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The shunt microdialysis probe en-
ables the monitoring of the concen-
tration of low molecular weight
species in the bile of awake, freely
moving rats (1-3). A diagram of the
shunt microdialysis probe is shown
in F1. The shunt, which carries the
bile flow, is of appropriate dimen-
sions for implanting into the bile
duct of anadultrat. Suspendedinside
the shunt is a linear microdialysis

The purpose of this study was to show the usefulness of the microdialysis shunt
probe in experiments where there is either erratic bile flow or rapid changesin
concentration of analyte in the bile. During studies in anesthetized rats with the
bile flow diverted, it was observed that the bile flow rate can be erratic and that
concentration changesin the bile can occur rapidly. It was demonstrated that
(a) thein vitro recovery of analytesis independent of the shunt flow at rates >5
UL/min; (b) the recovery is independent of stop/start flow behavior in the shunt
and will only decrease if the shunt flow is stagnant for long periods of time (i.e.,
>15 min); and (c) the recovery of analyte through the probe tracks rapid
changes in concentration and does not reflect changes in bile flow through the
shunt. The implications of these in vitro studies on probe calibration and in vivo
measurements are discussed.

probethat continuously sampleslow
molecular weight compounds from
the bile. In anesthetized rats, the
probe can beinserted at the upstream
end (toward the liver) and bile col-
lected (diverted flow, F1). The di-
verted flow experiment allows
determination of the bile flow rate,
measurement of the total bile col-
lected andtotal doseeliminated, cali-
bration of the microdialysis probe

F1

Diagram of the
microdialysis shunt probe
with implantation for
diverted and intact bile
flow.
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and comparison of the concentration
levels of the analyte to a rat whose
bileflow isintact. When the shuntis
inserted in both the upstream and
downstream endsof the bileduct, the
animal’s bile flow is maintained (in-
tact flow, F1). Thisconfiguration al-
lows monitoring of the bile in an
awake, freely moving rat (2).

In previous studies with the
shunt probe, the ability to monitor
phenolphthalein glucuronide in
anesthetized animals with diverted
and intact bile flow was demon-
strated (4). Phenolphthalein glu-
curonide (PTG) is rapidly formed
after administration of phenol-
phthalein (PT). This compound is
typical of speciesthat are conjugated
and recirculated in the bile through
enterohepatic cycling (5-8). It was
also shown that the bile salts impact
the microdialysis experiment. Per-
fusing the probe without bile salts
results in loss of sample volume to
the shunt via osmosis (9). The bile
salts can aso interact with the ana-
lyte and have an influence on the
ability of the analyte to cross the
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microdialysismembrane(10). Inthis
experiment, a solution of 2% bile
saltsin Ringer’swas used asthe per-
fusate to eliminate the effects of bile
salts mentioned.

In the in vivo experiments in-
volving diverted bile in anesthetized
rats, bile flow measurements have
varied greatly. In some studies the
observed bile flow was uniform and
in others it was erratic, sometimes
exhibiting stop-start behavior. Re-
ported bile flow in rodents ranges
from 50-90 pL/min/kg (11). Studies
in ratsindicate that anesthesia, body
temperature, endogenous com-
pounds such as bile acids, admini-
stration of drugs and hydrostatic
pressure (8,11) can markedly influ-
ence bile flow.

Research from other laboratories
has shown that the microdialysisre-
sponse time is rapid, allowing on-
line studieswith temporal resolution
of 1-2 minutes(12-14). Rapid equili-
bration would be expected in the
shunt probe, as the shunt provides a
hydrodynamic environment where
the rate limiting step should be dif-
fusion through the membrane and
not through the biological fluid. The
on-line studies in this experiment
were done in 6-minute increments.
This time period is more than ade-
quate to allow for a steady state to
establish at the microdialysis mem-
brane.

Since the bile flow and analyte
concentration can vary rapidly, it is
important to know the response of
the shunt probeto these changesand
how these changes can affect the
probe calibration and in vivo results.
In this study severa in vitro experi-
ments were performed to mimic in
vivo extremes in both bile flow and
concentration and to evaluate the
performance of the probe under
these conditions. The ability of the
probeto track concentration changes
in vivo in the diverted, anesthetized
ratisdemonstratedin arat exhibiting
an erratic flow pattern.
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Experimental Procedures

Reagents and solutions

The following reagents were
used asobtained from SigmaChemi-
ca Co. (St. Louis, MO): phenol-
phthalein, phenolphthalein
glucuronic acid (sodium salt), bile
salts (approximately 50% sodium
cholate and 50% deoxycholate,
Sigma # B-8756), KCI, CaCl,, and
NaCl. Ringer's solution was pre-
pared from NaCl (155 mM), KCI
(5.5mM), and CaCl, (2.3 mM). Bile
salt Ringer's (BSR) solution was
prepared by dissolving 2 g bile salts
in 100 mL of Ringer’'s solution.
HPL C grade acetonitrile and metha-
nol, and reagent grade phosphoric
acid and ammonium hydroxide for
preparation of ammonium phos-
phate buffer, were obtained from
Fisher Scientific (Pittsburgh, PA).
Mobile phase was prepared by mix-
ing solvents and buffer (volume:vol-
ume) followed by filtering through a
0.22 micron nylon filter under vac-
uum. All solutions were made using
NANOpure (Barnstead Co., Boston,
MA) deionized water. All chemicals
werereagent grade or better and used
asreceived.

Analytical method

PTG wasanalyzed on-line using
areverse phase liquid chromatogra-
phy (LC) method with UV detection.
The analytical column was a C-18,
ODS-3 phase I1, 3 micron, 10 cm X
3.2 mm (BAS, MF-6213) with
matching guard column (BAS, MF-
6206) and a 0.5 micron in-linefilter.
The columnwasinanovenat 37 °C.
The mobile phase was 10% ACN,
26% MeOH and 64% 50 mM ammo-
nium phosphate buffer at pH=2.5.
The mobile phase flow rate was 0.8
mL/min, resulting in an approximate
retention time for PTG of 3.4 min-
utes. A Shimadzu UV-Vis SPD-6AV
detector was used at 230 nm with
data output to an anaog-to-digital
converter and data analysis with
BAS ChromGraph software. Thein-
jection system consisted of a CMA-
160 valve with a CMA-100
microinjection syringe pump/con-

troller. The injector was equipped
with a 3-pL injection loop. On-line
injections of dialysates were per-
formed every 6 min, with a 6 sec
injection loop flush onto the column.
The perfusate flow set at 1 pL/min
provides a loop overfill of approxi-
mately twice the sample volume.
Concentration was determined by
guantitation against PTG standards.
Microdialysis samples were further
corrected using an in vitro probe
calibration as described bel ow.

In vitro probe studies

Shunt microdialysis probes
(BAS, MD-2100) with polyacryloni-
trile membrane (MW cut-off 30,000
daltons) and window length of 25
mm were used in thein vitro experi-
ments. The in vitro probe studies
wereal carried out at 37 °C using a
thermostated heating block. The
standard solution for in vitro recov-
ery studieswasa 1 mM solution of
PTG in BSR pumped through the
shunt with a BAS syringe pump
(MD-1001) using various flow set-
tings stated in the text. A shunt flow
rate of 10 uL/minwasused for thein
vitro probe calibration. BSR was
perfused in a countercurrent fashion
through the probe at 1 pL/min and
collected on-line to the HPLC injec-
tion system. The perfusate from the
probe was directly connected to the
injection needle in the injection
valve. No additional tubing was
added. Dialysate samples were col-
lected and analyzed on-line every 6
minutes. Diverted bile samplesfrom
the shunt were connected to arefrig-
erated BAS Honeycomb fraction
collector (BAS, MD-1200) using 20
cm of PE-10 tubing. The shunt sam-
pleswere collected at set time points
into pre-weighed vialsand flow rates
were determined gravimetrically as-
suming a density of 1 g/mL. The
concentration of the shunt samples
was determined by manual injection
of samples under the same condi-
tionsused for dialysates. The percent
extraction efficiency (by recovery
experiment), EE,, of the probe was
calculated according to the follow-
ing equation:
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%EE, = {[didysate]/[standard]} *100

For in vitro studies requiring
rapid changes in flow or concentra-
tion, the shunt was connected to as
many as three syringe pumps using
the BAS UniSwitch™ (BAS, MD-
1508) (F2). The individua syringe
pumpsareallowed to stabilizeand to
operate continuously. Aninstantane-
ouschangein flow rateor concentra-
tion was obtained using the liquid
switch. The switch was changed
manually at known time points to
mimic changesin flow rate and ana-
lyte concentration in the bile.

In vivo experiments

The probes used in the in vivo
studieswere custom shunt microdia-
lysis probes with polyacrylonitrile
membrane (MW cut-off 30,000 dal-
tons) and window length of 30 mm.
Since these probes had membrane
lengths different than those used in
the in vitro studies described above,
they were calibrated individually in
vitro before being placed in the ani-
mal. The in vitro calibration was
validated by comparing the cor-
rected dialysate concentrationstothe
actual concentrations in the bile in
the diverted rat experiment. Probes

were calibrated with an in vitro re-
covery experiment at 37 °C using
BSR at 1 pL/min asthe perfusateand
1 mM PTG inBSR (standard) in the
shunt at 10 pL/min. The probe set-
up, sample analysis and calculation
of %EE, were as described in the in
vitro section above. Theinvitro cali-
bration factor for the in vivo experi-
ment was 72 = 6%. One
measurement was performed and er-
rorswere determined by propagation
of error on multiple injections of
standards (n > 6) and dialysates (n >
6).

Rat surgery was performed in
anesthetized animals according to
protocols approved by the Institu-
tional Anima Care and Use Com-
mittee (IACUC) of the University of
Kansas and described in the shunt
probe package insert (BAS, MD-
2100). The probe was implanted in
the anesthetized rats in the diverted
fashion as shown in F1. Rats were
lightly pre-anesthetized with ha
lothane (Halocarbon Labs., River
Edge, NJ) followed by intramuscul ar
administration of 350 pL/kg Ve-
tamine™ (100mg/mL ketamine hy-
drocholride, Mallinckrodt Vet.,
Mundelein, IL) with 10% Rom-
pun™ (20mg/kg xylazine, Bayer,

F2

Illustration of the use of a
liquid switch for in vitro
experiments to mimic
rapid changes in
concentration or flow rate
in the shunt of the
microdialysis probe.

To Shunt

=
o
=
2
c
-]

Condition A

|

:D

-

Condition B

ﬂ

A

C

F3

Bile flow rate in
anesthetized rat with
erratic bile flow.
Timepoints 0-210 min
(black) are baseline,
210-320 min (light grey)
follow DMSO injection
and 320-440 min (dark
grey) follow injection of
PT in DMSO.
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Shawnee Mission, KS). Anesthesia
was maintained by additional injec-
tionsof 200 UL Vetamine™ approxi-
mately every 2 hours. The rat was
placed on a heating pad kept at the
low setting during the entire experi-
ment. A narrow bore dosing cannula
filled with heparinized Ringer’s so-
lution was ligated into the femoral
vein. Anintravenous dose of phenol-
phthalein (PT), 20 mg/kg in 40 pL
DMSO was administered as de-
scribed previously (4).

The in vivo probe was perfused
with BSR at aflow rate of 1 pL/min
with dialysate going directly to the
injection loop of the analytical sys-
tem. A 20-cmlength of PE-10tubing
was used to connect the diverted,
shunted biletotheBASHoneyComb
fraction collector. Dialysate flow
rates were shown not to vary with
PE-10 tubing lengths of 0-50 cm
added to the downstream end of the
shunt. This indicated that the addi-
tional PE-10 tubing does not in-
crease the back pressure enough to
cause ultrafiltration through the
membrane to the dialysate. Twenty
cm of PE-10 was the minimum
length of tubing required for the
shunt to reach the fraction collector.
Samples were collected at predeter-
mined time points into weighed, re-
frigerated, sealed vias. The bile
and/or shunt flow rate was deter-
mined gravimetrically assuming a
density of 1 g/mL. The PTG in bile
was determined by manual injec-
tions of bile samples under the same
analytical conditions as used for the
diaysates.

Results & Discussion

In vivo experiments

F3 shows the variation in bile
flow in an anesthetized diverted rat
experiment. The average bile flow
was 22.1 £ 8.9 pL/min; however, the
flow was erratic, varying over the
range of 1.0 to 43.6 pL/min (n=75,
6-min time points). The reason for
theerratic flow in F3isunknown. In
an attempt to see if the flow rate
variation was related to the dosing
vehicle or to the PT dose, the bile
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T1

Average bile flow under

different experimental Experimental Condition Average Bile Flow + Number of Samples
conditions. Standard Deviation (uL/min)

baseline 0-3.6 h 21+8 35

placebo 3.6-5.4 h 23+9 19

PT dose 5.4-7.5 24+ 10 21
F4

PTG and bile flow rate in
anesthetized rat with
erratic bile flow. Bile
samples were collected
every 6 minutes and 3 of
6 UL of dialysate were
analyzed on-line every 6
minutes.

m = PTG concentration
(mM) in dialysate
corrected for EE
(%EEr=72%,).

U= PTG concentration
(mM) in bile.

Grey bars = Bile flow rate
(UL/min).

Inset shows the total PT
dose recovered from the
bile with time.
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F5

% extraction efficiency
(EE,) versus shunt flow
rate. The shunt (1 mM
PTG in BSR) flow was
varied from 0.2 to 50
uL/min. The perfusate
(BSR) flow was constant
at 1 uL/min. Each
measurement represents
an average of n>6
dialysates # the standard
deviation on the
dialysates.
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flow rateintherat wasmonitored for
7.5 hours under thefollowing condi-
tions: 0 - 3.6 hours no injections
(baseline), 3.6 - 5.4 hours rat given
50 uL DM SO (placebo), and5.4-7.5
hours rat given dose of PT in 50 uL
DMSO. Shading of the bars in F3
shows the bile flow rate under these
threeconditions. T/givestheaverage
bile flow and standard deviation for
each group of samples.

Note that there appears to be no
significant difference in the overal
bile flow when the placebo and dose
are compared to the basdline. This

Current Separations 18:3 (1999)

indicates that the dose and vehicle
are not responsible for the erratic
flow. Other parameters such as the
rat’s temperature, the level of anes-
thesia, or the hydrostatic pressurein
the bile duct may be the cause.
Despitethevariationinflow rate,
the profile obtained in F4 showsthat
the comparison between diaysate
and actual concentration measured
in bile is quite good. An in vivo re-
covery valuefor PTG was calculated
by taking the ratio of concentration
in dialysate/bile for respective time
points. Theinvivo value of 71 + 4%

(for time points 6-108 min) com-
pared well with the in vitro calibra-
tion of 72 £ 6%. In this experiment
the total dose of PT was also deter-
mined (seeinset, F4). After 126 min,
63% of the PT dosewasrecoveredin
the bile.

In vitro experiments

Since it was observed in the in
vivo experimentsthat thebileflow in
therat varies, thefirst set of in vitro
experiments was to monitor the re-
covery of dialysates for shunt flow
rates of 0.2-50 pL/min. The EE; pro-
file as a function of shunt flow is
shownin F5. It isobserved from the
data that the recovery of analyte is
independent of the shunt flow for
flow rates >5 pL/min. As the shunt
represents a hydrodynamic environ-
ment, itissomewhat likeastirred pot
where the limiting step for recovery
is the diffusion of analyte through
the probe membrane. Thisisin con-
trast to microdialysisintissue, where
the diffusion of analyte through the
tissue is the rate dependent step. In
these experiments at flow rates >5
pL/min through the shunt, a steady
state recovery is obtained. Due to
this dynamic state in the shunt, anin
vitro calibration of the shunt probe at
37°Cusing abalanced concentration
of bile salts across the membrane
givesan accurateestimation of thein
vivo concentration. A diverted bile
experiment can be performedtovali-
date the in vitro calibration (10).

In order to mimic erratic changes
in bileflow, theliquid switch was set
up to change between a syringe with
1mM PTGat 20 uL/minand noflow.
The switch was changed back and
forth every 10 minutes. Shunt sam-
ples were collected every 6 minutes.
The predicted and measured shunt
flow obtained from this on-off
switching experiment is shown in
F6. Notice that since the bileis col-
lected in time increments that are
different from the cycling timeof the
syringes, the predicted bile flow
rates are averages that vary between
20 and O pL/min. Asseenin F6, the
measured flow rate is in reasonable
agreement with the predicted flow
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F6

Tracking dialysate
concentration under
conditions of simulated
on-off shunt flow.

m = PTG concentration
(mM) in dialysate
corrected for EE
(%EE,=53%).

0= Measured flow rate
from shunt.

Grey bars = Predicted
average flow rate in shunt.

Timeline:

Dark gray represents the
shunt flow on at 20 uL/min
and white areas indicate
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profile. This flow profile is not un-
likethe erratic bile flow measuredin
theinvivo experiment (F3). Thedia-
lysate concentration is consistent
over the time frame of the experi-

Time (min)

ment, indicating that the recovery is
constant and independent of the
changes in shunt flow rate. The cor-
rected dialysate concentration (1.2 +
0.1 mM, n=16) isin good agreement

with the actual concentration in the
shunt of 1.0 mM PTG.

The concentration of analyte in
the dialysate is expected to decrease
if the solution in the shunt becomes
completely stagnant. Under these
conditions, where there is no move-
ment of fluid inthe shunt, it will take
a finite amount of time for the con-
centration in the diffusion layer out-
side the membrane to become
depleted. In order to get an estimate
of how long this process would take
in ashunt probe experiment, a probe
was equilibrated with 1 mM PTG in
the shunt at 20 pL/min and BSR (no
PTG) in the perfusate at 1 pL/min.
After 40 min of equilibration, the
shunt flow was turned off but the
perfusate flow was left on and the
diaysate continued to be monitored.
The results in F7 show that it takes
approximately 15 minutes after the
shunt flow isstopped to start to seea
drop in dialysate concentration.
Thisindicatesthat in the case of ani-
mal death or bile shutdown, the
probe would continueto monitor the
concentration that is sitting stagnant
in the shunt for sometimeand it will
not reflect the fact that the bileis not
flowing. In an animal experiment,
any anima movement (breathing,
physical movement, vibrations, etc.)
would cause stirring of the diffusion
layer outside the membrane. Even
dight stirring would serveto replen-
ish the concentration outside the
membrane and it would take much
longer to observe a decreasein con-
centration.

When the concentration is
changed in vitro, the probe responds
very swiftly, profiling the concentra-
tion changes accurately. F8 illus-
trates an example where, using the
liquid switch, the shunt concentra-
tion isvaried between 1 mM PTGin
BSR at 20 pL/min and BSR (no
PTG) at 20 pL/min. The concentra-
tion is changed every 10 minutes.
This profile was chosen to mimic
extreme changes in concentration
with constant flow rate in the shunt.
The shunt flow was collected every
10 min and the dialysates were sam-
pled for the last three minutes of
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every 6-minute cycle. The predicted
concentration in the shunt will vary
between 1 and 0 mM. From F8it can
be seen that the PTG concentration
in the dialysates reasonably match
the predicted concentration in the
shunt, even under these conditions of
extreme concentration changes.

Conclusions

This study has shown that the
shunt microdialysis probe is a valu-
able tool for profiling analytes in
bile. The agreement in the in vivo
experiment between the corrected
dialysate concentration and the ac-
tual measured concentration in the
bile was quite good. Although the
reason for the variation in bile flow
was not determined, these experi-
ments show that the microdialysis
shunt probe accurately tracks the
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analyte concentration in the bile, in-
dependent of bile flow rate. The in
vitro studies confirm that the probe
reflects changes in analyte concen-
tration even when the concentration
or the bile flow rate changesrapidly.
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