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Virchow-Robin space and
aquaporin-4: new insights on
an old friend

Recent studies have strongly indicated that the classic cir-
culation model of cerebrospinal fluid (CSF) is no longer
valid. The production of CSF is not only dependent on
the choroid plexus but also on water flux in the peri-cap-
illary (Virchow Robin) space. Historically, CSF flow through
the Virchow Robin space is known as interstitial flow, the
physiological significance of which is now fully under-
stood. This article briefly reviews the modern concept of
CSF physiology and the Virchow-Robin space, in particular
its functionalities critical for central nervous system neu-
ral activities. Water influx into the Virchow Robin space
and, hence, interstitial flow is regulated by aquaporin-4
(AQP-4) localized in the endfeet of astrocytes, connecting
the intracellular cytosolic fluid space of astrocytes and the
Virchow Robin space. Interstitial flow has a functionality
equivalent to systemic lymphatics, on which clearance of
-amyloid is strongly dependent. Autoregulation of brain
blood flow serves to maintain a constant inner capillary
fluid pressure, allowing fluid pressure of the Virchow Rob-
in space to regulate regional cerebral blood flow (rCBF)
based on AQP-4 gating. Excess heat produced by neural
activities is effectively removed from the area of activation
by increased rCBF by closing AQP-4 channels. This neural
flow coupling (NFC) is likely mediated by heat generated
proton channels.
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Nakada: Virchow-Robin space and aquaporin-4

Recent studies have strongly indicated that the classic cir-
culation model of cerebrospinal fluid (CSF) is no longer val-
id (1). The production of CSF is not only dependent on the
choroid plexus but also on water flux in the peri-capillary
(Virchow Robin) space (2,3). Historically, CSF flow through
the Virchow Robin space is known as “interstitial flow”and
considered to play a role equivalent to systemic lymphat-
ics. This rather old concept is now fully revived and sup-
ported by many studies. One of the most intriguing find-
ings is that clearance of 3-amyloid is highly dependent on
this flow (4-10).

Several investigations using modern sophisticated tech-
nologies revealed that water influx into the Virchow Robin
space is controlled by aquaporin-4 (AQP-4), the main sub-
set of the aquaporin water channel family in the brain (11-
13). Such activities are shown to be strongly coupled with
important physiological phenomena observed in the brain
such as neural-flow coupling and sleep (14,15). As a gen-
eral rule of nature and biological systems, maintenance of
Virchow Robin space water hemostasis is critical for appar-
ently distinct, but functionally related biological processes
in the brain. This article briefly reviews the modern con-
cept of CSF physiology and the Virchow-Robin space, in

Virchow Robin Space
(artery, arteriole, capillary)

? Medullary and sub-ependymal vein

Subarachnoid Space

FIGURE 1. Schematic presentation of the Virchow Robin space
and interstitial flow. The ventricles and subarachnoid space
represent the cerebrospinal fluid (CSF) space in the brain.

The Virchow Robin space is a continuous canal surrounding
penetrating vessels. Interstitial flow runs within the Virchow
Robin space and drains into the subarachnoid space. Contrary
to the classical concept of CSF flow, water CSF within the
subarachnoid space is now believed to be dependent on the
interstitial flow in the Virchow Robin space. Although not well
accepted yet, the Virchow Robin space likely exists surround-
ing the medullary veins and sub-ependymal veins. As shown
in Figure 2, water influx from the systemic circulation into CSF
is strongly dependent on the interstitial flow in the Virchow
Robin space through aquaporin-4 (AQP-4). Schematic is shown
in Figure 4.
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particular its functionalities critical for central nervous sys-
tem neural activities.

VIRCHOW ROBIN SPACE AND AQP-4

Fluid-filled canals surrounding perforating arteries and
veins in the parenchyma of the brain were recognized in
the early time of modern medicine and referred to as Vir-
chow Robin space based on the first two scientists who
described the structure in detail, namely, Rudolph Vir-
chow and Charles Philippe Robin (2,3). It was soon iden-
tified that the fluid in the Virchow Robin space may play
a role similar to systemic lymphatics (5-7). However, be-
cause there is no conventional lymphatic system in the
brain the precise nature of the physiological significance
of the Virchow Robin space remained to be elucidated. It
was initially thought that the fluid in the Virchow Robin
space communicates freely with CSF. However, electron
microscopic studies subsequently disclosed that the ar-
chitecture of peri-vascular space is more complex. It is
now generally believed (8-10) that peri-capillary space,
referred to here as Virchow Robin space, is a continuous
space of the CSF system (Figure 1).

The aquaporin family is a large collection of integral mem-
brane proteins that enable the movement of water across
biological membranes. Three isoforms, namely AQP-T,
AQP-4, and AQP-9, have been identified in mammals in
vivo. Expression of AQP-1 within CNS capillaries is actively
suppressed, and AQP-1 in the brain is uniquely found in
the choroid plexus epithelium. AQP-9 is only scarcely ex-
pressed in the CNS and considered to have no significant
role (15,16). In contrast, AQP-4 is expressed abundantly
in the brain and has a specific distribution: subpial and
perivascular endfeet of astrocytes (12,13,15,16). It is now
clear that water influx into the Virchow Robin space and,
hence, CSF production is highly dependent on AQP-4.
Active suppression of AQP-1 expression within brain cap-
illaries is essential for proper maintenance of the blood
brain barrier (BBB), preventing excessive movement of
water across capillary walls (17,18), a function similar to
tight junctions. AQP-4 on perivascular endfeet of astro-
cytes further regulates water homeostasis in the Virchow
Robin space.

B-AMYLOID CLEARANCE AND ALZHEIMER DISEASE
Water influx into the CSF system from the blood stream

has been shown to be regulated by AQP-4, not AQP-1,
findings highly compatible with the Oreskovic and
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Klarica hypothesis of CSF homeostasis (Figure 2) (13). Thus,
brain interstitial flow, the system which is equivalent to sys-
temic lymphatics, also turns out to be regulated by AQP-4.

The basic function of lymphatic is drainage of cellular de-
bris subjected to molecular scrutiny before returning to ve-
nous circulation. Water influx into the CSF system through
the Virchow Robin space is likely to play an essential role in
clearing toxic proteins from the brain parenchyma. One of
the most intriguing examples is 3-amyloid. Interstitial flow
is shown to be responsible for 3-amyloid clearance (8,9,14).
Senile plaque bearing transgenic mice showed significant
decline in water influx into the CSF system to the extent
similar to AQP-4 knockout mice (19). In contrast, transgenic
mice with enhanced production of B-amyloid, but with-

AQP4 KO AQP1KO WT

BEWT
100 TAQPI(-/-)
01 AQP4(-/-)

1
95 1 s
L
90
80 ‘
BG CSF
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FIGURE 2. In vivo dynamic study of water influx (13). Detailed
description of H,0" JJ vicinal coupling proton exchange
(JJVCPE) imaging can be found in the Methods. In brief, the
technique allowed for tracing water molecules in vivo non-
invasively. The figure gives a summary of quantitative analysis
of water influx into the region of interest (ROI). | | (see Figure 6
for definition) represents dynamic signal intensity, the decline
of which inversely correlates with H,O" influx into the region,
namely, higher water influx gives lower | value. Values of | in
cortex and basal ganglia (BG) are virtually identical among the
three groups. In contrast, |, of cerebrospinal fluid (CSF) within
the third ventricle is significantly higher in AQP-4 knock out
(KO) mice compared to AQP-1 KO and wild type (WT) mice. ||
of CSF within the third ventricle in AQP-1 KO mice is virtually
identical to WT mice. The data indicate that water influx into
the CSF is regulated by AQP-4, and not by AQP-1. *P<0.01 vs
WT, 5P<0.01 vs AQP1(—/-). WT: wild type, AQP1(—/-): AQP1
knockout, AQP4(—/-): AQP4 knockout mice. Note: WT and KO
mice are phenotypically indistinguishable.
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out senile plaque formation, showed normal influx into the
CSF through the Virchow Robin space (Figure 3).

B-amyloid is shown to be essential for synaptic formation
(20). Nonetheless, excess 3-amyloid can result in aggrega-
tion of the protein and, in turn, senile plaque formation.
Drainage of 3-amyloid by interstitial flow through the Vir-
chow Robin space into CSF is likely to be critical for main-
taining proper homeostasis of B-amyloid production and
clearance. In this matter, the ventricular system plays a role
similar to lymph nodes of the systemic lymphatic system
for neutralizing potential 3-amyloid toxicity. Indeed, preal-
bumin (also known as transthyretin), the protein abundant-
ly present in CSF, is a chaperon for -amyloid, and prevents
-amyloid’s natural tendency of accumulating into plaques.
The delicate balance between {3-amyloid production and
its clearance appears to be a critical factor for maintaining
proper neural function. Disruption in its homeostasis may
play an important role in the development of Alzheimer dis-
ease.Indeed, positron emission tomography (PET) studies in
patients have unequivocally shown this to be the case (19).

HEAT PRODUCTION AND NEURAL FLOW COUPLING
Increased regional cerebral blood flow (rCBF) associated

with brain activation is a well-recognized phenomenon
known as neural flow coupling (NFC). Since this is a micro,
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FIGURE 3. Water influx study in transgenic mice. H,0'7 JJ
vicinal coupling proton exchange (JJVCPE) imaging dynamic
study showed that only senile plaque bearing transgenic

mice (5xFamilial Alzheimer Disease [FAD]) showed a decline in
water influx into the cerebrospinal fluid (CSF) system similar to
aquaporin-4 (AQP-4) knockout mice. B-amyloid overproducing
transgenic mice without senile plaque formation (C2a-5FAD)
showed a virtually identical influx with control mice (C57/BL6).
The study indicates that disturbance in B-amyloid clearance
through the interstitial flow play a critical, if not sole, role in
the pathogenesis of Alzheimer disease.
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rather than macro environmental event occurring within an
area limited to 250 um around the site of neural activity, the
regulatory mechanism for NFC should be within the capil-
laries (21), vessels devoid of muscle and its neural control.
Therefore, it follows that increased blood flow is based on
mechanical processes. Since perfusion pressure of the brain
is specifically controlled by autoregulation (22), an increase
in rCBF should be accomplished by reducing the pressure
around capillaries, namely, the pressure within the Virchow
Robin space. NFC is accompanied by other phenomena
within adjacent astrocytes, namely, astrocyte swelling and
transient intracellular alkalization. AQP-4 has been shown to
be responsible for astrocyte swelling and dynamic changes
in water volume of the peri-capillary space associated with
neural activities (12,13). Accordingly, a hypothesis for the
underlying mechanism of NFC based on AQP-4 functional-
ity was proposed (Figure 4). Recent studies unambiguously
support this new hypothesis. Blocking AQP-4 by an inhibi-
tor effectively increases rCBF (15).

It was once believed that neural-flow coupling serves to
ensure adequate neuronal “nutrient supply. This intuitively

Astrocyte

Resting Activated

FIGURE 4. Schematic presentation of the hypothesis. Neural
activity is known to produce two distinctive phenomena,
namely, astrocyte swelling and increased regional cerebral
blood flow (rCBF). Since an increase in rCBF associated with
neural activities occurs within an area limited to 250 pm
around the site of the neural activity, it is very likely to be

a phenomenon associated with capillaries. Inhibition of
aquaporin-4 (AQP-4) effectively increased rCBF, supporting
the hypothesis presented here. Inhibition of AQP-4 results in
blockage of water flow from astrocyte into the Virchow Robin
space (Peri-cap space). This in turn results in astrocyte swelling
and capillary expansion due to reduction of the peri-capillary
Virchow Robin space. The process associated with brain activa-
tion can be explained in the same manner. The trigger is likely
to be excess heat produced by neural activities, which in turn
open heat gated proton channels (PC) similar to those found
in leukocyte.
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appealing notion fails to account for the large quantitative
discrepancy between demand and supply. The amount of
essential nutrients delivered by the increased rCBF, such
as oxygen and glucose, exceeds actual consumption by
more than six times. Such a large discrepancy is virtually
unknown in any other biological system, indicating that
a factor other than nutrient supply requires the observed
disproportionate increase in rCBF (23).

Information processing by brain generates considerable
heat. Water flow is known to play a significant role in heat
removal. It is, therefore, highly conceivable that the appar-
ent surfeit in rCBF increase may actually serve as a quick
removal system of excess heat generated by neural activi-
ties. Simulation studies correlating neural heat generation
and rCBF heat removal capacity demonstrated that an rCBF
increase of approximately 19 mL/100 g/min, as observed
with brain activation, virtually removed 100% of the excess
produced heat (Figure 5). The results unequivocally support
that excess heat removal is likely the main role of increased
rCBF associated with brain activation (24). Neural activities
are associated with a transient intracellular alkaline shift and
astrocyte swelling (12,25). These events strongly imply that
blocking AQP-4 may be initiated by opening a heat gated
proton channel as has been shown in leukocytes (26).

CONCLUSION

The Virchow Robin space is a peri-capillary fluid filled space
responsible for interstitial flow in the brain. Water influx into
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FIGURE 5. Schematic presentation of temperature changes-as-
sociated activation. A detailed description of simulation study
can be found in the Methods. The figure shows temperature
changes of the activated area (Figure 7) with continuous neu-
ral activities in seconds and associated percentage of cerebral
blood flow (CBF) increase. Note that with 34.5% increase in
CBF, virtually 100% of excess heat can be removed from the
cortex.
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the Virchow Robin space and, hence, interstitial flow is reg-
ulated by aquaporin-4 (AQP-4) localized in the endfeet of
astrocytes, connecting the intracellular cytosolic fluid space
of astrocytes and the Virchow Robin space. Interstitial flow
has a functionality equivalent to systemic lymphatics, and
on which clearance of 3-amyloid is strongly dependent.

Autoregulation of brain blood flow serves to maintain a
constant inner capillary fluid pressure, allowing fluid pres-
sure of the Virchow Robin space to regulate regional cere-
bral blood flow (rCBF) based on AQP-4 gating. Excess heat
produced by neural activities is effectively removed from
the area of activation by increased rCBF by closing AQP-4
channels. This neural flow coupling (NFC) is likely mediated
by heat generated proton channels.

METHODS

H,0" JJ vicinal coupling proton exchange (JJVCPE)
imaging

Concept. 'O and an adjacent proton will exhibit JJ vicinal
coupling. In water, the protons of the water molecule and
ionized proton of the dissolved molecule can exchange be-
tween each other. Accordingly, appropriately designed '"O
labeled molecules can alter the apparent T2 of water mol-
ecules under nuclear magnetic resonance (NMR) experi-
ments. Using T2 weighted imaging, this property can be
developed into imaging that is capable of quantifying the
contents of the target molecules, akin to radioactive tracer
imaging such as positron emission tomography (PET). This
imaging technique is referred here to as JJ vicinal coupling
proton exchange (JJIVCPE) imaging (27,28).

Signal intensity change, &S, of the voxel with 7O labeled
substrate can be given by:

8S=S$ (1 {TE 1,35 2})
Tt Tee [TZ 12‘”]]

(equation 1) where S is original signal intensity, TE, echo
time, p, relative concentration of '’O labeled substrate, and
T, proton exchange rate. Although it is difficult to obtain
the absolute concentration of the 7O labeled target mol-
ecule with this imaging method, it is still possible to obtain
dynamic data for a target molecule in space and time.

Animal preparation. Mice breathing spontaneously and
anesthetized with an intra-peritoneal administration of
urethane (1.2 g/kg), were positioned on their backs
in a custom made Plexiglas stereotaxic holder. The
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mouse head was fixed in position by ear and tooth bars.
Rectal temperature was maintained at 37sC + 0.5 using a
custom designed temperature control system. Oxygen sat-
uration (SpO2) was monitored throughout the MR study
using a pulse oxymeter, Mouse Ox (STARR Life Sciences Co,
Oakmont, PA, USA) with probe placement on the left thigh.
Data from animals showing SpO2 of less than 93% at any
point in the experiment were discarded. (One KO mouse
and one KO mouse). 0.2 mL normal saline containing 20%
of H,7O was administered as an intravenous bolus injec-
tion at the 75th phase (10 minutes after the first scan) us-
ing an automatic injector at 0.04 mL/s through PE10 tub-
ing inserted into the right femoral vein.

Imaging parameters. MRI experiments were performed
on a 15-cm bore 7 T horizontal magnet (Magnex Scien-
tific, Abingdon, UK) with a Varian Unity-INOVA-300 system
(Varian Inc, Palo Alto, CA, USA) equipped with an actively
shielded gradient. A custom made one turn surface coll,
20 mm outer diameter, was used for RF transmission. Adia-
batic double spin echo prepared using rapid acquisition
with refocused echoes (RARE) was utilized with the follow-
ing parameter settings: single slice (2 mm thick), 128 x 128
matrix image of 20 x 20 mm field of view, TR 2000 ms, Echo
Train 32, TE for first echo 8.8ms, Echo Spacing 5 ms, effec-
tive TE 84.8 ms. Imaging slabs were set 6 mm caudal from
the top of the cerebrum. A total of 525 phases (scan time
70 minutes) were obtained at 8 seconds intervals.

Data analysis. Images were analyzed by image processing
software (MR vision, MRVision Co. Winchester, MA, USA).
Averaged percentage of intensities, which reflect relative
influx of H,7O in three areas, namely the cortex, basal gan-
glia, and third ventricle was plotted against time. Intensi-
ties at the steady state of each area, expressed as percent
against the averaged intensity of identical pixel prior to ad-
ministration of H 7O, were determined by fitting their time
course by the function (Figure 6) (equation 2):

Iy +ae™
Subsequently, numerical data were subjected to t test for
group analysis. P<0.05 was regarded as statistically signifi-

cant. All data are shown as mean +standard deviation.

Measurement of baseline absolute regional cerebral
blood flow by MRI

Baseline absolute regional cerebral blood flow (rCBF) was
measured by magnetic resonance imaging (MRI) on a 15-
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cm bore, 7 T horizontal magnet (Magnex Scientific) using a
Varian Unity-INOVA-300 system (Varian Inc.) equipped with
an actively shielded gradient. A custom designed eight ele-
ment, 40mm bird-cage coil was used for RF transmission.

Spontaneously breathing mice were anesthetized using
urethane (1.2 g/kg, intraperitoneally). The following anes-
thesia protocol was used to avoid respiratory depression.
Urethane, 600 mg/kg, was administered intraperitoneal-
ly at t=0; two-additional doses of urethane, 300 mg/kg,
were subsequently administered 10 and 20 minutes after
the first dose. Mice were placed on their back in a cus-
tom designed Plexiglas stereotactic holder, and the head
was immobilized by ear and tooth bars. Rectal tempera-
ture was maintained at 37+0.5 sC using a temperature
control system. Oxygen saturation (SpO2) was monitored
throughout the study procedure using a pulse oxymeter,
Mouse Ox (STARR Life Sciences Co), with probe placement
on the left thigh.

Cerebral perfusion images were measured using con-
tinuous arterial spin labeling (CASL) with centric ordered
snapshot-FLASH. Adiabatic inversion for inflowing arterial
protons was accomplished with axial gradient of 428.5 Hz/
mm and continuous RF transmission of approximately 600
Hz at a frequency offset of £4285 Hz alternatingly from the
imaging slab and mirror plane. This protocol placed the in-
version plane at +10mm from the imaging plane. After a
2-second inversion period, a 500 milliseconds delay was
set in order to eliminate the effect of regional transit time
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FIGURE 6. Intensities at the steady state of each area, ex-
pressed as percentage against the averaged intensity of iden-
tical pixel prior to administration of H,0", were determined by
fitting their time course by the function: 1=I +ae®™". 1 denotes
the normalized signal intensity at infinite time (t=o0) calcu-
lated from the fitted curve (13).
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delay. Imaging parameters of the pulse sequence were
as follows: repetition time/echo time (TR/TE) 4/2 millisec-
onds; repetition time 5 seconds; field of view 20x20 mm;
slice thickness 2 mm; matrix size 128 x 64. Sixty-four image
pairs were summed to improve signal to noise ratio.

Magnetization transfer was measured with the identical
conditions as for the cerebral perfusion measurement but
without axial gradient for adiabatic inversion. T1 measure-
ment was accomplished using centric ordered snapshot-
FLASH with hyperbolic secant inversion pulse, 64 point
inversion delay (100 to 6400 milliseconds) and 10-second
repetition time.

Quantitative rCBF maps were calculated from cerebral per-
fusion images, T1 maps and magnetization transfer (MTR)
maps according to the method described by Ewing et al.
rCBF maps were computed using an image preparing soft-
ware (MR Vision, MR Vision Co, Menlo Park, CA, USA) on a
Linux workstation (Dell, Round Rock, TX, USA). Region of
interest (ROI) approximately 3 x4 mm was set to the corti-
cal surface.

AQP knockout mouse preparation. AQP-1 deficient mice
were produced by homologous recombination using an
ES cell line from the C57BL/6 strain as follows. We first iso-
lated a genomic fragment carrying exons 0-4 of the AQP-1
gene from C57BL/6 mouse genomic DNA. The 34-bp loxP
sequence with 26-bp linker sequence was inserted into the
site 210 bp upstream of exon 2. A 1.8 kb DNA fragment,
which carried the 34 bp loxP sequence and Pgk-1 promoter-
driven neomycin phosphotransferase gene (neo) flanked by
two Flp recognition target (frt) sites was then inserted into
the site 190 bp downstream of exon 3. The targeting vec-
tor ptvAQP-1 or 4-flox contained exon 2-3 of the AQP-1 or 4
gene flanked by loxP sequences 7.7 kb upstream and 2.0 kb
downstream genomic sequences, and 4.3 kb pMCT1DTpA.
ES cells were cultured on mitomycin C-treated neomycin-
resistant fibroblasts in Dulbecco’s modified Eagle’'s medium
(DMEM, high glucose; Invitrogen, Carlsbad, CA, USA) sup-
plemented with 17.7% ES-cell qualified fetal calf serum (In-
vitrogen), 884 UM non-essential amino acids (Invitrogen),
884 uM sodium pyruvate (Sigma, St. Louis, MO, USA), 884
uM 2-mercaptoethanol (Sigma), and 884 U/mL murine leu-
kemia inhibitory factor, ESGRO (Chemicon International, Te-
mecula, CA, USA). Linearized ptvAQP-1-flox was electropo-
rated into ES cells, and G-418 (175 ug/mL)-resistant clones
were picked up. Recombinant clones were identified by
Southern blot hybridization analysis. Recombinant ES
cells were injected into eight-cell stage embryos
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of the CD-1 mouse strain. The embryos were cultured to
blastocysts and transferred to the uterus of pseudopreg-
nant CD-1 mice. The resulting chimeric mice were mated to
C57BL/6 mice, and offspring (AQP-1 or 4+/flox) were further
crossed with TLCN-Cre mice to yield heterozygous (AQP-1
or 4 +/—) mice. Homozygous AQP-1 or 4-KO mice were ob-
tained by crossing heterozygous pairs.

AQP4-deficient mice were produced by homologous re-
combination using an ES cell line from the C57BL/6 strain.
We first isolated a genomic fragment carrying exons 0-4 of
the AQP4 gene from C57BL/6 mouse genomic DNA. A 1.8
kb DNA fragment, which carried the 34 bp loxP sequence
and Pgk-1 promoter-driven neomycin phosphotransferase
gene (neo) flanked by two Flp recognition target (frt) sites
(12,13) was then inserted into the site 100 bp upstream
of exon 2. The 34-bp loxP sequence with 26-bp linker se-
quence was inserted into the site 185 bp downstream of
exon 3. The targeting vector ptvAQP4-flox contained exon
2-3 of the AQP4 gene flanked by loxP sequences 4.5 kb up-
stream and 6.0 kb downstream genomic sequences, and
4.3 kb pMC1DTpA. ES cells were cultured on mitomycin C-
treated neomycin-resistant fibroblasts in DMEM (high glu-
cose) (Invitrogen) supplemented with 17.7% ES-cell quali-
fied fetal calf serum (Invitrogen), 884 uM non-essential
amino acids (Invitrogen), 884 uM sodium pyruvate (Sigma),
88.4 UM 2-mercaptoethanol (Sigma), and 884 UmL murine
leukemia inhibitory factor, ESGRO (Chemicon International).
Linearized ptvAQP4-flox was electroporated into ES cells,
and G-418 (175 pgMl)-resistant clones were picked up. Re-
combinant clones were identified by Southern blot hybrid-
ization analysis. Recombinant ES cells were injected into
eight-cell stage embryos of CD-1 mouse strain. The embry-
os were cultured to blastocysts and transferred to the uter-
us of pseudopregnant CD-1 mice. The resulting chimeric
mice were mated to C57BL6 mice, and offspring (AQP4+/
flox) were further crossed with TLCN-Cre mice (12,13) to
yield heterozygous (AQP4 +~) mice. Homozygous AQP4-KO
mice were obtained by crossing heterozygous pairs.

Transgenic mouse preparation

Senile plaque harvested transgenic mouse. Male B6SJL-Tg
(APPSwFILon, PSENT*M146L*L286V) 6799Vas/Mmjax mice
(5xFAD mouse, one to two months of age) were obtained
from Jackson Laboratory (Bar Harbor, ME, USA), and raised
in our laboratory until 18 months of age. These transgenic
mice overexpress both mutant human APP (695) with the
Swedish (K670N, M671L), Florida (I716V), and London
(V7171) Familial Alzheimer Disease (FAD) mutations
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and human PS1 harboring two FAD mutations, M146L and
L286V. Expression of both transgenes is regulated by neu-
ral-specific elements of the mouse Thy1 promoter to drive
overexpression in the brain. Animals were housed in stan-
dard housing conditions with a 12-hour light/dark cycle
and provided water and food ad libitum.

Senile plague negative amyloid-8 overexpressed trans-
genic mouse. C57BL/6NCrl-NEP™?™n2 (C23-5FAD) mice
were produced by homologous recombination using the
ES cell line RENKA. A genomic fragment of the NEP gene
(Nep) was isolated from a C57BI/6 mouse genomic BAC
clone (BACPAC Resources Center, Oakland, CA, USA) using
the BAC subcloning kit (Gene Bridges GmbH, Heidelberg,
Germany). We placed the cDNAs encoding mutant hu-
man APP (695) with the Swedish (K670N, M671L), Florida
(I716V), and London (V7171) FAD mutations (770 residue
isoform numbering) and human PS1 harboring two FAD
mutations, M146L and L286V into a single targeting vec-
tor. To this end, we used the foot-and-mouth disease virus
2A self-cleaving peptide, which enables efficient polycis-
tronic expression. The 2A sequence (5-aaa att gtc gct cct
gtc aaa caa act cttaac ttt gat tta ctc aaa ctg gct ggg gat gta
gaa agc aat cca ggt cca-3') was inserted between the APP
cDNA and PSI cDNA in frame, the APP cDNA amplified by
polymerase chain reaction (PCR) to replace the translation
termination codon with 2A. A 34-bp loxP sequence, a 1.2
kb fragment of genomic DNA containing mouse Camklla
promoter, a 2.2 kb APP cDNA with 2A, a 1.6 kb PST cDNA,
and a 0.2 kb SV40pA sequence was amplified by PCR and
subcloned into Neo vector containing a loxP-FRT-PGK-gb2-
neo-FRT cassette (Gene Bridges GmbH). The 5"arm of 4.2
kb, carrying exons 10-11 of the NEP gene, and the 3'arm of
7.7 kb, carrying exons 13-15 of the NEP gene, was amplified
by PCR. The loxP- Camklla promoter-APP-2A-PS1-SV40pA-
Neo cassette of 6.8 kb was amplified by PCR. To obtain the
targeting vector, these three DNA fragments were direc-
tionally subcloned into pMC1DTpA, using the In-Fusion
Advantage cloning kit (Clontech, Mountain View, CA, USA).
Homologous recombination in the ES cells and chimeric
mice production were carried out as described previously.
Resulting chimeric mice were crossed with C57BL/6 mice
to establish the C2a-5FAD mice. Homozygous C2a-5FAD
mice were obtained by crossing heterozygous pairs.

Simulation
A multi-CPU system with cache coherent non-uniform

memory access (NUMA) architecture (Altix 3000; SGI, Mil-
pitas, CA, USA) having 256 processor cores (Intel [tanium
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2, 1.5 GHz) and 512 GB globally-shared memory was uti-
lized. The bandwidth of the NUMA interconnection was
6.4 GB/s. The system was equipped with SUSE Linux Enter-
prise Server 10, an optimized message passing toolkit (SGI
MPT), Intel compilers (C and FORTRAN), and Math Kernel
Library (MKL).

Simulation architecture is shown in Figure 7. The govern-
ing equations were the Pennes Bio-Heat Transfer Equations
as follows:

T(x,1)
ot

V- (kVT(%,1))

V(X1 “Chlood | —T(x
+W (Tartery T( ’t))
q(%,1)

o))

(equation 3) where T, is tissue temperature; k, tissue ther-
mal conductivity; p, mass density; and ¢, heat capacity.
Each term represents heat conduction, heat transfer to
blood flow, and metabolic heat generation, respectively.

Mass flow rate of blood, Vf, in kg/m?/s is given with the fol-
lowing equation:

Vi (%,2)=(1/60)x107° x p,, .. x p x CBF(X, )

(equation 4) where CBF was given in mL/100 g/min.

Parameters were set based on known human PET data
for the resting state with CBF: 55 mg/100 g/min; CMRg-
lu: 6.1 mg/100 g/min (83% aerobic +17% anaerobic=75
cal/100g/min); CMRO,: 3.8 mL/100 g/min. The ratios of
increase associated with full activation is known to be
CBF:CMRglu:CMRO2=4.1:4.1:1. Accordingly, the percent
increase for each parameter is: CBF:34.5%; CMRglu:34.5%
(8.41% aerobic +26.09% anaerobic =9.86% aerobic equiva-
lent), and CMRO,:8.41%.

Funding The work was supported by grants from the Ministry of Education,
Culture, Sports, Science, and Technology (Japan) and University of Niigata.

Ethical approval All the studies performed by the author’s laboratory in this
review were carried out in accordance with the animal research guidelines
of the Internal Review Board of University of Niigata.

Declaration of authorship TN made substantial contributions to the con-
ception and design of the work, drafted the work, revised it critically for
important intellectual content, and gave the final approval of the version
to be published.

CM)

duridce

Activated region

L,=5mm

L, =10 mm
k: 049 [W-ml-K1]
p: 1,030 [kg/m?)
¢ 3,700 [J kgt K1

FIGURE 7. Simulation architecture.

Competing interests All authors have completed the Unified Competing
Interest form at www.icmje.org/coi_disclosure.pdf (available on request
from the corresponding author) and declare: no support from any organi-
zation for the submitted work; no financial relationships with any organiza-
tions that might have an interest in the submitted work in the previous 3
years; no other relationships or activities that could appear to have influ-
enced the submitted work.

References

1 Oreskovic D, Klarica M. The formation of cerebrospinal fluid:
Nearly a hundred years of interpretations and misinterpretations.
Brain Res Rev. 2010;64:241-62. Medline:20435061 doi:10.1016/j.
brainresrev.2010.04.006

2 Virchow R. Ueber die Erweiterung kleinerer Gefaesse. Arch Pathol
Anat Physiol Klin Med. 1851;3:427-62.

3 Robin C. Recherches sur quelques particularites de la structure des
capillaires de I'encephale. J Physiol Homme Animaux. 1859;2:537-
48.

4 Esiri MM, Gay D. Immunological and neuropathological
significance of the Virchow-Robin space. J Neurol Sci. 1990;100:3-8.
Medline:2089138 doi:10.1016/0022-510X(90)90004-7

5  Weller RO. Pathology of cerebrospinal fluid and interstitial fluid
of the CNS: significance for Alzheimer disease, prion disorders
and multiple sclerosis. J Neuropathol Exp Neurol. 1998;57:885-94.
Medline:9786239

6  Johnston M, Papaiconomou C. Cerebrospinal fluid transport:

a lymphatic perspective. News Physiol Sci. 2002;17:227-30.
Medline:12433975

7 Abbott NJ. Evidence for bulk flow of brain interstitial fluid:
significance for physiology and pathology. Neurochem
Int. 2004;45:545-52. Medline: 15186921 doi:10.1016/j.
neuint.2003.11.006

8  Weller RO, Djuanda E, Yow HY, Carare RO. Lymphatic drainage of
the brain and the pathophysiology of neurological disease. Acta
Neuropathol. 2009;117:1-14. Medline:19002474 doi:10.1007/

www.cmj.hr


www.icmje.org/coi_disclosure.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20435061&dopt=Abstract
http://dx.doi.org/10.1016/j.brainresrev.2010.04.006
http://dx.doi.org/10.1016/j.brainresrev.2010.04.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2089138&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2089138&dopt=Abstract
http://dx.doi.org/10.1016/0022-510X(90)90004-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9786239&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9786239&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12433975&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12433975&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15186921&dopt=Abstract
http://dx.doi.org/10.1016/j.neuint.2003.11.006
http://dx.doi.org/10.1016/j.neuint.2003.11.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19002474&dopt=Abstract
http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0

336 CEREBROSPINAL FLUID PHYSIOLOGY AND MOVEMENT

10

1Al

12

13

14

15

16

17

s00401-008-0457-0

lliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al.

A paravascular pathway facilitates CSF flow through the brain
parenchyma and the clearance of interstitial solutes, including
amyloid f. Sci Transl Med. 2012;4:147ra111. Medline:22896675
doi:10.1126/scitransimed.3003748

Weller RO, Kida S, Zhang ET. Pathways of fluid drainage from the
brain — morphological aspects and immunological significance
in rat and man. Brain Pathol. 1992;2:277-84. Medline:1341963
doi:10.1111/j.1750-3639.1992.tb00704.x

Haj-Yasein NN, Jensen V, Rstby |, Omholt SW, Voipio J, Kaila K, et
al. Aquaporin-4 regulates extracellular space volume dynamics
during high-frequency synaptic stimulation: A gene deletion study
in mouse hippocampus. Glia. 2012;60:867-74. Medline:22419561
doi:10.1002/glia.22319

Kitaura H, Tsujita M, Huber VJ, Kakita A, Shibuki K, Sakimura K, et
al. Activity-dependent glial swelling is impaired in aquaporin-4
knockout mice. Neurosci Res. 2009;64:208-12. Medline: 19428702
doi:10.1016/j.neures.2009.03.002

Igarashi H, Tsujita M, Kwee IL, Nakada T. Water Influx into
Cerebrospinal Fluid (CSF) is Primarily Controlled by Aquaporin-4,
not by Aquaporin-1: 0-17 JJVCPE MRI Study in Knockout Mice.
Neuroreport. 2014;25:39-43. Medline:24231830

Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep
drives metabolite clearance from the adult brain. Science.
2013;342:373-7. Medline:24136970 doi:10.1126/science.1241224
Huber VJ, Tsujita M, Nakada T. Aquaporins in drug discovery

and pharmacotherapy. Mol Aspects Med. 2012;33:691-703.
Medline:22293138 doi:10.1016/j.mam.2012.01.002

Igarashi H, Tsujita M, Huber VJ, Kwee IL, Nakada T. Inhibition of
Aquaporin-4 significantly increases regional cerebral blood flow.
Neuroreport. 2013;24:324-8. Medline:23462267 doi:10.1097/
WNR.0b013e32835fc827

Dolman D, Drndarski S, Abbott NJ, Rattray M. Induction of
aquaporin 1 but not aquaporin 4 messenger RNA in rat primary
brain microvessel endothelial cells in culture. J Neurochem.
2005;93:825-33. Medline:15857386 doi:10.1111/j.1471-
4159.2005.03111.x

www.cmj.hr

20

21

22

23

24

25

26

27

28

Croat Med J. 2014;55:328-36

Nielsen S, Smith BL, Christensen El, Agre P. Distribution of

the aquaporin CHIP in secretory and resorptive epithelia and
capillary endothelia. Proc Natl Acad Sci U S A. 1993;90:7275-9.
Medline:8346245 doi:10.1073/pnas.90.15.7275

Nakada T, Igarashi H, Suzuki Y, Kwee IL. Alzheimer patients

show significant disturbance in water influx into CSF space
strongly supporting $-amyloid clearance hypothesis. Neurology.
2014,558.001.

Parihar MS, Brewer GJ. Amyloid-$3 as a modulator of synaptic
plasticity. J Alzheimers Dis. 2010;22:741-63. Medline:20847424
Silver IA. Cellular microenvironment in relation to local blood flow.
In Elliott K, O’Connor M, editors. Ciba Foundation Symposium 56 -
Cerebral vascular smooth muscle and its control. Chichester: John
Wiley & Sons; 2008. p.61.

Paulson OB, Strandgaard S, Edvinsson L. Cerebral autoregulation.
Cerebrovasc Brain Metab Rev. 1990;2:161-92. Medline:2201348
Roland PE. Brain activation. New York: Wiley-Liss; 1993.

Nakada T, Suzuki K, Kwee IL. Excess heat removal is likely to be the
primary role of increase in regional cerebral blood flow associated
with brain activation. Soc Neurosci Annual Meeting. 2010;406.3.
Chesler M, Kraig RP. Intracellular pH transients of mammalian
astrocytes. J Neurosci. 1989;9:2011-9. Medline:2723764

Fujiwara Y, Kurokawa T, Takeshita K, Kobayashi M, Yoshifumi Okochi
Y, Atsushi Nakagawa A, et al. The cytoplasmic coiled-coil mediates
cooperative gating temperature sensitivity in the voltage-gated
H+ channel Hv1. Nat Commun. 2012;3:816. Medline:22569364
doi:10.1038/ncomms 1823

Nakada T. Grant-in-Aid for Scientific Research (S). Integrated
Science and Innovative Science. Magnetic resonance molecular
microimaging. (2007). Available from: http://www.jsps.go.jp/j-
grantsinaid/12_kiban/ichiran_21/e-data/e07_nakada.pdf
Accessed: July 22, 2014.

Suzuki K, Igarashi H, Huber VJ, Kitaura H, Kwee IL, Nakada T. Ligand
based molecular MRI: O-17 JJVCPE amyloid imaging in transgenic
mice. J Neuroimag. 23 February 2014.


http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0
http://dx.doi.org/10.1007/s00401-008-0457-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22896675&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.3003748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1341963&dopt=Abstract
http://dx.doi.org/10.1111/j.1750-3639.1992.tb00704.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22419561&dopt=Abstract
http://dx.doi.org/10.1002/glia.22319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19428702&dopt=Abstract
http://dx.doi.org/10.1016/j.neures.2009.03.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24231830&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24136970&dopt=Abstract
http://dx.doi.org/10.1126/science.1241224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22293138&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22293138&dopt=Abstract
http://dx.doi.org/10.1016/j.mam.2012.01.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23462267&dopt=Abstract
http://dx.doi.org/10.1097/WNR.0b013e32835fc827
http://dx.doi.org/10.1097/WNR.0b013e32835fc827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15857386&dopt=Abstract
http://dx.doi.org/10.1111/j.1471-4159.2005.03111.x
http://dx.doi.org/10.1111/j.1471-4159.2005.03111.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8346245&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8346245&dopt=Abstract
http://dx.doi.org/10.1073/pnas.90.15.7275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20847424&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2201348&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2723764&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22569364&dopt=Abstract
http://dx.doi.org/10.1038/ncomms1823
http://www.jsps.go.jp/j-grantsinaid/12_kiban/ichiran_21/e-data/e07_nakada.pdf
http://www.jsps.go.jp/j-grantsinaid/12_kiban/ichiran_21/e-data/e07_nakada.pdf

