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Abstract

Recently, our laboratory has demonstrated the technical feasibility of monitoring dopamine at one-
min temporal resolution with microdialysis and online liquid chromatography. Here, we monitor
dopamine in the rat striatum during local delivery of high potassium/low sodium or nomifensine in
awake-behaving rats. Microdialysis probes were implanted and perfused continuously with or
without dexamethasone in the perfusion fluid for four days. Dexamethasone is an anti-
inflammatory agent that exhibits several positive effects on the apparent health of the brain tissue
surrounding microdialysis probes. Dopamine was monitored one or four days after implantation
under basal conditions, during 10-min applications of 60 mM or 100 mM K*, and during 15-min
applications of 10 M nomifensine. High K * or nomifensine were delivered locally by adding
them to the microdialysis perfusion fluid using a computer-controlled, low-dead-volume six-port
valve. Each day/K*/dexamethasone combination elicited specific dopamine responses.
Dexamethasone treatment increased dopamine levels in basal dialysates (/.e., in the absence of K*
or nomifensine). Applications of 60 mM K* evoked distinct responses on days one and four after
probe implantation, depending upon the presence or absence of dexamethasone, consistent with
dexamethasone’s ability to mitigate the traumatic effect of probe implantation. Applications of 100
mM K* evoked dramatic oscillations in dopamine levels that correlated with changes in the field
potential at a metal electrode implanted adjacent to the microdialysis probe. This combination of
results indicates the role of spreading depolarization in response to 100 mM K*. With one-min
temporal resolution we find that it is possible to characterize the pharmacokinetics of the response
to the local delivery of nomifensine. Overall, the findings reported here confirm the benefits
arising from the ability to monitor dopamine via microdialysis at high sensitivity and at high
temporal resolution.

Graphical abstract

Supporting Information

Additional information as noted in text. Supporting figures S1-23 contain all dialysate DA concentration plots measured during
experimental runs, with S1 also includes pre- and post-calibration measurements. Figures S24-26 show scatter plots of scores of
relevant PCA analyses. Figure S27 is a PCA comparison of 100 mM transients, including averaged and synthesized average from PCA
analysis, of day 1 vs day 4. Figure S28 has the plot and ANOVA result for nomifensine fitting. Figure S29 shows the construction of
microdialysis and field potential probes. Figure S30 contains a schematic diagram of the experimental setup. Tables S1-2 contain
ANOVA analysis and regression of basal dialysate dopamine concentration.
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Introduction

Microdialysis has been widely employed for intracranial chemical monitoring.1—>
Microdialysis probes are robust and can be used in both anesthetized and awake animals
ranging from rodents to primates, including human patients. They collect a broad array of
small molecules below the molecular weight cutoff of the dialysis membrane, several
varieties of which are available in the required hollow-fiber format. The dialysis process
produces samples that are free of tissue fragments, proteins, blood, and other forms of
contamination. The dialysate samples can either be collected, stored, and analyzed later,6-8
or analyzed in near-real time by online methods.? 19 Online analysis decreases the chance of
sample degradation during storage and eliminates delays in obtaining the results. Online
analysis is often performed with liquid chromatography (LC)11-13 or capillary
electrophoresis# 15 coupled to detectors employing laser-induced fluorescence,6: 17 mass
spectrometry,18. 19 or electrochemistry.20-23

Recent progress in improving the time resolution of microdialysis sampling of
neurotransmitters builds on earlier work.11 Developments in LC separation speed have
enabled online collection and analysis of serotonin (5-HT) at three-24 and later two-min
intervals2® on commercial instruments. We have used capillary LC with electrochemical
detection to determine both dialysate DA and 5-HT (separately) in near real time at one
minute intervals.26-28 Electrical stimulation to induce DA transients demonstrated that our
approach yields an overall time resolution of at least one-minute.28

While there are many studies of DA release induced by retrodialysis of high K*/low Na* at
modest time resolution, we are not aware of any at one-minute time resolution. It would be
of interest to learn what information is gained by measuring at this time resolution. Thus, in
this study, we describe the remarkable variety of dialysate dopamine transients elicited by a
ten-minute high K*/low Na* stimulation2® (60 mM or 100 mM K*: we denote these as “high
K*” below). Having seen oscillations in 5-HT concentrations resulting from high K*
stimulation, we anticipated that DA may respond similarly. Thus, we used a 10-min
stimulation to accommodate the 2—3 min period of the oscillations.2” Responses in awake
rats were measured one- and four days after probe implantation. One group of animals had
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microdialysis probes perfused with artificial cerebrospinal fluid only (aCSF). A second
group had microdialysis probes perfused continuously with aCSF containing
dexamethasone30-33 via retrodialysis. We refer to the latter set of probes as “local
dexamethasone by retrodialysis” probes (LDR probes), and the former as “control” probes.

Results and Discussion

One-minute resolution online measurement of dopamine

Basal

Separation of dialysate using the online system under conditions described in the
experimental section result in completely resolved DA peaks, with DA retention times of
approximately 44 s (Figure 1). Chromatograms were obtained continuously, with injections
occurring once every minute for the entire six- to eight-hour duration of the experiment. For
all conditions, there are no other peaks in the chromatogram near the DA peak. The DA
retention time when measured during an online experiment is within 3% of the retention
time measured from aqueous DA standards, as well as DA-spiked dialysate. Dialysate DA
concentrations are calculated from average slopes and intercepts from a pair of linear
calibration curves obtained prior to and after each day-long experiment (Figure S1). The
slopes and intercepts from the two calibration curves were typically within 5% of each other.
Figure 2 shows a DA dialysate concentrations obtained one day after implantation of an
LDR probe. The five transients are (from left to right) the dialysate dopamine responses to
10-min stimulations with 60 mM K* (twice), 100 mM K™ (twice), and a 15-min stimulation
with 10 uM nomifensine. Both K* and nomifensine were, like the dexamethasone, delivered
through the probe.

Previous studies with K* stimulated 5-HT2® and DA,34 using a range of K* concentrations
and stimulation times (25 — 120 mM K* for 1-10 min) found that a 50-60 min recovery
interval between stimulations is sufficient to avoid the influence of a prior stimulation on the
effect of a following stimulation. The range of potassium concentrations and stimulation
times encompasses our experimental conditions. Thus, during this work, we allowed a 50-
min recovery time between each stimulus. Each of these data sets contains three measurable
quantities: basal levels, transients caused by 10 min K* stimulations, and the transient
caused by the 15-min nomifensine stimulation. These will be assessed in that order below.

We define basal levels as DA levels in dialysate measured at least 10 minutes and at most 40
minutes from a transient. Figure 3 shows the frequency distributions of the one-minute
measurements for each of the four conditions day = 1 and 4; with LDR or control probes.
Consider first the data for control probes. These data have a skewed distribution indicating
that there are more observations with basal levels below the mean than above the mean. The
mean basal DA with control probes is comparable to published results from other groups as
well as by our group.28: 35 36 The distributions obtained with LDR probes show multiple
maxima with a clearly separate distribution on day 4. This separate distribution is a single
animal’s basal data. The basal levels also appear to be on average higher with LDR probes,
thus we did a two-way (“day” and “dexamethasone”) analysis of variance on the mean basal
DA with and without the aforementioned single animal’s high basal DA data (Full ANOVA
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and regression output are in Tables S1 and S2). “Day” is not significant, but
“dexamethasone” is significant (p = 0.013, n = 22) when the aforementioned high basal DA
data are included. The pattern is similar from ANOVA without the aforementioned high
basal DA data, but the significance is higher (p = 0.0017, n = 21). A linear regression using
the variable “dexamethasone” with values of 0 for control and 1 for LDR probes leads to the
simple relationship: basal dialysate [DA]/nM = 10.4 + dexamethasone*4.4 (p = 0.0013, n =
21) without the single animal’s high basal DA data, and [DA]/nM = 10.4 +
dexamethasone*6.7 (p = 0.0097, n = 22) with those data. We conclude that the basal
dialysate DA level increases in the presence of dexamethasone retrodialysis.

Potassium stimulations

As mentioned above, we anticipate oscillations in DA dialysate concentrations during a high
K* stimulation. It is therefore important to consider what the time resolution of the entire
microdialysis/liquid chromatography system is. Previously,2’ we determined the effect of the
transport tubing and the microdialysis probe itself on the shape of a nominally instant
change in 5-HT concentration /n vitro. Importantly, we validated the use of a calculated
Taylor dispersion standard deviation for the spreading induced by the inlet and outlet
capillaries. The individual contributions in the current set up are approximately 8.2, 8.7, and
8.8 s in the inlet, probe, and outlet, respectively. The variances add, so the overall time
resolution is eroded with a standard deviation of 14.8 s based on spreading of the stimulus
pulse on passing through the inlet/probe and the DA response passing through the outlet/
probe. The practical result is that a perfectly sharp concentration step of a stimulant would
be “smoothed” slightly on its way to the probe. The resulting DA transient would also be
smoothed slightly within the probe and on the way to the liquid chromatograph’s injection
valve. As a result, we expect to see the results of a 10-min stimulation as an approximately
11-min response. We can categorize the DA responses to the 88 K* stimulations that we
observed as follows. Dialysate DA transients in response to K* stimulations can be positive
or negative, they can be small (less than 100 nM) with no spiking (n = 37), have one spike (n
= 16) or have multiple spikes (n = 35). We can also compare the average of the DA
transients over the entire 11 minutes from a single 100 mM K* stimulation to the basal level.
In doing so, we see results in accord with analogous experiments using 20-min resolution
offline microdialysis,3”: 38 namely dialysate DA transients of up to 50 — 60 times basal level.

Figure 4 shows some of the dialysate DA transients we recorded from the experimental runs
(all of them are in Figs. S2 — S23). While there is variability from stimulus to stimulus and
from rat to rat, there are qualitative trends. The 100 mM K* stimulations on day 1, control or
LDR probe, yielded multiple (three or more) large spikes (200 nM or more, e.g., Figure 4e).
Using similar equipment, we recently reported high-amplitude oscillations of serotonin.2”
The same group on day 4 yields mostly transients with one or two spikes on top of a 50 —
100 nM base, e.g., Figure 4f but similar responses may be seen on day 1 (4a). The 60 mM
K™ transients measured with control probes on day 1 exhibit either transients similar to those
in Figure 4a or small spikes, with a larger spike (but small compared to those produced by
100 mM K*) at the leading edge (Figure 4c). On day 1, responses obtained with LDR probes
are highly variable encompassing nearly all of the transients described above. Transients
induced by 60-mM K* on day 4 were typically small, although probes perfused with aCSF
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alone produced decreases in DA levels (Figure 4d) while LDR probes produced negligible to
slightly positive responses with a negative transient after the cessation of the stimulations
such as in Figure 4b. A reduction in dialysate DA in response to a 20 — 30 mM K*
stimulation 24 h post-striatal implantation has previously been reported in one study.3 It
must be noted that, however, the measurements were done after 80 minutes of high K*
perfusion. Such prolonged perfusion of high K* reduces DA extraction fraction* which will
alter dialysate DA concentration.

Principal component analysis of dopamine transients—There are clear qualitative
differences between responses to 60 mM K* and 100 mM K* stimulations on both day 1 and
day 4. However, there is also significant variability in the responses to each type of
stimulation. Thus, we turned to principal component analysis (PCA) to help to classify the
observed responses. All of the scatter plots of scores are in the Supporting Information.
Figure 5 shows such a plot for the day 4, 60 mM K™ responses from both control and LDR
probes. The first two principal components represent more than 95% of the variance in the
data. Importantly, the PCA scores reveal a clear separation of the responses obtained with
control from those of LDR probes. The solid symbols in the score plots represent the mean
of each cluster of points. Converting those mean scores to hypothetical laboratory
observations leads to Figure 6. The result is striking — responses with LDR probes tend to
show positive amplitudes while responses with control probes show negative amplitudes. To
confirm the PCA result, we also show the mean responses for each of the five animals in the
two categories (ten transients in each). The correspondence of the average and the result
from the first two principal components gives confidence in the observation. The PCA
analysis of the analogous day 1 data shows that there is a greater variety of responses. There
is a cluster of very similar responses (see score plot in Figure S24) with the same
characteristics as Figure 4c, a small dialysate DA increase from basal level. Others are
represented by Figure 4a and f, mostly small increases from basal levels with one or two
high amplitude spikes. This level of response has been observed extensively in many of the
microdialysis studies noted earlier (in the introduction). The short, one-min spike, on the
other hand, would not have been observable without one-min time resolution.

Figure S26 is the scatter plot of scores from all transients from 100 mM K* stimulations.
Here, it is noteworthy that the score plot shows a clustering based on “day”, but not based on
“dexamethasone”. We conclude from this classification that the more extreme perturbation
of 100 mM K™ (compared to 60 mM) elicits a response mostly based on the time from
implantation. The transients are for the most part oscillations of high magnitude.

Simultaneous measurement of dialysate DA and field potential—In two separate
animals, we implanted a microdialysis probe with an attached tungsten wire for field
potential measurements (Figure S29). Figure 7 compares the simultaneously measured
dialysate dopamine and field potential transients recorded on day 1 with LDR probes and
100 mM K* (left) and 60 mM K™ (right) stimulations. High amplitude oscillations of
dialysate dopamine levels during 100 mM K™ stimulations correlate to the oscillations in
field potential with the same oscillation period of roughly 3-min, while the lack of dialysate
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dopamine oscillations during 60 mM K* stimulations correlates to similarly insignificant
change in field potential.

Such slow oscillations in field potential are an indication of spreading depolarization.*!
which is a pathological event. Spreading depolarization and spreading depression comprise a
set of complex processes that can originate from many irregular brain conditions and these
manifest in several ways.*1 42 The role of microglia in spreading depression is, likewise,
complicated. They were found to promote spreading depression in one polarization (M1
microglia), and increase the threshold for spreading depression in another polarization (M2a
microglia).43 Their presence is strictly required for ischemia-induced, but not for high K*-
induced, spreading depression.#4 Although the effect of glia on spreading depolarization and
depression is complicated, and not completely understood, it is nonetheless noteworthy that
we see effects of dexamethasone both on gliosis33 and on the response in vivoto K*
stimulations.

With day 4 60 mM K* experiments, we observed a small /ncrease in dialysate DA level from
LDR probes and a small decrease in dialysate DA level for control probes. While the small
increase, again, is expected. The small decrease is unexpected and striking as it has been
seen once but not reproduced.34 3% We hypothesize that the decrease in dialysate DA level is
a depression of neural electrical activity without accompanying spreading depolarization.
The condition in these experiments, namely the proliferation of activated microglia and
ischemia, is conducive?!: 43: 44 to spreading depression, which can lead to reduced cerebral
blood flow*! and silenced synaptic activity,*2 possibly reducing spontaneous DA release to
below basal levels.

Comparison to observations by fast-scan cyclic voltammetry—~Fast-scan cyclic
voltammetry (FSCV) in combination with carbon fiber microelectrodes is an alternative
method for monitoring extracellular DA in the brain. A well-known application of FSCV is
the monitoring of DA transients evoked by electrical stimulation of DA axons in the medial
forebrain bundle (MFB). Previously, we monitored electrically evoked DA transients with
carbon fiber microelectrodes placed in striatal tissues in close proximity to microdialysis
probes and with carbon fiber electrodes positioned in the outlet of the probe.33 While a ten-
minute, elevated K* stimulation would not be expected to elicit the same response as a 25 s
MFB stimulation, there are noteworthy contrasts between the responses observed during this
work with K* stimulation and that done previously with electrical MFB stimulation.

First, regardless of the time point after probe implantation (4 hr, 1 day, 5 days), electrically
evoked DA responses were not observed by FSCV in the tissue adjacent to, or at the outlet
of, probes perfused with aCSF without dexamethasone. These findings are difficult to
interpret in isolation as they might either indicate an absence of DA terminals near the probe
or the presence of DA terminals in some abnormal condition that suppresses electrically
evoked DA release. Histology using two well-established markers for DA terminals, tyrosine
hydroxylase and the dopamine transporter, identified DA terminals of a near-normal
appearance in the tissues adjacent to the probes at time points beyond 4 hrs, suggesting the
presence of DA terminals, albeit in some abnormal condition. The present results appear to
support this conclusion, as 100 mM K* stimulation evokes DA responses from animals with
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control probes on days 1 and 4. This result implies the presence of terminals near the probe
capable of releasing DA upon direct K*-induced depolarization, even though electrically
evoked DA release is suppressed in the absence of dexamethasone. This supports our prior
conclusion that DA terminals survive the traumatic consequences of probe implantation,
which we have called the traumatic penetration injury (TPI).

Second, during our work using FSCV to determine the effect of dexamethasone retrodialysis
on dopamine measurements by microdialysis, we noticed dramatic differences between
electrically evoked DA transients on Day 5 with control probes vs LDR probes.33 As just
mentioned, with control probes, electrically evoked responses were not observed on day 5
either next to or at the outlet of probes. However, responses were normal next to LDR probes
and were well-above detection limits at the probe outlet. In the current work, there is a
similar dramatic difference in the responses from control vs. LDR probes with 60 mM K*
stimulation on day 4, namely there are decreases from basal with control probes, Figs. 4d, 6
and increases with LDR probes, Figs. 4b, 6. Again, these contrasting stimulation responses
between control and LDR probes do not correlate with the histological appearance of DA
terminals near the probes: The DA terminals appear normal on day 5 after probe
implantation both with and without local dexamethasone via retrodialysis. However, these
contrasting stimulation responses do correlate with the histological appearance of astrocytes
and microglia on day 5, when glial activation is robust near control probes but nearly absent
near LDR probes. Thus, our measurements of both electrically evoked and K*-evoked DA
transients support the conclusion that dexamethasone facilitates the re-establishment of
normal DA activity in the tissues affected by the TPI during probe implantation.

In contrast to the case for 60 mM-induced transients and as deduced from the principal
components analysis, dialysate DA responses to stimulation with 100 mM K* on days 1 and
4 did not depend on the presence of dexamethasone in the perfusion fluid. This is likely due
to this high concentration of K* being able to “force” the depolarization of DA terminals,
possibly due to the induction of spreading depolarization, regardless of the presence or
absence of activated glia. Thus, the responses to stimulation with 100-mM K* are unique in
that they appear to be the only ones we have recorded to date that are unaffected by activated
glia.

Comments on the nature of the transients—Altering perfusate compositions can
lead to changes in measured dialysate dopamine by at least three mechanisms. One
mechanism is reverse transport via the dopamine transporter, DAT.#> Low Na* perfusate, 50
mM, with choline replacement and normal K*, induces dopamine efflux into the
extracellular space by this mechanism.#6 Using low Na* perfusate, but replacing Na* with
K* rather than choline also evokes dopamine release*’ even in the presence of nomifensine
to block the first mechanism, reverse transport.® Thus, high K* elicits DA release by a
second mechanism, depolarization. Finally, changes in the perfusate composition, including
high K* 40 can lead to changes in relative recovery/extraction fraction, e.g. by altering DA
uptake rates.*8-%0 |t is also possible for physical changes in the tissue to alter the effective
diffusion coefficient, altering dialysis recovery.> We have not attempted to unravel the
contributions of each of these mechanisms to our observations. However, we have associated
high amplitude oscillations during 100 mM K* stimulation to spreading depolarization via
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simultaneous field potential measurements. It is interesting to speculate that some of the
features that we see at high temporal resolution may be related to differences in the
foregoing effects of high K*/low Na* stimulation. Another intriguing possibility for future
investigations is whether any of the variability that we see under the same stimulation
conditions is related to the striatum’s physiological heterogeneity.>2

Pharmacokinetics of nomifensine

The DA responses to nomifensine stimulation can be modeled using a first-order model for
rising and falling rates fitted with different time constants. Two-way ANOVA analysis of the
time constants (Figure S28) show that neither the day of the experiment or dexamethasone
treatment affects the nomifensine rising and falling characteristics. The maximum
amplitude, however, is day-dependent, being lower on day 4 after implantation compared to
day 1. Nomifensine is introduced by retrodialysis, so a significant contribution to the
dynamics is the diffusion of nomifensine within the tissue. The results obtained indicate that
the diffusion rates are not significantly different among the various conditions. The rising
rate constant is found to be about two times higher than the falling rate.

Conclusions

In the present study, we have shown that /n7 vivo monitoring of dopamine at one-minute time
resolution using online microdialysis-LC-EC reveals patterns of responses to chemical
stimulation or local drug treament by retrodialysis with considerably more information than
can be obtained with lower resolution measurements. We find that using LDR probes
increases basal dialysate DA levels. A high concentration of 100 mM K* induces spreading
depolarizations in the striatum with control or LDR probes. This is consistent with the
presence of functional DA terminals near the probe in both cases. Remarkably, the 60 mM
K™ transients are positive after four days with the LDR probe while they are negative (and of
a similar magnitude) with control probes.

Given that spreading depolarization is a pathological condition, we are led to wonder
whether the practice of stimulating release of neurotransmitters with K* concentrations on
the order of 100 mM in order to assess the experimental set up is wise. There are certainly
legitimate reasons to use this method, but the lowest concentration of potassium ion that
elicits a response is most likely preferred.

We note that the dexamethasone treatment had no significant effect on an essentially
pathological response to 100 mM K*, while it had a significant and qualitatively obvious
effect on exposure to a lower K* concentration. This is interesting in that it implies that the
effect of dexamethasone is more easily discerned with less extreme perturbations of the
tissue. This is consistent with evidence from FSCV and immunohistochemistry experiments.
We infer that dexamethasone-induced reduction of gliosis, in combination with the higher
time resolution microdialysis, improves the ability to observe dopamine system function
when microdialysis probes have been chronically implanted.
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Chemicals and Materials

Chemicals (disodium EDTA, sodium acetate, sodium 1-octanesulfonate (SOS), acetonitrile,
glacial acetic acid, NaCl, KClI, CaCl,, MgCls, and NaH,PO,) were purchased from either
Fisher Scientific (Fair Lawn, NJ) or Sigma (St. Louis, MO) and used as received.
Dexamethasone sodium phosphate was from APP Fresenius Kabi USA, LLC, Lake Zurich
IL. Ultra-pure water used was filtered using a Millipore Mili-Q Synthesis A10 system
(Belford, MA).

Artificial cerebrospinal fluid (aCSF: 142 mM NacCl, 1.2 mM CaCl,, 2.7 mM KCI, 1.0 mM
MgCly, and 2.0 mM NaH,POy, pH 7.4) was used as the perfusion fluid for the microdialysis
probes. The high K* aCSF solutions were kept isotonic by lowering the Na* concentration
(60 mM K* aCSF: 84.7 mM NaCl, 1.2 mM CaCl,, 60 mM KCI, 1.0 mM MgCl,, and 2.0
mM NaH,POy4. 100 mM K* aCSF: 44.7 mM NaCl, 1.2 mM CaCl,, 100 mM KCI, 1.0 mM
MgCl,, and 2.0 MM NaH,PQO,). Dexamethasone sodium phosphate (APP Pharmaceuticals
LLC, Schaumburg, IL) and nomifensine maleate (Sigma-Aldrich, St. Louis, MO) were
diluted in aCSF. The microdialysis perfusion fluids were filtered with Nalgene sterile filter
units (Fisher, Pittsburgh, PA; PES 0.2 um pores).

Probe construction

Concentric-style microdialysis probes (4 mm membrane length) were built in-house (200 pum
I.D, 280 pm O.D, 13 kDa MWCO Spectra/Por hollow fiber, Spectrum Laboratories Inc.
Rancho, Dominquez, CA) see?8 for details. The probe inlet consists of 100 cm of fused
silica capillary (75 um 1.D., 150 um O.D. Polymicro Technologies, Phoenix, AZ). The outlet
capillary is of the same type but 115 cm in length. Each capillary is connected to 10 cm of
75 um 1.D., 360 um O.D. fused silica to facilitate the connection of inlet and outlet lines to
nanobore injection valves (described below). We estimate based on system volumes and
perfusion flow rate that transport of a stimulant slug to the probe membrane takes 9.84
minutes, and a sample slug takes 9.05 minutes from the probe to the injection valve. The
difference is mainly due to the internal volume of the probe which counts towards the inlet
flow path. Prior to use, the probes were soaked in 70% ethanol and then immersed in and
flushed with filtered perfusion fluid (aCSF or aCSF with dexamethasone) for several hours
before implantation into the rat.

Surgical procedure and implantation

All use of animals was approved by the University of Pittsburgh Institutional Animal Care
and Use Committee. Prior to surgery, rats (male Sprague—Dawley, 250-350g, Charles River,
Raleigh, NC) were acclimated overnight to a Raturn Microdialysis Bowl (MD-1404, BASI,
West Lafayette, IN). The next day, rats were anesthetized with isoflurane (5% v/v induction,
2.5% v/v maintenance) and implanted with microdialysis probes using aseptic stereotaxic
surgical techniques. Using flat skull coordinates, each probe was slowly lowered into the
striatum (1.6 mm anterior, 2.5 mm lateral from bregma, and 7.0 mm below the dura) at 5
um/s using a micropositioner (David Kopf Instruments Model 2660, Tujunga, CA). The
histology of the probe track in the striatum using these same coordinates has been
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documented numerous times by our group.33: 36 The probe was secured with bone screws
and acrylic cement and the incision was closed with sutures. Anesthesia was removed and
the animals were returned to the Raturn system and given free access to food and water for
the duration of the experiment. Continuous perfusion was maintained for the entire duration
of the experiment. During procedures involving dexamethasone, the probe was perfused with
10 uM dexamethasone for the first 24 hours and then with 2 uM dexamethasone for the
remainder of the experiment.

Online microdialysis-LC-EC

The microdialysis/liquid chromatography system was similar to the one previously
described.26 A schematic diagram is shown as Fig. S30. Perfusate was introduced using a
syringe pump (Harvard Apparatus, Holliston, MA), running at 0.610 puL/min. The perfusate
syringe contained 1.0 mL of perfusate and was refilled every 24 hours, at least 3 hours prior
to any online measurement. To facilitate the introduction of a stimulant-containing solution,
we used a 6-port nanobore injection valve (electrically actuated, Valco Instruments,
Houston, TX) to introduce solution from a 9.5 pL fused silica loop (280 um 1.D., 360 pm
0.D, Polymicro Technologies, Phoenix, AZ). The valve was configured so that the loop
could be loaded with stimulant-containing solution while perfusate flow is maintained. To
introduce the stimulating solution, the valve position was switched from load to inject
position by computer control at predetermined times for durations equal to the stimulus
duration. So-called timed injections suffer less spreading of the concentration profile at the
trailing edge than injections that permit the entire loop to be pushed into the inlet capillary.
During valve position switching, flow is interrupted for 105 milliseconds. The stimulus
reaches the probe 9.8 minutes after switching. Therefore, any DA response due to switching
the position of the valve would be seen approximately ten minutes prior to the response to
the stimulus. We do not see any such response to the valve position switching itself in the
data.

The outlet of the microdialysis probe carrying dialysate was connected directly to the inlet
of the injection valve of the LC system (8-port nanobore, electrically actuated, Valco
Instruments, Houston, TX) so that the dialysate is loaded into one of the two 600 nL, fused-
silica sample loops (75 pm 1.D., 360 um O.D, Polymicro Technologies, Phoenix, AZ). While
one sample loop is being loaded, the contents of other sample loop are injected into the
column, separated, then detected at the end of the column using amperometric
electrochemical detection. The dialysate flow from the brain to the detector is uninterrupted,
except for during injection valve switching (230 milliseconds), thus achieving /n vivo, online
detection of dopamine.

For the chromatography, 4.5 cm long, 150 um ID fused silica capillary columns were packed
in-house at 20,000 psi with 1.7 um BEH C18 reverse-phase particles (Waters, Milford, MA).
Mobile phase was delivered using a Shimadzu LC-30DA pump with a maximum pressure of
18,900 psi (130 MPa) to achieve a flow rate of 7.5 uL/min during experiments. Column and
injector were heated to 40 °C.

Separation of dopamine was achieved using ion-pairing reversed phased liquid
chromatography with mobile phase containing 100 mM sodium acetate, 1.75 mM SOS,
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0.150 mM EDTA, 3% v/v acetonitrile and 2% v/v acetic acid. The mobile phase was filtered
and degassed with three passes of vacuum filtration using 0.22 um nylon filter (Osminics,
Minnetonka, MN). Analytes were detected at 400 mV (vs. Ag/AgCl 3M NaCl) using BASi
radial-style flowcell, 3-mm glassy carbon electrode with 25 um thick gaskets, and BASi
Epsilon potentiostat (West Lafayette, IN).

Experimental design

Microdialysis probes were implanted and dialysate dopamine was measured in awake, freely
moving male Sprague-Dawley rats. Each probe was either perfused continuously for four
days with aCSF containing dexamethasone (via retrodialysis) or aCSF alone (control). On
day 1 and day 4 after surgery (approximately 24 h and 96 h, respectively), once per hour,
each rat was stimulated with 10-min retrodialysis of 60 mM K* and 100 mM K* (twice
each), and 15-min retrodialysis of uM nomifensine (at the end of the experiment, when
possible). Stimulant/drug retrodialysis times were achieved by controlling the valve position
(see Fig. S30).

Dopamine transients as well as basal level dopamine in the dialysate were measured
continuously at one-minute time resolution for the entire duration of the experiment,
approximately six hours. Data were processed using an automated MATLAB script. For the
purpose of principal component analysis, the 11 contiguous peaks that deviate the most from
basal level during the K* stimulation window were identified as the transient by the script.
All MATLAB-identified peaks were confirmed by a human.

LC-EC and field potential simultaneous measurement

In a second set of experiments dopamine and the field potential were measured
simultaneously during potassium stimulations. For the field potential measurements, a
tungsten wire (50 pm diameter, 4 mm length) was glued next to the microdialysis probe so
that the wire was parallel to the probe membrane, with approximately 0.5mm between the
wire and the membrane (see Figure S29). A second tungsten wire was used as a reference
and placed in the contralateral hemisphere of the brain. Both wires were attached to a larger
nickel/chromium wire for electrical connection and protected with a plastic covering.
Measurement were made using a Powerlab/4sp running LabChart Pro (AD Instruments). A
0.1 Hz low pass filter was used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Four chromatograms of striatal dialysate by online LC-EC from a longer sequence of
injections. Consecutive 500 nL samples of dialysate were collected under basal conditions
and analyzed online at one-min intervals. The dopamine peaks appear 44 s after each sample

is injected onto the capillary column.

ACS Chem Neurosci. Author manuscript; available in PMC 2018 February 15.

27



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ngo et al.

Page 16

90 'somMK  6O0mMK*  100mMK* 100 mM K*
3000 &
2500
2000

1500

1000 10 uM nomifensir

DA Concentration (nM)

500

Time (min)

Figure2.
DA dialysate concentration measured during an experimental run (day 1, [K*] = 60 or 100

mM, with an LDR probe). The five transients seen are dopamine responses to 10-min
retrodialysis of 60 mM K* (twice), 100 mM K* (twice) and 15-min retrodialysis of 10 uM
nomifensine.
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Figure 3.
Frequency distributions of the basal concentrations measured each minute for the four

conditions day = 1 and 4, probe = control and LDR. Note there are seven animals
represented in day 1 control. There are five animals contributing data for the other three
cases. The “frequency axis” represents single, one-minute measurements.
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Qualitatively distinct dialysate DA responses observed during the experiments. Left: day 1.
Right: day 4. Top: (a-d) 60 mM K*. Bottom: (e—f) 100 mM K™*. The example in blue is from
an LDR probe. The group is selected to be representative to transient characteristics, not
conditions. K* stimulations are denoted by the black bar. Note the differing vertical scales.
A complete set of images of all transients observed can be found in the Supporting
Information, Figs. S2 — S23.
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Figure5.
Scatterplot of scores of the first two principal components of all transients from day 4, 60

mM K* stimulations. Blue circles represent data from animals with control probes, and red
squares represent animals with LDR probes. The filled circle and square represent the
centroid of respective types computed from the first two principal components.
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Comparison of transients from LDR (top) and control (bottom) probes on day 4 with a 60
mM K*stimulation. Open symbols: Synthesized dopamine transients from the first two
principal components. Solid symbols: experimental transients from averaging the responses

at each minute.
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Simultaneous measurement of dialysate DA and field potential in an awake animal. Left:
100 mM K* stimulation. Right: 60 mM K* stimulation. Measurements made on day 1 with

LDR probes.
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Figure 8.

Fitting of nomifensine response to exponential decay model. Time constants (min~1) Rising
= 0.52 Falling = 0.20 Avg. Amplitude = 121
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