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Molecular determinants of neuropathogenesis have been shown to be present in the hemagglutinin (H)
protein of measles virus (MV). An H gene insertion vector has been generated from the Edmonston B vaccine
full-length infectious clone of MV. Using this vector, it is possible to insert complete H open reading frames
into the parental (Edtag) background. The H gene from a rodent brain-adapted MV strain (CAM/RB) was
inserted into this vector, and a recombinant virus (EdtagCAMH) was rescued by using a modified vaccinia
virus which expresses T7 RNA polymerase (MVA-T7). The recombinant virus grew at an equivalent rate and
to similar titers as the CAM/RB and Edtag parental viruses. Neurovirulence was assayed in a mouse model for
MV encephalitis. Viruses were injected intracerebrally into the right cortex of C57/BL/6 suckling mice. After
infection mice inoculated with the CAM/RB strain developed hind limb paralysis and ataxia. Clinical symp-
toms were never observed with an equivalent dose of Edtag virus or in sham infections. Immunohistochemistry
(IHC) was used to detect viral antigen in formalin-fixed brain sections. Measles antigen was observed in
neurons and neuronal processes of the hippocampus, frontal, temporal, and olfactory cortices and neostriatum
on both sides of symmetrical structures. Viral antigen was not detected in mice infected with Edtag virus. Mice
infected with the recombinant virus, EdtagCAMH, became clinically ill, and virus was detected by IHC in
regions of the brain similar to those in which it was detected in animals infected with CAM/RB. The
EdtagCAMH infection had, however, progressed much less than the CAM/RB virus at 4 days postinfection. It
therefore appears that additional determinants are encoded in other regions of the MV genome which are
required for full neurovirulence equivalent to CAM/RB. Nevertheless, replacement of the H gene alone is
sufficient to cause neuropathology.

Measles virus (MV) is a negative-stranded RNA paramyxo-
virus which causes an acute human infection leading to the
death of over 1 million people in developing countries per
annum. As a member of the Mononegavirales, MV has a non-
segmented genome which encodes six structural proteins, nu-
cleocapsid (N), phosphoprotein (P), matrix (M), fusion (F),
hemagglutinin (H), and polymerase (L); at least two nonstruc-
tural proteins, C and V, are produced in infected cells. The F0
protein arises as an inactive precursor. Two disulfide-linked
subunits, F1 and F2, are generated by proteolysis, and these
associate with the H protein (50). Binding of the F1 cytoplas-
mic tail to the M protein, which in turn associates with the NC
proteins encapsidating the genome, completes the interactions
necessary for the assembly of an infectious virus particle (28).

Entry of tissue culture adapted strains of MV is mediated by
binding of the H glycoprotein, which is tightly associated with
the F glycoprotein, to a cellular receptor, CD46 (9, 24). Cell-
to-cell fusion is also mediated by these two glycoproteins (6,
50). As CD46 is not present on all cells which can be infected
by MV, it is assumed the virus can utilize other receptors (47).

Two severe infections of the central nervous system (CNS)

may follow MV exposure: subacute sclerosing panencephalitis
(41) and measles inclusion body encephalitis (1). In the
former, a persistent virus infection ensues in the presence of
high titers of antiviral antibodies; mutations accumulate in the
virus genome, especially in the F and M genes, and transcrip-
tion of envelope genes is reduced by an altered transcription
gradient (2, 36, 40, 41). In attempts to generate a small animal
model for CNS infection neurovirulent, rodent-adapted strains
of MV have been generated by repeated passage in the brain
(4, 7, 15, 19, 21, 26, 47). Sequencing studies have shown that
the majority of alterations, in such rodent brain-adapted
strains, reside in the H gene, and it is possible that these
changes allow MV to infect rodent neural cells by using a
different receptor. Escape mutants, isolated in vitro from a
neuroadapted CAM/RB strain by using anti-H neutralizing
monoclonal antibodies, have altered neurotropism. The muta-
tions are located in what is described as a major antigenic
determinant (residues 368 to 396) of the H gene, and it is
assumed that residues in this region may be functionally im-
portant for neurovirulence (20).

The availability of the MV rescue system (29) allows more
defined investigations into virulence determinants in MV
strains. A number of recombinant MVs have been generated
by using this system and used to elucidate mechanisms of
cell-to-cell spread (5) and virulence (42, 50). To determine
whether the CAM/RB H gene in isolation is sufficient to confer
neurovirulence to the non-brain-adapted Edmonston B, we
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have inserted this gene into the Edtag background and rescued
a recombinant MV. The transfer of neurovirulence determi-
nants was successful. The ability to examine the effects of the
CAM H gene in isolation in a constant genetic background will
be of value in elucidating the molecular basis of MV neurot-
ropism in this model.

MATERIALS AND METHODS

Viruses and cells. Edtag virus was rescued from the full-length infectious
antigenomic clone p(1)MV (29) as described by Schneider et al. (35). Vero cells
(American Type Culture Collection) were grown in Dulbecco’s modified Eagle’s
medium supplemented with 8% newborn calf serum and used for the production
and titration of measles virus stocks. HeLa cells, grown in RPMI medium
(Gibco) supplemented with 5% fetal calf serum, were used for the rescue of
recombinant viruses. The rodent brain-adapted measles virus CAM/RB was
obtained from U. G. Liebert, Würzburg, Germany. The virus was passaged on
Vero cells, and retention of the neurovirulent phenotype was verified routinely
by inoculation of 200 50% tissue culture infective doses (TCID50) into the brains
of suckling C57/BL/6 mice. Modified vaccinia virus Ankara expressing T7 RNA
polymerase (MVA-T7) was obtained from Gerd Sutter, GSF-Forschungszen-
trum, Neuherberg, Germany. This host-range-adapted virus was passaged and
titered in primary chicken embryo fibroblast cells supplied by Mildred Wylie,
Veterinary Sciences Division, Belfast, Northern Ireland, as previously described
(39).

Single-step growth analysis. Vero cells were cultured, to 80% confluency, in
35-mm-diameter petri dishes. Cells were infected at a multiplicity of infection
(MOI) of 5 with the parental and recombinant viruses for 1 h at 37°C, after which
time the inoculum was removed. Infected cells were incubated for 86 h. Every 4
or 5 h, monolayers were scraped from the petri dishes. Cell-associated virus was
recovered by freeze-thawing the cell samples twice, and aliquots were stored at
270°C. Titers were obtained by the 50% endpoint dilution assay (30) and are
expressed in TCID50.

Construction of H insertion vector. A ClaI subclone was generated from
plasmid p(1)MV, which encodes the complete antigenome of the Edmonston
strain of MV (29). The 10,624-bp ClaI fragment was subcloned into
pGEM7ZF(1) (Promega). The resulting subclone pscMV(ClaI) was digested
with PacI and SpeI to remove the majority of the H gene. Two complementary
oligonucleotides, containing the restriction site AatII (underlined), were synthe-
sized. These were designated priHins1 (59-TAATACAATAGACGTCAGGCA
TACCCA) and priHins2 (59-CTAGTGGGTATGCCTGACGTCTATTGTAT
TAAT). Oligonucleotides priHins1 and priHins2 were diluted to 10 ng/ml and
mixed in an equimolar ratio in annealing buffer (20 mM Tris, 10 mM MgCl2, 50
mM NaCl [pH 7.5]). They were heated to 100°C for 3 min and cooled to 40°C
over a period of 30 min. After annealing, the double-stranded product contained
ends which were compatible with the PacI/AatII-cut vector pscMV(ClaI). Liga-
tion of the vector and annealed oligonucleotides resulted in the production of the
vector pscMVins-H2(ClaI). Excision and reintroduction of this mutagenized ClaI
fragment into pscMV(ClaI) resulted in the generation of the insertion vector
pMVins-H2. The plasmid was sequenced by dideoxynucleotide chain termination
(ABI Prism) using an MV-specific primer (MF3) which binds in the 39 untrans-
lated region of F (59-GGTTTATCGAGCACTAGCAT) to verify that the oligo-
nucleotide had been inserted and replaced the H gene as expected.

RNA preparation and RT-PCR. Total RNA was prepared by a guanidinium
isothiocyanate method (34, 46). Briefly, RNA was prepared either from infected
monolayers or from frozen brain tissue. Monolayers were solubilized in guani-
dinium isothiocyanate solution, and brain tissue was homogenized in the same
solution. Total RNA was prepared by cesium chloride gradient centrifugation.
RNA was precipitated with ethanol, and salts were removed by using cold 70%
ethanol. The Superscript one-step reverse transcription (RT)-PCR system
(Gibco) was used to produce DNA fragments which were used for cloning
strategies, restriction analysis, and DNA sequencing. One microgram of total
RNA was used as the template for one-step RT-PCR. Reverse transcriptase was
omitted to control for plasmid DNA contamination, and b-actin primers (59-T
CATGAAGTGTGACGTTGACATCCGTAAAG and 59-CCTAGAAGCATTT
GCGGTGCACGATGGAGG) were used as positive controls. PCR products
were analyzed on 1.5% DNA agarose gels containing ethidium bromide, and
PstI-digested l DNA was used as size markers. Digitized bitmap images were
collected with an Imagestore 5000 analysis system (UVP).

Construction of p(1)MVCAMH. Vero cells were infected, at an MOI of 1,
with the MV CAM/RB strain for 36 h, and total RNA was prepared. Oligonu-
cleotides uniH1 (59-CGGTAGTTAATTAAAACTTAGGGTGCAAGATCAT
CCAC) and uniH22 (59-(ATGCCTGACGTCTGGGTGACATCATG), specific
for MV H genes and compatible with the H insertion vector, were designed to
include the restriction sites PacI and AatII (underlined). The H gene of the
CAM/RB strain was amplified by one-step RT-PCR using these primers. The
PCR product was digested with PacI and AatII and ligated into similarly treated
pMVins-H2. The resultant construct, designated p(1)MVCAMH, was com-
pletely sequenced by using MV H-specific oligonucleotides to verify that the
PCR had not introduced nonspecific mutations into the gene upon amplification.

Rescue of infectious viruses, Edtag, and EdtagCAMH. HeLa cells, grown to
50% confluency in 35-mm-diameter wells, were infected with MVA-T7 at an
MOI of 1. Transfections were carried out essentially as outlined by Schneider et
al. (35). Plasmids pEMC-Na (1.5 mg), pEMC-Pa (1.5 mg), and pEMC-La (0.5 mg)
and the plasmids containing copies of the full-length antigenomes (5 mg) were
transfected into the cells over 18 h. After this time, the medium was replaced and
transfections were further incubated for 5 days at 37°C. If syncytia were not
visible by this time, the cells were scraped from the wells. After two rounds of
freeze-thawing, the precleared supernatants were seeded onto HeLa or Vero cell
monolayers. Recovery of virus was verified by the appearance of syncytia 10 days
posttransfection, and the recombinant viruses were plaque purified twice on
Vero cells. Vero cells were infected with the recombinant viruses, and total RNA
was prepared as described above.

Neurovirulence in mice. Four-day-old suckling C57/BL/6 mice were obtained
from in-house breeding colonies in the Laboratory Service Unit, The Queen’s
University of Belfast. Animals were kept in a barrier system with light negative
pressure and a 12-h day (artificial light). Mice were infected into the right
cerebral hemisphere, under mild halothane anaesthesia, with 200 TCID50 of the
recombinant viruses (20 ml). At least three animals were inoculated for each virus
pool. Negative control mice were injected with an equivalent volume of tissue
culture medium. Mice were checked for clinical symptoms daily. At 4 days
postinfection, mice were sacrificed under ether narcosis. The whole brain was
removed immediately and immersed in 10% buffered formalin for 24 h. Brains
were blocked into right and left hemispheres, routinely processed, and embedded
in paraffin wax. Two EdtagCAMH-infected brains were frozen at 270°C and
used for RNA isolation.

Immunopathology. A monoclonal antibody that recognizes the N protein of
MV (Harlan Seralabs) was used for immunohistochemistry at a dilution of
1:1,000. Sections (8 mm) were cut from three levels of the paraffin-embedded
brain tissue, using a microtome. The levels were cut to an approximate depth of
100 mm and were separated by 50 mm. Sections were dewaxed, and MV N
protein was detected as described previously (22). A semiquantitative scoring
system was used to determine the extent of viral infection in both the right and
left hemispheres of each animal; when possible, overall number of foci were
counted.

RESULTS

Generation of MV H insertion vector. The ability to modify
full-length genomic DNA constructs of MV in a single step is
of great benefit. This is not often possible in large cDNA
clones due to the paucity of unique restriction sites. To this
end, we have generated an insertion vector which enables the
rapid exchange of MV H genes in a full-length infectious clone
(Fig. 1). The preferred approach aimed to minimize both the
number of additional nucleotides, which due to the rule of six
(14) must be added in hexamers, and specific sequence alter-
ations, within the genome of the virus. In the production of
pMVins-H2, only one nucleotide exchange has been incorpo-
rated into the 39 untranslated region (UTR) of the H gene at
position 9162 (A3G). The two unique restriction sites PacI,
already present in the 39 UTR of the F gene, and AatII, intro-
duced using synthetic oligonucleotides, permit the insertion of
H genes from other MV strains. Almost the entire H gene
(97.4%) was deleted, leaving only 50 nucleotides from the 39
UTR in the insertion vector backbone. Additionally, the pres-
ence of the AatII restriction site within this construct acts as a
genetic tag for all recombinant viruses produced via this clon-
ing strategy.

Production and rescue of recombinant MV. With reference
to MV sequence alignments (32), universal H primers were
designed to facilitate the amplification of H genes from any
strain of the virus. The 59 primer, uniH1 (nucleotides 7238 to
7272) as numbered in the complete antigenome sequence,
includes a PacI restriction site located in the polyadenylation
site of the F gene along with the intragenic spacer (CTT) found
between the F and H genes. The 39 primer, uniH22 (9164 to
9145), includes the novel AatII restriction site and thereby
generates the single nucleotide exchange at antigenome posi-
tion 9162 (A3G). Six random nucleotides precede or follow
the unique restriction sites in these primers to prevent partial
cleavage by the restriction enzyme due to the proximity of the
recognition site to the end of the primer. These primers were
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used to amplify the H gene from the rat brain-adapted
CAM/RB strain of MV which, following PacI and AatII re-
striction, was ligated into similarly treated p(1)MVins-H2.

Recombinant virus was rescued in HeLa cells by using the
host-range-adapted helper virus MVA-T7 to provide T7 RNA
polymerase in the cytoplasm of infected cells. Plasmids ex-
pressing the MV proteins N, P, and L were transfected along
with the recombinant full-length construct. Virus was rescued
6 to 10 days posttransfection and was plaque purified on Vero
cells. The parental virus (Edtag) was rescued as a positive
control. This virus contains three nucleotide alterations in the
noncoding region between the N and P genes to allow it to be
discriminated from the standard vaccine strain of MV (29).
Due to the increase in recombination frequency associated
with the introduction of MVA-T7, rescued viruses were exten-
sively characterized. Total RNA was prepared from both Ed-
tag- and EdtagCAMH-infected cell monolayers. For molecular
characterization, two sections of the virus genome were ampli-
fied by RT-PCR using MV-specific primers: (i) nucleotides
9010 to 9202, which contain the AatII genetic tag at position
9163, and (ii) nucleotides 8420 to 8752, which include two
CAM/RB-specific mutations at positions 8634 and 8707. Fig-
ure 2 shows the restriction digestion and electrochromato-
grams from this analysis, which confirms the presence of the
AatII restriction site and the C3A exchange at position 8634.
This indicated that the engineered mutations were stably re-
tained during cell passage. Additionally, the complete H gene
from the rescued virus was sequenced to confirm that all
CAM/RB mutations were present.

Characterization of recombinant virus. The H gene of mea-
sles virus CAM/RB differs from that of Edmonston B strain by
12 nucleotides (20). To gain an understanding of the growth
characteristics of the recombinant virus, we carried out a sin-
gle-step growth analysis. Virus was harvested at four or five
hourly time points over 86 h. Titers of cell-associated virus,
parental (Edtag and CAM/RB) and recombinant (Edtag-
CAMH), were obtained in triplicate by determining TCID50.
Figure 3 shows the growth curves for the three viruses. Similar
titers, approximately 2 3 106, were attained with all three
viruses by 60 h postinfection. By this stage, many areas of the
cell sheet had detached from the flask. Edtag virus titers were
higher than either the CAM/RB or the EdtagCAMH virus at
equivalent time points up to 60 h postinfection, indicating that
this virus grows slightly faster. Replacement of the Edtag H
gene with that of the CAM/RB strain seems to result in a virus
which exhibits a growth rate more akin to that of the CAM/RB
virus. After this time, the cell-associated titers of all the viruses
began to decrease as virus was released from the cells into the
supernatant and cells detached from the flask. It appears,
therefore, that replacement of the H glycoprotein between the
brain-adapted and Edmonston vaccine strains had no apparent
effect on the growth of the virus in tissue-cultured Vero cells.

Assessment of neurovirulence and immunopathology. We
wished to determine if the neurovirulent phenotype was trans-
ferred to the Edtag virus following replacement of the H gly-
coprotein with its CAM/RB analogue. A single litter of six to
seven C57/BL/6 suckling mice was infected intracerebrally with
each virus (200 TCID50) into the right cortex. The infection

FIG. 1. Construction of the MV insertion vector p(1)MVins-H2. The full-length infectious clone of MV, p(1)MV (a), was used to generate a ClaI subclone in
pGEM7Zf(1) (b). The subclone was restricted with PacI and SpeI to remove the H gene (c). Complementary oligonucleotides were annealed (d) to generate
compatible ends with the pscMV(ClaI) cut vector and inserted (e) to introduce a unique AatII restriction site. The ClaI fragment was religated into p(1)MV to generate
the insertion vector (f). Nucleotide sequence numbers are given as in EMBL accession no. Z66517; numbers below the plasmid names indicate MV genome lengths
before and after modification.
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was allowed to proceed for 4 days, during which time the mice
were monitored daily for clinical symptoms of infection. Three
days postinfection, mice infected with the CAM/RB strain
were showing an awkward gait and ataxia. Mice infected with
the EdtagCAMH virus showed similar clinical symptoms. Clin-
ical signs of infection were not observed in either the sham- or

Edtag-infected animals. Brains were dissected out from the
infected mice and either frozen directly or fixed in formalin.
Total RNA was isolated from the frozen brains. RT-PCR fol-
lowed by restriction digestion was used to confirm that the
recombinant virus retained the AatII tag sequence in the un-
translated region of the H gene (Fig. 2A). DNA sequencing
confirmed that the CAM/RB-specific mutations were retained
in the H open reading frame following replication in the mouse
brain (Fig. 2B).

Brain sections were examined for the presence or absence of
virus antigen by immunohistochemistry. Representative sec-
tions from each virus infection are shown in Fig. 4. Sham-
infected mice, inoculated with tissue culture medium, showed
no positive staining for MV antigen, as was expected. A pro-
nounced infection can be seen in the CAM/RB-infected C57/
BL/6 suckling animals (Fig. 4C and E). Virus was observed in
cells with the morphological characteristics of neurons. Ana-
tomically such cells were found in the hippocampus, frontal,
temporal, and olfactory cortices and neostriatum on both sides
of symmetrical structures. Viral antigen was not found in the
ependymal cells of the ventricular layer, the cerebellum, me-
ninges, or choroid plexus. Antigen was detected in the neuro-
nal cytoplasm and along the entire length of processes up to
the synaptic terminals. Astrocytes, oligodendrocytes, and mi-
croglial cells were all consistently negative for viral antigen.
The recombinant EdtagCAMH virus gives rise to a less pro-
nounced but clearly positive infection in the mouse brain (Fig.
4B and D). The same cell type is infected as with the CAM/RB

FIG. 2. Molecular characterization of rescued viruses after passage in Vero cells [Edtag(c) and EdtagCAMH(c)] or intracerebral injection into in C57/BL/6 mouse
brain [EdtagCAMH(b)]. (A) Total RNA was prepared from either infected cell sheets or infected brain tissue, and viral RNA was amplified by RT-PCR. Reverse
transcriptase was omitted as a negative control (C). Products were restricted with AatII (1), which as a genetic tag for recombinant virus produced by using insertion
vector p(1)MVins-H2; undigested samples (2) were included for comparison. Samples were analyzed on 1.5% DNA agarose gels. (B) PR-PCR products from cells
infected with Edtag(c) and EdtagCAMH(c) and brain tissue from mice infected with EdtagCAMH(b) were sequenced to verify that CAM/RB sequences were retained
upon replication. Sequences which represent nucleotides 8629 to 8647 of the viral genome are shown in the three panels. The C-to-A mutation at nucleotide 8634, which
is CAM/RB specific, is indicated by an arrow.

FIG. 3. Growth curves of cell-associated virus in Vero cells. Monolayers were
infected at an MOI of 5 with the three viruses. Lines join an average titer which
was obtained from three separate tissue culture infectious dose experiments.
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virus, and the MV-infected cells are located in the same ana-
tomical areas of the brain. However, the foci are smaller at the
same time point (4 days postinfection), as is obvious in the
higher magnification.

To further characterize the virus infections, we used a semi-
quantitative scoring system that reflects both the degree to
which each infection had progressed and the number of MV-
positive foci in the three levels of brain tissue (Table 1). Due to
the progression of the CAM/RB infection (Fig. 4C), it was
impossible to accurately count the foci in the brain sections
because they were merged to a large degree. Generally, viral
antigen was more abundant in the right cortex, which was the
side of infection. Variation was observed between the three
animals examined, and this is reflected in the scoring system. It
was possible to determine accurate foci numbers in the Edtag-

CAMH-infected brain sections due to the lower level of infec-
tion. Once again, we observed variation between animals and
greater abundance of viral antigen in sections from the right
cortex. Infected cells were not observed in sections from ani-
mals infected with the Edtag virus. Clearly, at the time point
observed, the recombinant virus EdtagCAMH replicates in the
brains of the C57/BL/6 animals, though to a lesser extent than
the CAM/RB virus.

DISCUSSION

Prior to the development of the MV rescue system, it was
impossible to modify specific regions of the virus genome. This
made the study of the molecular determinants of neuropatho-
genesis difficult. Nevertheless, when neutralizing monoclonal

FIG. 4. Immunohistochemistry of brain sections 4 days after infection with rodent brain-adapted CAM/RB, rescued parental Edtag, and recombinant EdtagCAMH
(200 TCID50). Sections were formalin fixed, and MV antigen was detected with an anti-(N) monoclonal antibody; positive viral staining appears brown. (A) Edtag; (B)
EdtagCAMH; (C) CAM/RB (magnification, 35.) Sections were digitized with a Kodak RFS 2035 Plus Film scanner directly from the slide. (D) EdtagCAMH; (E)
CAM/RB (magnification, 380.) Sections were photographed on slide film and digitized with a Kodak RFS 2035 Plus Film scanner. The final resolution of all scanned
images was 300 dots per in.

TABLE 1. Detection of MV N protein by immunohistochemistry in right and left cortices of C57/BL16 mice 4 days after intracerebral
infection of the right cortex with 200 TCID50 of brain-adapted (CAM/RB), parental (Edtag), or recombinant virus (EdtagCAMH).

Virus Animal

Extent of focus formationa (no. of foci)

Level 1c Level 2 Level 3

RC LC RC LC RC LC

CAM/RB a 1111 1111 111 111 1111 111
b 1111 111 1111 111 1111 1111
c 11111 1111 11111 111 1111 111

Edtag a 2 2 2 2 2 2
b 2 2 2 2 2 2
c 2 2 2 2 2 2

EdtagCAMH a 11 (29) 11 (24) 11 (24) 11 (21) 11 (20) 11 (25)
b 1 (9) 1 (3) 11 (14) 1 (8) 11 (10) 11 (10)
c 1 (5) 1 (6) 1 (6) 1 (7) 11 (11) 1 (2)

a Three levels of tissue, separated by 50 mm, were examined. Level 1 represents sections cut from the outermost portion of the tissue; levels 2 and 3 are approximately
50 and 100 mm, respectively within the tissue. RC, right cortex; LC, left cortex. 11111, majority of foci of infection (.30) fused together; 1111, many foci of
infection (.30), equivalent numbers of separate and fusing foci; 111, many foci (.30), a minority fused together; 11, 10 to 30 foci; 1, 1 to 9 foci; 2, no foci.
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antibodies were used to modulate the disease process and
isolate escape mutants in vitro, a major site was identified in
the H gene, residues 368 to 396, which appeared to be func-
tionally important for neurovirulence (20). These observations
prompted the present study to investigate whether the H gene
alone was sufficient to transfer the neurovirulent phenotype to
the parental, attenuated Edmonston strain-derived Edtag vi-
rus. To this end, we have generated an insertion vector which
permits the addition of variant H genes into a plasmid, thereby
generating full-length antigenomic constructs in a single step.
In this study, we used the vector to insert the H gene from the
brain-adapted CAM/RB and generated an infectious, recom-
binant virus, EdtagCAMH. This vector has also been used to
generate other recombinant viruses with a number of single
amino acid changes in the H protein and to accept mu-
tagenized H genes from other MV strains (10a). The recom-
binant virus grows to similar titers as Edtag and CAM/RB,
indicating that the interaction of the newly incorporated H
gene with the Edmonston F gene is not impaired and that these
proteins can complement each other and give rise to a produc-
tive infection. We have shown that the CAM/RB strain and
EdtagCAMH recombinant exclusively infect neurons, viral an-
tigen being clearly present in the processes, and have demon-
strated the association of neurovirulence with amino acids in
the H protein.

Small changes in envelope glycoproteins have profound ef-
fects on the neurovirulent phenotype of many viruses, such as
lymphocytic choriomeningitis virus mumps virus, rabies virus,
and Japanese encephalitis virus (8, 16, 23, 25, 31, 37). Dengue
virus provides one of the best models for neurovirulence in
rodents. Major determinants of mouse neurovirulence have
been identified in the E glycoprotein of the virus. One of these,
in common with MV, is in a known antigenic site, residues 383
to 393 (13, 43). Another is comprised of only one amino acid
change, E126Q-K (11). The usefulness of this model for mouse
neurovirulence is augmented by the availability of the three-
dimensional structure, at atomic resolution, of the E glyco-
protein of another flavivirus, tick-borne encephalitis virus (31,
38). The three-dimensional structure for the MV H glycopro-
tein is not, unfortunately, available. However, a putative struc-
ture for the protein has been proposed based on the homology
modeling with active-site residues in the influenza virus neur-
aminidase glycoprotein and the paramyxovirus hemagglutinin-
neuraminidase glycoprotein. The major determinants of neu-
rovirulence (20) are predicted to be external in this structure
(17).

An increase in neurovirulence needs not be due only to the
ability to bind a mouse receptor. Neurovirulent Sindbis virus
with an alteration in the E2 glycoprotein binds to and enters
cells no more efficiently than nonneurovirulent virus. Rather,
RNA synthesis is initiated more rapidly and attained fivefold
higher levels for the neurovirulent strain (10, 44, 45). For MV,
alterations in the H protein have profound effects on CD46
receptor downregulation; the exchange of two amino acids also
alters the ability of the virus to use CD46 as a receptor (3, 18).

Rodent models have been generated to investigate the
pathogenesis of many viruses, including mumps virus. Alter-
ations in the neuroanatomy and pronounced hydrocephalus
were observed upon infection. Cerebellar abnormalities caused
by defects in granule cell migration which distinguished neu-
rovirulent and nonneurovirulent mumps strains were also iden-
tified (33). We have not observed cerebellar abnormalities in
any MV-infected animal. A persistent in vivo infection has
been demonstrated in newborn hamsters infected with MV
from persistently infected cell cultures. In some cases this in-
fection was accompanied by hydrocephalus which was most

likely due to an infection of ependymal cells (12, 27). We have
no evidence from the present study for the infection of ependy-
mal cells. It will be interesting to use the EdtagCAMH recom-
binant virus, in which the progression of the virus is slower, to
examine cerebella at later time points to see if later sequelae
can be observed in this recombinant MV infection. The rele-
vance of these mouse brain models to human CNS infection by
MV is not clear. However, the present study shows that the H
gene is very important in MV neuropathogenesis in the model.
The H gene has been examined in isolation from the remain-
der of the brain-adapted CAM/RB genome, and it is clear that
its presence allows virus to both enter and replicate in mouse
neurons. In particular, it appears that the interactions between
the CAM/RB H protein and its F protein counterpart are not
perturbed in the recombinant virus. There are six amino acid
differences between the Edmonston and CAM/RB F proteins,
three of which are nonconservative changes (31a). Clearly, in
spite of these differences, the protein interactions necessary for
the virus to initiate an infection and grow to equivalent titers in
cell culture can occur. Additionally, it is apparent that other
regions of the virus genome are involved in neurovirulence.
We have demonstrated that for MV, no single gene is exclu-
sively linked to a neurovirulent phenotype, and this correlates
well with observations for many other RNA viruses. Future
studies will (i) investigate the molecular determinants in the H
protein in greater detail and (ii) begin to introduce other
genes, M, F, and L, from CAM/RB strain into the Edmonston
B strain. We believe that these studies will give important
insights into MV neuropathogenesis in the mouse model of
encephalitis.
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