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CSF from the subarachnoid space moves rapidly into the brain along paravascular routes surrounding penetrating cerebral arteries,
exchanging with brain interstitial fluid (ISF) and facilitating the clearance of interstitial solutes, such as amyloid �, in a pathway that we
have termed the “glymphatic” system. Prior reports have suggested that paravascular bulk flow of CSF or ISF may be driven by arterial
pulsation. However, cerebral arterial pulsation could not be directly assessed. In the present study, we use in vivo two-photon microscopy
in mice to visualize vascular wall pulsatility in penetrating intracortical arteries. We observed that unilateral ligation of the internal
carotid artery significantly reduced arterial pulsatility by �50%, while systemic administration of the adrenergic agonist dobutamine
increased pulsatility of penetrating arteries by �60%. When paravascular CSF–ISF exchange was evaluated in real time using in vivo
two-photon and ex vivo fluorescence imaging, we observed that internal carotid artery ligation slowed the rate of paravascular CSF–ISF
exchange, while dobutamine increased the rate of paravascular CSF–ISF exchange. These findings demonstrate that cerebral arterial
pulsatility is a key driver of paravascular CSF influx into and through the brain parenchyma, and suggest that changes in arterial
pulsatility may contribute to accumulation and deposition of toxic solutes, including amyloid �, in the aging brain.

Introduction
Anatomically, paravascular spaces (or Virchow-Robin spaces)
are compartments containing interstitial fluid (ISF) or CSF that
surround surface and penetrating blood vessels of the brain, and
are bounded by one or more leptomeningeal layers. One key
function of these paravascular spaces these paravascular spaces is
to enable the exchange of ISF and CSF, which facilitates the clear-
ance of interstitial solutes and wastes from the brain parenchyma
(Cserr and Ostrach, 1974; Ichimura et al., 1991; Yamada et al.,
1991; Abbott, 2004). Although this process is central to the
proper maintenance of the brain’s extracellular environment, the
mode of this exchange is unclear.

In a series of studies, Grady and colleagues reported that sub-
arachnoid CSF enters the brain along paravascular spaces sur-
rounding cortical penetrating arteries, traveling along the outside
of vessels to reach the basal lamina of the terminal cerebral cap-
illary bed (Rennels et al., 1985, 1990). Ligation of the brachioce-
phalic artery reduced CSF tracer influx into the parenchyma

(Rennels et al., 1985). Based upon these findings, we proposed
that cerebral arteries provide an anatomical pathway to facilitate
efficient CSF–ISF exchange in the brain, and that arterial pulsa-
tion provides the driving force for this process. In contrast,
Weller and colleagues have asserted that interstitial solutes, in-
cluding amyloid � (A�), exit the brain parenchyma along intra-
mural basement membranes of cerebral arteries, but have
likewise proposed that arterial pulsations provide the driving
force for this process (Schley et al., 2006).

In four recent studies, we have confirmed and extended the
findings of Grady and colleagues (Rennels et al., 1985; 1990),
demonstrating by in vivo two-photon microscopy (Iliff et al.,
2012; Xie et al., 2013), by ex vivo fluorescence imaging (Yang et
al., 2013), and by dynamic contrast-enhanced magnetic reso-
nance imaging (MRI; Iliff et al., 2013; Strittmatter, 2013) that a
large proportion of subarachnoid CSF rapidly re-enters the brain
along paravascular pathways surrounding penetrating arteries,
reaching the terminal capillary beds, and exchanging with ISF
throughout the brain. This paravascular CSF–ISF exchange was
facilitated by astroglial water transport via the aquaporin-4
(AQP4) water channel and supports the clearance of interstitial
solutes, such as soluble A�, from the brain parenchyma (Iliff et
al., 2012). Based upon its similarity in function to the peripheral
lymphatic system, and its dependence upon astroglial water flux,
we termed this network the “glymphatic” system.

Prior studies evaluating the role of arterial pulsation in CSF–
ISF exchange have been unable to directly observe cerebral vas-
cular pulsatility (Rennels et al., 1985; Hadaczek et al., 2006). In
the present study, we use in vivo two-photon microscopy to con-
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duct high temporal resolution line scanning to directly measure
the amount of vessel wall movement within the paravascular
space with each cardiac cycle, integrating vessel wall deflection
over 3 s to quantify vessel wall “pulsatility.” Using this approach,
we directly evaluate paravascular CSF influx into the brain paren-
chyma and establish the contribution of arterial pulsatility to
CSF–ISF exchange. Utilizing interventions that both increase and
decrease cerebrovascular pulsatility, we provide evidence indicat-
ing that penetrating arterial pulsation is a major driver of para-
vascular CSF influx and subsequent CSF–ISF exchange.

Materials and Methods
Animals. All experiments were approved by the University Committee on
Animal Resources of the University of Rochester and Oregon Health &
Science University and performed according to guidelines from the Na-
tional Institutes of Health. Unless otherwise noted, 8 –12-week-old male
C57BL/6 mice (Charles River) were used in experiments. NG2-DsRed
mice were used to identify arteries/arterioles versus veins/venules by en-
dogenous fluorescence: arteries and arterioles express vascular smooth
muscle DsRed; veins and venules lack vascular smooth muscle DsRed
(Iliff et al., 2012).

In initial experiments, animals were anesthetized with a combination
of ketamine (0.12 mg/g, i.p.) and xylazine (0.01 mg/g, i.p.). To ensure
that observed effects were the result of experimental manipulations
rather than cardiovascular depression resulting from ketamine/xylazine
anesthesia, a second group of animals was anesthetized with isofluorane
(4% induction, 1.5–3.0% maintenance) with room air supplemented
with 17% O2. Arterial blood pressure, heart rate, and blood gasses were
monitored via a femoral arterial catheter. Intracranial pressure (ICP) was
monitored (Millar Instruments) via a small burr hole drilled over the
right somatosensory cortex.

For unilateral internal carotid artery ligation, the right common, in-
ternal, and external carotid arteries were surgically isolated. The internal
carotid was carefully ligated by a 6-O silk suture and the wound closed.
Cerebral blood flow (CBF) was monitored by laser Doppler flowmetry
(LDF), with the probe placed directly over the cranial window or the
thin-skull site immediately before internal carotid artery ligation. CBF
was normalized to average values acquired for 30 s before ligation.

Intracisternal tracer injection was conducted beginning 30 min after
ligation, after CBF had normalized. For systemic dobutamine adminis-
tration, a femoral venous catheter was inserted and dobutamine (40
�g/kg in saline) was infused over 10 min. Intracisternal tracer injection
was conducted beginning 30 min after the start of dobutamine infusion.
Anesthetized mice were fixed in a stereotaxic frame and a 30 ga needle
was inserted into the cisterna magna. All fluorescent CSF tracers were
initially constituted in artificial CSF (aCSF) at a concentration of 0.5%.
This includes Alexa-647-conjugated ovalbumin [OA-647; molecular
weight (MW), 45 kDa] and FITC-conjugated dextran-40 (FITC-d40,
fixable; MW, 40 kDa; both from Invitrogen). In mice anesthetized with
ketamine/xylazine, 10 �l of CSF tracer was injected at a rate of 2 �l/min
over 5 min with a syringe pump (Harvard Apparatus). In a series of pilot
studies (D.M. Zeppenfeld, J.J. Iliff, and H. Benveniste, unpublished re-
sults), we found that under isofluorane anesthesia, this injection rate
resulted in the nonphysiological reflux of CSF tracer from the cisternal
spaces into the fourth, third, and lateral ventricles. Thus in isofluorane-
anesthetized mice, 10 �l CSF tracer injections were conducted at a rate of
1 �l/min for 10 min, which did not result in reflux into the ventricular
space. In agreement with prior measurements of ICP in the mouse and
rat during similar infusion protocols (Yang et al., 2013), the effect of this
injection paradigm upon ICP was mild (�2.5 mmHg) and transient,
normalizing within 5 min of the cessation of tracer infusion (Fig. 1H ).
Given that rapid paravascular CSF influx continues long after the nor-
malization of these shifts in ICP, the paravascular CSF fluxes observed in
the present and prior studies (Iliff et al., 2012, 2013; Yang et al., 2013)
appear to represent physiological fluxes and not artifacts of changes in
ICP resulting from CSF tracer infusion.

Ex vivo fluorescence imaging. To visualize tracer movement from the
subarachnoid space of the cisterna magna into the brain parenchyma,

animals were perfusion fixed (4% paraformaldehyde in PBS) 30 min after
intracisternal tracer injection. Vibratome slices measuring 100 �m were
cut, mounted with Prolong Anti-Fade Gold with DAPI (Invitrogen), and
imaged ex vivo by conventional fluorescence microscopy. Multichannel
whole-slice montages were acquired with the Virtual Slice module of
StereoInvestigator Software (Microbrightfield). This included separate
DAPI and far-red emission channels. Exposure levels were determined
based upon uninjected control slices, then maintained constant through-
out the study. To quantify tracer movement into fixed slices, slice images
were analyzed in ImageJ software (National Institutes of Health) as de-
scribed in detail previously (Iliff et al., 2012; Yang et al., 2013). For each
slice, color channels were split and whole-slice, cortical, white matter,
hippocampal, and subcortical (including striatum, thalamus and hypo-
thalamus) regions of interest (ROIs) were defined based upon the DAPI
emission channel. The color channel corresponding to the tracer was
background-subtracted based upon an ROI outside of the slice area and
the mean ROI fluorescence intensity was calculated. Approximately
8 –12 slices per animal were imaged in this manner, and mean fluores-
cence intensity was averaged among anterior [�0.5 � (�1.0) mm rela-
tive to bregma] and posterior [(�1.0) � (�2.5) mm relative to bregma]
slices within each animal to generate a single biological replicate. The
effect of internal carotid artery ligation or systemic dobutamine treat-
ment upon tracer influx into the brain was evaluated by two-way
ANOVA with Bonferroni’s post hoc test to determine differences in indi-
vidual regions.

In vivo two-photon laser scanning microscopy. For initial in vivo imag-
ing, ketamine/xylazine-anesthetized animals were intubated and artifi-
cially ventilated with room air using a small animal ventilator (CWE) at
�100 breaths/min and tidal volume of 0.3– 0.4 ml. Body temperature
was kept at 37°C with a temperature-controlled warming pad. A crani-
otomy (3 mm in diameter) was made over the cortex 1 mm lateral and 0.5
mm posterior to bregma. The dura was left intact, covered with aCSF,
and sealed with a glass coverslip. In a second series of studies, isofluorane-
anesthetized animals were tracheotomized and ventilated (�100 breaths/
min; tidal volume, 0.2 ml) with room air supplemented with 22% O2. A
thin-skull preparation was performed as described by Shih et al. (2012) over
the same brain region to permit the visualization of the cerebral vasculature
without opening the skull. The femoral artery was cannulated for mean
arterial blood pressure monitoring and the measurement of arterial blood
gas values. Blood gas values were maintained within physiological ranges
[pH 7.35 � 0.01 (range, 7.31–7.43); PaO2, 147.1 � 11.2 mmHg (range,
105.8–208.0 mmHg); PaCO2, 31.2 � 1.8 mmHg (range, 24.7–43.7
mmHg)]. To visualize the vasculature, 0.1 ml of blood–brain barrier-
impermeable Texas Red-conjugated dextran-70 (MW, 70 kDa; 1% in saline;
Invitrogen) was injected intra-arterially immediately before imaging. Two
different systems were used for in vivo imaging: a Mai Tai laser (SpectraPhys-
ics) attached to a confocal scanning system (Fluoview 300, Olympus) and an
upright microscope (IX51W, Olympus), and a Chameleon laser (Coherent)
attached to combined scan head/upright stand (LSM 7 MP, Zeiss). A 20�
(0.9 numerical aperture) water-immersion lens was used to image the cortex.
Excitation wavelength was 870 nm. The cerebral vasculature was first imaged
with 512�512 pixel frames from the surface to a depth of 240 �m with 5 �m
z-steps. After intracisternal injection of CSF tracer, tracer movement into the
cortex was conducted with dual-channel (FITC and Texas Red) 512 � 512
pixel image acquisition (Fig. 2A). The cortex was repeatedly scanned from
the surface to 240 �m below the surface with 20 �m z-steps at 1 min intervals
for the duration of the experiment. Image analysis was conducted with Im-
ageJ software (National Institutes of Health) with the UCSD (University of
California, San Diego) plugin set. Following imaging, penetrating arterioles
were distinguished from penetrating venules on the basis of morphology:
surface arteries passing superficially to surface veins and exhibiting less
branching at superficial cortical depths. Imaging planes 100 �m below the
cortical surface were selected for the analysis of intracisternal tracer penetra-
tion. To define para-arterial tracer movement, a circular ROI, 25 pixels
(29.75 �m) in diameter, was defined surrounding three penetrating arteries.
To define tracer movement into brain tissue surrounding paravascular
spaces, donut-shaped ROIs were defined that had an external diameter of
150 pixels (178.5 �m) and an internal diameter of 50 pixels (59.5 �m, thus
excluding the paravascular ROI). These were centered upon the penetrating
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arteries. Mean pixel intensity within these ROIs
was measured at each time point. Within each
animal at each time point para-arterial and sur-
rounding tissue ROIs were separately averaged to
generate values for a single biological replicate.
When tracer movement along penetrating
arteries or into surrounding brain tissue was
compared between sham and internal carotid ar-
tery ligation treatment groups, a two-way
repeated-measures ANOVA was used followed
by Bonferroni’s post hoc test.

To measure vessel diameters, 3000 ms X–T
line scans were acquired orthogonal to the ves-
sel axis in surface arteries, surface veins, pene-
trating arteries, and penetrating veins (Fig.
2 B, C). Penetrating vessel line scans were ac-
quired 50 –150 �m below the cortical surface.
Vessel diameter was extracted from X–T plots
(Fig. 2D) and plotted versus time using custom
Matlab and ImageJ software. Steady-state ves-
sel diameters were calculated as the mean value
over the 3000 ms epoch. Vessel wall pulsatility
(derived units �m*ms) was calculated as the
absolute value of area under the diameter–time
plot, integrated about the running average over
the 3000 ms epoch (Fig. 2E). During the course
of developing this analysis, we normalized
these values to the mean vessel diameter and
calculated pulsatility upon a per-cardiac cycle
basis. Neither treatment of these data substan-
tially altered the results; so the simpler calcula-
tion of vessel wall pulsatility was used. Vessel
pulsatility was calculated from 10 to 45 vessels
per group taken from 6 to 8 animals per treat-
ment (sham, internal carotid artery ligation,
vehicle injection, and dobutamine injection).
Differences in vessel pulsatility between differ-
ent vessel types was evaluated by one-way
ANOVA, with Tukey’s post hoc test to evaluate
differences between vessel segments. The effect
of treatment on vascular pulsatility and diam-
eter was evaluated by two-way ANOVA, with
Bonferroni’s post hoc test to evaluate differ-
ences among individual vascular segments.
Differences in heart rate were evaluated by
paired t test.

Statistics. In all figures, data are presented as
the mean � SEM. All statistics were performed
using Prism software (Graphpad). A p value
�0.05 was considered significant. The statis-
tical treatment of each dataset is detailed in-
dividually in the methodological description
above.

Results
Following intracisternal injection, CSF
tracers rapidly entered into the brain
chiefly along paravascular pathways (Iliff
et al., 2012, 2013; Xie et al., 2013). This is
evident in Figure 1A, a whole-slice mon-
tage generated from a mouse fixed 30 min
after intracisternal injection of OA-647.
Tracer penetration was observed through-
out all brain regions, but appeared greatest along the large vessels
penetrating from the ventral brain surface. When CSF tracer was
injected into reporter mice in which the cerebral arteries can be
distinguish from veins by the expression of DsRed in smooth muscle

cells (Fig. 1B,C; Iliff et al., 2012), fluorescent tracer entered the brain
specifically along penetrating arteries to reach the terminal capillary
beds (Fig. 1B). When intracisternal CSF tracer (FITC-d40) influx
into the cortex was imaged in vivo by two-photon microscopy, tracer

Figure 1. CSF enters the brain along para-arterial pathways. A, Fluorescent tracer (OA-647; MW, 45 kDa) injected intracister-
nally into the subarachnoid CSF enters the brain parenchyma along paravascular pathways. B, Ex vivo confocal imaging in NG2-
DsRed mice showed that 15 min after injection, CSF tracer enters the brain along DsRed-positive penetrating arteries (hollow
arrowheads), but not along DsRed-negative ascending veins (filled arrowheads). C, In vivo two-photon imaging in NG2-DsRed
mice after fluorescence angiography (intravenous FITC-conjugated dextran-2000; MW, 2000 kDa) shows that cortical arteries and
veins can be readily distinguished in these mice. D–G, Time-lapse in vivo two-photon imaging of florescent CSF tracer (FITC-d40;
MW, 40 kDa) influx into the cortex after intracisternal injection. Cerebral vasculature is imaged by intra-arterial injection of Texas
Red-conjugated dextran-70 (TR-d70; MW, 70 kDa). D, At the cortical surface, CSF tracer moves via para-arterial spaces. E, F, 100
�m below the cortical surface, CSF tracer enters the cortex along penetrating arteries, then exchanges with the surrounding
interstitium. G, After para-arterial influx, CSF tracer is also evident along ascending veins. H, Measurement of ICP during intracis-
ternal CSF tracer infusion (1 �l/min for 10 min) resulted in mild (�2.5 mmHg) elevation of ICP that resolved rapidly upon cessation
of infusion.
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appeared initially along pial surface arteries (Fig. 1D). This was in
agreement with recent MRI-based work that demonstrated that
large surface arteries provide key routes for rapid CSF movement
throughout the brain (Iliff et al., 2013). From these surface arteries,
CSF tracer moved rapidly into the cortex along penetrating arteries,
then exchanged with the surrounding ISF (Fig. 1E,F). Only at later
time points did CSF tracer appear along ascending veins (Fig. 1G),
suggesting that the primary route of CSF influx into the brain paren-
chyma was along paravascular spaces surrounding penetrating ar-
teries. In prior studies, we found that rates of tracer infusion that had
no effect upon ICP resulted in the same manner of paravascular CSF
influx into the brain (Iliff et al., 2013; Yang et al., 2013), as observed
in the present and prior studies (Iliff et al., 2012; Xie et al., 2013). In
the present study, when ICP was monitored during CSF tracer infu-
sion, changes in ICP were mild and transient (Fig. 1H), normalizing

within 5 min of the cessation of infusion.
Because paravascular CSF influx continues
long after the normalization of ICP (Fig.
1D–F; Iliff et al., 2012, 2013; Xie et al., 2013;
Yang et al., 2013), this paravascular influx of
CSF tracer into the cortex appears to be
physiological and does not represent an ar-
tifact of the effect of tracer infusion upon
ICP.

Effect of unilateral internal carotid
artery ligation on CSF–ISF exchange
Prior studies have suggested that paravas-
cular movement of CSF (Rennels et al.,
1985) and ISF (Hadaczek et al., 2006) may
be driven in part by arterial pulsation. In
each of these studies, the authors sought
to alter cerebral arterial pulsation via sur-
gical or pharmacological manipulation,
yet the effect of these interventions upon
cerebral arterial pulsation could not be di-
rectly assessed. We took advantage of the
high temporal resolution of line scanning
to visualize the rapid movement of the
vascular wall within the paravascular
space using in vivo two-photon micros-
copy (Fig. 2A–E) and could thereby
directly assess changes in vascular pulsa-
tility while evaluating the effect of these
changes upon para-arterial CSF–ISF ex-
change. When vascular pulsatility was
evaluated at different levels of the cere-
brovascular tree, including surface ar-
teries, penetrating arteries, ascending
veins, and surface veins, the greatest
vascular pulsatility was observed along
penetrating arteries, followed by as-
cending veins (Fig. 2F ). To our knowl-
edge, this is the first time that this
imaging approach has been used to di-
rectly measure differences in vascular
pulsatility along the cerebrovascular
tree. The fact that wall pulsatility was
greater along the penetrating arteries
than along surface arteries was surpris-
ing, but may reflect the respective influ-
ence of arterial blood pressure pulse
wave amplitude, differences in vessel

wall thickness (and thus elasticity), and investment with sur-
rounding connective tissue along these vascular segments.

Following the approach of Rennels et al. (1985), we first at-
tempted to reduce cerebral arterial pulsatility by unilateral liga-
tion of the internal carotid artery. Carotid artery ligation did not
affect systemic blood pressure (Fig. 3A). As expected, CBF (mea-
sured by LDF) was initially reduced following ligation, but
gradually recovered to baseline values between 5 and 30 min
postligation (Fig. 3B). In initial experiments, we evaluated the
effect of carotid artery ligation upon cerebral vascular pulsatility
via a conventional cranial window preparation, which includes a
local craniotomy. Because of the risk of swelling through the
craniotomy, ketamine/xylazine anesthesia was used, resulting in
cardiovascular depression. In these experiments, internal carotid
artery ligation significantly reduced vascular pulsatility along

Figure 2. Measurement of vascular pulsatility by in vivo two-photon imaging. A, The cerebral vasculature was visualized by in
vivo two-photon fluorescence angiography after intravenous injection of FITC-conjugated detran-2000 (FITC-d2000; MW, 2000
kDa). B, C, Cortical surface arteries and veins (B), and penetrating arteries and ascending veins (C) were selected and X–T line scans
(orange lines) were generated orthogonal to the vessel axis. D, E, Vessel diameter was measured and plotted as a function of time.
Vascular pulsatility was defined as the absolute value of the integral of the vascular diameter approximately a running average over
a 3000 ms epoch. F, Vascular pulsatility was measured in cortical surface arteries (SA), penetrating arteries (PA), ascending veins
(AV), and surface veins (SV). Pulsatility was greatest in penetrating arteries and veins compared with surface vessels.
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penetrating cortical arteries, but not along
other segments of the vascular tree (Fig.
3C; **p � 0.01 sham vs ligation, two-way
ANOVA). Carotid artery ligation resulted
in an initial dilation of cerebral arteries
that corresponded to the recovery CBF
5–10 min postligation (Fig. 3B). However,
between 10 and 30 min after ligation, ves-
sel diameter at all levels of the vascular tree
normalized to baseline levels (Fig. 3D).
Similarly, heart rate at 30 min post-
ligation was not altered by carotid artery
ligation (Fig. 3E).

To evaluate that potential role of crani-
otomy or cardiovascular depression upon
these findings, we conducted a second set of
experiments in which animals were anesthe-
tized with isofluorane and cerebral arterial
pulsatility was imaged through a thin-skull
preparation (in which the skull is thinned to
10–20 �m, but not pierced; Shih et al.,
2012). Using the thin-skull preparation, we
observed that vascular pulsatility along pial
surface arteries, penetrating arteries, and as-
cending veins were significantly reduced
following internal carotid artery ligation
(Fig. 3F; *p � 0.05 sham vs ligation, two-
way ANOVA). As in the cranial window ex-
periments, carotid artery ligation had no
effect upon vessel diameter at any level of the
vascular tree (Fig. 3G) or upon heart rate
(Fig. 3H).

We next evaluated whether reducing
cerebral arterial pulsatility by unilateral
internal carotid artery ligation slowed para-
vascular CSF–ISF exchange. When CSF in-
flux into the cortex was imaged by in vivo
two-photon microscopy via a cranial win-
dow (Fig. 4A,B), CSF tracer (FITC-d40) ac-
cumulated steadily within the paravascular
spaces surrounding penetrating arterioles
(Fig. 4C), then moved into the surrounding
parenchyma (Fig. 4D). Carotid artery liga-
tion significantly slowed the movement of
CSF tracer into and through the cortex (Fig.
4B–D; *p � 0.05 sham vs ligation, repeated
measure two-way ANOVA). Interestingly,
CSF tracer movement into the proximal
paravascular space (Virchow-Robin space)
was attenuated to a greater extent than
tracer movement into the surrounding pa-
renchyma (Fig. 4, compare C, D). This sug-
gests that reducing arterial pulsation slowed
the movement of tracer along the paravas-
cular space to a greater degree than it slowed
movement into and through the surround-
ing interstitial space. When CSF tracer in-
flux was evaluated in ex vivo fixed brain slices, a similar effect was
observed (Fig. 4E,F). Within both anterior (Fig. 4G) and posterior
(Fig. 4H) slices, tracer intensity in ipsilateral brain structures was
significantly reduced compared with sham levels (*p � 0.05, **p �
0.01, ***p � 0.001 sham vs ipsilateral, two-way ANOVA). CSF–ISF
exchange within the anterior slices appeared to be less sensitive to

carotid artery ligation than in the posterior slices. As both the ante-
rior and posterior cortical regions fall largely within the blood supply
of the middle cerebral artery (Dorr et al., 2007), one possible expla-
nation for these differences is that, because posterior sections are
located more distally along the middle cerebral artery, these experi-
ence greater changes in pulsatility than more proximal anterior

Figure 3. Reduced cortical arterial pulsatility after internal carotid artery ligation. A, Unilateral internal carotid artery ligation
did not appreciably alter systemic blood pressure. B, Immediately following carotid artery ligation, CBF measured by LDF was
reduced �25%, recovering to baseline values within 30 min. C, When imaged via an in vivo cranial window preparation, cerebral
vessel wall pulsatility was significantly reduced in penetrating cortical arteries, but remained unchanged in surface arteries,
ascending veins, and surface veins (**p � 0.01 sham vs ligation; 2-way ANOVA; n � 16 – 45 vessels per group). D, E, Unilateral
internal carotid artery ligation did not significantly alter the diameter of cortical surface arteries, penetrating arteries, ascending
veins, surface veins, or heart rate. F, When imaged by a thin-skull preparation that leaves the skull intact, internal carotid artery
ligation significantly reduced cerebral arterial wall pulsatility in surface arteries, penetrating arteries, and ascending veins (*p �
0.05 sham vs ligation; 2-way ANOVA; n � 12–15 vessels per group). G, H, Carotid artery ligation did not alter cortical vascular
diameter or heart rate when imaging was conducted through a thin-skull preparation.
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Figure 4. Internal carotid artery ligation reduces paravascular CSF influx. A, B, Paravascular influx of CSF tracer (FITC-d40; MW, 40 kDa) was first evaluated by in vivo two-photon microscopy at
the cortical surface, 100 and 160 �m below the cortical surface in sham (A) animals and those undergoing unilateral carotid artery ligation (B). C, Quantification of paravascular CSF tracer 100 �m
below the surface demonstrated that carotid artery ligation significantly slowed CSF tracer influx (*p � 0.05, **p � 0.01; 2-way repeated-measures ANOVA; n � 6 animals per group). D, A similar
reduction in CSF tracer penetration into the surrounding parenchyma was observed 100 �m below the cortical surface (*p � 0.05; 2-way repeated-measures ANOVA; n � 6 animals per group). E,
F, CSF tracer (OA-647; MW, 45 kDa) influx into deeper brain tissue was evaluated by ex vivo fluorescence imaging 30 min after intracisternal tracer injection. G, Quantification of fluorescence intensity
in anterior [�0.5 mm � (�1.0) mm relative to bregma] brain regions showed that compared with sham-treated animals, CSF tracer influx was reduced ipsilateral to carotid artery ligation, but not
contralateral (*p � 0.05, sham vs ipsilateral side; 2-way ANOVA; n � 4 – 6 animals per group). H, A greater reduction was evident in posterior [�1.0 mm � (�2.5) mm relative to bregma] brain
regions (*p � 0.05, **p � 0.01, ***p � 0.001, sham vs ipsilateral side; 2-way ANOVA; n � 4 – 6 animals per group). Ctx, Cerebral cortex; WM, subcortical white matter; HC, hippocampus; SCtx,
subcortical structures, including striatum, thalamus, and hypothalamus.
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slices. Tracer influx into the contralateral
hemisphere was not significantly different
than tracer influx into sham tissue (Fig.
4G,H). However, values in these regions
tended to fall to a level intermediate between
the sham levels and the ipsilateral values.
When CSF tracer injections were conducted
under isofluorane anesthesia, ex vivo tracer
imaging in brain slices fixed 30 min postin-
jection produced similar results. Following
internal carotid artery ligation, CSF influx
into the ipsilateral cortex was reduced to
72.5 � 8.1% of sham values, while tracer
influx into the contralateral hemisphere was
largely preserved at 97.2�11.6% (*p�0.05
ipsilateral vs contralateral ligation, two-way
ANOVA). These results demonstrate that
unilateral internal carotid artery ligation
significantly reduces cerebral vascular
pulsatility along penetrating cortical arteries
concurrently with slowing paravascular
CSF–ISF exchange throughout the brain.

Effect of systemic dobutamine
administration on CSF–ISF exchange
We next determined whether increasing
arterial pulsatility by the systemic admin-
istration of the �1 adrenergic agonist
dobutamine would correspondingly in-
crease the rate of CSF–ISF exchange along
paravascular pathways. When injected sys-
temically (intraperitoneally), dobutamine
acutely increased systolic, diastolic, and
mean arterial blood pressure (Fig. 5A,B;
*p � 0.05 vs baseline, two-way repeated-
measures ANOVA). After peaking acutely,
blood pressure normalized within 30 min of
the dobutamine injection (Fig. 5A,B), the
time at which CSF tracer was injected. Heart
rate, however, was significantly increased 30
min after dobutamine injection (Fig. 5C;
*p � 0.05 vs control, one-way repeated-
measures ANOVA). When evaluated by
in vivo two-photon angiography, a signifi-
cant elevation in pulsatility was observed
along penetrating arteries (Fig. 5D; *p �
0.05 control vs dobutamine, two-way
ANOVA) 30 min after dobutamine treat-
ment. These changes were not observed
along surface arteries, ascending veins, or
surface veins. At 30 min post-infusion,
systemic dobutamine did not significantly
alter vessel diameter anywhere along the
cerebrovascular tree (Fig. 5E).

To test whether systemic dobutamine
administration increased paravascular
CSF–ISF exchange, we evaluated intracis-
ternal fluorescent CSF tracer influx into
the brain parenchyma beginning 30 min
after dobutamine injection. Animals were fixed 30 min after
tracer injection (1 h after the start of dobutamine injection), and
fluorescent tracer influx into the brain was measured ex vivo in
fixed slices. Compared with vehicle-injected controls, CSF tracer

influx into the brain parenchyma was significantly increased fol-
lowing dobutamine injections (Fig. 6A–D; *p � 0.05 control vs
dobutamine, two-way ANOVA). This effect was largely uniform
throughout different brain regions, and did not appear to differ

Figure 5. Increased arterial pulsation after systemic dobutamine administration. The effect of systemic dobutamine (40 �g/kg,
i.v.) on cortical vessel pulsatility was evaluated by in vivo two-photon angiography 30 min after administration. A, Raw arterial
blood pressure trace following systemic dobutamine administration shows an acute effect of the drug that peaks within 10 min of
injection and largely resolves over the first 30 min postinjection (the time when intracisternal tracer injections took place). B,
Systolic (BPS), diastolic (BPD), and mean (BPMean) arterial blood pressure were significantly increased immediately after systemic
dobutamine injection (*p � 0.05 vs baseline values, repeated-measures 1-way ANOVA; n � 8 per group). However, this response
resolved within the first 30 min postinjection. C, Heart rate was not altered during the peak blood pressure response to dobut-
amine. However, 30 min after dobutamine injection, heart rate was significantly elevated compared with baseline values (*p �
0.05, repeated-measures 1-way ANOVA; n � 8 per group). D, 30 min after systemic dobutamine injection, vessel pulsatility was
significantly increased only within penetrating arteries but not within other vessel types (*p � 0.05, 2-way ANOVA; n � 10 – 42
vessels per group). E, Dobutamine did not significantly alter the diameter of surface arteries (SA), penetrating arteries (PA),
ascending veins (AV), or surface veins (SV).
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between anterior [�0.5 � (�1.0) mm relative to bregma; Fig.
6C] and posterior [(�1.0) � (�2.5) mm relative to bregma; Fig.
6D]. These results demonstrate that systemic dobutamine ad-
ministration increases vascular pulsatility along penetrating cor-
tical arteries and accelerates CSF–ISF exchange throughout the
brain.

Discussion
In the present study, we take advantage of the high temporal
resolution of in vivo two-photon line scanning to directly visual-
ize cerebral arterial wall pulsatility within surrounding paravas-
cular spaces, demonstrating that unilateral internal carotid artery
ligation markedly reduces vascular wall pulsatility along cerebral
arteries, whereas systemic administration of the adrenergic ago-
nist dobutamine elevates vascular wall pulsatility along cerebral ar-
teries. In vivo and ex vivo analysis of fluorescent CSF tracer influx into
and through the brain parenchyma demonstrated that reducing ce-
rebral arterial pulsatility slowed paravascular CSF–ISF exchange in
the brain, while increasing pulsatility with dobutamine accelerated
the rate of paravascular CSF influx into brain tissue. These findings
demonstrate that cerebral arterial pulsation is a significant driver of
paravascular CSF–ISF exchange in the brain.

It has been widely accepted that paravascular spaces provide a
pathway for the clearance of interstitial solutes from the brain
parenchyma (Cserr and Ostrach, 1974; Ichimura et al., 1991;
Yamada et al., 1991; Abbott, 2004). Prior studies by Grady and
colleagues (Rennels et al., 1985, 1990) reported that CSF enters
the brain along paravascular spaces surrounding cerebral arteries
and exchanges with surrounding ISF. More recent studies in fixed
tissue slices from Weller, Carare, and colleagues have suggested
that ISF solutes, such as A�, are cleared from the brain in the
opposite direction along cerebral arteries, traveling outward

along basement membranes between vas-
cular smooth muscle cells within the tu-
nica media, thus providing the basis for
the deposition of A� along penetrating
and leptomeningeal arteries in cerebral
amyloid angiopathy (Weller et al., 2008;
Hawkes et al., 2011). Whether these
vascular and paravascular pathways rep-
resent independent routes of solute move-
ment is unclear.

Our group has recently reported that
these paravascular channels constitute a
brain-wide system by which CSF ex-
changes with ISF to facilitate the rapid
clearance of interstitial wastes, including
soluble A�, from the brain (Iliff et al.,
2012; Strittmatter, 2013). In vivo two-
photon imaging demonstrated that intra-
cisternal CSF tracer moves rapidly along
paravascular spaces surrounding cortical
vessels at the pial surface (Iliff et al., 2012;
Xie et al., 2013). The rapid movement of
CSF tracer along paravascular spaces at
the brain surface compared with the rate
of movement within the wider subarach-
noid space (exhibited in the present study
and shown by MRI in supplemental vid-
eos in Iliff et al., 2013), combined with the
apparent restriction of small MW tracers
(3 kDa) to these spaces (Iliff et al., 2012),
suggests that these spaces represent dis-
tinct subcompartments through which

CSF is moving rapidly to enter the brain parenchyma and ex-
change with the surrounding ISF. Whole-brain dynamic
contrast-enhanced MRI imaging suggests that CSF first enters
this pathway proximally at leptomeningeal paravascular spaces
within the cisternal compartments (Iliff et al., 2013). ISF and
interstitial solutes are cleared from the brain in large part along
paravascular channels surrounding large-caliber draining veins
(Iliff et al., 2012), presumably spilling solutes, such as A�, into the
subarachnoid CSF for subsequent elimination via the choroid
plexus (Ghersi-Egea et al., 1996; Fujiyoshi et al., 2011), or
through bulk CSF reabsorption through arachnoid granulations
or cervical lymphatics (Johanson et al., 2008).

CSF influx and interstitial solute clearance are governed in
part by the properties of the neuropil interposed between para-
vascular influx and clearance pathways. Reducing parenchymal
water conductance via genetic deletion of the perivascular astro-
cytic water channel AQP4 dramatically slowed paravascular CSF
influx and the clearance of interstitial A� from the brain (Iliff et
al., 2012). Sleep state-dependent changes in cortical extracellular
volume similarly determined the rates of paravascular CSF influx
and interstitial A� clearance (Xie et al., 2013).

While these factors appear to define the resistance of the pa-
renchyma to ISF and solute flux, the mechanical drivers of para-
vascular CSF–ISF exchange remain unclear. Both ISF and CSF
movement along vascular and paravascular pathways have been
proposed to be driven by arterial pulsation. In their initial de-
scription of the para-arterial movement of CSF tracer into the
brain, Rennels et al. (1985) reported that when cranial arterial
pulse pressure was experimentally reduced in the dog by ligating
the brachiocephalic artery, the paravascular movement of CSF
tracer into the brain was slowed. In a more recent study focusing

Figure 6. Systemic dobutamine administration increases paravascular CSF tracer influx. The effect of systemic dobutamine
administration upon paravascular influx of subarachnoid CSF tracer was evaluated by ex vivo fluorescence imaging 30 min after
intracisternal tracer injection. A, B, Compared with sham animals (A), animals treated with dobutamine 30 min before the start of
tracer infusion exhibited a marked increase in the influx of CSF tracer into brain tissue (B). C, D, Quantification of CSF tracer influx
into anterior (C) and posterior (D) brain regions demonstrated that systemic dobutamine administration significantly increased
CSF tracer influx in the parenchyma (*p � 0.05, 2-way ANOVA; n � 4 – 6 animals per group). Ctx, Cortex; WM, subcortical white
matter; HC, hippocampus; SCtx, subcortical structures.
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upon convective bulk flow-mediated movement of different
sized particles through the brain interstitium, interventions that
increased blood pressure and heart rate (intravenous epineph-
rine) increased the interstitial movement of albumin, liposomes,
or virions, while those that reduced blood pressure and heart rate
(hypovolemia) slowed the interstitial movement of albumin, li-
posomes, or virions (Hadaczek et al., 2006). Additionally, a re-
cent modeling study defined a mechanism for pulsation-driven
fluid transport along paravascular spaces (Wang and Olbricht,
2011). Weller and colleagues have similarly published a biophys-
ical model proposing arterial wall pulsation as a key driving force
for solute efflux along the arterial wall in the opposite direction of
pulse wave propagation (Schley et al., 2006). Each of these studies,
however, was limited by its inability to directly measure cerebral
arterial wall pulsatility. In the present study, in vivo two-photon
line scanning was used to directly measure for the first time vessel
wall pulsatility at multiple levels of the cerebrovascular tree, en-
abling us to determine whether the same interventions that in-
crease or decrease penetrating cortical arterial pulsatility have a
corresponding effect on paravascular CSF influx into the brain
parenchyma. This novel approach has potential application be-
yond the present study, such as in defining the contributions that
changes in arterial wall pulsatility make to the failure of A� or the
movement of cells through the paravascular spaces.

The present results demonstrate that cerebral arterial pulsatil-
ity is an important driver of paravascular CSF–ISF exchange. The
observation that penetrating cerebral arteries exhibit the greatest
pulsatility as well as the greatest sensitivity to internal carotid
artery occlusion and systemic dobutamine treatment suggests
that, at least among the local cerebral vessels surveyed (including
surface arteries, surface veins, and ascending veins), pulsatile mo-
tion within this population makes the greatest contribution to
paravascular CSF–ISF exchange. Because rapid paravascular CSF
movement occurs along leptomeningeal paravascular spaces
quite proximal to penetrating dorsal cortical arteries evaluated in
the present study (Iliff et al., 2013), we cannot rule out the possi-
bility that arterial pulsation within these proximal compart-
ments, which are also presumably altered by internal carotid
artery ligation and systemic dobutamine administration, pro-
vides the driving force to propel paravascular CSF flux along the
entire cerebrovascular tree.

Internal or common carotid artery ligations or stenoses are
commonly used experimental models of cerebral hypoperfusion
and vascular dementia in rodents (Jiwa et al., 2010), resulting in
accelerated parenchymal amyloid plaque deposition, cerebral
amyloid angiopathy progression, and cognitive decline in mouse
models of Alzheimer’s disease (Kitaguchi et al., 2009; Okamoto et
al., 2012; Pimentel-Coelho et al., 2013). Although traditionally
considered clinically distinct from cerebral vascular cognitive im-
pairment, Alzheimer’s disease is increasingly regarded as a path-
ological process that is strongly influenced by cerebrovascular
dysfunction, connected through cerebral hypoperfusion, blood–
brain barrier compromise, inflammatory cell infiltration, and
hemorrhagic susceptibility (Roher et al., 2003; Beach et al., 2007;
Brundel et al., 2012; Yarchoan et al., 2012). The observation that
cerebral arterial pulsatility contributes to paravascular CSF–ISF
exchange suggests the possibility that age-related and cerebrovas-
cular disease-related reductions in arterial pulsatility may addi-
tionally contribute to failure of the clearance of interstitial waste,
including A�, from the aged brain (Weller et al., 2008).

Cerebral arteries from aged patients exhibit reduced mechan-
ical compliance. In a study measuring elastin functionality and
compliance of human posterior cerebral arteries, Fonck et al.

(2009) reported that arteries from aged patients exhibited less
elastin expression and function than arteries from middle-aged
patients, in addition to a loss of distensibility in response to
changes in pressure. In cerebral amyloid angiopathy, A� is de-
posited within the walls of leptomeningeal and cerebral arteries,
leading to alterations in the composition of the basement mem-
brane and the eventual destruction of vascular smooth muscles
within the tunica media (Weller et al., 2009). In both cases, such
alterations in the arterial wall may slow paravascular CSF–ISF
exchange. The interplay between these two influences—loss of
arterial pulsatility reducing solute clearance, and the potential
effect of paravascular solute deposition (such as A�) upon
cerebral arterial pulsatility—may constitute a feedforward
pathogenic cycle driving neurodegeneration. This suggests
that treatments that target cerebrovascular compliance may
provide a therapeutic opportunity against neurodegenerative
processes associated particularly with paravascular deposition
of protein or peptide aggregates.
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