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Abstract

There are many processes that actively alter the concentrations of solutes in the extracellular
space. Enzymatic reactions, either by soluble enzymes or membrane-bound ectoenzymes, and
uptake or clearance are two such processes. Investigations of ectoenzymatic reactions in vivo is
challenging, particularly in the brain. Studies using microdialysis have revealed some qualitative
information about what enzymes may be present, but microdialysis is a sampling technique so

it is not designed to control conditions such as a substrate concentration outside the probe.
Micropush—pull perfusion has been used to determine which nitric oxide synthase enzymes are
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active in discrete regions of the rat retina. Ectopeptidases are a particularly important class of
ectoenzymes. As far as it is known, the extracellular activity of active peptides in the brain is
controlled by ectopeptidases. To understand ectopeptidase activity, we developed a physical probe
and an accompanying method. The probe has a two-channel source that supplies substrate or
substrate plus inhibitor using electroosmotic perfusion (EOP). It also has a microdialysis probe to
collect products and unreacted substrate. The method provides quantitative estimates of substrate-
to-product conversion and the influence of inhibitors on this process. The quantitative estimates
are made possible by including a D-amino acid-containing peptide analog of the substrate in

the substrate-containing solution infused. Quantitative analysis of substrate, substrate analog,

and products is carried out by quantitative, online capillary liquid chromatography-tandem mass
spectrometry. The electroosmotic perfusion-microdialysis probe and associated method were used
to determine the effect of the selective inhibitor HFI-419 on insulin-regulated aminopeptidase (EC
3.4.11.3) in the rat neocortex.

Graphical Abstract
EOP-MD Probe Online LC-MS2
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Ectopeptidases, membrane-bound enzymes with active sites facing the extracellular space,!
modulate the effects of neuropeptides? in the brain. Hydrolysis products can have effects
that are different from the parent peptide.3 Thus, ectopeptidases control the local activity
of neuropeptides. The understanding of such processes quantitatively is limited by the lack
of suitable methods.# Quantitative measurements of ectopeptidase activity are especially
challenging in the brain where the role of a peptidase can be tied to its specific location,-2
requiring spatially resolved methods for probing the extracellular space. In vitro assays®~
8 and in situ histological studies using zymography and MALDI mass spectrometry®-13
provide important information, but it is unknown how activities implied by these methods
translate to in vivo conditions.1#1> There exists a need for a sampling-based method for
assessing membrane-bound ectopeptidase activity using natural substrates in an in vivo
model, particularly in the brain.

Microdialysis'8(MD) has been used to study enzyme activity qualitatively in vitro817
and in vivo in the brain18-27 and other tissues.28-34 Substrate introduction through the
membrane (retrodialysis or reverse microdialysis) and collection of substrate and products
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depends on diffusion, probe characteristics and chemical processes in the tissue.35-38 |n
this measurement, the substrate residence time in the tissue cannot be controlled.3 Reed et
al.23.26 ysed a commercial probe with a central infusion line to pump peptide substrate into
the brain and determine what fragments of substrate peptide were produced. This method

is an improvement over using passive diffusion through the microdialysis membrane to
introduce peptide substrate because the amount and concentration of peptide introduced are
known, for example, 2 £ of 1 mM g-endorphin in rat striatum.26 In work outside the brain,
the Stenken group has explored using the extraction fraction, the ratio of the concentration of
substrate collected at the probe outlet compared to that introduced at the inlet, as a measure
of enzymatic activity.8:17:31.32.39.40 They concluded that because the extraction fraction is
more affected by mass transport processes than hydrolysis in tissue, it cannot be used to
give quantitative information.3® The major advantage of microdialysis is that it is specific
to a particular brain region, and that the measurements are in functioning tissue. There are
disadvantages to the microdialysis measurements cited. One is that there is no control over
the substrate/product peptide distribution outside of the probe. The peptides move chiefly
by diffusion augmented, in the case of Reed et al. by fluid flow that is likely to be along

the outside of the probe as noted by researchers attempting drug infusion into the brain

by “convection enhanced delivery”.41 Collection of the products is less efficient the farther
from the probe the hydrolysis takes place, so the measurements end up being very sensitive
to the environment immediately adjacent to the dialysis membrane.

lontophoresis has been used sparingly for analogous work. Qualitative evaluation of peptide
hydrolysis in skin following iontophoretic delivery has been investigated for Tyr-Phe,*2
LHRH,*3 and delta sleep-inducing peptide.** Felix and Harding used iontophoresis to
identify the role of enzymatic hydrolysis of angiotensin(l11) on its activity.*®> Low-flow
push—pull perfusion has been used to identify different nitric oxide synthase subtypes in

rat retina based on measuring nitrate concentration in the presence and absence of specific
inhibitors.46 These methods provide a way to determine what enzymes are present in tissue.
What is needed is a method to provide more quantitative information specifically about
ectopeptidase activity, such as the fraction of introduced substrate that is hydrolyzed in a
certain time and how that depends on the concentration of an inhibitor.

Brain tissue supports electroosmosis.4”~°0 Thus, we developed a method to determine
ectopeptidase activity in organotypic hippocampal slice cultures (OHSCs) using
electroosmotic flow.51-56 The physical arrangement had a pulled capillary as a source of
substrate inserted into the tissue and a capillary perpendicular to the culture’s top surface
to collect products and unreacted substrate.>” Electroosmotic flow has several advantages.
Importantly, the substrate residence time in the tissue can be controlled by changing the
current. A practical advantage is that there is little or no lag time to establish steady-state
flow upon changing current.1:52:5557 Electroosmotic push—pull perfusion (EOPPP) has
been used to identify differential hydrolysis rates of galanin®? and leucine enkephalin®®
(LE) separately in the CA1 and CA3 regions of OHSCs. Using EOPPP, we found that the
activity of a bestatin-sensitive ectopeptidase was higher in CA1 than CA3.56 This explains
CA1’s greater sensitivity to oxygen-glucose deprivation. It unfortunately inactivates the
neuroprotective LE, which acts at the &-opioid receptor, more effectively than the CA3.
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EOPPP represents a major technological step in quantitative evaluation of ectopeptidase
activity in intact tissue using natural substrates. However, it is obviously preferable to
perform these measurements in vivo. Transitioning to in vivo models is not straightforward.
There are several requirements for a device that would be able to infer ectopeptidase activity
in vivo. One is that it must be capable of quantitative control over the time that peptide

is exposed to enzyme. Another is that it should permit matched pairs of experiments, for
example, peptide versus peptide plus inhibitor. Finally, the measurement should be designed
to minimize the hydrolysis of peptide substrates after the peptide substrate leaves the brain
to be measured.

Direct laser writing has been used in the development of tools for working with

living systems.8-75 Notably, the Venton group developed carbon microelectrodes with
advantageous properties by using direct laser writing followed by pyrolysis.”® Using

this process (Nanoscribe), we have fabricated a dual-channel electroosmotic perfusion—
microdialysis (EOP-MD) probe that allows infusion of a natural substrate from a source

into the extracellular space where it interacts with ectopeptidases. Hydrolysis products along
with any unhydrolyzed substrate are collected using the integrated MD probe. Dialysate

is analyzed online using high-performance capillary liquid chromatography-tandem mass
spectrometry (cLC-MS2). This allows the monitoring of ectopeptidase activity in near-real
time with a spatial resolution of approximately 100 gm. Because substrate perfusion velocity
is dictated by current, we can control the substrate residence time in the ECS of the tissue by
changing the magnitude of the current.5558 The dual-channel perfusion tip permits sampling
under a pair of matched conditions (zinhibitor) without disturbing the probe. Collection of
unreacted peptide substrate and product peptides by microdialysis using a membrane with a
suitable molecular weight cutoff protects collected peptides from enzymatic activity.

Here, we demonstrate that the EOP-MD probe with cLC-MS2 can measure dose-dependent
effects of the inhibitor HF1-41977 on LE hydrolysis. HFI-419 is a specific inhibitor of
insulin-regulated aminopeptidase (IRAP, EC 3.4.11.3), an ectopeptidase known to hydrolyze
neuroprotective peptides including the enkephalins,’879 arginine-vasopressin,8:80:81 and
oxytocin’88L in vitro. These measurements were performed in the rat neocortex, an area

of the brain in which both IRAP82:83 and LE84.85 are found. This work is novel both
technologically and biochemically. It is the first account of using direct laser writing

to fabricate a perfusion/sampling device for use in tissue. The probe itself and the
accompanying analytical method represent a generic approach for investigating a variety

of peptide-related questions in the extracellular space of the brain, and it is the first
demonstration of IRAP hydrolysis of a natural peptide substrate in the presence and absence
of a specific IRAP inhibitor in vivo.

EXPERIMENTAL SECTION
Direct Laser Writing of the EOP-MD Probe Body.

The probe body consists of three main parts (see Figure 1): the inlet section has cavities
to guide the capillaries supporting flow of perfusate, the outlet section is a pointed shaft
inside of which are channels for perfusate flow on its way to the outlet ports, and a tube
for microdialysis probe mounting and alignment. The overall maximum dimensions of the
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probe are 2023 m (W) x 1015 gm (L) x 3650 pm (H). The outlet ports are 50 zm in
diameter. The narrow shaft of the probe (containing the outlet ports) is 150 x/m wide and
850 um long. The microdialysis probe holder had a diameter of 310 um. See Figure 1. The
pattern for perfusion probe was designed in Solidworks and printed by 3D direct laser writer
(Nanoscribe Photonic Professional, GT) with IP-S resist. The printing was done through
two-photon polymerization of IP-S resist by a femtosecond pulsed laser at 780 nm.

EOP-MD Probe Assembly.

The competing attributes of size and fragility of capillaries was solved by designing the
probe to accept fragile 150 mm OD capillaries as inlets and then attaching a more robust
360 mm OD capillary to the narrower capillaries (Figure 1). One-centimeter long sections of
75 um 1D x 150 pm OD capillary (Polymicro) were cut then pushed into the inlet channels
of probe until they could go no further. Then, a 15 cm length of 200 m ID x 360 ym OD
capillary was threaded over the top of the 75 pm ID capillary to a distance approximately
0.5 cm from the start of the EOP tip, leaving a 0.5 cm portion of the 75 zm 1D capillary
exposed. A drop of 2-ton epoxy (Devcon) was placed onto the exposed portion of the 75
4m 1D capillary and the 200 gm ID capillary was immediately pushed over the glue and
into the EOP probe channel. The EOP probe channel is tapered so that the 200 gm ID
capillary can only advance 1 mm into the channel. Applying the glue in this way serves to
seal the junction between the 75 tm ID capillary and the 200 gm ID capillary and to seal
the area between the 200 um ID capillary and the channel of the EOP tip. After the epoxy
has cured completely, each channel is tested for leaks by flushing the capillaries with water
via a syringe. Microdialysis probes (216 4m o.d., 1 mm in length) were assembled using
hollow fiber dialysis membrane (Spectra-Por RC Hollow Fiber; MWCO = 13 kDa, 200 4m
i.d., Spectrum Laboratories, Inc.; Rancho Dominguez, CA) and fused silica capillaries (40
4 i.d., 100 zm o.d.) using standard procedures described previously.86

Generating Electroosmotic Flow.

A complete description of the following can be found in Supporting Information and in
Figure 2 in the Results and Discussion section. A plastic centrifuge tube (3 cm (Fisher))
was used to contain modified Ringer’s solution (148 mM NaCl (EMD-Millipore, Darmstadt,
Germany), 2.7 mM KCI (Sigma-Aldrich), and 0.85 mM MgCl, (Fisher Scientific) adjusted
to a pH of 7.4). The fluidic path for the peptide substrate-containing solution included a
short piece of Nafion tubing. The Nafion-containing portion of the (mostly) fused-silica
capillary-based fluidic path passed through the modified Ringer’s solution. A silver wire
electrode in the modified Ringer’s solution attached to a suitable current source introduced
positive current. The current path went to the EOP-MD probe, through the sample (gel

or tissue), through the microdialysis membrane, and out a similar Nafion junction in the
dialysate stream flowing to the microdialysis probe.

Quantitative Analysis of Samples.

Except for the use of a more efficient peptide labeling scheme described below, the peptide
concentrations in the dialysate were determined using LC-MS? as described in an earlier
publication®” and detailed in Supporting Information.
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Offline Labeling.

Heavy peptide standards were prepared prior to the experiment using an offline
dimethylation procedure adapted from the on-column approach described previously.88
Stock solutions of LE (American Peptide, Sunnyvale, CA), GGFL (American Peptide),
yaGfl (GL Biochem, Shanghai, China), and yasfl (Shanghai Royobiotech, Shanghai, China)
were prepared by diluting each solid to a concentration of 1.0 mM in water purified using
a Millipore Milli-Q Synthesis A10 filtration system (Billerca, MA). Serial dilutions were
then performed until a concentration of 5.3 nM was obtained for each peptide. An aliquot
of 49.6 1L of each peptide was then added to an autosampler vial (Thermo Scientific,
Rockwood, TN) along with 2 /A of glacial acetic acid (Fisher Chemical, Fair Lawn, NJ).
Multiple vials were prepared simultaneously then frozen at —20 °C until needed. On the
day of an experiment, a vial was thawed and a volume of 8.0 yL of 4% formaldehyde-d
(Sigma-Aldrich, St. Louis, MO) were added, and the mixture was vortexed. Next, 8.0 /L
of 600 mM sodium cyanoborohydride (Sigma-Aldrich) were added to the autosampler vial,
vortexed, and allowed to react for 5 min. The reaction was then quenched with the addition
of 32.0 zL of 1% ammonium hydroxide (Sigma-Aldrich), vortexed again, and allowed to
react for 1 min. Finally, 16.0 yL of 5% formic acid (Sigma-Aldrich) were added to the
autosampler vial, after which the mixture was vortexed a final time and placed in the
refrigerated autosampler at 5 °C. The final concentration of each peptide in the sample was
1.0 nM.

Online Labeling.

Briefly, at the start of each analysis, 1.1 i of the “heavy-labeled standard” (prepared as
described in the previous section) were injected onto the column via the autosampler. Next,
1.1 /L of dialysate were injected onto the column via the “sample valve” housed in the

LC oven. Primary amines in the dialysate, retained at the head of the column due to the
weak solvent at the beginning of the gradient, were “light” labeled using an on-column
procedure described in detail previously.8” The light labeling reagent, consisting of 350 £
of triethylammonium acetate (100 mM triethyl amine (Sigma-Aldrich) titrated with 100 mM
acetic acid to a pH of 7.4), 3.50 4L of 0.6 M sodium cyanoborohydride, and 3.50 L of 4%
formaldehyde (J. T. Baker, Phillipsburg, NJ), was then injected onto the column followed
by 5% formic acid. Each reagent was injected at a volume of 1.1 zL. Each chromatogram
thus has an internal standard (“heavy-labeled standard”) with a known concentration of
each sought-for peptide for use in correcting for ionization efficiency. The ratio of the peak
area of a sought-for peptide to its heavy-labeled standard is quantitatively related to the
concentration of the sought-for peptide in the injected sample.

In Vivo Sampling.

The EOP-MD probe was soaked in 70% ethanol (Decon, King of Prussia, PA) for 20 min. A
solution of 100 nM yasfl in Modified Ringer’s was then perfused through the microdialysis
probe at a flow rate of 0.5 z1/min using a Harvard Apparatus PHD 4400 programmable
syringe pump (Holliston, MA). The inclusion of yasfl in the perfusate served as a control

to ensure the MD probes were working as expected.8” One channel of the EOP portion of
the probe was filled with a solution of 10 4M LE and yaGfl in Modified Ringer’s while the

Anal Chem. Author manuscript; available in PMC 2024 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson et al.

Page 7

other channel was filled with a Modified Ringer’s solution also containing 10 /M LE and
yaGfl as well as the HFI-419 IRAP inhibitor (a gift from Dr. Philip Thompson at Monash
University). The HFI-419 concentration (10, 25, and 50 zM) was varied between each rat
(n=3). To check for the presence of bubbles, the probe was lowered into a one-dram vial
containing Modified Ringer’s and current was applied for 5 min for each channel. Absence
of current as voltage is applied is indicative of a bubble. Once it was apparent that the
current was sufficiently stable, the current was turned off and the probe lowered into the
neocortex. Flow was continuous through the microdialysis probe during insertion. After
1.5 h, the current from the high voltage power supply was turned on and infusion of the
peptide solution without inhibitor began. A waiting period was necessary to achieve steady
state between the tissue and the microdialysis probe as well as a stable baseline. Sampling
occurred for 35 min prior to the first injection and was continuous for 2 h after which the
current was stopped, and the electrode moved to the second (peptide + inhibitor) channel.
Current was then applied for another 2 h, after which the electrode was moved back to the
peptide channel. Sampling then continued for another hour.

In Vivo Data Analysis.

RESULTS

For each rat, five baseline measurements (no inhibitor) were recorded followed by five
measurements in the presence of inhibitor (at either 10, 25, or 50 ¢M). The no-inhibitor
and presence-of-inhibitor data were separated by a time of 38 min (two samples) to account
for the solution exchange to occur in the brain. The relative area for each peptide was
determined by taking the peak area of the light peptide (from dialysate) and dividing it by
the peak area of the 1.0 nM heavy peptide standard. The relative area was then converted

to a concentration using the calibration curves (see example in Figure S1). Statistical
inferences were from Excel and Stata 15.0.

Development of the EOP-MD Probe.

The probe body has two functions: to provide a source of peptide substrate and to hold a
microdialysis probe nearby (Figure 1. See also Figure S2 which shows images analogous
to Figure 1C in stages of assembly and S3 showing the body represented in Figure 1A,
respectively). The source side of the body has two microfluidic channels at the bottom
(under the dashed line labeled ‘b’ in Figure 1a) so that solutions with substrate only and
substrate plus inhibitor can be used alternately in the same experiment. The solutions enter
the microfluidic channels from fused silica capillaries, Figure 1A. Figure 1B illustrates

the layout of the conduits for the capillaries and the microfluidic channels. The distance
between the source tip and the nearest surface of the microdialysis probe is controlled by
having a tubular element on the side of the EOP-MD body to hold the microdialysis probe
(Figure 1A, right). The distal portion of a fully constructed EOP-MD probe is shown as
Figure 1C. The source probe (Figure 1A, right pair of images) is not cylindrical. The wider
dimension in the untapered section (see label ¢ in Figure 1A) is designed to be 200 t/m
wide, while the narrower dimension is designed to be 125 gm. The latter outer dimension
as measured using a stereoscope was 120 + 5 ym (mean + SEM, n = 3). The former
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was measured (Figure S3) to be 180 £+ 5 4m. Optical images from stages of preparing the
finished EOP-MD probe from the parts are shown in Figure S2.

Electroosmotic delivery was achieved using a constant current. Figure 2 illustrates that

the fluid supporting the electrochemical reactions is separated from the peptide-containing
solution by a tubular Nafion membrane. Cations transport the current through the Nafion.
The positive ionic current passes through the source capillary to the body of the probe,

out the probe tip, through the medium (tissue or gel), through the microdialysis membrane,
and through the inlet microdialysis capillary exiting at a second Nafion membrane/electrode
apparatus. The current passes through about 8 cm of capillary tubing on its way to the EOP
probe body and the same length coming out of the brain. Details on the construction of this
device are in Sl, section S2.1.

In Vitro Fluorescence Studies.

To visualize solute transport from the perfusion tip to the MD probe, we infused 3 kDa
Texas Red (TR3), which is neutral, and tris(bipyridyl)-Ru(Il) (Ru(bpy)s2*) into a piece of
hydrogel with a ¢ potential similar to the brain’s8? and monitored the fluorescence intensity
over time. Figure 3a is a brightfield image of the EOP-MD probe positioned in the gel.
Figures 3b and ¢ demonstrate the fluorescence before and after perfusion of TR3 for 5 min
at 75 pA. The corresponding false color plots, 3d and e, illustrate the solute’s presence

in the region of hydrogel between the source opening and the microdialysis membrane.

At longer times, more solute permeates the hydrogel because only a fraction is taken up

by the microdialysis probe (Figure S4). Details on hydrogel synthesis and fluorescence
measurements can be found in Sl sections S2.2 and 2.3.

Assessing Mass Transport with yaGfl.

In the assessment of enzymatic degradation of a peptide traversing the extracellular space,

it is necessary to have an internal standard representing what would be observed in the
absence of enzymatic activity. The peptidase-resistant D-amino acid yaGfl (N.B., we use the
convention that (except for glycine) the upper-case, single-letter abbreviation of the amino
acids implies the L optical isomer, and lower case implies the b optical isomer) has not
shown any measurable hydrolysis in OHSCs in analogous experiments.51:52:55.56 \\e first
examined transport of LE and yaGfl in vitro. A solution containing 10 @M LE and yaGfl was
infused electroosmotically with the EOP-MD probe in a hydrogel. Peptide concentrations

in dialysate were determined by LC-MS2. (Details including masses of sought-for ions are
in section S2.4 of Sl.) A second p-amino acid peptide, yasfl, was in the dialysate. This

was used qualitatively to confirm microdialysis probe function. We found no significant
difference between the concentrations of LE and yaGfl in the dialysate at either of two
currents, 15 and 30 A (Figure 4a). We further validated yaGfl as an internal standard

in vivo in an anesthetized rat. (For details of surgery, see S, section S2.5. For probe
placement, see Figure S5.) There was no significant difference (o < 0.05) between the yaGfl
concentrations in the dialysate in vivo compared to in vitro (Figure 4b). We infused 10

MM LE and yaGfl in vivo and observed a statistically significant increase in the dialysate
concentration of yaGfl upon increasing current from 5 to 15 A (p < 0.01), as well as from
15 pA to 30 pA (p < 0.05) (Figure 4C). This is attributable to the increase in the Péclet
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number as current increases. There was also a statistically significant difference between
[LE] in the dialysate compared to [yaGfl] at each current.

We define the collection efficiency as the ratio of the mass flow rate (mol/s) of an infused
substance, such as yaGfl, collected by the microdialysis probe to the mass flow rate of

that substance infused by electroosmotic flow. Note that this is different from ordinary
practice where concentrations are used. Figure 5 illustrates the collection efficiency versus
the inverse of the current. The collection efficiency of the hydrolyzable LE and that of
yaGfl depend on current in qualitatively different ways. The average time an unreactive
solute spends in the tissue between the source and the microdialysis probe (the residence
time in the tissue) is related to the inverse of the current. The collection efficiency of the
reactive LE decreases as residence time increases as expected because it is hydrolyzed. The
collection efficiency of the inert yaGfl increases with residence time. The difference in the
two collection efficiencies as a function of residence time is clearly indicative of the loss of
LE. To achieve the dynamic range to detect changes in both LE and GGFL reliably, we used
the intermediate current, 15 pA, for subsequent inhibitor experiments. This current is also in
a range that we have determined is minimally harmful to tissue.%0

LE Hydrolysis in the Presence and Absence of HFI-419.

We sought to determine whether there was an effect of HFI-419,77 a specific IRAP inhibitor,
on the hydrolysis of LE. To be consistent with our EOP-MD experiments described above,
we perfused 10 M LE and yaGfl in the presence and absence of 10, 25, and 50 xM
HFI-419. The product, GGFL is itself subject to hydrolysis by ectopeptidases. Thus, the
quantitative measure of the extent of reaction is the fractional loss of substrate, ([Sp] — [S])/
[So]) where [Sg] is initial substrate concentration and [S] is detected substrate concentration.
Figure 6 shows statistically significant decreases in ([Sg] — [S])/[So] at each step increase

in inhibitor concentration: From 0 (7= 15) to 10 4M (n=5; p=0.0028, ttest with equal
variances assumption based on F-test), from 10 to 25 ¢/M (n =5 each; p=0.012, ftest with
unequal variances based on F-test), and from 25 to 50 M (n=5 each; p=0.0017, ftest with
equal variances assumption based on F-test)

DISCUSSION

Electroosmotic perfusion is effective in vivo. Regarding the device itself, as described
above, previously, we demonstrated the utility of this approach to analysis of extracellular
processes in brain using organotypic hippocampal cultures with a single collection probe and
substrate in the medium,>1:54 or in a push—pull arrangement>2:53:56 with analysis by MALDI
MS,52 online by CE on a microfluidic device,%* or offline using capillary LC®! to study

the degradation of enkephalins,51:56 galanin,>? and coenzyme A.54 Attempts to mimic the
push—pull perfusion with a separate source probe and a microdialysis probe failed because
of the inability to position the pair accurately. Thus, we devised the device described here

to solve this problem. Both in vivo and in vitro the device appears to function as intended:
the space between the source and the probe’s outer surface does fill with the infused solute,
and enzymatic reactions occur in that space in vivo. The arrangement of the electrodes—
using the inlet and outlet microdialysis capillaries to carry the current—is effective. The
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reproducibility both in vitro and in vivo is acceptable based on the relative uncertainties
shown in Figures 4-6 (the O inhibitor data).

To be sure, this approach has limitations. One that it shares with all microdialysis
measurements is tissue damage.! Another is that the perfusion process required about

40 min after changing from infusion of inhibitor-free fluid to inhibitor-containing fluid

to achieve a representative measurement of the steady-state concentration of measured
substrate. A third is that, like its predecessor EOPPP,%° the infusion process leads to a
dilution of the infused substances. We estimate based on the recovery of the substrate
analog, yaGfl, and the microdialysis extraction of yasfl that the concentration in the tissue
resulting from infusing a 10 /M concentration of yaGfl is on the order of a few hundred
nM. Furthermore, as readily seen in Figure 3, the concentration of an infused substance is
not homogeneous. In order to provide even more quantitative detail, simulations analogous
to those done for EOPPP3° will be necessary. Simulations would also lend support to our
hypothesis that the measurements are sensitive to enzyme activity in the region between
the source and the microdialysis probe. As for the range of peptide substrates that could

be investigated, the major limitation is the electrophoretic mobility of the peptide. Anionic
peptides that have an electrophoretic mobility with a magnitude (absolute value) similar to
the electroosmotic mobility cannot be studied. Regardless of the sign of the current, such
peptides would experience no net force in the presence of a current in brain tissue. For many
biologically relevant peptides in the size range beyond five or so amino acids, even anionic
peptides, the electroosmotic flow dictates the direction of motion in an electric field.

Regarding the overall method, there are a few observations. An internal standard is
necessary. To infer relative values of enzyme activity, for example, in the presence and
absence of inhibitor, the ratio of product to initial substrate concentration is needed.5%:92 We
use yaGfl to infer the amount of substrate that would have been recovered in the absence

of hydrolysis. Figure 4 shows that the collected yaGfl concentration was not statistically
distinguishable from that of LE in vitro. Thus, yaGfl has similar electroosmatic transport
through the hydrogel as LE. The concentration of yaGfl collected in the in vivo experiments
was not significantly different from that in the in vitro experiment. The collected yaGfl
levels are a suitable substitute for the concentration of LE that would be recovered in the
absence of hydrolysis in the brain, Sy. On the other hand, the concentrations of LE and
yaGfl in Figure 4c are significantly different at each current used in vivo. We attribute

this difference to LE hydrolysis in the tissue. Accordingly, we detected the major product,
GGFL. The sum of the concentrations of LE and GGFL do not equal that of yaGfl,
indicating that GGFL is further hydrolyzed or that other products are formed from YGGFL.
As the quantitative analysis of LE hydrolysis in the presence/absence of inhibitor was our
goal, we did not determine which other products were formed from LE or GGFL.

While electroosmosis (and electrophoresis for a charged solute) brings solute into the
tissue, mass transport by diffusion in the tissue is important. This observation is consistent
with simulations on a related technique applied to organotypic cultures® and the images
obtained in hydrogels here. Further evidence comes from the extraction fraction, £, of

the microdialysis internal standard, yasfl. Significantly altering the fluid flow rate past the
microdialysis probe’s exterior surface would increase £. Experimentally, we observe that £
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for yasfl is independent of current. This implies that mass transport by electroosmotic fluid
flow is not dominant near the microdialysis probe, thus diffusional mass transport near the
probe is important.

The effect of current on collection efficiency distinguishes reactive solutes that are lost in
the tissue from unreactive solutes (Figure 5). We determine the collection efficiency based
on well-known experimental parameters. The mass flow rate of a solute into the tissue is
the product of the fluid flow rate in the tissue and the solute concentration. The ratio of
electroosmotic flow rate to current in the tissue is 1.45 x 1078 m3 A=1s71 or 0.87 nL/min
per LA in more practical terms.49% The concentrations of yaGfl and LE in the source are
each 10 xM. Thus, for example, at a current of 15 A, the mass flow into the tissue is 2.2
fmol/s. Turning to the other end of the problem, the volume flow rate of the microdialysate
through the lumen of the probe is 0.5 z/min and the concentration of yaGfl is determined
by LC-MS (in the tens of nM range). The measured concentration in the dialysate and the
microdialysate flow rate yield a value for the mass flow rate of captured peptide. The ratio of
captured to infused mass flow rate is the collection efficiency.

Figure 5 shows the collection efficiencies in vivo for both LE and yaGfl. For yaGfl, the
increase is not linear. This is expected. In prior work*® we showed that electrokinetic
delivery from a small orifice yields a concentration-distance profile that depends on the
current density applied. Approximate calculations show that a change the current by a factor
of 6 (from 30 to 5 LA) results in a change in the concentration (of an unreactive species)
near the microdialysis membrane of less than 2-fold (see Supporting Information). The
ratio of mass/time collected (in the dialysate) to mass/time delivered (into the brain) is the
collection efficiency. Let us say that the collection efficiency is C with a current of 30 LA.
Decreasing current by a factor of 6 decreases mass/time delivered by the same factor. At
the same time mass/time collected in dialysate decreases 2-fold. The collection efficiency is
then 2/6, a decrease of about a factor of 3. Decreasing current (increasing residence time)
increases collection efficiency of an unreactive species. Experimentally, Figure 4C shows
that as current decreases six times the experimental yaGfl collection efficiency increases
only a factor of 2.6, consistent with the approximate calculation. The reactive LE, on the
other hand, demonstrates that a longer residence time in the tissue causes a greater extent of
hydrolysis.

The optimum current depends on the application. Qualitatively, we can use Figure 5 to
determine the appropriate current to use in a certain case. Because we are interested in the
effect of a peptidase inhibitor, it is appropriate to use conditions leading to a significant loss
of substrate in the tissue in the absence of inhibitor. Perfusing with 15 LA achieves this
under the conditions used here. In observing a process that would decrease the substrate
concentration, such as upregulation of the ectopeptidase, a higher current, and thus higher
substrate recovery, would be beneficial so that a decrease could be quantitated.

The probe design could be improved. The exposed area of the microdialysis probe on the
side away from the source just adds background solutes. Refining the active area of the
probe and its length dimension based, for example, on simulations would improve the signal
to background ratio. Alternatively, the source could have multiple ports to deliver solute
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along a length corresponding to the exposed length of the microdialysis probe. (Thanks to
Reviewer 1 for this suggestion.) The limitation on the number and size of source ports is the
total current required. In passing through narrow channels there will be Joule heating. This
is a manageable problem but because there are so many parameters to consider, simulation is
again the best way to determine how to design such a source.

The presence of multiple ectopeptidases makes measurement of substrate loss the best
approach to determining changes in overall ectoenzyme activity. For example, at 15 zA the
sum of the concentrations of LE and GGFL is less than the concentration of yaGfl (Figure
4c). There are two contributions to this apparent discrepancy: GGFL is itself hydrolyzed

and YGGFL is hydrolyzed by other enzymes. YGGFL is hydrolyzed by neprilysin to

YGG and FL, although its relative activity in the cortex is reported to be low.%* It is

also hydrolyzed by aminopeptidase N to Y and GGFL. While autoradiography shows the
presence of aminopeptidase N in the cortex,®> MALDI imaging found little activity in the
region of the cortex investigated here.%6 We note that GGFL was detected in experiments
without inhibitor but was undetected during infusion of 50 xM HFI-419 (data not shown).
The simplest explanation is that the major source of GGFL is by IRAP’s actions on LE.
This implies that hydrolysis at the Y-G bond by other ectoenzymes is not significant, and
that the “missing” YGGFL may be caused by hydrolysis at the G-F bond by neprilysin (EC
3.4.11.22). Clearly, the analysis of a broader spectrum of peptides would help to elucidate
more details. Despite the lack of information on these other ectopeptidases, the selectivity of
the approach depends upon measuring the change in observed loss of substrate as a selective
inhibitor concentration is changed. This permits distinguishing IRAP activity from other
enzymatic activity.

CONCLUSION

The EOP-MD probe and methods are effective in determining changes in enzyme activity in
vivo in the presence of an inhibitor. The measured concentration of a p-amino acid analog
of the substrate acts as a surrogate for the concentration of substrate that would be recovered
in the absence of the enzyme reaction. This permits the quantitative evaluation of the effect
of an inhibitor on the ectoenzyme reaction. The EOP-MD probe and accompanying method
provide important insight into the hydrolysis of LE by the ectopeptidase HFI-419. We are
able to quantify the fraction of substrate lost under conditions of different average substrate
residence times. Future work will include looking for a broader range of peptides to

identify the other hydrolysis reactions occurring in parallel with the sought-for ectoenzyme,
decreasing analysis time to obtain more data points per time, and simulating the process®® to
further refine our understanding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Drawings of front (left) and side views (second from left) of the open or hollow regions

of the probe. The left figure illustrates the inserted 360 and 100 pm capillaries that carry the
substrate-containing solutions into the fluidic channels in the probe. The structural regions
of the device are shown on the right. Arrow ‘a’ points out the guide for the microdialysis
probe, and ‘b’ is a dividing line. Above this line, fluid is carried by capillaries; below, by the
fluidic channels. ‘c’ points out the exit holes. (B) View of the channels in a cutaway view of
the device. (C) Assembled device.
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Figure 2.
Schematic illustration of the EOP source apparatus. There are three major components: A

current source (1-3), a peptide substrate-containing reservoir (4-5), and a movable filling
syringe (6—7). The current source comprises (1) a reservoir containing modified Ringer’s
solution, (2) Nafion tubing, and (3) a silver electrode. The substrate-containing reservoir (4)
is open to the atmosphere through a needle (5). The filling syringe (6) is disengaged from
the flow path inside the substrate-containing reservoir (4) during operation. Prior to use, the
filling syringe containing the solution to be infused is pushed to engage a sleeve attached

to the syringe’s needle (7) with the capillary carrying the substrate-containing solution.
Following filling, the syringe is disengaged (4). The apparatus is kept approximately
horizontal to avoid the effect of gravity.
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Figure 3.
4x (a) Brightfield and (b, c) fluorescence microscopy images of the perfusion of 3 kDa

Texas Red dye into a hydrogel prior to turning on current (0 min, (b)) and after (¢) 5 min
of perfusion at 75 gA. The corresponding false color plots are shown in panels d and e. The
white dashed lines in panel e outlines the source probe tip and the portion of the lumen of
the microdialysis membrane that is not occupied by a capillary.
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(a) No significant difference (Ztest) in the concentrations of leu-enkephalin (LE, hatched
red) and yaGfl (hatched purple) in dialysate during the electroosmotic perfusion of 10 x/M
LE and yaGfl in vitro at 15 zA and 30 pA using the EOP-MD device. (b) No significant
difference (¢test) in the concentrations of yaGfl in the dialysate in vivo (dark purple) vs

in vitro (hatched purple). Figure 4c depicts the concentrations of GGFL (solid blue bar),

LE (solid red bar), and yaGfl measured in the dialysate in in vivo experiments. “NS”
indicates that the values shown under the bar were not significantly different as determined
by ANOVA (p > 0.05) with post hoc Tukey test. The single asterisk (*) and double asterisk
(**) represent p< 0.05 and p < 0.01, respectively. The error bars indicate the SEM for n=3
replicates for in vitro data and /7= 4. replicates for in vivo data.
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Figure 5.
Effect of current on collection efficiency in vivo for LE (red) and yaGfl (purple). The

collection efficiency was calculated by dividing the moles per minute infused (measured by
LC-MS?) divided by the moles per minute collected at the MD probe (based on laboratory
concentrations). The error bars represent the SEM for 7= 3 replicates.

Anal Chem. Author manuscript; available in PMC 2024 April 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wilson et al. Page 22

(SO - S)/S0 vs [HFI-419]

— - * *
1
*
8 i ° * %
—h a -
o A
@
a PR
o ——
7N
~ 0
Q =
0
]
0 10 25 50
[HF1-419]/uM
Figure 6.

Effect of HFI-419 concentration on product formation. Differences in means were
determined using ftest. The variances of the 25 mM and 10 mM data were unequal (~test),
so ttesting was carried out with unequal variances. The other two tests were carried out with
the assumption of equal variances based on their ~ratios. The single asterisk (*) indicates p
< 0.05 and the double asterisk (**) indicates p < 0.01. The error bars indicate the SEM of n
=15 replicates for 0 4M inhibitor (5 replicates from each rat) and n=5 replicates for the 10,
25, and 50 &M inhibitor concentrations.
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