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Apolipoprotein E (ApoE), a constituent of the lipoproteins, may be relevant in herpes simplex virus type 1
(HSV-1) infection of the central nervous system (CNS), since HSV-1 binds to human serum ApoE lipoproteins.
This study demonstrates the involvement of ApoE in the hematogenous route of HSV-1 to the CNS.

Apolipoprotein E (ApoE) is a constituent of very-low-den-
sity lipoprotein synthesized by the liver (29) and of members of
a subclass of high-density lipoproteins involved in cholesterol
transport among cells (18). ApoE mediates high-affinity bind-
ing of ApoE-containing lipoprotein particles to the low-density
lipoprotein (LDL) receptor and is thus responsible for the
cellular uptake of these particles (12). In humans, there are
three alleles of the apoE gene (designated €2, €3, and &4),
encoding the respective isoforms of the protein (E2, E3, and
E4) (19). ApoE has been implicated in regulation of the im-
mune response (11), in nerve regeneration (17), and in muscle
differentiation (20). ApoE may play an important modulatory
function in the central nervous system (CNS), because while in
the peripheral nervous system several other apolipoproteins
are involved in lipid transport, in the CNS there is less redun-
dancy of such molecules (19, 26). In the aged CNS, ApoE plays
an important role in transporting esterified cholesterol to the
neurons undergoing reinnervation, where it is taken up by the
LDL receptor-related protein pathway and used as a precursor
for the synthesis of new synaptic terminals (26). Numerous cell
culture experiments have demonstrated receptor-mediated up-
take of ApoE in neurons (4, 6, 24, 28). Furthermore, ApoE is
necessary in the CNS to maintain cholesterol levels in the
membrane (27) and plays a role in protecting against oxidative
stress, excitotoxicity, and excessive calcium influx (31). Herpes
simplex virus type 1 (HSV-1) is an important cause of severe
human encephalitis (22), and it may reach the CNS by either
the hematogenous or neural route. There is extensive evidence
for the spread of HSV-1 within the nerves of the peripheral
nervous system and the CNS (8, 9), and latent infection of the
trigeminal ganglia by HSV-1 is virtually ubiquitous in humans
(30). There are several routes of infection, but it is accepted
that intraperitoneal inoculation, which mimics hematogenous
infection by HSV-1 (14), is the normal route, and this type of
infection has been particularly widely reported for young ani-
mals (14, 15, 16). Several authors have demonstrated the sus-
ceptibility of the adrenal gland to infection with HSV-1 and the
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crucial role of this gland in infection of the CNS after viremia
with this virus has been established (9). Recent evidence raises
the possibility that host genetic factors may influence the re-
sponse to infection with HSV-1 (5, 13). The polymorphism of
the apoE gene may be relevant to the development and course
of herpes simplex virus infection for several reasons. First, it
has been reported that sufferers from cold sores are more
likely to carry the apoE €4 allele than controls (3). Second, it
has been suggested that a combination of subclinical infection
of the brain with HSV-1 and carriage of apoE €4 may act in
concert to predispose to Alzheimer’s disease (13). Third, there
is accumulating evidence that apoE €4 is associated with poor
outcome after several forms of acute brain injury, including
damage caused by trauma (7) and intracerebral hemorrhage
(21). Furthermore, binding of HSV-1 to the various subclasses
of serum lipoproteins has been described, including the inter-
action of purified glycoprotein B from HSV-1 with ApoE (10).
Taken together, these reasons demonstrate the relationships
between ApoE and HSV-1 infection. In the present study, we
clearly showed that ApoE is essential for the colonization of
the brain by HSV-1, an inherently interesting finding for the
pathological scenario of viral infection.

To evaluate the role of ApoE in the hematogenous route of
the virus, we induced infections of HSV-1 in apoE knockout
and hemizygous mice, compared the results with those for
wild-type mice, analyzed the relevance of ApoE in this process,
and quantified the HSV-1 in several organs, using a highly
powerful, sensitive technique, real-time quantitative PCR.
Vero cells were grown in Dulbecco’s modified Eagle medium
supplemented with 5% fetal calf serum and antibiotics. HSV-1
was propagated and titrated by plaque assay in confluent
monolayers of Vero cells (3). HSV-1 from the KOS strain
(kindly supplied by L. Carrasco) was used in our experiments.
All mice used in this study were 14-week-old females of the
C57BL/6 strain. Between 10 and 15 mice, depending on the
availability of animals, were used per group and time point.
apoE knockout mice (C57BL/6J-ApoE""'Y"<) were generated
under the protocol described by Piedrahita and coworkers (25)
and obtained from the Jackson Laboratory (Bar Harbor,
Maine). To use the same genetic background, all mice were of
the C57BL/6 strain. The hemizygous females were produced by
mating wild-type females with knockout males. All animals
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FIG. 1. Time courses of HSV-1 infection in the several analyzed organs. Solid lines represent the wild-type mouse group; dotted lines represent
the apoE knockout mouse group. Values are expressed as means = standard errors of the mean (*, P < 0.01; ==, P < 0.001 [Fischer’s exact test]).

were apparently healthy. Experiments were carried out in ac-
cordance with the guidelines of the Animals (Scientific Proce-
dures) Act of 1986. All animals had a quarantine period, and
strict precautions were taken against contamination during
inoculation and dissection. Mice were inoculated intraperito-
neally with 10° PFU of a virus suspension. Wild-type mice were
inoculated so that their ApoE levels could be compared to
those of the knockout and hemizygous mice. Control mice
(mock infected) received an equivalent volume of phosphate-
buffered saline. Wild-type and knockout mice were culled 0.8,
2,3, 4, and 5.7 days after inoculation, while hemizygotes were
killed at two selected time points (days 4 and 5.7), when the
viral load differences between wild-type and knockout mice
were relevant. Organs were dissected, resulting in separation
of the whole brain of all animals of the study into three regions
(midbrain, ventricles, and cerebral cortex), and frozen. The
DNA was extracted using conventional methods (NucleoSpin;
catalog number K3053-2; Clontech, Palo Alto, Calif.). Cross-

contamination of samples and false-positive PCR results were
carefully avoided by frequent changing of gloves, use of exclu-
sive pipettes, and strict spatial separation of the three main
PCR steps. Real-time PCR was performed, using a LightCycler
rapid thermal cycler (Roche Diagnostics Ltd., Lewes, United
Kingdom), with 1 pM primers and 2 mM MgCl,. B-Actin
primers (5'-AACCCTAAGGCCAACCGTGAAAAGATGA
CC-3’" and 5'-CCAGGGAGGAAGAGGATGCGGC-3") were
used as a positive control for the PCR (379-bp PCR product).
Specific primers for a sequence in the gene for the viral DNA
polymerase (pol) (5'-GGTGAACGTCTTTTCGCACT-3" and
5'-GTGTTGTGCCGCGGTCTCA C-3') were used (120-bp
amplicon). PCR conditions were 95°C for 10 min, 45 cycles of
95°C for 30 s and 55°C (for B-actin) or 60°C (for pol) for 30 s,
and 72°C for 40 s. An appropriate concentration range of virus
was used for optimization of the standard curve of the real-
time PCR, and the viral load determination was carried out
using PFU as units. The PCR calibration for the -actin house-
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FIG. 2. Quantification of the viral load in relation to ApoE dosage on day 5.7. The inset presents the results for the four dissected areas of the
brain analyzed in this study. Values are expressed as means *+ standard errors of the mean (x*, P < 0.001 [Fischer’s exact test]).

keeping gene was performed using nanograms as units. Each
experiment was performed in triplicate, and in each case, melt-
ing curve analysis, agarose gel electrophoresis, and restriction
analysis confirmed the specificity of the amplification products.
Briefly, the gene fragments analyzed were restricted with the
Aval endonuclease for the viral DNA pol (producing two frag-
ments of 23 and 97 bp in size) and with the NlalV enzyme for
the B-actin (producing two fragments of 220 and 159 bp in
size).

After inoculation, only a small number of mice (13.8%)
presented clinical signs of disease and there were no significant
differences linked to the apoE dose in the number of sick mice,
indicating that the apoE knockout and hemizygous mice were
not more susceptible to the disease than the wild-type animals.
All mice remained asymptomatic until day 4. After this time, a
small number of mice (7 out of 14 wild-type mice, 6 out of 12
apoE hemizygous mice, and 0 out of 10 apoE knockout mice)
were bilaterally affected to some degree, at first showing symp-
toms ranging from slight weakness to loss of movement, later
showing evident signs of ataxia, and finally exhibiting complete
hind paralysis and loss of postural control. None of the mock-
infected animals showed clinical abnormalities. The analysis of
the viral load revealed a constant level of viremia over the time
course of the experiment, independent of the identity of the

mouse group, with different ApoE doses (Fig. 1). In fact, the
statistical analysis revealed that there were no significant dif-
ferences in the viral load in blood between knockout and
wild-type mice at each time point. Virus levels in the adrenal
gland increased from the point of first detection (day 0.8) until
day 4, when the infection reached the spinal cord. On days 3
and 4, the virus was detectable in the brain, and the virus level
increased until day 5.7. In the brain, HSV-1 was first detected
at significant levels in the midbrain on day 4. On day 5.7, the
virus reached the brain ventricles at significant levels, but it was
also detected in the cortex and the cerebellum. The order of
invasiveness was the same in both types of mice, with the
midbrain being the first site of virus arrival after the spinal cord
but with an evident time delay and lower viral load in the
knockout mice compared to the wild-type mice (Fig. 1). Anal-
ysis of other organs (pancreas, heart, bone marrow, spleen, and
liver) was not informative. The study of the apoE hemizygotes
revealed that these mice had an intermediate viral load be-
tween those of the wild-type and knockout mice in the adrenal
gland, spinal cord, and brain (Fig. 2). When the encephalon
was separated into four areas, the midbrain was consistently
the cerebral region with the highest viral load, while in the
ventricles, cortex, and cerebellum, the viral load of hemizy-
gotes was closer to that of the wild-type mice (Fig. 2; see inset).
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Our results reveal the extreme susceptibility of the adrenal
gland to infection with HSV-1 and the crucial role of this gland
in hematogenous infection of the nervous system. Although
the CNS is infected by viral spread through the nerves, the
main pathway of HSV-1 to the organs in neonates (1) and in
immunosuppressed humans (23) is the bloodstream. It is ac-
cepted that intraperitoneal inoculation is the normal route of
infection, mimicking hematogenous infection by HSV-1 (14).
In fact, our data show that the virus is immediately detectable
in blood after inoculation in the peritoneum, due to the fast
access from the peritoneal cavity to the bloodstream. Previous
studies involving adrenalectomy in mice have demonstrated
that this organ is the main source of virus entering the spinal
cord (9). In its developmental and functional aspects, the me-
dulla of the adrenal gland can be considered to be a modified
ganglion of the sympathetic part of the autonomous nervous
system, innervated by sympathetic and parasympathetic nerves.
In this sense, tracing of the transneuronal path of the virus
from the adrenal gland has revealed the existence of anatom-
ical and functional connections between the adrenal gland and
the hypothalamic suprachiasmatic nucleus (2). Our exploration
of this pathway showed, in good accordance with the results in
reference 2, that HSV-1 replicates in the adrenal gland,
reaches the spinal cord, and migrates to the brain. HSV-1
DNA is detected in the midbrain, indicating that this is the first
site reached by the virus, which later appears in the brain
ventricles and finally spreads to the cortex and the cerebellum.
The observations in the present study indicate that ApoE is
involved in HSV-1 infection of the mouse brain. ApoE has
been implicated in regulation of the immune response (11),
and for this reason, we might expect that apoE knockout mice
would be more susceptible to disease than the wild-type mice.
In our study, however, HSV-1 detection and clinical signs de-
tected in the mice showed that, in contrast to expectations, the
disease starts when the virus reaches the spinal cord and that
ApoE plays an important role in this process. We may there-
fore expect the ApoE-deficient mice to be more resistant to the
virus that the wild-type mice, as the virus has more difficulties
in accessing the CNS in the former case. Furthermore, the
proportion of infected knockout mice with clinical signs of
disease is equal to or less than that of wild-type mice, indicat-
ing that the potential immunosuppression of the ApoE-defi-
cient mice is not relevant to this approach.

In summary, in this study we clearly showed that the ApoE
dose is directly linked to the invasiveness of HSV-1 in the
brain. Here, the amount of virus in hemizygotes was between
that in wild-type and in knockout mice, indicating that the level
of ApoE present and HSV-1 invasiveness in the brain are
related. Outside of the CNS, there were few differences seen
between the level of HSV-1 colonization and ApoE dose,
which may reflect the great redundancy of apolipoproteins in
blood and in organs irrigated by the bloodstream. The coloni-
zation of the brain by HSV-1, and the potential for the virus to
survive in a latent form, could be implicated in a great number
of chronic neurodegenerative disorders and could constitute
the initial step for a reactivation and subsequent degeneration
of infected neurons in which HSV-1 lodges. Moreover, the
deep involvement of the apoE gene in the process by which
HSV-1 infects the brain could be more relevant, because the
type of ApoE present in mice bears some resemblance to
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ApoE4 in humans. ApoE3 has a cysteine at position 112 and
arginine at position 158, whereas ApoE2 has cysteines and
ApoE4 has arginines at both positions (32). Mouse ApoE, like
ApoE4, contains two arginines at both positions. In conclusion,
the present study supports the hypothesis of involvement of
ApoE in the hematogenous route of HSV-1 to the CNS.
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