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Structural damage of the central nervous system (CNS) often leads to severely
disabling residual symptoms despite effective antiviral therapy during Her-
pes simplex virus encephalitis (HSVE). Edematous space-occupying lesions
are pathological and neuroradiological well-known phenomena for this dis-
ease. The molecular mechanisms of brain edema development in HSVE are
poorly understood, the regulation of water brain-blood barrier (BBB) perme-
ability might be disturbed. Aquaporin 4 (AQP4) is the predominant aquaporin
expressed in the brain. Aquaporin 1 (AQP1) plays a role in cerebrospinal fluid
modulation. Previous studies suggest that alterations of AQP expression play
an important role in the development of brain edema. The mRNA expression
of AQP4, AQP1, of their physiologically associated proteins Alpha-syntrophin
and KIR 4.1 and of the structural glial protein glial fibrillary acid protein
(GFAP) was analyzed in a well-established mice model simulating the human
disease. Our data demonstrate a significant down-regulation of AQP4 in the
acute phase of disease and an up-regulation of AQP4 and AQP1 in the long
term. These results reveal the complex transcription pattern of AQP4, AQP1,
KIR 4.1, alpha-syntrophin, and GFAP during HSVE and suggest a role for AQP4
regulation in the pathophysiology of acute and long-term HSVE. AQP4 mod-
ulation could be a potential target for brain edema treatment during HSVE.
Journal of NeuroVirology (2007) 13, 38–46.
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Introduction

Herpes simplex virus (HSV) is the most common
infectious agent responsible for sporadic acute en-
cephalitis in central Europe and the United States
(Steiner and Kennedy, 1995). The mortality rate is
higher than 70% when the disease is left to its natu-
ral course. Mortality and the incidence of severe neu-
rological deficits remain unacceptably high despite
effective antiviral treatment (McGrath et al, 1997).

The limbic system and the insular cortex are the
most affected areas of the brain during HSV en-
cephalitis (HSVE). These areas are usually detected
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with cranial magnetic resonance imaging (MRI) as
T2-weighted hyperintense lesions (Meyding-Lamadé
et al, 1999a). Despite clinical recovery, patients with
proven HSVE present chronic progressive structural
damage with areas of abnormal signal intensity in
cranial MRI. These findings support the hypothesis
that virus-independent mechanisms might be respon-
sible for structural damage in this devastating disease
(Meyding-Lamadé et al, 1999a).

The involvement of virus-independent secondary
mechanisms of neuronal and glia damage is part
of ongoing research (Martinez-Torres et al, 2004).
Acyclovir specifically inhibits viral replication and
does not influence secondary mechanisms of damage
(McGrath et al, 1997). A better understanding of the
mediators of tissue damage in HSVE is essential in or-
der to find new targets for therapeutic intervention.

A tight regulation of brain water content and vol-
ume is essential in order to assure the normal func-
tion of the central nervous system (CNS). Aquaporin
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water channels have been recognized to play an
essential role in cerebral water homeostasis because
of their participation in rapid water transportation
across cell membranes (Jung et al, 1994). Alterations
of water distribution in the brain may cause accu-
mulation of intracellular water in neurons and glia,
causing a cytotoxic brain edema. Brain edema is a
significant factor leading to increased morbidity and
mortality in many pathological processes of the CNS
(Manley et al, 2000; Papadopoulos et al, 2002) and is a
well-described phenomenon in HSVE (Schmutzhard,
2001). Furthermore, intracranial pressure monitor-
ing is often necessary or even mandatory depend-
ing on the severity of brain edema during HSVE
(Schmutzhard, 2001).

On the other hand, recent studies have described
that the distribution of magnetic resonance imag-
ing brain abnormalities in patients with neuromyeli-
tis optica (NMO) correspond to sites of high aqua-
porin 4 (AQP4) expression (Pittock et al, 2006). The
serum immunoglobulin G autoantibody (NMO-IgG) is
a specific marker for NMO (Wingerchuk et al, 2006)
and has been described to bind AQP4 selectively
(Lennon, Kryzer et al, 2005). These findings suggest
that NMO may represent the first example of AQP4
autoimmune channelopathy (Lennon et al, 2005).
This could have wider implications because NMO-
IgG– or anti-AQP4–associated neurological disorders
could represent an emerging clinical entity (Giovan-
noni, 2006). It is necessary to study if other non–
immune-mediated reversible AQP4 channelopaties
exist (Giovannoni, 2006).

AQP4 is widely expressed in brain tissue, predom-
inantly at brain-blood interfaces (Manley et al, 2000).
The analysis of the expression pattern of AQP4 dur-
ing HSVE might provide new information about the
pathophysiology of this disease, which could even-
tually lead to novel therapeutic approaches aimed
at limiting brain edema during the acute phase and
structural damage during the chronic phase of dis-
ease. The role of AQP4 in the pathophysiology of
HSVE has not been studied so far.

The aim of the present experimental work was
to determine a possible role of AQP4 in an animal
model of HSVE. We studied the temporal pattern of
AQP4 mRNA expression and that of KIR 4.1, a mem-
brane channel responsible for K+ siphoning; of alpha-
syntrophin, a protein associated to the distribution
of AQP4 on astrocyte end-feet membrane domains
adjacent to brain capillaries; of the structural pro-
tein glial fibrillary acid protein (GFAP), which is pri-
marily expressed in astrocytes; and of aquaporin 1
(AQP1), a water channel expressed especially at the
ventricular-facing of the choroid plexus epithelium.

Results

Infected animals presented the earliest clinical signs
of disease 2 days after infection and clinical signs

Figure 1 Viral burden. The viral burden in brain tissue was ex-
amined with nested PCR using serial dilutions of target DNA ex-
tracted from brain tissue as described previously (Lamadé et al,
1996; Martinez-Torres et al, 2004). Nested PCR was performed us-
ing two sets of oligodeoxynucleotide primers specific for the gly-
coprotein D gene of HSV-1. Amplified products (10 μl) were an-
alyzed in agarose gels containing ethidium bromide and viewed
with ultraviolet light. Each reaction included a negative control.

peaked at day 7. During the second week animals
were severely affected. All infected animals scored
at days 21 and 180 post inoculation were clinically
normal again. Sham-inoculated animals had normal
findings at all time points. Herpes simplex virus type
1 (HSV-1) DNA was present in the brain tissue of all
examined infected animals. HSV-1 DNA was not de-
tected in the brain tissue of sham-infected controls at
any time. Viral burden peaked at day 7 post inocula-
tion (Figure 1).

The basal expression of AQP4 was 2.9-fold higher
in 6-month-old negative controls as compared to
young negative controls (3.20 ± 1.39 versus 1.1
± 0.41; P < .0005). A statistically significant 35%
down-regulation of AQP4 expression was observed at
day 7 post inoculation as compared to negative con-
trols (0.71 ± 0.39 versus 1.1 ± 0.41; P < .01) (Fig-
ure 2A). AQP4 expression was not modified in in-
fected animals at days 3 (2.05 ± 1.5 versus 1.1 ± 0.41;
P = .211) and 10 post inoculation (1.47 ± 1.51 ver-
sus 1.1 ± 0.41; P = 0.331) as compared to negative
controls. AQP4 expression was 5.5-fold up-regulated
in infected animals as compared to negative controls
6 months after inoculation (17.66 ± 13.7 versus 3.20
± 1.39; P = .001) (Figure 2B).

AQP1 basal expression was not modified with ag-
ing and remained stable in 6-month-old negative con-
trols as compared to young negative controls (2.77 ±
2.28 versus 1.56 ± 1.63; P = .262) (Figure 3). AQP1
expression was not modified in infected animals dur-
ing the acute phase of disease, at days 3 (1.23 ±
0.60 versus 1.56 ± 1.63; P = .796), 7 (0.56 ± 0.20
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Figure 2 AQP4 expression during acute (A) and long-term (B)
HSVE. A statistically significant 35% down-regulation of AQP4
was observed at day 7 post inoculation, and a significant 5.5× up-
regulation 6 months post inoculation. Statistics were performed
with the nonparametrical Kruskal-Wallis analysis, and the post
hoc Mann-Whitney U test comparing infected animals with sham-
inoculated age-matched negative controls. Data are presented as
relative units (AQP4/GAPDH). The box represents the middle 50%
of the data, the upper and lower ends of the box represent the upper
and lower quartiles, respectively, and the horizontal line dividing
the box represents the median. The whiskers represent the distri-
bution and edges of the 95% percentile. Asterisks and circles rep-
resent extreme values. Statistical significance (P < .05) is depicted
with a horizontal square bracket. Negative: negative controls in the
acute phase; dpi: days post inoculation; mpi: months post inocu-
lation; Neg.6mpi: negative controls 6 months post inoculation.

versus 1.56 ± 1.63; P = .399), and 10 post inoculation
(1.20 ± 1.11 versus 1.56 ± 1.63; P = .606) as com-
pared to negative controls. A 3.76-fold up-regulation
of AQP1 expression was observed in infected animals

Figure 3 AQP1 expression in acute and long-term HSVE. Statis-
tics were performed with the nonparametrical Kruskal-Wallis anal-
ysis and the post hoc Mann-Whitney U test comparing infected an-
imals with sham-inoculated age-matched negative controls, and
negative controls in the acute phase with negative controls in
the chronic phase of disease. Data are presented as relative units
(AQP1/GAPDH). The box represents the middle 50% of the data,
the upper and lower ends of the box represent the upper and lower
quartiles, respectively, and the horizontal line dividing the box
represents the median. The whiskers represent the distribution
and edges of the 95% percentile. Asterisks represent extreme val-
ues. Statistical significance (P < .05) is depicted with a horizontal
square bracket. Negative: negative controls in the acute phase; dpi:
days post inoculation; mpi: months post inoculation; Neg 6mpi:
negative controls 6 months post inoculation.

as compared to negative controls 6 months after in-
oculation (10.4 ± 6.74 versus 2.77 ± 2.28; P = .005)
(Figure 3).

Basal KIR 4.1 expression was reduced 48% in 6-
month-old negative controls as compared to young
negative controls (0.26 ± 0.13 versus 0.5 ± 0.12;
P < .01). We did not observe a statistically signifi-
cant modification of KIR 4.1 expression in the acute
phase of disease at days 3 (0.40 ± 0.21 versus 0.5
± 0.12; P = .796) and 7 post inoculation (0.75 ±
0.43 versus 0.5 ± 0.12; P = .223), even though the
expression tended to be 1.6-fold higher at day 10
post inoculation as compared to negative controls
(0.80 ± 0.34 versus 0.5 ± 0.12; P = .15). KIR 4.1
expression was not modified in infected animals as
compared to negative controls 6 months after inoc-
ulation (0.33 ± 0.17 versus 0.26 ± 0.13; P = .386)
(Figure 4).

A significant 63% reduction of alpha-syntrophin
basal expression was observed in 6-month-old neg-
ative controls as compared to young negative con-
trols (0.26 ± 0.13 versus 0.7 ± 0.05; P < .005). There



AQP4 regulation in HSVE
FJ Martinez Torres et al 41

Figure 4 KIR 4.1 expression in acute and long-term HSVE. Statis-
tics were performed with the nonparametrical Kruskal-Wallis anal-
ysis and the post hoc Mann-Whitney U test comparing infected
animals with sham-inoculated age-matched negative controls, and
negative controls in the acute phase with negative controls in the
chronic phase of disease. Data are presented as relative units (KIR
4.1/GAPDH). The box represents the middle 50% of the data, the
upper and lower ends of the box represent the upper and lower
quartiles, respectively, and the horizontal line dividing the box
represents the median. The whiskers represent the distribution and
edges of the 95% percentile. Statistical significance (P < .05) is
depicted with a horizontal square bracket. Negative: negative con-
trols in the acute phase; dpi: days post inoculation; mpi: months
post inoculation; Neg.6mpi: negative controls 6 months post
inoculation.

was no statistically significant modification of alpha-
syntrophin expression in the acute phase of disease
at days 3 (0.85 ± 0.42 versus 0.7 ± 0.05; P = .606)
and 7 post inoculation (0.82 ± 0.33 versus 0.7 ± 0.05;
P = .515), even though the expression tended to be
1.6-fold higher at day 10 post inoculation as com-
pared to negative controls (01.11 ± 0.4 versus 0.7
± 0.05; P = .121). Alpha-syntrophin expression was
not modified in infected animals as compared to neg-
ative controls 6 months after inoculation (0.33 ± 0.17
versus 0.25 ± 0.12; P = .386) (Figure 5).

GFAP basal expression was 4.64-fold higher in ag-
ing negative-control mice as compared to young neg-
ative controls (4.9 ± 5 versus 1.05 ± 0.64; P = .015).
GFAP expression was not altered in infected animals
during the acute phase of disease at days 3 (2.1 ±
2.4 versus 1.05 ± 0.64; P = .519), 7 (0.97 ± 0.16 ver-
sus 1.05 ± 0.64; P = .574) and 10 post-inoculation
(1.88 ± 2.4 versus 1.05 ± 0.64, P = 1.0) or during
the chronic phase of disease as compared to nega-
tive controls (3.6 ± 2.4 versus 4.9 ± 5.0; P = .448)
(Figure 6).

Figure 5 Alpha-syntrophin expression in acute and long-term
HSVE. Statistics were performed with the nonparametrical
Kruskal-Wallis analysis and the post hoc Mann-Whitney U test
comparing infected animals with sham-inoculated age-matched
negative controls, and negative controls in the acute phase with
negative controls in the chronic phase of disease. Data are pre-
sented as relative units (alpha-syntrophin/GAPDH). The box rep-
resents the middle 50% of the data, the upper and lower ends
of the box represent the upper and lower quartiles, respectively,
and the horizontal line dividing the box represents the median.
The whiskers represent the distribution and edges of the 95% per-
centile. Statistical significance (P < .05) is depicted with a hor-
izontal square bracket. Negative: negative controls in the acute
phase; dpi: days post inoculation; mpi: months post inoculation;
Neg.6mpi: negative controls 6 months post inoculation.

Discussion

In this study we analyzed the temporal pattern of
AQP4, AQP1, KIR 4.1, alpha-syntrophin and GFAP
expression in the acute and chronic phases of experi-
mental HSVE. The SJL-mouse model of HSVE resem-
bles the pathological features (Hudson et al, 1991)
and the focal structural MRI abnormalities of the dis-
ease in humans (Lamadé et al, 1996). The analyses of
AQP4, AQP1, KIR 4.1, alpha-syntrophin and GFAP
expression were performed with real-time (SYBR-
Green) polymerase chain reaction (PCR), a highly
sensitive method that provides an accurate mRNA
quantification. This experimental model of HSVE af-
fects the brain focally (Hudson et al, 1991; Lamadé
et al, 1996). We consider that the observed phenom-
ena could be even more drastic in the affected areas
of the CNS, where viral replication takes place, such
as described during human immunodeficiency virus
(HIV) dementia (St Hilaire et al, 2005). Our results
may be subject to a dilution effect given the focal
nature of the experimental model, and because the
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Figure 6 GFAP expression in acute and long-term HSVE. Statis-
tics were performed with the nonparametrical Kruskal-Wallis anal-
ysis and the posthoc Mann-Whitney U test comparing infected an-
imals with sham-inoculated age-matched negative controls, and
negative controls in the acute phase with negative controls in
the chronic phase of disease. Data are presented as relative units
(GFAP/GAPDH). The box represents the middle 50% of the data,
the upper and lower ends of the box represent the upper and
lower quartiles, respectively, and the horizontal line dividing the
box represents the median. The whiskers represent the distri-
bution and edges of the 95% percentile. Asterisks and circles
represent extreme values. Statistical significance (P < .05) is de-
picted with a horizontal square bracket. Negative: negative con-
trols in the acute phase; dpi: days post inoculation; mpi: months
post inoculation; Neg.6mpi: negative controls 6 months post
inoculation.

observed regulation of gene expression was deter-
mined in whole brain tissue.

Aquaporins are a family of water channels that play
a key role for water homeostasis in the CNS (AQP4)
(Manley et al, 2000; Papadopoulos et al, 2002), and
for the regulation of cerebrospinal fluid (CSF) pro-
duction (AQP1) (Oshio et al, 2005). KIR 4.1 is a chan-
nel protein responsible for K+ siphoning and has
been observed to be coregulated with AQP4 in bac-
terial meningitis, cerebral contusions, and brain tu-
mors (Saadoun et al, 2003). KIR 4.1 appears to buffer
neurotoxic rises in extracellular K+.

Our data revealed a statistically significant 35%
down-regulation of AQP4 transcription in infected
animals 7 days after inoculation as compared to neg-
ative controls, and a statistically significant 5.5× up-
regulation of AQP4 mRNA levels in infected animals
as compared to negative controls 6 months after inoc-
ulation. AQP1 transcription was not modified during
the acute phase of HSVE. In contrast, we observed a
3.76× up-regulation of AQP1 transcription 6 months
after inoculation.

An up-regulation of AQP4 has been described to
correlate with an increase of edema formation in a
model of focal cerebral ischemia (Lu and Sun, 2003).
An enhanced AQP4 expression was observed after
complement activation in brains of mice with lu-
pus cerebritis (Alexander et al, 2003), during experi-
mental pneumococcal meningitis (Papadopoulos and
Verkman, 2005), and during other inflammatory pro-
cesses of the brain (Aoki-Yoshino et al, 2005). In con-
trast, AQP4 expression was globally reduced after
experimental traumatic brain injury (Kiening et al,
2002). Several studies suggest though that a redistri-
bution of AQP4 expression on the cell membrane of
astrocytes (Vajda et al, 2002; Warth et al, 2004) or un-
coupled water transport from K+ siphoning (Saadoun
et al, 2003) might have a larger significance for the
pathophysiology of brain edema than AQP4 regula-
tion by itself.

The down-regulation of AQP4 transcription dur-
ing the acute phase of experimental HSVE (at day
7 post inoculation) is similar to that observed after
experimental traumatic brain injury (Kiening et al,
2002). Because AQP4 knockout mice present signifi-
cantly reduced brain edema and better survival after
acute water intoxication and ischemic stroke (Man-
ley et al, 2000), the down-regulation of AQP4 expres-
sion in the early phase of traumatic brain injury was
interpreted to reflect an endogenous protective mech-
anism aimed at reducing further glial swelling (Kien-
ing et al, 2002). A similar mechanism could explain
the findings during the acute phase of experimental
HSVE. Nevertheless, the down-regulation of AQP4 at
day 7 post inoculation seems to have been insufficient
in order to modify the course of disease, because we
did not observe a correlation with the clinical evolu-
tion of infected animals.

Furthermore, if AQP4 down-regulation were con-
firmed to be reproducible, experimental AQP4 inhi-
bition could potentially be developed as a therapy for
brain edema in a variety of disorders (Manley et al,
2000).

On the other hand, the exorbitant up-regulation of
AQP4 in the chronic phase of HSVE seems to confirm
previous studies observing AQP4 to be up-regulated
in association with tissue damage in human glioblas-
toma (Warth et al, 2004) and other neoplastic dis-
eases (Saadoun et al, 2003). AQP4 expression is in-
creased in the mid frontal gyrus, an area of productive
viral replication, during HIV dementia (St Hillaire
et al, 2005). The fourfold range of AQP4 increased
expression during HIV dementia, as determined with
Western blot analysis, is similar to the observed 5.5-
fold up-regulation during chronic HSVE. This in-
creased AQP4 expression seems to be a response to
proinflammatory stimuli, such as tumor necrosis fac-
tor (TNF)-α, thrombin, or matrix metalloproteinase 9
(MMP9), and may be a protective or a maladaptive re-
sponse to inflammation (St Hillaire et al, 2005). This
hypothesis is also plausible for HSVE, because proin-
flammatory stimuli such as the increased presence



AQP4 regulation in HSVE
FJ Martinez Torres et al 43

of MMP9 have been described in the chronic phase
of disease (Martinez-Torres et al, 2004). Interestingly,
AQP4 mRNA expression was dramatically elevated
in chronically infected animals as compared to their
age-matched negative controls whereas GFAP lev-
els in infected animals remained unchanged in the
chronic phase of disease as compared to their age-
matched negative controls. This fact strongly suggests
that AQP4 up-regulation during chronic HSVE is a
phenomenon independent from astrogliosis.

Furthermore, our observations could eventually
have wider implications given that chronic progres-
sive structural damage with areas of abnormal signal
intensity in cranial MRI evolve despite appropri-
ate antiviral treatment and very low viral replica-
tion, or no detectable viral replication whatsoever.
These findings have been described in an experimen-
tal murine model of HSVE (Meyding-Lamadé et al,
1999b) as well as in patients who have survived
HSVE (Meyding-Lamadé et al, 1999a). The nature
of these chronic-progressive MRI changes has been
interpreted to be virus independent. Autoimmune
phenomena have been suggested to play a possible
role for the development of these structural changes
(Meyding-Lamadé et al, 2003). The exorbitant up-
regulation of AQP4 observed in our experiments dur-
ing the chronic phase of disease should be carefully
studied in further experimental work in order to clar-
ify if AQP4 could eventually play a role as a putative
autoantigen.

AQP1 might have an important role in brain edema
formation because AQP1 deletion leads to a reduc-
tion of osmotically induced water transport (Oshio
et al, 2005). Even though a specific overexpression
of AQP1 has been described in human brain tumors
(Markert et al, 2001), the pathophysiological signifi-
cance of this finding remains unknown. We observed
a significant up-regulation of AQP1 in the chronic
phase of HSVE. This finding requires further studies,
particularly correlation with histopathology.

KIR 4.1 is a channel protein responsible for K+ si-
phoning, and has often been found to be coregulated
with AQP4 in previous studies in normal and patho-
logical brain tissue (Saadoun et al, 2003). KIR.4.1
is thought to be associated with syntrophin protein
complexes, which could have an important func-
tion to traffic channels to special subcellular loca-
tions (Leonoudakis et al, 2004). An uncoupling of
the physiological coexpression of KIR 4.1 and AQP4
has been detected in inflammatory processes such as
bacterial meningitis, brain tumors, and brain contu-
sions (Saadoun et al, 2003). Our data did not show
alteration of KIR 4.1 expression during the acute or
chronic phase of HSVE, this fact appears to suggest
an additional role for the uncoupling of AQP4 and
KIR 4.1 expression in the pathophysiology of HSVE.

We observed that AQP4 expression is indepen-
dent from that of alpha-syntrophin during long-term
HSVE. Brain edema is attenuated in alpha-syntrophin
knockout mice when stressed by transient cerebral is-

chemia, which is indicative of reduced water influx
(Amiry-Moghaddam et al, 2003). Deletion of alpha-
syntrophin causes a special pool of AQP4 to be re-
duced in perivascular and subpial membranes while
other pools remain intact (Amiry-Moghaddam et al,
2004). On the other hand, there is interesting ev-
idence that AQP4 can be redistributed in human
glioblastoma due to the absence of agrin, which is
important for the polarized distribution of AQP4 in
astrocytes, and that AQP4 is closely associated to the
dystrophin-dystroglican complex (Warth et al, 2004).

GFAP expression was higher in aging as com-
pared to young negative-control animals. This re-
flects a larger proportion of GFAP mRNA in the ab-
solute RNA pool of the aging brain and confirms the
well-known phenomenon of astrogliosis during ag-
ing (Wu et al, 2005). AQP4 is mainly expressed in
astroglial cells, and GFAP basal expression was in-
terpreted in the experiments as an indicator of as-
trogliosis. AQP4 basal expression correlated to GFAP
expression in negative-control animals. These find-
ings strongly suggest that the elevation of AQP4 basal
expression in the 6-month-old negative controls as
compared to the young negative controls is correlated
with astrogliosis.

AQP1 transcription was not altered with aging,
which could reflect a constant mRNA pool from the
choroid plexus epithelium. Contrary to this, KIR 4.1
and alpha-syntrophin transcription was significantly
reduced in aging animals.

The current therapeutic options for the treatment
of brain edema are limited (Manley et al, 2000). RNA
interference (RNAi) of AQP4 has been proposed as
an experimental therapeutic intervention for inflam-
matory processes of the CNS (Nicchia et al, 2003).
Inhibition of AQP4 transcription could be a potential
target to reduce brain edema, but there are still many
questions surrounding the complex interactions of
the molecules involved in water balance of the brain.
The anchoring of AQP4 and alpha-syntrophin might
be another potential target for intervention in brain
edema (Amiry-Moghaddam et al, 2003).

Our data reveal the complex transcription pattern
of AQP4, AQP1, KIR 4.1, alpha-syntrophin and GFAP
during HSVE and suggest a role for AQP4 regulation
in the pathophysiology of acute and long-term HSVE.
Further studies should focus upon correlation with
morphology and on the study of AQP4 modulation
as a potential target for brain edema therapy during
HSVE.

Methods

Animal model of herpes simplex virus encephalitis
All experiments were performed following an in-
stitutionally approved protocol in accordance with
strict international regulations. Twenty-six female
SJL-NBOM mice were maintained under artificial di-
urnal lighting conditions (12 h each of light and
darkness) with free access to food and water. Mice



AQP4 regulation in HSVE
44 FJ Martinez Torres et al

were at least 12 weeks old with a competent im-
mune system, with an average weight of 24 g. Ani-
mals were briefly anesthetized and inoculated with
20 μl of intranasal virus suspension equivalent to 1
× 106 plaque-forming units, as previously described
(Hudson et al, 1991; Lamadé et al, 1996; Martinez-
Torres et al, 2004). Control animals were sham in-
oculated with sterile saline. The infectious agent
was the neurovirulent wild-type HSV-1 strain F. The
virus strain was propagated, passaged, and titrated as
previously described (Lamadé et al, 1996). This ex-
perimental model resembles the morphology of hu-
man HSVE (Hudson et al, 1991; Lamadé et al, 1996;
Martinez-Torres et al, 2004). Mice were clinically
scored (Hudson et al, 1991) according to their appear-
ance (normal or ruffled coat), posture (normal to per-
manently hunched), feeding habits, and neurological
signs (agitation, circling, and presence of seizures)
twice daily during the first 2 weeks after inoculation.

Infected animals were sacrificed at days 3 (n = 4), 7
(n = 5), 10 (n = 4), and 180 (n = 5) days post inocula-
tion, and sham-inoculated negative-control animals
at days 7 (n = 4) and 180 (n = 4) post inoculation. Af-
ter sacrifice, mouse brains were microsurgically re-
moved and snap frozen for further analysis.

DNA was isolated from 25 to 50 mg of murine
brain tissue, which was homogenized with 1 ml of
the organic solvent DNAzol (Gibco BRL, Eggenstein,
Germany). After centrifugation the supernatant was
decanted and the DNA pellet was washed, air dried,
and thereafter solubilized in sterile water as de-
scribed previously (Lamadé et al, 1996; Martinez-
Torres et al, 2004). The concentration of isolated DNA
was photometrically determined and samples stored
at −20◦C until further processing.

Nested polymerase chain reaction method
Nested polymerase chain reaction (PCR) was per-
formed with two sets of oligodeoxynucleotide
primers specific for the glycoprotein D gene of HSV-
1 as described previously (Meyding-Lamadé et al,
1999b; Martinez-Torres et al, 2004). The primers am-
plify a 137-bp fragment of HSV-1. The sequences of
the primers used for the first amplification reaction
(HX 1 and HX 2) and the internal primers used for
the second amplification reaction (HX 3 and HX 4)
are depicted in Table 1. PCR was performed in an
Omni Gene thermocycler (MWG Biotech, Ebersberg,
Germany).

Ten microliters of the amplified product were an-
alyzed by agarose gel electrophoresis (3% agarose,
containing 0.3 μg/μl ethidium bromide) and viewed
with ultraviolet light. Each reaction included a neg-
ative control.

Quantification of HSV-1 copies with a titration
PCR assay
Viral copies were quantified with a standardized pro-
cedure established in our laboratory as previously de-
scribed (Meyding-Lamadé et al, 1999b). Serial dilu-

Table 1 Oligonucleotide primer sequences for the analysis of viral
load with nested PCR

Primer Oligonucleotide sequence

HX 1 (FW) 5′-ATC ACG CTA GCC CGG CCG TGT GAC A-3′

HX 2 (BW) 5′-CAT ACC GGA ACG CAC CAC ACA A-3′

HX 3 (FW) 5′-CCA TAC CGA CCA CAC CGA CGA-3′

HX 4 (BW) 5′-GGT AGT TGG TCG TTC GCG CTG AA-3′

Note. HX 1 and HX 2 were the primers used for the first amplifica-
tion reaction, HX 3 and HX 4 are the internal primers used for the
second amplification reaction. FW: sense primer; BW: antisense
primer.

tions of aliquots of extracted DNA derived from brain
tissue were tested in subsequent sets of eight identical
amplification reactions. The aim was to obtain a max-
imum of two thirds of positive PCR reactions to make
sure that a positive signal is equivalent to a single
viral genome. As expected from a Poisson distribu-
tion, even in the presence of 50% positive reactions,
two viral genomes are present before amplification
in approximately one third of the total PCR assays
(Simmonds et al, 1990). Reaction sets with more than
five out of eight positive reactions were not taken
into consideration to exclude samples that contained
more than one single target molecule. Thus, the cal-
culated viral load copies should be rather higher than
indicated. The viral load was calculated as approx-
imate number of HSV-1 copies per aliquot of DNA
and adjusted to the number of copies per microgram
DNA. We referred viral load to microgram DNA in
order to take into account differences in individual
brain weight and DNA extraction rates.

Analysis of the mRNA expression of AQP4, AQP1,
KIR 4.1, alpha-syntrophin, and GFAP in brain tissue
Total RNA was isolated from brain tissue using
RNA Clean (AGS, Heidelberg, Germany) accord-
ing to the manufacturer’s specifications, and re-
verse transcriptase–PCR (RT–PCR) was thereafter per-
formed with random hexamers using a RNA Core Kit
(Applied Biosystems, Weiterstadt, Germany). AQP4,
AQP1, KIR 4.1, alpha-syntrophin, GFAP, and GAPDH
sequences were amplified with a SYBR Green real-
time quantitative PCR kit (Applied Biosystems, Weit-
erstadt, Germany) as follows: gene-specific, intron-
spanning primers (Table 2) were designed using
Primer Express software (Applied Biosystems). In
order to correct for differences in the amount and
quality of cDNA added to the reaction we used the
housekeeping gene GAPDH as an endogenous refer-
ence. PCR was performed in four parallel reactions
for each gene studied (AQP4, AQP1, KIR 4.1, alpha-
syntrophin, GFAP, and GAPDH), per animal studied,
using SYBR-Green reagents. Two hundred nanograms
of cDNA were utilized for each PCR reaction. Each
reaction mixture consisted of 1.25 U AmpliTaq Gold,
250 M deoxynucleotide triphosphates, 300 nM sense
and 300 nM antisense primers in a total reaction
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Table 2 Oligonucleotide primer sequences for the genes studied
with real-time PCR

Primer Oligonucleotide sequence

AQP4 FW 5′-GAA ACT GGG CAA ACC ACT GG-3′

AQP4 BW 5′-GCG ACG TTT GAG CTC CAC AT-3′

AQP1 FW 5′-ACA CCT GCT GGC GAT TGA CT-3′

AQP1 BW 5′-AGC CAA ATG ACC GGG CA-3′

KIR 4.1 FW 5′-CCG CGA TTT ATC AGA GCA GC-3′

KIR 4.1 BW 5′-TTA GCG ACC GAC GTC ATC TTG-3′

Alpha-syntrophin FW 5′-GAC AGT TGG TGG ATG GCT GTC-3′

Alpha-syntrophin BW 5′-TTC CAC GTG CAG GCT GTA GAC-3′

GFAP FW 5′-GGA ATT GCT GGA GGG CGA A-3′

GFAP BW 5′-TCC AGG CTG GTT TCT CGG A-3′

GAPDH FW 5′-CAT TGT GGA AGG GCT CAT GA-3′

GAPDH BW 5′-TCT TCT GGG TGG CAG TGA TG-3′

Note. FW: sense primer; BW: antisense primer.

volume of 30 μl. The temperature profile was pro-
grammed for the Gene Amp 5700 Sequence Detection
System thermal cycler (Applied Biosystems) and was
composed of two stages. Stage 1 corresponded to one
initial cycle at 50◦C for 2 min followed by 10 min at
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