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Abstract
Measurement of neuropeptides in the brain through in vivo microdialysis sampling provides direct
correlation between neuropeptide concentration and brain function. Capillary liquid
chromatography-multistage mass spectrometry (CLC-MSn) has proven effective at measuring
endogenous neuropeptides in microdialysis samples. In the method, microliter samples are
concentrated onto nanoliter volume packed beds before ionization and mass spectrometry analysis.
The long times required for extensive preconcentration present a barrier to routine use because of
the many samples that must be analyzed and instability of neuropeptides. In this study, we
evaluated the capacity of 75 µm inner diameter (I.D.) capillary column packed with 10 µm
reversed phase particles for increasing the throughput in CLC-MSn based neuropeptide
measurement. Coupling a high injection flow rate for fast sample loading/desalting with a low
elution flow rate to maintain detection sensitivity, this column was reduced analysis time from ~30
min to 3.8 min for 5 µl sample, with 3 pM limit of detection (LOD) for enkephalins and 10 pM
LOD for dynorphin A1–8 in 5 µl sample. The use of isotopic labeled internal standard lowered
peptide signal variation to less than 5%. This method was validated for in vivo detection of Leu
and Met Enkephalin with microdialysate collected from rat globus pallidus (GP). The
improvement in speed and stability makes capillary LC-MSn measurement of neuropeptides in
vivo more practical.

1. Introduction
Neuropeptides act as neurotransmitters, neuromodulators, growth factors and hormones in
the central nervous system. They are involved in physiological and pathological pathways
such as learning, appetite control, depression, addiction, and reproduction [1–5]. Monitoring
extracellular concentrations of neuropeptides can provide insights into their dynamics and
physiological roles within the brain [6–8]. Such measurements are performed by
microdialysis sampling followed by assay for peptides of interest in collected fractions.
Measurement of neuropeptides is challenging due to their low extracellular concentration
(usually pM) and tendency to degrade during storage [9]. The difficulty is further
exacerbated by low recovery by microdialysis sampling [10]; although recent developments
have illustrated routes to improved recovery [11–13]. Measurement is also hampered by
slow analysis times. Thus, despite their importance, neuropeptides are infrequently
measured in vivo relative to other neurotransmitters. In this work, we describe an approach
to increase the throughput of neuropeptide measurements while maintaining sufficient
sensitivity.
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Capillary zone electrophoresis [14,15], high performance liquid chromatography (HPLC)
[16–21] and radioimmunoassay [22,23] have been applied for determining the in vivo
concentration of neuropeptides. Since seminal work by Caprioli [24], electrospray ionization
(ESI) multistage mass spectrometry (MSn) has gained popularity for such measurements due
to low amol detection limit for microliter samples, high specificity, and multi-analyte
capacity [17,25–32]. Although ESI-MSn is a useful method, the high salt content and low
concentration of samples mean that they must be preconcentrated, desalted, and separated,
typically by LC or solid phase extraction, for analysis [33]. Use of capillary LC columns is
critical because it allows the microliter samples to be concentrated on packed beds with
nanoliter volumes to improve sensitivity [24]. This method has achieved limits of detection
(LOD) as low as 0.5 pM for 4 µL volume samples of opioid neuropeptides [26], making it
suitable for in vivo measurements.

A limitation of capillary LC-ESI-MSn for high sensitivity neuropeptide measurements is its
low throughput. When using columns with small bore (25–50 µm) packed with 5 µm
reversed phase particles, loading a few microliter sample can take as long as 15 min, even at
high pressures (4000 psi), and yield overall analysis time of 20–30 min/sample [26,31].
Narrow bore columns may also be prone to clogging, especially when repeatedly loading
large volume samples, which can further reduce throughput due to frequent column changes.
Low throughput is a significant concern because microdialysis generally produces many
sample fractions over the course of a single experiment. Neuropeptide degradation, which is
frequently observed for trace concentrations found in brain samples [26,34], places a further
premium on rapid analysis.

To accelerate analysis in capillary LC-MSn, flow rate during preconcentration and column
rinsing must be increased since these are rate limiting steps; however, it is unclear if more
rapid preconcentration can be achieved while maintaining the low LOD needed. At a given
pressure (e.g., the maximal pressure of the system) flow rate is directly proportional to the
square of both column I.D. and particle diameter [35]. In this study we improved throughput
of neuropeptide analyses by: (1) using larger bore capillary columns (75 µm I.D.) packed
with larger diameter (10 µm) reversed phase particles for lower pressure loading and rinsing;
(2) determining the flow rate limits for operation; and (3) developing a periodic column
washing scheme to maintain column stability under repeated injections. As a demonstration
of the method, leu-enkephalin (LE) and met-enkephalin (ME) were detected in microdialysis
samples collected in vivo from rat globus pallidus (GP). The enkephalins are endogenous
opioid ligands with important roles in many processes such as pain inhibition [36], addiction
[37], feeding [8], and movement [38]. Rapid assays for these and related peptides will
facilitate studies of their role in normal and pathological brain chemistry.

2. Materials and methods
2.1 chemicals and materials

Fused silica capillary was from Polymicro Technologies (Phoenix, AZ). Solvents for
capillary LC were Burdick and Jackson from Honeywell (Muskegon, MI). Alltima™ C18
packing materials (10 µm, 5 µm) were from Grace Davison (Deerfield, IL). Formic acid,
hydrofluoric acid and iso-propanol were from Fisher Scientific. Inc. (Ann Arbor, MI).
Enkephalins, high purity acetic acid and formamide were purchased from Sigma-Aldrich
(Saint Louis, MO). Dynorphin A1–8 (DynA1–8) was from Phoenix Pharmaceutical Inc
(Belmont, CA), Kasil™ 1624 and K™ sodium silicates were from PQ Corporation
(Malvern, PA). Artificial cerebrospinal fluid (aCSF) used for making neuropeptide standards
and microdialysis perfusion was made to a final concentration of 145 mM NaCl, 2.68 mM
KCl, 1.10 mM MgSO4, 1.22 mM CaCl2, 0.50 mM NaH2PO4, and 1.55 mM Na2HPO4 with
MiliQ™ water (EMD, MiliporeBillerica, MA), and pH was adjusted to 7.4 using 1 M
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NaOH. High potassium aCSF solution has the same composition as regular aCSF except a
combination of 75 mM KCl and 70 mM NaCl was used to substitute the 145 mM NaCl in
regular aCSF. aCSF was stored at 4 °C and was filtered with 0.2 µm pore filters (GE,
Piscataway, NJ) to remove particulates prior to experiment.

2.2 Capillary LC
Capillary columns were prepared in house using 75 µm inner diameter (I.D.)/ 360 µm outer
diameter (O.D.) fused silica capillary. A 1 mm silica sol-gel frit was placed at one end of the
column using a slightly modified version of a method previously described [31]. In brief, a
20 cm long capillary was filled with a mixture of 3:1:1 (v/v/v) Kasil™ 1624: K™ sodium
silicate: formamide up to 5 cm by capillary force, and then placed in an oven (100 °C)
overnight for polycondensation of the silica sol-gel network. The capillary was cut by a
ceramic capillary cutter (Polymicro Technologies) to leave a ~1 mm section of the sol-gel
network acting as a single-ended frit. The capillary frit was flushed with water and methanol
prior to packing. The column was packed with a slurry of 10 µm Alltima™ C18 reversed
phase particles (5 mg/ml particles in acetone) at 200 psi to 3.6 cm. The open end of the
capillary was also cut to leave only 0.4 cm void capillary to minimize dead volume,
resulting in 4 cm total column length. The electrospray emitter was prepared in house using
20 cm of 40 µm I.D./360 µm O.D. fused silica capillary. A 1 cm section of polyimide
coating 10 cm away from one end was removed with flame to expose bare silica that was
pulled into two separate tips by a P-2000 CO2 laser puller (Sutter Instruments, Novato, CA).
The tip was etched with 49% hydrofluoric acid for 3 minutes to create the electrospray
emitter, and the emitter was cut at the open capillary side to a length of 1.3 cm. The column
and emitter tip were joined by a 2 cm long PTFE tubing (1/16”X0.010”, Grace Davison,
Deerfield, IL).

Injection and LC separation were performed semi-automatically using the system depicted
in Fig. 1 as follows: (A) manually load 5 µl sample loop with sample using syringe and
while (re)equilibrating column with loading solvent (0.1% formic acid) under 3600 psi
driven by a Isco 100D high pressure syringe pump (Teledyne Isco Inc., Lincoln, NE); (B)
switch injection valve (Nanovolume, VICI, Poulsbo, WA) and inject peptide standard under
3600 psi plus rinse with additional 5 µl loading solvent; (C) switch injection valve out of
line and rinse column with another 5 µl loading solvent to remove remaining salt from
column; and (D) switch selection valve (Nanovolume, VICI) to a HPLC pump (Waters 626,
Waters Corporation, Milford, MA) with mobile phase to elute peptide(s) for detection.

2.3 MS detection
The LC system was coupled to a quadrupole ion trap (QIT) mass spectrometer (LCQ Deca
XP Plus, Thermo Fisher, Waltham, MA) operating at positive mode with a Finnigan
nanospray ionization source (Thermo Fisher Scientific, Waltham, MA). All measurements
were made with the following setting: automatic gain control (AGC) on, collisional induced
dissociation (CID) q = 0.25, isolation width m/z = 3, activation time 0.25 ms, number of
micro scan = 2, maximum injection time = 400 ms. Normalized collision energies were
38%, 33% for LE (MS3), 36%, 33% for ME (MS3) and 34% for DynA1–8 (MS2).
Optimization of optics for best sensitivity was done monthly with constant infusion of 2 µM
ME into the mass spectrometer with a flow rate of 100 nl/min. The MSn pathways were:
556→397→278+323+380 for LE, 574→397→278+323+380 for ME which provide the best
sensitivity as discussed in our previous work [26,27]. For DynA1–8 we used the following
transition as it was found to offer the best sensitivity for this peptide 491→435. The MS was
set to scan for each peptide in sequence throughout the chromatogram.
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2.4 In vivo Microdialysis
Adult male Sprague–Dawley rats (Harlan, Indianapolis, IN) weighing between 250 and 350
g were used. Rats were housed in a temperature and humidity controlled room with 12 h
light/dark cycles with food and water available ad libitum. All animals were treated as
approved by the University of Michigan Unit for Laboratory Animal Medicine (ULAM) and
in accordance with the National Institute of Health (NIH) Guidelines for the Care and Use of
Laboratory Animals.

Prior to surgery, rats were anesthetized with an intraperitoneal (i.p.) injection of a ketamine
(65 mg/kg) and dexdormitor (0.25 mg/kg) mixture prepared in an isotonic salt solution.
Concentric microdialysis probes with 1.5 mm long polyacrylonitrile active membrane
(AN69 from Hospal, Bologna, Italy) with recoveries calibrated ex vivo of 9.6% for LE and
8.3% for ME were implanted under anesthesia into the GP according to the following
coordinates from bregma and top of the skull: AP −1.3, ML ±3.3, DV −7.0 [39]. Probes
were secured to the skull by acrylic dental cement and metallic screws. Following surgery,
rats were allowed to recover and experiments were run 24 h after probe implantation.
Microdialysis probes were flushed at a flow rate of 1.5 µL/min with aCSF for 2 h using a
Chemyx Fusion 400 syringe pump (Chemyx, Stafford, TX). Perfusion flow rate was then
reduced to 0.6 µL/min and samples were collected every 20 minutes into vials containing 0.5
µL acetic acid to preserve peptide stability as previously described [26]. Samples were
immediately injected on the LC-MSn system following collection. High K+ aCSF (75 mM)
was perfused for 40 min through the probe after 3 baseline samples were collected. Lines
were then switched back to standard aCSF and 3 more samples were collected (Fig. 6).

3. Results and discussion
3.1 Influence of column bore size and particle size on sensitivity

The procedure for analysis by on-column preconcentration LC-MSn is based on previous
work which has been successful for several neuropeptides [17,26,27]. The dual pump system
with selection valve allows sample to be loaded onto the column at high flow rate but then
eluted at a lower flow rate that gives better ESI sensitivity [40,41] and LC performance
without requiring an extensive pressure equilibration [26]. Despite these steps, the rate
limiting step of analysis is preconcentration and rinsing [17,26,27]. In prior work, when
using a 25 µm I.D. by 4 cm long column packed with 5 µm reversed phase particles, 15 min
was required to inject a 5 µl sample and rinse the column with 10 µl loading solvent (i.e. ~1
µl/min). The total analysis time was 30 min when including gradient dwell time (i.e. time for
the elution gradient to reach the column), gradient elution, and column re-equilibration [26].

Injection flow rate could potentially be increased by increasing applied pressure; however,
without specialized fittings and valves, the system is prone to leakage at pressures over 5000
psi. (Pumps with significantly higher pressure are also available but much more expensive.)
Another solution is to use shorter columns; however, preliminary experiments revealed that
shorter columns tended lose sample during preconcentration, perhaps due to elution during
the long injection step. To facilitate faster loading, we therefore explored larger bore (75 µm
I.D.) capillary columns packed with larger diameter (10 µm) reversed phase particles to
reduce column back pressure. Potential issues associated with this method are: (1) worse
separation efficiency of larger particles [42] might result in broader elution band that affects
detection sensitivity; (2) when the same volumetric flow rate is applied for elution, 75 µm
I.D. capillary columns have a 9-fold decrease in linear flow velocity compared to 25 µm I.D.
column. The change in linear velocity also changes separation efficiency [42], further
complicating system performance determination.
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To explore these effects, we made LE calibration curves comparing columns with different
I.D.s and particle sizes under the same loading and elution flow rate. As shown in Fig. 2A,
increasing column diameter from 50 µm to 75 µm resulted in an 18% increase in calibration
curve slope while increasing particle size from 5 µm to 10 µm resulted in a 6% decrease in
calibration curve slope. Because the column-to-column calibration curve slope variation was
already 10% between columns with the same I.D. and particle size, these data show that
column and particle size had minor effects on detection sensitivity. The full width at half
maximum (FWHM) of the LE peak using 10 µm particles was 7.4% ±6.2% (n = 3) wider
than with 5 µm particles (Fig. 2B). This small change is likely due to the strong dependence
of peak width on gradient slope for peptides. (Peptides were eluted with a fixed mobile
phase of 53% methanol; however, because the column was flushed with aqueous solution
prior to elution, an “step” gradient was generated in the column.) Although 75 µm I.D.
columns packed with 10 µm particles gave similar performance as the other two tested
columns, the flow resistance on this column was much smaller, resulting in 15 µl/min
injection flow rate at 4000 psi and potential to load and desalt 5 µl sample in one minute.
Under the same applied pressure, the injection flow rate was 6 µl/min on 50 µm I.D.
columns packed with 10 µm particles and 4 µl/min on 75 µm I.D. columns packed with 5 µm
particle, requiring at least 2.5 min and 3.8 min to load and desalt the same 5 µl sample,
respectively. Previous studies [26,31] required 10–15 minutes to load and desalt 5–10 µl
samples using smaller bore (25–50 µm) column with 5 µm column packing.

3.2 Influence of loading flow rate and elution flow rate on sensitivity
After establishing that 10 µm particles in 75 µm I.D. columns could be used with little effect
on sensitivity but at lower pressures, we investigated the relationship between peptide signal
and sample injection/rinsing flow rates to determine how rapidly the assay could be
performed. For these experiments we used a sample volume of 5 µl and 10 µl of loading
solvent to rinse the column. (The volume of rinsing solution needed was determined in
separate experiments. If lower volumes are used, less stable signals are achieved,
presumably due to interference from salts and other sample constituents that are not fully
washed away.) The experiments revealed that peptide peak area remained stable for loading
flow rate from 2.6 to 14 µl/min (Fig 3A). Interestingly, above 14 µl/min signal began to
decrease for at least one of the peptides. The reason for this effect of higher flow rates is not
clear. It seems unlikely to be a kinetic limitation to binding since the residence time of an
unretained species was ~0.5 s under these conditions. Calibration curve of all three peptides
also showed no sensitivity change when comparing injection under low (2.7 µl/min) and
high (14 µl/min) flow rates (Fig 3 B).

Another way to increase analysis speed is to increase separation flow rate; however,
increasing volumetric flow rate may also cause dilution of the eluted peptide band and
worsen ESI efficiency [40,41]. We found that peptide signal from a 200 pM standard
decreased 68%, 57% and 78% for ME, LE and DynA1–8, respectively, when elution flow
rate increased from 80 nl/min to 225 nl/min (Fig. 3C). In theory, higher sensitivity could be
obtained by pushing the electrospray flow rate lower [40,41]; however, in practice, further
lowering flow rates will require an extended time period for elution, thus lowering
throughput. An elution flow rate of 100 nl/min was selected as a compromise between time
and sensitivity [26,27]. This flow rate allowed good separation of 3 peptides in 2 min (Fig.
3D) while maintaining a LOD of 3 pM for enkephalins, and 10 pM for DynA1–8.

The total analysis time under these conditions was 3.8 min/sample (0.4 min for sample
loading and column re-equilibration, 0.4 min for injection/preconcentration, 0.8 min for
rinsing, and 2.2 min for elution). In previous work using a 25 µm I.D. column with 5 µm
packing, a total analysis time of 30 min was needed for analyzing one sample with 4–5 µl
volume, with approximately the same LOD when using the same quadrupole ion trap MS as
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used in this work [26]. (Better LODs were obtained by using newer MS, e.g. linear ion trap
MS that has higher sensitivity [26].) Thus this approach achieves similar sensitivity
compared to previous results, but in 13% of the time. For an experiment which results in
collection of 100 samples, analysis could potentially be completed in 6.3 h rather than 50 h,
a substantial time savings.

The time savings found here comes at the cost of using larger particles which reduce column
efficiency and therefore the potential to resolve multiple peptides. However, as shown
above, because short columns and step gradients were used here, there was little loss in
resolving power with the larger particles. We demonstrate detection of 3 peptides
simultaneously with this approach. In principle the best way to allow assay of multiple
peptides at high speed would be to use ultra-high pressures with smaller particles; however,
this approach adds significant cost.

Chromatographic peaks were 5 to 10 s wide. When using this model of ion trap, 3.0 and 1.8
s were required to acquire each MS3 and MS2 spectrum respectively meaning that we
typically obtained 4–6 points across a chromatographic peak when scanning for all three
peptides and 10–12 points across a peak when scanning for just two peptides. More points
could be obtained by using MS2 instead of MS3; however, better sensitivity by MS3 over
MS2 in detecting enkephalins [27] was considered important for this experiment. In
principle more points per peak can be obtained by using time segmented scanning where
scans are focused on one peptide during its elution time and switched for each peptide;
however, this requires excellent timing when peaks are closely spaced as found here. In
principle a faster scanning instrument, such as a triple quadruople, may also allow better
multiplexed detection [43].

3.3. Improved stability during serial injections
To test system stability and injection reproducibility, we performed serial injections of 30
peptide standards containing 60 pM ME, LE and DynA1–8. The relative standard deviation
(RSD) was higher than 10% for all three peptides, and the RSD for ME was higher than
40% (Table 1). We considered several possibilities for this large RSD including: (1) loss of
particles from the column due to the sudden pressure drop between sample injection and
elution causing backflow of particles to the inlet side; (2) partial clogging causing decreased
amount of sample injection and rinsing; (3) build-up of impurities from peptide sample and
solvent on the column causing a change in system response (e.g. by eluting with peptide or
altering preconcentration capacity). By inspecting the column and tip assembly under a light
microscope, explanations (1) and (2) were eliminated since no clogging or bed length
reduction was found.

Supporting the idea that accumulation of impurities affected the RSD, we found that in a
similar series of injections in which a “wash” was applied (injection of 20 µl of wash solvent
containing 60% (v/v) isopropanol, 30% (v/v) acetonitrile and 10% (v/v) water) after every 6
assays the peak area RSD was reduced to less than 10% for the enkephalins and less than
20% for DynA1–8 (see Fig. 4A and Table 1). Peak area RSD of DynA1–8 still remained >
10% could be the result from using SRM while enkephalins are detected by CRM. The
reason for using SRM to detect DynA1–8 is that it produced an easily identifiable daughter
ion (x7, m/zz = 435), while the MS3 spectrum showed no major granddaughter ions for
quantification. Previous paper published by us also showed mediocre detection limit for
DynA1–8 using MS3 [26], urging us to use the SRM method as alternative for higher
sensitivity. However, since SRM is essentially MS2, whose’s specificity is lower than MSn

based CRM method, the higher variation in DynA1–8 peak area is not unexpected. Although
adding the wash step decreased system throughput from 3.8 to 4.4 min per sample, it proved
to be effective in improving long term performance. Improvement of reproducibility could
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also be obtained through adding internal standards. As a demonstration, we monitored the
peak area of 60 pM LE and deuterated LE we have in lab (dLE, m/z 560) under serial
injection. Although deuterated internal standard has the potential for chromatographic
isotope effect, we found negligible retention time difference between LE and dLE. This lack
of effect is likely due to the relatively low chromatographic resolution achieved. These
experiments showed that the RSD of peak area ratio of LE versus dLE was reduced to <5%,
while peak area RSD of individual peptide was still around 8–9% (Table 1). Based on these
results, we presume that use of stable isotopes of other peptides would also aid detection, but
this was not tested for cost savings.

The larger columns with rinsing were also found to be resistant to clogging. Under these
conditions, one column could be operated stably during two 2-hour long series injections
with 60 samples injected onto the column. After 60 injections, reduction in both injection
and elution flow rate and retention time shift was frequently observed, indicating partial
clogging. Therefore one column was typically used within one day to analyze 60 samples.
While potentially cumbersome, the ease and low cost of packing one such column (~10 min
after frit preparation) mean that columns are “disposable”. Although we found low column-
to-column retention time and calibration curve slope (~10%) differences, we performed
daily calibration to allow quantitative comparison from different columns. Previous work
found that 25 µm columns could only survive 20–40 injections, with column-to-column peak
area variation up to 50% [26].

3.4 Detecting enkephalins in microdialysate
To demonstrate the feasibility of this method for in vivo peptide measurements, we used it
to monitor enkephalins in microdialysis fractions collected at 20 min intervals under basal
conditions and while perfusing 75 mM K+ aCSF through a probe implanted in the GP brain
of freely moving rats (n = 3) as summarized in Table 2. Microdialysis flow rate was set to be
0.6 µl/min. Five µl of the 12 µl dialysate collected over 20 min was actually injected onto the
column. (Excess dialysate was required to overfill the loop. More efficient use of such
precious samples may be achieved by partial loop and “microliter pickup” mode using
commercial autosamplers [26].) The concentration of peptides in dialysate samples was
determined by external calibration using standard solutions of peptide dissolved in aCSF
(5% HAc added) with the following concentrations: 5 pM, 50 pM, 800 pM, and 3 nM.
Calibrations were linear with correlation coefficients of 0.99.

To determine if concentration determined by external calibration was accurate, we also
performed a study of matrix effect. Spiking 5 pM, 50 pM, 800 pM, 3000 nM LE into
dialysate gave a similar calibration curve as the same concentration in aCSF (Fig. 5A). This
suggests that matrix effects were negligible in the calibration of peptide concentrations. To
better examine this effect at low concentrations, we compared peak area of 5 and 50 pM LE
standards to that found for spiking the same concentrations into dialysate. The difference in
peak area between the aCSF and spiked dialysate corresponded to 5.0 ± 1.6 (n = 3, SEM)
pM (Fig. 5 B), while LE’s concentration in dialysate was determined to be 7.1 ± 1.0 (n = 3,
SEM) pM by external calibration, which was not significantly different. This result further
suggests minimal matrix effect on signal and that external calibration can be used.

Stability of the dialysate sample signal was examined under serial injection conditions. 9
basal dialysate fractions collected over 3 h were serially injected over 37 min (9 samples
plus 1 wash injection). These samples showed 21% and 22% peak area RSD for LE and ME,
respectively (Fig.5 C). The RSD was higher than standards possibly because of natural
variation of brain peptide concentration over this period. Average concentrations of LE and
ME in serial injection were determined to be 6.0 ± 0.4 (SEM) pM and 14.4 ± 1.0 (SEM) pM,
respectively.
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K+ stimulation causes depolarization of the neuronal cell membrane and subsequent
neuropeptide level into the extracellular space [44,45]. Perfusion of 75 mM K+ aCSF into
the brain caused 129 fold and 58 fold increase in ME and LE’s in vivo concentration,
respectively to over 2 nM total enkephalins (Fig. 6). This appears to be a larger response
than previously reported for microdialysis sampling with K+ stimulation in this brain region;
however, the differences are likely due to experimental protocols. Using RIA for analysis of
opioid peptides, it was reported that applying K+ stimulation for 2 min in a 30-min long
collection period caused collected opioid peptide (mostly enkephalins) to increase 29-fold
from 1.5 fmol to 43.9 fmol per fraction [9]. Because the stimulation was only applied for 2
of 30 min, we may expect a substantially lower fold-increase. Another study using
microdialysis coupled online to capillary LC-MS2 reported K+ stimulation over 30 minutes
caused 32 and 19 fold increase in ME and LE concentration, respectively. In this case
though, the K+ was twice as high, which may have other effects, and the dialysis probe was
over twice as long which means it is less likely to be contained completely in the field of
opioid peptide neuron terminals and therefore might detect smaller changes.

Smaller increases in enkephalin levels upon K+ stimulation have been reported in the
striatum. For example, enkephalins increase in rat striatum was less than 10-fold under K+

stimulation [26,27]. Besides possible experimental differences mentioned above, these lower
fold changes in the striatum may be expected because the GP is the primary target of
striatopallidal neurons which express high levels of enkephalins suggesting release from the
terminals than other portions of these neurons [46,47].

4. Conclusions
The method described in this paper has demonstrated fast neuropeptide analysis with low
pM detection limits. With ~4 min cycle time per sample, the throughput is improved 5–8
fold over previous work. This method was also validated for in vivo measurement where
lower amol of enkephalins could be detected from rat brain dialysate. The enhanced analysis
speed and column stability suggest the possibility of routine processing of many in vivo
samples. Stable isotope labeled peptides will likely be needed for cases where small changes
in peptides are to be measured. Further, as characteristic peptides are increasingly used to
quantify proteins, the general approach of rapid loading and rinsing may be of utility for
trace analysis in other applications as well.
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Figure 1.
Diagram and operation scheme of the dual valve dual pump LC-MSn system. Valve
positions shown for filling sample loop (A), sample loading onto column (B), rinsing
column (C), and peptide elution and detection (D). Detailed description is given in text.
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Figure 2.
Influence of column I.D. and particle size on detection sensitivity. (A) Calibration curve
showed column I.D. and particle size had little influence on sensitivity under the same
volumetric elution flow rate. (B) Chromatogram of LE (5 µl 200 pM injected) showed no
obvious peak broadening using column packed with 10 µm particle compared to column
packed with 5 µm particle. All measurements were done with 3 replicates.
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Figure 3.
Influence of flow rate on detection sensitivity. (A) Peptide signal remained stable within the
injection/rinsing flow rate range of 2.6 µl/min to 13.7 µl/min. (B) Calibration curve under
different injection/rinsing flow rate (2.69 µl/min v.s. 13.44 µl/min) suggested no major
sensitivity decrease when injecting peptide under high flow rate. (C). Increasing elution flow
rate decreased peptide signal. Peptide standard: 200 pM LE, ME and DynA1–8 dissolved in
aCSF with 5% HAc. Injection volume: 5 µl. (D). Reconstructed ion chromatogram (RIC) of
5 µl 60 pM neuropeptide being injected onto the column. All measurements were done with
3 replicates.
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Figure 4.
Chromatogram of serial injections of 60 pM peptide standards in series. A wash injection
with 20 µl 60:30:10 (v/v/v) isopropanol:acetonitrile:H2O injected onto the column was
carried out every 6 injections. The right image shows a zoomed-in view of one injection
where 5 µl peptide standard was preconcentrated, rinsed, and separated for detection within
4 minutes.
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Figure 5.
In vivo measurement of LE and ME from rat brain dialysate. (A). Calibration curve of LE
and ME from 5 pM to 3 nM (n=3) (B) LE’s peak area in 5 pM/50 pM standard and dialysate
spiked with 5 pM/50 pM LE. (C). Serial injection of 9 basal dialysate sample in 37 minutes.
Injection volume: 5 µl.
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Figure 6.
K+ stimulation profile of ME and LE. Potassium concentration: 75 mM. Stimulation time:
40 minutes. Number of replicates: 3. Error bar represents standard error of measurement
(SEM).
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Table 1

Peak area RSDs of tested neuropeptides under different injection protocols. Adding wash injection and
injecting peptide with internal standard significantly improves injection reproducibility.

Injection type Peak Area RSD
(DynA1–8)

Peak Area RSD (LE) Peak Area RSD (ME)

No column rinsing (n = 30) 20.2% 18.5% 46.0%

Wash injection every 6 injections (n = 27) 15.4% 8.4% 9.1%

Peak Area RSD (dLE) Peak Area RSD (LE) Peak Area ratio RSD
(LE/dLE)

Injection of LE and internal standard (with wash
injection) (n = 27)

9.2% 9.3% 4.3%
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Table 2

ME and LE’s basal and stimulated concentration in in vivo dialysate. In vivo concentration was corrected by
the relative recovery of the microdialysis probe. Values are dialysate concentration and not corrected for
recovery. Average relative recovery of probes was 8.3 ± 1.8% for ME and 9.6 ± 0.4% for LE.

Collection condition [ME] ± SEM (pM)
(n = 3 animals)

[LE] ± SEM (pM)
(n = 3 animals)

Basal, dialysate 14 ± 1 7 ± 1

Stimulated, dialysate 1800 ± 230 410 ± 66
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