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Abstract

The feasibility of using an osmotic pump in place of a syringe pump for microdialysis sampling in
rat brain was investigated. The use of an osmotic pump permits the rat to be free from the constraints
of the standard tethered system. The in vitro flow rates of a microdialysis syringe pump (set at 10.80
I/h) and the osmotic pump (pump specifications were 11.35 I/h) with no probe attached were
compared, yielding results of 10.87 I/h + 1.7% and 10.95l/h £ 8.0%, respectively. The average of
four flow rate experiments in vivo yielded RSDs less than 10% and an average flow rate of 11.11/h.
Following the flow rate studies, in vivo sampling of neurotransmitters was accomplished with the
osmotic pump coupled to a microdialysis probe implanted in the brain. Finally, after determination
of basal levels of DOPAC, HVA, and 5-HIAA in the rats, the rats were dosed with benserazide
followed by L-DOPA. The results from the dosing study showed at least a 10-fold increase in
compounds in the L-DOPA metabolic pathway (DOPAC and HVA) and a slight or no increase in 5-
HIAA (serotonin metabolic pathway.) These results indicate that the osmotic pump is a viable
alternative to the syringe pump for use in microdialysis sampling.

Introduction

Microdialysis sampling is a well-established technique for in vivo monitoring of
neurotransmitters in awake, freely moving animals (Justice et al., 1993;Zhou et al., 1995;Mas
et al., 1996;Herrera-Marschitz et al., 1997;Everett et al., 2000;McKenzie et al., 2002;Fillenz,
2005;Watson et al. 2006). However, microdialysis in awake, freely moving animals requires
tethering the animal to the syringe pump using at least one meter of narrow bore tubing (Martin
etal., 2000). In addition, the animal is generally confined to a bowl to ensure that the connecting
tubing does not become tangled or broken. This situation can be inconvenient or even
unacceptable for many types of studies, such as behavioral studies, exercise physiology
experiments, and protocols using specialized training cages or mazes. In these situations,
osmotic pumps may provide a worthwhile alternative to syringe pumps.
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Osmotic pumps have been used extensively in drug delivery studies (ALZET Pump
Bibliography, 2006). Pumps are normally filled with a solution of the drug of interest and
implanted subcutaneously in the animal. Following an equilibration time, the drug is delivered
ata constant rate to the site of interest due to osmotic pressure generated inside the pump. There
have been many studies in which an osmotic pump has been utilized to deliver a drug while
microdialysis sampling with a syringe pump has been used separately to collect samples
(Srinivasan etal., 1991;Beagles etal., 1998;Newman et al., 2000;Javitt et al., 2004; Alzet Pump
Bibliography, 2006). Microdialysis probes have also been connected to osmotic pumps to
facilitate the delivery of drugs to specific regions of the brain (Bazzett et al., 1991). However,
to the best of our knowledge, microdialysis sampling with an osmotic pump for recovery of
analyte from brain tissue has not been evaluated.

There are many potential advantages to using an osmotic pump as part of the microdialysis
system. One is the portability and the lack of constraints on the animal, which would permit
untethered experiments in any environment, including mazes and training cages. Sample
collection vials or miniaturized sensors can be mounted directly on the head of the animal to
allow it to move freely. In this case, only a small amount of tubing is required to connect the
probe to the collection system, which results in a shorter delay time and less back pressure.
The osmotic pumps are also very light compared to other portable syringe pumps. The largest
osmotic pump, the ALZET 2ML series pump (Durect, Cupertino, CA) weighs approximately
7 g when filled with fluid. Commercially available small, battery-driven pumps usually weigh
more than 100 g, making them too heavy for use with small animals such as rats or mice. Lastly,
although the osmotic pumps are not reusable, they are, fortunately, not very expensive. The
pumps used in this study cost approximately $20 each.

Osmotic pumps are available in three different fill volumes: 1001, 200 I, and 2 ml. The available
flow rates range from 0.25 to 10 I/h. The flow rates obtained with these pumps are compatible
with high recovery microdialysis experiments (Menacherry et al., 1992;Lada and Kennedy,
1995;Stenken et al., 2001;Cano-Cebrian et al., 2005). Depending on the pump that is chosen
and the flow rate, the lifetime of the pump ranges from 1 day to 4 weeks. In this paper, the
feasibility of using the ALZET 2ML1 osmotic pump (Durect) combined with an in situ
collection system for neurochemical studies is evaluated. This study focused on construction
and characterization of the portable system. This included determination of reproducibility of
recovery and delivery using these pumps, development of an optimal collection system, and
demonstration of the system for the in vivo sampling of neurotransmitter concentrations
following i.p. administration of L-DOPA.

Materials and Methods

Chemicals

Xylazine was purchased from Bayer (Shawnee Mission, KS) and ketamine was purchased from
Fort Dodge Animal Health (Fort Dodge, 1A). Disodium-ethylenediaminetetraacetic acid
(EDTA), diethylamine HCI, 1-octanesulfonic acid (sodium salt), N,N dimethylacetamide,
caffeine, theophylline, cysteine, homovanillic acid (HVA), 3,4-dihydroxyphenylacetic acid
(DOPAC), 5-hydroxyindole-3-acetic acid (5-HIAA), benserazide, dihydroxybenzylamine
hydrobromide (DHBA) and L-3,4-dihydroxyphenylalanine (L-DOPA) were all obtained from
Sigma (St. Louis, MO). Lactated Ringer's solution was purchased from Baxter (Deerfield, IL).
Acetonitrile, methanol (ACS grade), ammonium hydroxide, phosphoric acid, sodium
dihydrogen phosphate-H,0, and sodium citrate were obtained from Fisher (Fair Lawn, NJ).
HCIO4 (perchloric acid) was obtained from Spectrum Quality Products, (Gardena, Ca).
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Surgical procedures

All surgical procedures were approved by the IACUC committee at the University of Kansas.
Male Sprague-Dawley rats (350450 g) were anesthetized by i.m. injection using xylazine and
ketamine (0.011 and 0.2 mg/kg, respectively), and additional doses of anesthesia (ketamine
only) were administered as needed to maintain anesthesia for the duration of the surgery. A
brain cannula (the cannula fora CMA/12 microdialysis probe, CMA, Stockholm, Sweden) was
implanted into the right striatum (A/P: +0.7; Lat: —2.7; Vert: —3.4) with respect to the bregma/
midline intersection. An ALZET 2ML1 (10 I/h flow rate, 2 ml fill volume, and 1 week pump
duration) osmotic pump filled with lactated Ringer's solution was implanted subcutaneously
into the rat along the left side of its back. In these studies, the two surgical procedures were
performed at the same time so that the rat was anesthesized only once. However, it would be
possible to perform the brain surgery first and then subsequently implant the pump 24-48 h
later if a longer recovery time was desired following implantation of the brain cannula. The
osmotic pump was connected to a 15-cm piece of FEP tubing (0.65 mm OD x 0.12 mm ID,
Bioanalytical Systems (BAS), West Lafayette, IN) using a tubing connector (BAS) to connect
the flow moderator of the osmotic pump to the FEP tubing. The tubing connector was UV
glued to both the flow moderator and FEP tubing to secure it in place. Then 10 cm of protector
medical catheter tubing (0.095 OD % 0.066 1D, Braintree Scientific, Braintree, MA) was placed
over the FEP tubing and was also UV glued to the flow moderator. The protective sheath was
used to help prevent crimps and kinks in the FEP tubing. The other end of the FEP tubing was
connected to the inlet port of the microdialysis brain probe (CMA/12; shaft length 14 mm, 0.5
x 3.0 mm; polycarbonate (PC) membrane, 20,000 Da molecular weight cut-off; CMA,
Stockholm, Sweden). After connecting the microdialysis probe to the osmotic pump, the
microdialysis probe was inserted into the brain cannula (see Fig. 1).

In vitro characterization of pump performance

The in vitro performance of the osmotic pump for microdialysis sampling was evaluated by
(a) comparing the flow rate of the osmotic pump to a standard syringe pump with and without
amicrodialysis brain probe attached and (b) measuring extraction efficiency (i.e., recovery and
delivery) of the model compounds caffeine and theophylline through a brain probe (CMA/12
described previously) using the osmotic pump to perfuse the probe.

In the flow rate comparison experiment, a 0.5 ml syringe filled with 200 M theophylline in
lactated Ringer's was placed into a CMA syringe pump and set at a flow rate of 0.18 I/min.
The 0.18 I/min corresponds to 10.8 I/h, which is similar to the ~10 I/h value listed for the
osmotic pump. The osmotic pump was filled with 2 ml of the same perfusate solution and
placed in a beaker containing a solution of 0.9% NaCl at 37 °C as per the technical information
manual from ALZET. The pumps were tested by flowing through standard lengths of
microdialysis tubing (FEP, 0.65 mm OD x 0.12 mm ID, BAS) with and without the brain probe
attached. For testing without the probe, the pumps were connected directly to a Honeycomb
fraction collector (BAS) using 1 m of tubing. To test the flow rate with the microdialysis brain
probe, 30 cm of FEP tubing connected the pump to the probe and 1 m of the same tubing
connected the probe outlet to the fraction collector. The probe was placed in a 37 °C
thermostated block (Dri-Bath, Thermodyne, Dubuque, 1A) with a beaker containing the
recovery solution, which was 200 M caffeine in lactated Ringer's. The fraction collector
contained preweighed 250 | capped glass vials, and samples were collected at selected time
intervals (90, 60, 40, 30, 20 and 10 min) for gravimetric determination of the flow rate.

The extraction efficiency experiments with caffeine and theophylline were set up identically
to the flow rate comparison experiments, using the brain probe, solutions, and conditions
described above with two exceptions. Instead of using the fraction collector, samples were
collected on-line to an HPLC injection valve using 1 m of tubing, and concentrations of analytes
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were determined by an established HPLC/UV method for caffeine and theophylline described
later in this section. The sampling rate was 60 min for this experiment.

In vitro characterization of neurotransmitter recovery using the osmotic pump

In vitro microdialysis recovery studies of neurotransmitters were performed using DOPAC, 5-
HIAA, and HVA. The osmotic pump was filled with a perfusate solution containing lactated
Ringer's and placed in a covered 20 ml vial containing 0.9% NacCl in a thermostated block at
37 °C. A 15-cm length of FEP tubing was connected to the pump at one end and to a brain
probe at the other end. The outlet of the probe was connected to a Honeycomb fraction collector
by 30 cm of FEP tubing. The probe was then placed into a 20-ml vial containing 2 M of each
of the following in lactated Ringer's: DOPAC, 5-HIAA, and HVA. The 20-ml vial was placed
in the 37 °C Dri-Bath, and samples were collected in capped glass vials containing 5 | of a
solution of 2 M DHBA (internal standard), 0.25 M HCIOy, and 0.1% cysteine. Perchloric acid
and cysteine were added for sample stability. Samples were collected every 60 min and
analyzed by microbore HPLC with electrochemical detection as described later in this section.

In vivo gravimetric sampling

With the in vivo microdialysis sampling experiments there was a 16-h delay prior to sampling
for osmotic pump equilibration and animal recovery. For the in vivo flow rate gravimetric study
using the osmotic pump, the outlet port of the brain probe was attached to a 4 °C refrigerated
fraction collector by 1 m of FEP tubing and the inlet port of the brain probe was attached as
described earlier. The rats were tethered in a Raturn awake animal system (BAS). Samples
were initially collected every 90 min into preweighed vials for gravimetric flow rate analysis.

On-animal collection system

For the on-animal in vivo studies, the outlet end of the brain probe was connected to a 1-in
piece of a 22-gauge stainless steel needle, which was filed blunt on both ends, by a tubing
connector that was UV glued to one end of the 22-gauge needle. A 75-1 septum-capped plastic
vial was placed on the remaining end of the 22-gauge blunt needle; a 1-cm piece of standard
PEEK tubing was placed through the septum for a pressure bleed (see Fig. 1 for a diagram of
the on-animal system). A 5 | aliquot of a solution of 2 M DHBA (internal standard), 0.25 M
HCIQy4, and 0.1% cysteine was added after sample collection to samples collected from the
on-animal system. For the dosing study, the osmotic pump was filled with lactated Ringer's
and was implanted as specified earlier. After a 24—48-h recovery/equilibration time and
collection of blanks, the rat was dosed i.p. with 50 mg/kg benserazide followed 20 min later
with 50 mg/kg of L-DOPA (de Souza Silva et al., 1997). Samples were collected every hour
following dosing by holding on to the 22-gauge needle, removing the sampling vial, and placing
a new vial onto the needle. This process took approximately 5-10 s and could be easily
accomplished without picking up the animal. The animals did not show any sign of agitation
during this process.

Separation and detection methods

The caffeine and theophylline samples were analyzed by HPLC with UV detection. A PM-80
HPLC pump (BAS), a SPD-6AV UV-VIS detector (Shimadzu, Kyoto, Japan) and a 100 x 3.2
mm, 3-micron phase |1 ODS column (BAS) were employed for the analyses. The mobile phase
for the separation of caffeine and theophylline consisted of 10% ACN, 15% MeOH, and 75%
50 mM ammonium phosphate buffer prepared from ammonium hydroxide and phosphoric acid
at pH 2.5. The flow rate was 0.8 ml/min. Injections were performed using one of two 6.4 |
loops on a Valco 8-port injection valve (Valco Instruments, Houston, TX). Detection was
performed at 273 nm and data collection was accomplished using a DA-5 Chromgraph interface
(BAS) connected to a Gateway 486 DX-66 computer (Gateway, Poway, CA).
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The system used to monitor the analytes in the neurotransmitter study (i.e., DOPAC, HVA, 5-
HIAA, L-DOPA, and benserazide) was composed of a LC-6A (Shimadzu) HPLC pump and
an electrochemical detector. A Unijet 5 micron, C-18, 150 x 1 mm microbore column (BAS)
was used for the separation. The mobile phase was composed of 95:5% aqueous phase:organic
phase (Cheng et al., 1992). The aqueous phase consisted of 25 mM sodium dihydrogen
phosphate-H,0, 50 mM sodium citrate, 27 M disodium-EDTA, 10 mM diethylamine-HCI, and
2.2 mM 1-octanesulfonic acid sodium salt, adjusted to pH 3.2 with phosphoric acid. The
organic phase was 58% methanol and 42% N,N-dimethylacetamide. Electrochemical detection
was accomplished using a Unijet 3-mm glassy carbon electrode (BAS) with a detection
potential of +750 mV vs. Ag/AgCl and the current was monitored by a LC-4C potentiostat
(BAS). Injections were performed using a 10.5 I loop (overfill) on a Valco 6-port injection
valve (Valco Instruments), and data collection was accomplished with a DA-5 Chromgraph
interface (BAS) connected to a Gateway 486 DX-66 computer (Gateway).

Results and discussion

In vitro studies

Osmotic pump and syringe pump flow rate comparison—The primary goal of the
in vitro studies was to compare the osmotic pump to the syringe pump for accuracy and
precision of flow rate. The 90-min gravimetric analysis of the syringe pump without a probe
attached yielded a flow rate of 10.87 I/h £ 1.7% compared to the syringe pump set value of
10.8 I/h (0.18 I/min). The %RSD for the syringe pump through the probe was also below 2%,
indicating that the probe does not have a significant effect on the precision of the syringe pump
flow rate. A 90-min gravimetric analysis of the osmotic pump without a probe attached
produced a flow rate of 10.95 I/h + 8.0% compared to the theoretical value of 11.35 I/h + 3.8%
listed for that specific lot of 2ML1 osmotic pumps. The osmotic pump connected to a brain
probe produced an average flow rate of 10.71 I/h £ 6.6%. The precision of the osmotic pump
was not as good as that observed for the syringe pump, but the values were relatively close.
Also, the addition of the microdialysis probe did not significantly alter the flow rate or precision
of the osmotic pump. The data for the in vitro osmotic pump flow rate study, with and without
the probe, over an 18-h period for a collection of gravimetric samples is shown in Figure 2.

After comparing the flow rate profiles for a 90-min collection, a study to determine the effect
of frequency of sampling on precision was performed. A series of sampling frequencies starting
with 90 min and decreasing to 10 min using an osmotic pump (same type, ALZET 2ML1) was
analyzed gravimetrically for flow rate profiles as shown in Table 1. It can be seen that the flow
rate is less consistent for the shorter gravimetric collection times with the osmotic pump. It
appears that the loss in precision with a decrease in sampling time is due to a pulsing effect. A
vial that has a larger volume of fluid is almost always either preceded by or followed by one
of less volume. For longer sampling times, the pulsing seems to average out. The largest pulsing
effects were seen in the 10-min sampling and had an RSD of 18%. For more consistent flow
rates (RSDs less than 10%), a collection time of at least 30 min must be employed.

In vitro extraction efficiency of model compounds and neurotransmitters—Next,
the effect of the osmotic pump on microdialysis recovery and delivery was investigated in
vitro. Theophylline and caffeine were chosen as model compounds since their behaviour under
microdialysis conditions is well characterized and they are easy to separate and detect using
liquid chromatography with UV detection (Zhao et al., 1995;Heppert and Davies, 1999). The
extraction efficiency results with the osmotic pump were 84.9 + 2.1% for caffeine recovery
and a 84.4 + 2.8% for theophylline delivery. Figure 3 shows the plot of the recovery and delivery
values as a function of sample number. Samples were collected every 60 minutes for these
studies. For the in vitro neurotransmitter recovery study using the osmotic pump, following 8
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hours of sampling, steady-state recovery values were between 84 and 90 percent for DOPAC,
HVA, and 5-HIAA.

In vivo studies

The results from the 90-min gravimetric in vivo flow rate study can be seen in Fig. 2 along
with the in vitro results described previously. As seen in this plot, the flow rate is fairly
consistent over time, and only a few samples contribute to the majority of the error. Also, the
flow rate and reproducibility observed in the in vivo studies (10.9 I/h £ 7.7%) are similar to
those reported for the in vitro experiments (10.71 I/h £ 6.6%). The in vivo flow rate experiment
was repeated 3 more times using 3 different osmotic pumps. The results for each of the pumps
are as follows: 10.9 I/h = 7.7% (shown in Fig. 2), 11.9 I/h £ 5.8%, 11.2 I/h £ 6.0%, and 10.3 I/
h + 9.5%.

While the in vivo gravimetric flow rate results were promising for the osmotic pump; the rats
were still tethered. The primary advantage of the osmotic pump is the increase in mobility;
therefore, studies using the osmotic pump with an untethered rat were conducted. As seen in
Fig. 1, a collection device was placed on a rat's head following implantation of the probe and
pump. This collection device was a 75-1 plastic vial with a rubber NMR tube stopper on the
top for a seal. A 1-cm piece of PEEK tubing was placed through the septum to serve as a
pressure relief point. Samples were then collected every 60 min from the awake and freely
moving rat to determine the feasibility of changing the collection vial on an awake animal. To
determine the in vivo concentration of the neurotransmitters using the osmotic pump,
microdialysis samples were collected overnight and every hour for two hours prior to the dosing
study. The basal levels (uncorrected for recovery) varied slightly from animal to animal, but
were in the low micromolar range for DOPAC, HVA, and 5-HIAA .

Three separate animals were then dosed with 50mg/kg of benserazide followed 20 min later
by 50 mg/kg of L-DOPA. Benserazide was used to prolong the elevated concentration of the
neurotransmitters in the brain (de Souza Silva et al., 1997). Figures 4a, b and ¢ show the change
over time in the concentrations of DOPAC, HVA, and 5-HIAA following dosing for three
separate rats. Although the peak concentration values for each of the neurotransmitters varied
for each rat, the general pharmacokinetic profiles were similar. All of the rats exhibited a
significant increase in DOPAC and HVA concentrations. This increase was expected because
they are in the L-DOPA metabolic pathway. The 5-HIAA, however, stayed near basal level.
This was also expected, because 5-HIAA is generated through the serotonin metabolic pathway
and not the L-DOPA pathway. The results seen with the increase in DOPAC and HVA show
similar time profiles to what was previously reported by de Souza Silva et al., but the level of
increase in concentration was much larger in our experiments.

It should also be noted that each of the samples was an integrated value over the previous 60-
min sampling period. One of the disadvantages of the osmotic pump approach is that it is not
useful for studying very fast processes occurring in vivo. For analytes where long sampling
times might be a problem due to photooxidation or degradation, antioxidants or other reagents
(including an internal standard) can be added to the sample collection vial to stabilize the
sample and correct for any volume errors.

Conclusions and future applications

The osmotic pump offers the possibility of portability that was previously not available, and
the pump is shown to be compatible with microdialysis sampling. Most importantly, on-animal
collection was shown to be feasible, enabling microdialysis sampling in non-constrained
environments. Such an apparatus would benefit researchers employing training cages, exercise,
mazes, etc. where animal mobility is important. Due to the low flow rates employed, the
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osmotic pumps are particularly attractive for long-term studies in which the desired temporal
resolution is on the order of hours or days as opposed to minutes. Future applications for on-
rat studies can be utilized where sampling time points of 30 min or greater are useful or where
using the conventional system is a burden or impossible. The low flow rates of these pumps
are advantageous for microdialysis experiments investigating analytes that occur at low
concentrations in vivo. The osmotic pump, due to its limitations and lower precision, will not
replace the syringe pump in all studies; however, in certain situations, the osmotic pump can
be an invaluable improvement over the syringe pump.
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Figure 1.
Schematic of the on-animal collection system with the microdialysis probe and osmotic pump
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Figure 2.

Flow rate profiles for the 2ML1 osmotic pump with and without brain probe attached (in vitro

and in vivo). Collection intervals were 90 minutes.
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Figure 3.
Recovery and delivery data obtained for caffeine and theophylline using a using the 2ML1
osmaotic pump. Flow rate was 10.8 L/hr. Collection intervals were 60 minutes.
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Figure 4.

Monitoring in vivo release of neurotransmitters using the 2ML1 osmotic pump and the on-rat
collection device. Rats (n = 3) were dosed with 50 mg/kg of benserazide and L-DOPA. Samples
were collected every 60 minutes. The pump flow rate was approximately 11 L/hr. Analytes in

Figure 4 are: (a) HVA, (b) DOPAC and (c) 5-HIAA.
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