue specimens were collected from animals killed and exsanguinated at 8. 24. 48. and
72 hours after inoculation. Specimens were also collected from 2 remaining animals which
died on the fourth day after inoculation (for histopathology only). Tissues from each
animal were divided for infectivity titration. light microscopic histopathology. and thin
section electron microscopy.
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Histopathology

Thymus. lymph node. spleen. bone marrow. and small bowel were fixed in 10% neutral
buffered formalin. dehyvdrated in alcohol. embedded in paraffin. sectioned at 6 u. and
stained with hematoxylin and eosin. Tissues from 7 animals killed on Davs 1. 2. and 3 were
stained by the Brown-Brenn method for bacteria. by periodic acid-Schiff's stain. or by
reticulin stains. Lymph nodes from 10 animals were fixed in Carnoy's solution and
processed for staining with methyl green-pyronin.

Electron Microscopy

Samples of thyvmus. spleen. lvmph node. bone marrow. and ileum were fixed in 2.5%
buffered glutaraldehvde for 2 hours. washed in a phosphate buffer. postfixed in 1%
osmium tetroxide. dehydrated in a graded alcohol series. and embedded in an Araldite-

Epon mixture.’* Sections were stained with uranvl acetate and lead citrate ' and were
examined in Philips 300 and Philips 200 electron microscopes.

Results

Thymus

On the first day after inoculation, thyvmic structure of infected mice did
not differ appreciably from that of uninoculated controls. However. dif-
fusely scattered throughout both the cortex and medulla were individual
cells which were rounded and shrunken and had pvknotic nuclei. Fewer
than 1% of the cells in the thymus were involved, but this change was seen
in all specimens. Because of the magnitude of normal cell turnover in
thymus. the inoculated controls were reexamined. but this change was
never seen in them. Ultrastructurally. no evidence of viral infection or
cytopathic changes was observed at this time.

On the second day after inoculation, focal necrosis of thymocytes and
epithelial reticular cells was observed. Lesions were present in two forms.
One form consisted of rounded. ** punched out ™" foci of cells with pvknotic
nuclei intermixed with nucleorrhectic debris and lucent space (Figure 1).
These foci had precise edges, producing a “Swiss cheese effect.” The
other form of focal necrosis consisted of irregular masses of pyvknotic cells
without lucent surrounding space or precise separation from normal sur-
rounding cells (Figure 2). The cortex and medulla of thymic specimens
were affected equally, but the “punched out™ form of the necrotic lesion
was more obvious in the cortex. Light microscopyv indicated that. overall,
25% of the thymus was involved in these necrotic changes.

Ultrastructurally, typical VEE virus particles were observed budding
from the plasma membranes of small thymocytes (Figure 3). large lvm-
phoblastoid cells (Figure 4). and epithelial reticular cells (Figure 3). Viral
nucleocapsids were found only infrequently in these cells at sites near
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viral budding (Figure 6); the lack of accumulation of nucleocapsids is
considered evidence of a high degree of efficiency of the budding process
and production of infectious virus.

In relation to the infectivity titer of thymus at this time (Table 1), viral
budding was observed infrequently, and inordinately few virus particles
were found in extracellular spaces. Thymus at 2 days postinoculation had
the highest virus titer found in any hamster tissue at any time. This
dilemma has been observed in other in vivo studies of VEE, but remains
unexplained."’

The ultrastructural necrotic changes involved thymocytes and epithelial
reticular cells (Figure 7), with no apparent difference in the resistance of
the two tyvpes of cells to the damaging aspects of infection. At the margins
of necrotic foci, there was a rather sharp line demarcating intact and
necrotic cells, and there was no deviation in this line when the demarca-
tion was formed by either lymphoid or reticular elements. Virus particles
were trapped amid the necrotic debris filling these foci. Phagocytosed
virus particles were also present within vacuoles of some poly-
morphonuclear (PMN) leukocytes. Capillaries near areas of necrosis con-
tained necrotic debris in their lumina as well as circulating virus particles.
The latter is consistent with the very high level of viremia (Table 1).

By Day 3, foci of necrotic cells had enlarged and, in many instances,
had coalesced; necrotic changes involved approximately 60% of the mass
of the thymus. As previously noted, margins between necrotic and viable
cells could be demarcated, but at this stage, islands of normal cells were
surrounded by necrotic cells. Because of the presence of large numbers of
pvknotic nuclei, many necrotic areas did not appear completely acellular,
but cell density did seem decreased. Even the relatively resistant Hassal's
corpuscles were focally necrotic. As was observed earlier, the cortex and
medulla and the lvmphoid and reticular elements were uniformly de-
stroved (Figure 8). Electron microscopy indicated that many more thy-

Table 1—Organ Infectivity Titers From Adult Hamsters Inoculated With Venezuelan Equine
Encephalitis Virus

Animal  Day of sacrifice Plasma Thymus Spleen LN
A 2 73 9.2 8.2 6.6
B 2 7.0 8.9 7.7 7.8
C 3 ND 8.2 8.1 8.0
D 3 5.6 8.6 7.9 7.8

ND = not done.
Values are log plaque-forming units per gram of tissue or milliliter of fluid.
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mocvtes and epithelial reticular cells were damaged by viral infection
than was evident by light microscopy, but there was no qualitative differ-
ence in morphologic findings from those described for Day 2.

Thymus from animals found dead on Day 4 had massive necrosis with
focal islands of individual or small groups of viable cells. Cortex and
medulla were both severely involved, and all cell types (thymocytes,
epithelial reticular cells, and Hassal's corpuscles) were destroved. An
estimated 90, 70, and 50% of these cell types, respectively, had undergone
necrotic changes. This differential resistance of both the highly differ-
entiated epithelial cells of Hassal's corpuscles and the epithelial reticular
cells was only evident at the time of death because of the cumulative
relative sensitivity of the thymic lvmphocyte population.

Lymph Nodes

On Day 1 postinoculation, lymph node architecture was intact; in this
age hamster, nodes consisted of a cortex containing several (usually about
six) follicles, a paracortical zone of moderate size (occupying up to one-
third of the volume of the node), and a large medulla consisting of
medullary cords (containing plasmacytoid lymphocytes, plasma cells, and
a few eosinophils) and sinuses with few intraluminal lymphocytes and
macrophages. By Day 2, lymph nodes had necrotic cortical follicles and
scattered nucleopyknosis of plasma cells in medullary cords. In many
nodes, the cortical lymphoid necrosis was confluent (Figure 9); by con-
trast, the relative sparing of the medullary elements was quite apparent.
By electron microscopy, virus particles were found free in many of the
interstitial spaces; they were in highest concentrations in perivascular
spaces in association with all layers of basement lamina. Virus particles
were also prominent near fibroblasts, being trapped amid collagen bun-
dles. Fewer virus particles were observed budding from lymphocytes and
reticulum cells than in the thymus, and intracellular virus particles and
nucleocapsids were rare. Very few virus particles were found within
vacuoles of endothelial cells. By Days 3 and 4, necrosis of the cortex and
parcortical region of nodes were so nearly complete that anatomic dis-
tinction of follicles and other structures was effaced. The surviving cortical
cells were large lymphoblasts and mononuclear cells. The medullary cords
contained approximately half necrotic and half viable cells; the latter
consisted mainly of plasmacytoid lymphocytes and plasma cells. Ultra-
structurally, lymph nodes from animals sacrificed 3 days after inoculation
contained massive areas of cytonecrosis; extracellular virions were pre-
dominantly enmeshed in cytoplasmic debris.
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Spleen

Spleen showed no histopathologic changes until 2 days after virus
inoculation, at which time necrosis of cells was observed within the
periarteriolar lymphocytic sheath (PALS). In many instances, the necrosis
tended to involve the periphery of the PALS with relative sparing of cells
near the central arteriole. This was especially evident where the plane of
section was perpendicular to the arteriole (Figure 10). In other instances,
necrosis of the PALS was virtually complete, extending from the marginal
zone to the central arteriole; in yet other instances, necrosis appeared
focally random, extending only to one side of the arteriole. At this stage,
nearly all of the germinal centers were necrotic. Viable, large mono-
nuclear cells (resembling lymphoblasts and/or macrophages) were often
scattered among the necrotic cells. The spleen from 1 animal contained
gram-negative bacteria at this time; bacteria were not found by light or
electron microscopy in any lymphoreticular or myeloid tissue of any other
hamster in this study.

On Day 2, virus particles were present in most extracellular spaces of
the spleen; they were prominent within and adjacent to basement lamina
of the vascular bed of the white pulp (Figure 11). Virus particles were also
present in necrotic cellular debris and within vacuoles in macrophages
and endothelial cells. Phagocytosis of necrotic cellular debris by macro-
phages was extensive.

By Days 3 and 4 after inoculation, necrosis of the PALS progressed to
virtually complete destruction (Figure 12). In all of the animals, the
central half of the PALS was necrotic. In half of them, the marginal zone
and outer one-fourth to one-half of the PALS contained large mon-
onuclear cells resembling lymphoblasts; this was considered an attempt at
repopulation of the white pulp. Except for the more widespread distribu-
tion of white pulp necrosis by Day 3, ultrastructural findings were similar
to those of Day 2.

lleum

The course of pathologic events in Pever's patches of the hamster have
been described by Gorelkin et al.;'* these are substantially confirmed by
our study. Additional findings not previously reported include productive
infection of many intestinal epithelial cells and smooth muscle cells of the
muscularis propria. Virus particles were observed budding in moderate
numbers from lateral margins of intestinal epithelial cells and accumulat-
ing in lateral intercellular spaces (Figure 13). Virions were also observed
budding from and lying free between smooth muscle cells. Occasional
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flagellate bacilli were observed free in the lamina propria or within PMN
phagocytic vacuoles.

Bone Marrow

Bone marrow specimens examined at 8 and 24 hours after inoculation
were indistinguishable from normal controls. By Day 2, there was severe
necrosis with 75% of the cells in various stages of degeneration. Large
areas of nuclear and cytoplasmic debris and pyknotic nuclei contained
only few isolated intact cells. Residual cells included myeloid precursors,
reticulum cells, and megakaryocytes.

By electron microscopy, virus particles were found budding from
plasma membranes of reticulum cells, rubricytes (Figure 14), myeloid
precursors (Figure 15), and lymphoblastoid cells (Figure 16). Virus par-
ticles were also found free and budding from the lining membranes of
platelet demarcation channels of megakaryocytes (Figure 17), and there
was apparent damage to these cells. Cytoplasmic vacuoles within some
endothelial cells also contained virus particles, as did phagocytic vacuoles
within macrophages (Figure 18). Large amounts of cellular debris had
also been phagocytosed. The magnitude of this destruction of ervthroid,
myeloid, and lymphoid cell lines appeared even greater by electron
microscopy than by light microscopy.

By Day 3, necrosis involved approximately 90% of the marrow volume.
Almost all cells were nucleopyknotic or karvorrhectic, with focal dis-
solution and apparent removal of the cytolytic debris. The few intact cells
remaining included large, poorly differentiated mononuclear cells; some
of these resembled reticulum cells, and others resembled lymphoblasts,
but most were completely unidentifiable. The ultrastructural findings
were similar to those seen on Day 2, with advanced cytonecrosis, presence
of viral particles, and phagocytosis of cellular debris by macrophages. At 4
days after inoculation, marrow necrosis was nearly complete. There was
marked nucleorrhexis, but a few isolated intact large mononuclear and
multinucleate cells persisted, and in 1 animal, intact plasma cells were

noted.

Discussi

The extent of the lymphoreticular and myveloid necrosis observed in
these hamsters infected with VEE virus was remarkable. At the ultrastruc-
tural level of resolution, involvement was seen to be even greater, with
hardly a cell in the target organs remaining intact by the time the host
animal was moribund. Our findings that the necrotic lesions in lymphore-
ticular organs at first had a definite topographic distribution and had a
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predictable chronologic course of development must be explained in
terms of the relative susceptibility of the various cell types in these organs.
The initial change in the thymus, that is, the necrosis of randomly
distributed individual cells, could not be attributed to a particular sus-
ceptibility of any individual cell tvpe because this change was not de-
tected ultrastructurally. Because of the location of thymic epithelial retic-
ular cells in a pericapillary position analogous to that of astroglia in the
central nervous system, these cells may have received the first virus from
the blood.’* We have studied lvmphoreticular infection with another
virus, Tamiami virus, in the spleen, thymus, and lvmph nodes of the
cotton rat (Sigmodon hispidus); in this model, initial viral invasion of
reticulum “feeds’” subsequent lymphoid infection.® No such precise tem-
poral separation of stages was evident in the present study of VEE virus
lvmphoreticulotropism; however, Gorelkin and Jahrling ** stated that
reticular cell infection preceded lvmphocyte infection in Peyer’s patches
of VEE virus-infected hamsters.

During the major phase of expansion of focalized necrotic lesions in the
thvmus (Day 2), it was clear that susceptibility and resistance were not
related to cell type. The small necrotic foci in both the cortex and medulla
involved contiguous epithelial reticular and thymic lymphocytes alike,
and destructive events appeared to progress equally in both cell types.
The precise demarcation between affected cells and normal cells at the
edge of these foci, irrespective of the cell type present at the demarcation,
provides further evidence that the viral necrotic process is unselective in
nature. Focalization of lesions is considered to be a consequence of cell-to-
cell spread of an infectious agent; when the mechanism of VEE shedding
from infected cells (by budding from plasma membrane before cell de-
struction) and the usual speed and magnitude of this viral replicative
process are considered, it is remarkable that any focalization of necrosis
should have been seen at any stage of disease. Terminally, the confluence
of necrotic foci and the presence of virus in all interstitial spaces in the
thvmus indicate the failure of any potential barriers to viral spread.

Consonant with these destructive effects of VEE virus infection in
thymus was the demonstration of the highest infectivity titers in this
organ. The thymus has been shown to be the first organ to vield detectable
VEE virus after peripheral inoculation of mice—virus has been detected
only 2 hours after inoculation.® Thus, it is apparent that this organ has a
significant role in the course of infection in experimental animals, and this
tropism should be adequately studied in species infected in nature.

Distribution of the initial necrotic lesions in the subcapsular cortex of
lvymph nodes would be more understandable if viral access were known to
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be solely via afferent lymphatics which drain into the subcapsular sinus.
Virus would, in this case, initially contact lymphoid cells at the outer part
of the cortex. However, hematogenous viral access to lvmph nodes should
result in a random distribution like that seen in thymus. The scattered
nucleopyknosis of plasma cells and nucleorrhexis observed in lvmph node
medullary cords in animals on Day 2 after inoculation mayv, in fact, be
explained in this manner, since each medullary cord is supplied with large
amounts of blood from its central blood vessel.® There was no apparent
selective sensitivity of any particular cell tvpe in lymph node parenchyma.
The tendency for necrosis to occur in the periphery of the splenic PALS
correlates with the site of initial presentation of hematogenous virus via
the capillaries of the marginal zone of the PALS fed from branches of the
central arteriole.” The subsequent spread of necrosis to the center of the
PALS appeared to represent contiguous expansion of foci from the pe-
ripheral half of the PALS.

Necrosis of effector cells of the cell-mediated and antibody-mediated
immune systems (T and B cells, respectively) and of the cells of the
reticuloendothelial system (macrophages) would have profound effects on
VEE virus host species which survived acute infection. Necrosis of thymic
lvmphocvtes and epithelial reticular cells could produce the same effects
as adult thymectomy. Effects could be more like thymectomy plus whole
body irradiation, since T cells in the splenic PALS and in the paracortical
region of lvmph nodes are among the cells also destroved by the viral
infection. Antibody-forming capacity would be compromised by the de-
struction of areas rich in B cells, such as lymph node cortex, splenic
germinal centers, and Pever's patches. In fact, VEE infection of hamsters
has been compared with radiation necrosis,? and studies in mice and in
guinea pigs of sublethal VEE virus infection (with an attenuated virus
strain) have shown depression of primary antibody response to an antigen
given just before the virus®2 On the other hand, mice receiving a
foreign antigen after recovery from temperate VEE virus infection pro-
duced higher antibody titers than controls.?* The mice exhibiting this
“adjuvant effect” were in a stage of “proliferation of pale, relatively big
cells.” This may have been a parallel or progression from the peripheral
PALS lymphoblastoid repopulation attempt observed in some hamsters
on Days 3 and 4 postinfection in this study. The source of these large
lymphoblastoid cells in the splenic PALS at a time when the central
lymphoid organs, thymus, and bone marrow were still undergoing active,
extensive necrosis is certainly puzzling.

Altered reticuloendothelial function in hamsters infected with VEE
virus has been demonstrated, and consequent increased susceptibility to
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endotoxin-induced shock has been hypothesized by Gorelkin and Jahrl-
ing ** as the cause of death. Some of our observations are consistent with
this hypothesis: gram-negative bacteria were present in only 1 animal
examined (by special staining technique) during the course of infection;
thus, it is most likely that endotoxemia occurs late, and its effects are
amplified to a significant level by the preceding pathogenetic events in the
reticuloendothelial organs. The observed circulating cytonecrotic debris
may have played as important a role in RE blockade as the macrophage
necrosis seen in bone marrow, lymph node, and spleen. Definitive proof of
the role of endotoxin shock in VEE virus infection should include Limulus
assays for circulating endotoxin levels and exogenous endoxtoxin chal-
lenge at early stages in the course of infection in an attempt to accelerate
or magnify the hypothetical shock death syndrome.
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[Illustrations follou']



All light micrographs are of sections stained with hematoxylin and eosin. All electron micrographs
are of sections stained with uranyl acetate and lead citrate.

Figure 1—Thymus, 2 days postinoculation. Focal lesions consist of rounded, “punched out” foci of
cells with pyknotic nuclei intermixed with nucleorrhectic debris and lucent space. (X 440) Figure
2—Thymus, 2 days postinoculation. Focal lesions consist of irregular pyknotic cells without lucent
surrounding space or precise separation from normal surrounding cells. (X 270) Figure 3—
Thymus, 2 days postinoculation. Typical VEE virus particles (arrows) are budding from the plasma
membrane of a thymocyte. (X 45,600)



Figure 4—Thymus, 2 days postinoculation. Virus particles (arrows) are budding upon large lympho-
blastoid cell (X 42,900) Figure 5—Thymus, 2 days postinoculation. Infection of epithelial reticular
cells was evidenced by viral budding (arrow). (X 34,600) Figure 6—Thymus, 2 days post-
inoculation. VEE nucleocapsids (arrows) are in the cytoplasm adjacent to the plasma membrane of a
small thymocyte. (X 91,300)
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Figure 7—Thymus, 2 days postinoculation. Survey micrograph of necrosis of contiguous cells [epithe-
lial reticular cells (E) and thymocytes (T)] showing the sharp demarcation between intact and necrotic

cells. (x 23,
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Figure 12 A and B—Spleen, 3 days postinoculation. The progress of necrosis of the PALS is evidenced
by pyknosis of lymphocytes in all zones (A) and finally, by dissolution of these cells, leaving a
homogeneous eosinophlic remnant of the PALS (B). (x110) Figure 13—lleum, 3 days post-
inoculation. Infected intestinal epithelial cells have virus particles budding from lateral margins and
accumulating in intercellular spaces (X 18,800)



Figure 14—Bone marrow, 2 days postinoculation. VEE virus particles are budding from the plasma
membrane of a rubricyte. (X 80,800) Figure 15—Bone marrow, 2 days postinoculation. VEE virus
particle budding from the plasma membrane of a myeloid precursor. (X 127.000) Figure 16—Bone
marrow, 2 days postinoculation. VEE virus particles and associated spherules (arrows) budding from
the plasma membrane of a lymphoblastoid cell. Some nucleocapsids (double arrows) are present in
the cytoplasm (X 56,100)



Figure 17—Bone marrow, 2 days postinoculation. Virus particles are free and buddin?_from the lining

membranes of platelet demarcation channels of a megakaryocyte. (X 31,200) igure 18—Bone
marrow, 2 days postinoculation. Phagocytic vacuole within a macrophage contains virus particles. (x
59,000)



