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Objective: The convective flow of CSF plays a crucial role for CNS to clear
endogenous and xenobiotic substances. The objective of this study is to investigate
the impact of modifying CSF flow with acetazolamide and arginine vasopressin
(AVP) on the CNS clearance of ibuprofen and acetaminophen.
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Results.Microdialysis studies indicated that acetaminophen AUC ratio (Kp,uu)
between brain ISF and unbound plasma increased from 0.40 ± 0.14 in the vehicle
control group to 0.60 ± 0.27 in the acetazolamide treated group (P < 0.05).
Conversely, acetaminophen’s steady-state ISFC to unbound_plasmaC ratio (Kp,uu) decreased
from 0.44 ± 0.08 to 0.36 ± 0.07 upon IV infusion of 0.3 µg/hr AVP (P < 0.05). Using
CSF concentration as a surrogate of unbound brain drug concentration, AVP
treatment reduced the CSFAUC0-5hr/unbound_plasmaAUC0-5hr ratio from 1.63 to 0.85 for
acetaminophen, and the CSFC4hr / unbound_plasmaC4hr ratio decreased from 0.91 ± 0.27 to
0.54 ± 0.12 for ibuprofen (P < 0.05).
Conclusion. We have demonstrated that acetazolamide decreases the CNS
clearance of acetaminophen, while AVP increases the CNS clearance of both
acetaminophen and ibuprofen. Such changes are caused by altering the CSF
production rates.

Introduction
There are numerous studies on the challenges of delivering
medications into the central nervous system (CNS). However, there are
not many studies on the mechanisms of CNS clearance of waste and
factors that affect the process. In this study, we investigated the effects
of modulating of cerebrospinal fluid (CSF) production on CNS clearances
of acetaminophen and ibuprofen in rats.

The concept of Kp,uu was introduced by Hammarlund-Udenaes and
others to describe the uptake extent of solutes in the brain1. It is defined
as the ratio of steady-state unbound drug concentration between
various CNS compartments (such as CSF or brain tissues) to the systemic
circulation. To enter CNS, solutes need to cross either the blood brain
barrier (BBB) and/or blood cerebrospinal fluid barrier (BCSFB). With
a few exceptions of active uptake, solutes enter CNS largely by passive
diffusion. Without the consumption of energy, the passive diffusion
goes only in the direction from high to low concentration (Fick’s Law),
i.e.,unbound_plasmaC>unbound_CNSCor Kp,uu< 1. Upon entering the CNS, there are
a total of four possible clearance mechanisms: 1) to diffuse back to
systemic circulation across the BBB and/or BCSFB: the reversal of the
direction of passive diffusion also obeys Fick’s law and occurs only when
unbound_CNS
C>unbound_plasmaCor Kp,uu< 1. 2) to be actively pumped out of the CNS
by efflux transporters expressed on the membranes of BBB and/or
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BCSFB: this process is capable of clearing compounds from
the CNS against the concentration gradient when energyrequiring mechanisms are involved. 3) to be metabolized
within CNS: it is worth noting that the brain is not an organ
for extensive metabolism2. 4) Convection carried by brain
interstitial and cerebrospinal fluid (ISF/CSF) flow and
drainage.

For mass balance at steady-state, solute concentration
in the CNS is determined by the rate of entering the CNS
divided by the sum of all possible clearance mechanisms
out of the same compartment. To simplify the analysis,
we treated brain tissue and CSF as one fast equilibrated
homogeneous compartment as shown in Eq 1 discussed
previously3:
R
PS AtoB ×unbound _ plasma C
unbound _ CNS
Eq 1
C = in =
CLout PS BtoA + CLEfflux + CLmetabolism + Qconvection

Where Rin is the rate of passage into the CNS as the
amount per time, and CLout is the total clearance out of the
CNS as volume per time. The unbound_CNSC and unbound_plasmaC
denote the steady-state unbound drug concentration in
CNS and systemic circulation, respectively. PSAtoB and PSBtoA
represent directional first order kinetics across BBB4. The
Clefflux, Clmetabolism, and Qconvection represent individual clearance
mechanisms as indicated by their correspondent subscripts.
By rearranging equation 1, one has equation 2 for Kp,uu (Eq 2)
K p ,uu =

unbound _ CNS

PS AtoB
C
=
C PS BtoA + CLEfflux + CLmetabolism + Qconvection

unbound _ plasma

Eq 2

CNS uptake of acetaminophen and ibuprofen have been
well characterized5-7. Acetaminophen and ibuprofen were
selected because they are both highly BBB permeable and
neither subject to transporter-mediated efflux or extensive
metabolism in the brain. Acetazolamide decreases CSF
production8. Arginine vasopressin (AVP), on the other hand,
increases CSF production9, 10. Both AVP and acetazolamide
have been used in the clinic for many years. Other than
altering ISF/CSF production, there has been no report
of either AVP or acetazolamide compromising the BBB
integrity/permeability. If one assumes that acetazolamide
and AVP have no effect on BBB permeability (PSAtoB, PSBtoA,
CLEfflux), norCLmetabolism for either acetaminophen or ibuprofen
at the CNS level, we have the following possibilities: in
the presence of acetazolamide, the production of ISF/CSF
decreases which resulted in an increase of the Kp,uuand, in
the presence of AVP, the production of ISF/CSF increases
which resulted in a decrease of the Kp,uu as shown in Eq 3.
K p ,uu ↑=

PS AtoB
or,
PS BtoA + CLEfflux + CLmetabolism + Qconvection ↓

K p ,uu ↓=

PS AtoB
PS BtoA + CLEfflux + CLmetabolism + Qconvection ↑

Eq 3
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Material and Methods
Material. Acetaminophen, ibuprofen, acetazolamide,
and AVP were purchased from Sigma-Aldrich with
purities greater than 99% (Sigma-Aldrich, St Louis, MO).
Microdialysis perfusion fluid (147 mM NaCl, 2.7 mMKCl,
1.2 mM CaCl2, 0.85 mM MgCl2) was prepared in house.
The perfusion fluid was filtered through a 0.22 µm sterile
filter immediately prior to use. The dose solutions of
acetaminophen and acetazolamide for oral administration
were formulated in water containing 0.5% methylcellulose
(w/v) and 0.1% polysorbate 80 (v/v). Formulations for
the intravenous (IV) infusion were in saline. The BR-2
microdialysis probe had an outer diameter of 320 µm and
was 2 mm long with a molecular weight cutoff of 30 kDa
(BASi, West Lafayette, IN).

In vitro studies

Plasma protein binding of acetaminophen and ibuprofen
was determined using equilibrium dialysis at 37ºC for
4 hours with a 5% CO2 environment. Rapid Equilibrium
Dialysis (RED) device with 8 kDa molecular weight cut-off
dialysis membrane was used (Thermo Fisher Scientific,
300 Industry Drive, Pittsburgh, PA). The spiked nominal
plasma concentrations of acetaminophen and ibuprofen
were 0.1, 1.0 and 10 µg/mL in the presence or absence of
1µg/mL of acetazolamide or 1 ng/mL of AVP.

The intrinsic permeability of acetaminophen and
ibuprofen was evaluated using an isolated clone of
MDCKII cells (American Tissue Culture Collection, ATCC,
10801 University Boulevard, Manassas, VA) which was
optimized for low active efflux of P-glycoprotein and
BCRP and consistent monolayer growth and confluency.
The bi-directional assay was performed in 96-well plates
(Corning catalog 3392, 1 Riverfront Plaza, Corning, NY)
and incubated at 37ºC for 2 hours. The donor wells
consisted of 1 µg/mL of acetaminophen or ibuprofen with
and without 1 µg/mL acetazolamide or 1 ng/mL AVP, or
vehicle in 1 × HBSS buffer containing HEPES. The receiver
wells contained 1 × HBSS buffer containing HEPES and 1%
bovine serum albumin.

In vivo studies

Animals. The jugular arterial and venous dual
catheterized adult male Sprague-Dawley rats (270 350 g) were obtained from Charles River Laboratories
(Wilmington, MA). The intracisternal cannulated rats
for CSF collection were obtained from Charles River
Laboratories (Morrisville, NC). Upon arrival, animals
were housed individually for 2 - 14 days under standard
environmental conditions (ambient temperature 21 24°C, humidity 60%, and a 12/12-hour light/dark cycle),
with free access to standard laboratory chow food and
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filtered water. All studies and surgical procedures were
approved and monitored by the Institutional Animal Care
and Use Committees (IACUC) of Biogen and Charles River
Laboratories.
Microdialysis. The position of BR-2 microdialysis guide
(BASi, West Lafayette, IN) relative to the bregma was 3.2
mm anterior-posterior, 1.2 mm lateral-medial and -2.0 mm
lateral dorsal ventral based on the stereotaxic co-ordinates
(David Kopf Instruments, Tujunga, CA). The animals were
individually housed for 3 - 5 days after the probe guide
placement surgery to allow for full recovery prior to the
microdialysis experiment.

The effect of acetazolamide on brain exposures of
acetaminophen. Animals were randomly divided into
acetazolamide treated versus vehicle control groups. On
day 1, the animals were individually placed into Culex cages
(BASi, West Lafayette, IN). The microdialysis probe dummy
was replaced with a microdialysis probe and connected
with FEP tubing. The animals acclimated overnight and
underwent microdialysis perfusion with artificial CSF
at 0.5 µL/min, to ensure the recovery of BBB after probe
implantation. The jugular arterialcannula was connected to
the Culexautosampler for automated blood sampling over
the course of the study. A microdialysis perfusion rate of
0.5 µL/min was maintained throughout the entire course
of the study. On day 2, animals received an oral gavage of
either 50 mg/kg of acetazolamide or vehicle dose followed
by acetaminophen (50 mg/kg, oral gavage at 5 mL/kg)
30 minutes later. The microdialysis collection clock was
started 45 minutes prior to acetaminophen administration.
The time delay from the probe to the sample collection vials
was based on the tubing void volume and the perfusion rate
of 0.5 µL/min. Blood was sampled at 0 (pre-dose), 0.17,
0.5, 1, 2, 5, 8, 12 and 24 hours post acetaminophen dose
administration. Microdialysate samples were collected
into refrigerated glass vials mounted in the Culex fraction
collector at 0 – 4ºC at 60 min intervals. Calibration of
microdialysis probe recovery was by retro-dialysis [6].

Crossover study to assess the effect of AVP on brain
exposures of acetaminophen. The secretion of AVP follows
the circadian rhythm, therefore, it was essential to have
the sample collection within the same period of time. In
this cross-over study during both AVP treated and vehicle
control phases, the microdialysis and plasma samples were
collected during the daylight period between 10:00 AM to
2:00 PM. During each treatment phase, 3 microdialysate and
3 plasma samples were collected to calculate the brain_ISFC and
plasma
Caverages. On day 1, animals were individually placed
into the Culex auto-sampler cages. The perfusion was started
through the microdialysis probe, overnight. At the same time,
IV infusion of either acetaminophen plus AVP (treatment
phase) or acetaminophen only (control phase) was started
through the jugular vein catheter. The IV infusion formulation
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was 10 mg/mL of acetaminophen and 1.0 µg/mL of AVP in
saline. The infusion rate was 0.3 mL/hr. The half-life of AVP
and acetaminophen in rats is 10 - 20 minutes and 1 - 2 hour,
respectively. A greater than 16-hour overnight infusion
resulted in reaching a new steady-state or washout of residual
dose for the crossover study design. After the last sample
collection around 2:00 PM, animals received a continuous
infusion of acetaminophen but switched the AVP treatment.
The microdialysate and plasma samples were collected on
day 3 for the second phase of the crossover study.

The effect of AVP on CSF exposures of acetaminophen.
Intra-cisternal cannulated rats were used in this study.
Briefly, rats received a subcutaneous (SC) administration
of either 20 µg/kg of AVP or dose vehicle immediately
followed by oral gavage of acetaminophen at 50 mg/kg.
Plasma and CSF samples were stored at -80°C until analysis.
The effect of AVP on CSF concentration of ibuprofen.
Jugular arterial and venous dual catheterized adult male
Sprague-Dawley rats (270 - 350 g) were used in this study.
The IV infusion formulation was 10 mg/mL of ibuprofen
with or without 0.5 µg/mL of AVP in saline. The infusion rate
was 1.0 mL/hr. Animals were sacrificed for blood and CSF
(via cisterna magna puncture) after 4-hour infusion. CSF
samples were visually inspected for appearance. Samples
exhibiting a pinkish color, suggesting contamination of
blood, were discarded. Plasma and CSF samples were
stored at -80°C until analysis.

1. LC/MS-MS sample analysis. The internal
standard used in the assays was 25 ng/mL 8-cyclopentyl1,3-dipropylxanthine (CPDPX) obtained from SigmaAldrich (St. Louis, MO). The standard curves and sample
preparations, plasma, CSF or brain homogenates, were by
1:4 (v/v) protein precipitation with 50/50 acetonitrile/
methanol followed by centrifugation. Supernatants of 20
µL were injected onto the LC/MS-MS for analysis. The LC
system was a LX2 multiplexing system Agilent 1200 pumps
(Thermo Fisher Scientific, Waltham, MA) and CTC Pal
autosampler with a Synergi 4µ Hydro-RP 50X2mm column
(Phenomenex, Torrance, CA) used for separation. The mass
spectrometer used was an API-5500 (Sciex, Framingham,
MA). Electrospray ionization (ESI) positive ion mode was
used for the detection of acetaminophen (and CPDPX) while
negative ion mode was used for the detection of ibuprofen
(and CPDPX). For both acetaminophen and ibuprofen, the
lower limits of quantitation were 50 ng/mL for plasma, 10
ng/mL for CSF and microdialysis dialysate, respectively.
2. Data Analysis. Pharmacokinetic parameters were
computed by non-compartmental analysis using PhoenixWinNonlin 6.4. (Certara, Cary, NC). The area under the
concentration-time curve (AUC) was calculated using the
log-linear trapezoidal method. One tail t-test was used for
statistical analysis assuming unequal variances.
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Results
Unbound
fraction
and
permeability
of
acetaminophen and ibuprofen: The free fractions of
unbound acetaminophen and ibuprofen in rat plasma were
determined as 38 ± 3% and 1.5 ± 0.5%, respectively. Neither
acetazolamide nor AVP affected the plasma protein binding
of acetaminophen and ibuprofen. The free fraction of 38%
for acetaminophen and 1.5% for ibuprofen were used for
correcting unbound plasma concentration in all studies. In
the low efflux MDCKII cells, the addition of acetazolamide
(1 μg/mL) or AVP (1 ng/mL) had no statistically significant
impact on the intrinsic permeability of acetaminophen and
ibuprofen at the concentrations tested (50, 500 and 5000
ng/mL) with average apparent permeability, Papp A-B, of 11.5
and 9.4 × 10-6 cm/s, respectively.

Effect of acetazolamide on brain exposures
of acetaminophen. An average probe recovery for
acetaminophen was 34.4 ± 18.3 % from 10 rats by retrodialysis. The mean probe recovery of 34.4% was used for
computing probe recovery of all microdialysis studies. The
mean unbound plasma and brain ISF concentration-time
curves were plotted in Figure 1a (control group, N = 7)
and 1b (acetazolamide treated group, N = 11). The average
acetaminophenbrain_ISFAUC to unbound_plasmaAUC ratio (Kp,uu)

increased from 0.40 ± 0.14 in acetaminophen only group
to 0.60 ± 0.27 in acetazolamide (50 mg/kg oral gavage)
treated group (one-way t-test, P < 0.05).

Discussion

Both acetazolamide and AVP participate in renal
reabsorption of water.At high dose levels, these two agents
may change systemic clearances of other medications12-16.
Used as tool compounds, this study focused on their effects
on CNS clearance of solutes.

At the BBB, endothelial cells secrete water into the
brain interstitial space forming brain ISF17-21. Located at
the BCSFB, the choroid plexus (CP) secretes water into the
ventricles forming CSF. Via Virchow-Robin space, the CSF
also enters the brain parenchymal spaces where it meets
and exchanges solutes with the brain ISF21-24. Moving away
from the BBB and BCSFB, the brain ISF/CSF carries waste
collected in brain interstitial spaces, drains and reabsorbs
at multiple places, including the glymphatic system, and
eventually enters the venous blood23-25. Anatomically, the
bulk volume of ISF/CSF drainage bypasses the BBB and
BCSFB21-29. Unlike passive diffusion, clearance by convection
out of the CNS does not require a favorable concentration
gradient.
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Figure 1: Unbound Plasma and Brain Concentration – Time Profiles of Acetaminophen in Rats with or without Concomitant Administration
of Acetazolamide
1a Acetaminophen only
1b Acetaminophen with coadministration of acetazolamide (50 mg/kg)
Unbound plasma (open circle) and brain ISF (open triangle) concentration-time profiles of acetaminophen only (1a) and after concomitant
administration with acetazolamide (1b).
Effect of AVP on brain concentration of acetaminophen. To evaluate the impact of AVP on brain exposures of acetaminophen, we have
conducted a crossover IV (3 mg/hr) infusion microdialysis study in rats. The steady-state Kp,uu was calculated based on the average brain_ISFC
and unbound_plasmaC concentrations of 3 observations from each rat between 10:00 AM to 2:00 PM. The average Kp,uu decreased from 0.44 ±
0.08 control phase to 0.36 ± 0.07 AVP (0.3 μg/hr treated phase (Table 1, one-way t-test, P < 0.05), a reduction of 18%.
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Table 1. Unbound brain-to-plasma concentration ratio of acetaminophen in rats after overnight IV infusion of 3 mg/hr with or without AVP
(0.3 µg/hr) (P < 0.05)
Kp,uu(brain_ISFC / unbound_plasmaC)
Animal ID1,2

AVP treatment phase

Control phase

Rat #1

0.35

0.45

Rat #2

0.37

0.47

Rat #3

0.38

0.48

Rat #4

0.48

0.58

Rat #5

0.38

0.45

Rat #6

0.38

0.33

Rat #7

0.22

0.31

2
1
1
1
1
2
2

Rat #8

0.31

0.42

Mean

0.36

0.44

Stdev

0.07

0.08

2

Effect of AVP on CSF exposures of acetaminophen and ibuprofen. CSF has been widely used as a surrogate for assessing CNS drug exposures11.
Upon subcutaneous administration of 20 μg/kg of AVP and oral gavage of acetaminophen, the average acetaminophen CSFAUC0-5hr to unbound_
plasma
AUC0-5hr ratio decreased from 163% in the vehicle control group to 85% in the AVP treated animals. Separately, at concomitant IV infusion
of ibuprofen (10 mg/hr) with or without AVP (0.5 µg/hour), the average ibuprofen CSFC4h to unbound_plasmaC4h ratio decreased from 0.91 ± 0.27 in
the vehicle control group to 0.54 ± 0.12 in the AVP treated animals (Table 2, P < 0.05).
Table 2. Effect of AVP (0.5 µg/hr) on CSFC4hr to unbound_plasmaC4hr ratio of ibuprofen (10 mg/hr) (t-test, P < 0.05)
Test Article
Ibuprofen
Ibuprofen
Ibuprofen
Ibuprofen
Ibuprofen
Ibuprofen

Ibuprofen
Ibuprofen
Ibuprofen
Ibuprofen
Ibuprofen
Ibuprofen

1

Treatment
Control
Control
Control
Control
Control
Control

AVP 0.5 µg/hr
AVP 0.5 µg/hr
AVP 0.5 µg/hr
AVP 0.5 µg/hr
AVP 0.5 µg/hr
AVP 0.5 µg/hr

Animal ID
Grp1-Rat#1
Grp1-Rat#2
Grp1-Rat#3
Grp1-Rat#4
Grp1-Rat#5
Grp1-Rat#6
Average

unbound_plasma

211
218
234
239
164
224
215

C4hr

C4hr
202
NS1
292
234
143
114
197

Kp,uu
0.96
NA2
1.25
0.98
0.87
0.51
0.91

CSF

Stdev

27

71

0.27

Grp2-Rat#1
Grp2-Rat#2
Grp2-Rat#3
Grp2-Rat#4
Grp2-Rat#5
Grp2-Rat#6
Average

378
319
154
250
292
263
276

220
153
115
114
116
146
144

0.58
0.48
0.75
0.46
0.40
0.56
0.54

Stdev

75

41

0.12

No sample. Not applicable.
2

Without consumption of energy, in theory, passive
diffusion alone does not produce Kp,uu> 1. Consequently,
the Kp,uu< 1 precludes the possibility of passive diffusion
back across the BBB and/or BCSFB. In this study, we have
demonstrated that acetazolamide increases the Kp,uu of
acetaminophen whereas AVP decreases the Kp,uu of both
acetaminophen and ibuprofen. By ruling out passive
diffusion back across BBB and/or BCSFB, active efflux and
brain metabolism, the results are best explained by altering
ISF/CSF production. Many medications do not undergo
active efflux or brain metabolism. For broader implications,

convective flow of ISF/CSF serves as the primary clearance
mechanism out of CNS for compounds with Kp,uu< 1, which
account for the majority of medications1,3,23,28,30.

Brain ISF/CSF production varies in circumstances
such as circadian rhythm31, normal aging32, diseases
such Alzheimer’s disease (AD)33,34, medications such as
acetazolamide35, proton pump inhibitor omeprazole36 and
AVP37. The variation in brain ISF/CSF production shall have
impact on the CNS exposures of medicationsand may lead
either efficacy or safety implications. ISF/CSF production
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rates can be modified for therapeutic usage. Restoring
CSF production in AD patients may lead to increase CNS
clearance of Aβ.

Founding and Consent for publication

The study was founded by and conducted at Biogen,
Inc. The manuscript has been approved for publication by
Biogen, Inc.
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