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Abstract

Histamine is among the most poorly understood biogenic amines, yet the histaminergic system
spreads throughout the brain and has been implicated in functions as diverse as homeostasis and
synaptic plasticity. Not surprisingly then, it has been linked to a number of conditions including
minimally conscious state, persistent vegetative state, epilepsy, addiction, cluster headache,
essential tremor, and Parkinson’s disease. We have previously reported that the Wireless
Instantaneous Neurotransmitter Concentration Sensing (WINCS) system can monitor dopamine,
serotonin, and adenosine using fast-scan cyclic voltammetry (FSCV). Here, we demonstrate the
expanded capability of the WINCS system to measure histamine. The optimal FSCV waveform
was determined to be a triangle wave scanned between —0.4 and +1.4 V at a rate of 400 V/s
applied at 10 Hz. Using this optimized FSCV parameter, we found histamine release was induced
by high frequency electrical stimulation at the tuberomammillary nucleus in rat brain slices. Our
results suggest that the WINCS system can provide reliable, high fidelity measurements of
histamine, consistently showing oxidative currents at +1.3 V, a finding that may have important
clinical implications.

1. Introduction

Histamine has a central role in vigilance, sleep and wakefulness.! The histaminergic system
consists of 64,000 cell bodies located in the tuberomamillary nucleus (TMN) of the posterior
hypothalamus.2 While the nucleus is small, its projections are widespread, innervating
almost all parts of the brain.3 Three histamine receptors have been characterized, all of
which are G-protein coupled receptors.® The H1 and H2 receptors are post-synaptic, while
the H3 receptor is an inhibitory autoreceptor.> Not surprisingly, given its wide-ranging
projections, histamine has been shown to be important in numerous brain functions.
Histamine is also associated with a wide range of disorders, including cluster headache,
disorders of consciousness, epilepsy, addiction, essential tremor, and Parkinson’s disease.5: 7
Many of these conditions have been treated with varying levels of success by deep brain
stimulation (DBS).8 9 Despite its role in multiple processes and disorders, histamine has
been less frequently studied compared to other biogenic amines, perhaps because it has
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traditionally been more difficult to measure.1? The ability to measure histamine has
important clinical implications for the treatment of histamine-related disorders because DBS
is thought to alter neurochemical release.

Neurochemical monitoring has been generally obtained by one of two dominant techniques,
microdialysis and electrochemical recording. Unlike microdialysis, electrochemical methods
provide sub-second temporal and sub-millimeter spatial resolutions and can support direct
measurement of analytic substrates at an implanted probe by detecting the oxidation and
reduction currents of molecules. Fast-scan cyclic voltametry (FSCV) is an electrochemical
technique that relies on Faradaic principles.4 In previous publications using FSCV, the
presence of histamine has been determined by an oxidation peak current at +1.3 V.12 16 |n
this study, FSCV was conducted using the Wireless Instantaneous Neurotransmitter
Concentration Sensing (WINCS) system. WINCS system has already proven its utility for
both /n vitroand /n vivo monitoring of the neurotransmitters dopamine, serotonin and
adenosine.1’19 Here, we demonstrate its ability to measure histamine /n7 vitro in both flow
cell analysis and in rat brain slices, including in the TMN, upon electrical stimulation.

2. Experimental Methods

Wireless Fast Scan Cyclic Voltammetry (FSCV)

All experiments were performed using the previously described in-house built WINCS
system, which was designed to perform electrochemical monitoring.1’-20 WINCS hardware
combines FSCV with digital telemetry to perform real-time electrochemical measurements
at a carbon fiber microelectrode (CFM). It incorporates front-end analog circuitry for FSCV,
a microprocessor, Bluetooth radio and a rechargeable lithium-polymer battery on a single
printed circuit board. The device uses a trans-impedance amplifier to convert recorded
current to voltage and a difference amplifier to subtract a triangular waveform potential
applied to the CFM. A digital-to-analog converter applies the FSCV waveform to the CFM,
and an analog-to-digital converter samples currents at a rate of 100 kilosamples per second.
This data is then translated for use in LabVIEW (National Instruments, Austin, TX, USA).

As shown in Fig. 2D, the parameters used here for FSCV consist of a linear potential ramp
applied to the CFM every 0.1 s between —0.4 V and +1.4 V at a scan rate of 400 V/s. Under
these conditions, the temporal resolution is accurate to 9.1 ms. The CFM is held at the
baseline potential of —0.4 V between scans. During the parameter optimization trials, the rest
of the parameters were set to those listed above except in the case of the carbon fiber type
optimization in which +1.5 V was used for the peak voltage. Ag/AgCl reference electrodes
were prepared by chlorinating a 31 g Teflon-coated silver wire (A-M Systems, Inc.,
Carlsborg, WA).21

The CFM was constructed by aspirating a single polyacrylonitrile-based carbon fiber into a
borosilicate glass capillary tube and pulling it to a microscopic tip using a pipette puller.
Three different carbon fibers were tested in this study: (1) Amoco T-650 from Onifer Inc.,
Greenville, SC, diam. 5 um; (2) Cytec T-300 from Cytec Carbon Fiber LLC, Greenville SC,
diam. 5 wum; and (3) Hexcel IM-7 from Hexcel corp., Decatur, AL, diam. 5 um. The
exposed carbon fiber was then cut to a length of approximately 80 um, under a dissecting
microscope.

Flow Injection Analysis

Flow injection analysis was used both to investigate the optimal parameter for histamine
measurement and to post-calibrate the CFMs used for /n vitroslice recording. A single CFM
was placed in a flowing stream of Tris-buffer solution (150 mM sodium chloride and 12 mM
Tris-base buffer at a pH 7.4), pumped at a rate of 2 ml/min, and an analyte (histamine, a
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potential interfering agent, or a combination of the two) was injected as a bolus. An Ag/
AgCI reference electrode was located in the bottom of the reservoir immersed in the buffer
solution. An electronic 1 ml loop injector, locally fabricated, introduced the analyte to the
bolus for 10 s.

Histamine, adenosine, N-methylhistamine dihydrochloride, 4-imadazoleacetic acid
hydrochloride, dopamine hydrochloride and D-histidine were purchased from Sigma-
Aldrich (St. Louis, MO). Histamine was dissolved in 0.1 N perchloric acid to make a 10 mM
stock solution, as were dopamine, imadazoleactic acid, methylhistamine, and histidine.
Adenosine was dissolved in distilled water into a 5 mM stock. All stock solutions were
diluted with the Tris-buffer solution, immediately before the flow injection experiments. All
dopamine solutions were kept in the dark.

In vitro rat brain slice preparation

Rats were housed under standard conditions with ad /ibitum access to food and water. Care
was provided in accordance with NIH guidelines and approved by the Mayo Clinic
Institutional Animal Care and Use Committee. For the preparation of slices, 6-t 0 8-week-
old male Sprague-Dawley rats were deeply anaesthetized with pentobarbital (1.5 g/kg, IP)
and sacrificed by decapitation. The brain was rapidly removed and put into a chilled (4°C)
slicing medium composed of artificial cerebrospinal fluid (ACSF) from which NaCl had
been removed and substituted with sucrose. Slices (400 wm thick) were cut in the coronal
plane using a vibratome (Leica, Wetzlar, Germany). The slices were then placed in an
interface-style recording chamber (Fine Sciences Tools, Foster City, CA, USA), maintained
at 35 °C, and allowed to recover for at least 2 hr. For the first 15 min that the slices were in
the recording chamber, an equal mixture of ACSF and the slicing medium was perfused, and
then ACSF alone was perfused. ACSF contained (in mM): NaCl, 126; KCI, 2.5; MgSQOy,
1.2; NaH,PQy, 1.25; CaCl,, 2.4; NaHCO3, 26; HEPES, 20; D-glucose, 10. The ACSF was
aerated with 95% O, and 5% CO> to a final pH of 7.4 and adjusted to a final osmolarity of
307 mOsm.

Electrical stimulation

3. Results

A series of 60 monophasic current pulses (150 pA, 2 ms pulse duration) were delivered to a
twisted bipolar stimulating electrode (Plastics One, MS 303/2, Roanoke, VA, USA) at a
frequency of 60 Hz using an isolator and programmable pulse generator (Iso-Flex /
Master-8; AMPI, Jerusalem, Israel). Stimulations were separated by 5 minutes, which
caused no decrease in extracellular concentration measured in subsequent trials. Once the
twisted stimulating electrode was positioned on the surface of TMN, a CFM was inserted 75
—100 pwm into the slice at approximately 100 um from the center of the stimulating
electrode. Electrodes were positioned using a stereo-microscope (SMZ745T, Nikon, Japan).

Wireless histamine measurement using WINCS

To investigate the functionality and feasibility of measuring histamine using WINCS, a
known concentration of histamine (10 M) was injected into the flow cell analysis system.
Initially, FSCV measurements were made using a triangle-shaped waveform, ramping from
-0.4 V to +1.4 V and back at 400 V/s.15: 16 Fig. 1 shows the ability of WINCS-applied
FSCV at a CFM to measure histamine (n = 20 trials). The color plot shows time on the x-
axis and the applied potentials on the y-axis. The color gradient represents the resulting
current changes detected at the CFM (Fig. 1A). Consistent with previous reports two
oxidation peaks were obtained. 15 16 At approximately +1.3 V and +0.8 V, the light-brown
color representing the background current can be seen to change to green and purple,
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respectively, for 10 s, representing oxidation peak currents generated by the injection of
histamine into the flow cell. Oxidation peak currents remained consistent throughout the
time of injection (Fig. 1B). Fig. 1C shows the raw voltametric currents, including
background currents, which are present due to the double layer capacitance at the tip of the
CFM. The faradaic current occurring immediately after injection of 10 M histamine (red
dotted line) was barely detectable in the raw voltametric currents (Fig. 1C). However, once
the background current was subtracted, the faradaic current could be isolated to reveal the
voltametric signature, which is called the cyclic voltammogram (CV) (Fig. 1D). The
voltametric signature of histamine is evidence that histamine’s presence did, in fact, have an
effect on the current at the tip of the CFM, with noticable increases at +1.3 V and around
+0.8 V. The oxidation current at +1.3 V was sharp and clear, and the amplitude of this
oxidation current proportionally increased as the concentration of histamine increased (Fig.
4C). In FSCV, the oxidation potentials are often shifted in time because of the time it takes
for electron transfer.11: 22 Thus, an electron transfer time-delay might have caused the
oxidation current to appear on the reverse scan.

The peak that occurred at around +0.8V appeared in a broad range of applied potentials
between +0.5 V and +0.8 V. It was much smaller in amplitude than the oxidation current at
+1.3V, and the amplitude was not significantly related to histamine concentration. Because
it did not increase concurrently with increased histamine concentration, it is possible that the
+0.8 current was a non-Faradic oxidation peak. Thus, we labeled the former (at +1.3V) as a
primary oxidation current and the latter (+0.8 V) as an auxiliary current.

In addition, a negative deflection was observed at —0.2 V. As has been shown in other
biological system FSCV studies,23 such a negative deflection may reflect the small changes
in pH detected in physiological processes. Although we used an 7 vitro flow cell system, it
is likely that the negative deflection we found at —0.2 V occurred because the histamine was
dissovled with 0.1 N perchloric acid to make a 10 mM stock solution.

Parameter Optimization

To optimize the FSCV waveform, we varied the switching potential between +1.0 and +1.5
V, the resting potential applied to the CFM between —0.4 and +0.1 V, and the repetition
frequency between 5 and 30 Hz. First, the resting potential was held constant at —0.4 V and
the switching potential was made more positive in +0.1 V increments from +1.0 V to +1.5 V
(Fig. 2). As the switching potential was made more positive, the first oxidation peak current
of histamine also increased (Fig. 2A). Based on this result, it would be natural to choose
+1.5 V as the peak potential, but because the oxidation peak of adenosine could also be seen
at the same position, we optimized this parameter at +1.4 V to ensure a distinguishable
signal from that of adenosine. In addition, Fig. 2 demonstrates that histamine’s auxiliary
peak current is not dependent upon the primary oxidation current. Even when the primary
oxidation current was nearly extinguished at +1.2 V and gave no discernible signal at +1.0
V, the auxiliary current remained relatively stable. For the second step, various baseline
voltages from —0.4 to +0.1 V were tested as the level for the holding potential (Fig. 2B). As
the holding potential moved to a positive value, the amplitude of oxidation currents
decreased (Fig. 2B). Fig. 2C demonstrates that the signal strength of both peaks is also
inversely related to the frequency of scanning. This allows extra recovery time for the
already-oxidized histamine to move away from the electrode surface and more histamine to
adsorb to the carbon fiber surface before the scan is repeated. Fig. 2D represents the final
waveform, integrating all of the Having demonstrated that WINCS was capable of FSCV
measurements of histamine /n vitro, Fig. 3 shows the difference in FSCV signals from a
variety of carbon fiber types. The three carbon fibers which we used in this study were made
of polyacrylonitrile carbon as a precursor material. The difference among three was the
amount of carbon in each. T-650 and Hexel-IM7 have a higher carbon content by 2 % and 3
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%, respectively, compared to T-300. In our /n vitro flow cell experiments, Hexel-1M7
showed the largest primary and smallest auxiliary currents needed to detect histamine.
However, we chose T-650 to fabricate our CFM for histamine measurement because the CV
of histamine detected at the Hexel-1M7 was similar to the CV of hydrogen peroxide,
showing a single oxidation current at the switching potential 242> T-650 also showed
additional auxiliary currents characteristic of histamine. Thus, with T-650, histamine could
be easily distinguished from hydrogen peroxide and adenosine in /in vitro brain slices and /n
vivo experimental set-ups. Using the T-650, adenosine was identified with two clear
oxidation peaks at +1.0 and +1.5V.19 22 |t was also found that a pre-treatment of the CFM
for 15 sin 0.1 M NaOH, scanned at 300 V/s from +0.1 V to +1.4 V, increased the signal of
both the primary and auxiliary peaks significantly. This procedure likely causes more oxide
groups to be present on the CFM and thus increases the ability of histamine to adsorb to the
sensing region of the electrode.

Concentration Dependency

Selectivity

After these parameters were optimized, the ideal waveform seen in Fig. 2D was used to
construct a calibration curve for histamine. The color plots in Fig. 4A show an increase in
signal for both oxidation peaks as concentration increases. In Fig. 4B, the plot shows the
current measured over the time course of the injection (averaged over n = 3 trials),
demonstrating that the signals were consistent across the time-course of the injection. Fig.
4C shows the linearity of the signal strength in relation to the concentration between 100 nM
to 10 wM (r2 = 0.92 for the first peak and 0.86 for the second peak). Both Fig. 4B and 4C
suggest that histamine can be reliably detected at a concentration of 100 nM. In our
experimental set-up, the glass insulated CFM was unable to detect histamine at physiologic
concentrations lower than 100 nM. An investigation of lower concentrations would require a
more sensitive CFM.

Before the above parameters could be used for /n7 vivo or brain slice recording it was
important to ensure that the voltammetric signal for histamine would be distinct from other
compounds that might co-localize with histamine in an animal brain model. For that reason,
we performed FSCV using the histamine parameter shown in Fig. 2D to identify the
characteristic CV of members of the histamine metabolic pathway. Both imidazoleacetic
acid, a direct histamine metabolite, and histidine, the precursor to histamine production,
proved to be electrically inactive and thus would not be expected to interfere with histamine
measurement (Fig. 5B and 5F, respectively). Methylhistamine, another direct metabolite of
histamine, however, had a curve characteristic of histamine itself, albeit with a slightly
lower signal (Fig. 5C). While it would be impossible to distinguish the two compounds
using FSCV recording, it is of note that methylhistamine’s extracellular concentration is
dependent on histamine release.

In addition to these metabolites, we also used the optimized parameters determined above to
test dopamine and adenosine, two neurotransmitters which could be co-localized with
histamine in the brain. Dopamine (Fig. 5D) produced a strong oxidation current at about
+0.6 V on the forward scan (shown in red). Thus, it is unlikely that it interfered with
histamine’s first oxidation peak, which occurred during the backward portion of the scan
(shown in black — Fig. 5A) and at a substantially higher voltage (+1.3 V). Adenosine also
had the potential to interfere with the histamine signal because its main oxidation peak is
located near the switching potential. Adenosine began to be oxidized at +1.5 V. By limiting
the peak voltage of the scan to +1.4 V, however, the adenosine signal was weak enough that
its background subtracted CV was not likely to be confused with that of histamine (Fig. 5E).
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Because it is able to distinguish oxidizable compounds from one another, FSCV enables co-
detection of compounds. Enzyme-linked biosensors, on the other hand, which have excellent
specificity, allow the measurement of only one compound at a time. Both the primary peak
of histamine and the oxidation and reduction peaks of dopamine are evident in Fig. 5G.
However, Fig. 5H shows that, using the optimal parameter for histamine (Fig. 2D),
simultaneous detection of adenosine was not possible because, as noted above, adenosine
does not oxidized at potentials lower than +1.5 V with FSCV. Initially, we expected that the
amplitude of the oxidation current at +1.3 V would be the simple summation of the
histamine and adenosine oxidation currents at +1.3 V (Fig. 51). However, the oxidation
current at +1.3 V was smaller than the simple sum. The auxiliary current of histamine at
around +0.8 V was notably decreased, possibly because the current was being compromised
by the presence of adenosine. Clearly, a biogenic molecule can interfere with the oxidation
of other biogenic molecules. Further study is needed to determine the factors that interfere in
detecting oxidation currents between different molecules, such as histamine and adenosine
(Fig. 5H).

Histamine measurements in rat tuberomamillary nucleus brain slice

In addition to /n vitro measurements, extracellular histamine was measured in rat brain slices
following electrical stimulation of the tuberomamillary nucleus (TMN). Electrical
stimulation (150 pA, 2 ms pulse duration, at 60 Hz) was delivered to the slice, and the
resulting color plot (Fig. 6A) and CV (Fig. 6C) were obtained. By comparing these results
with the known plots and voltammogram of histamine (Fig. 3), one can see that the detected
signal evoked by electrical stimulation in the TMN slice is very close to that of histamine
(Fig. 6D). Further study is needed to determine the temporal profile of the histamine release
and to confirm its identity through pharmacology.

4. Discussion

Traditionally, microdialysis has been used to measure histamine.26 This study demonstrated
that FSCV using the WINCS system is an equally reliable means of determining a
distinguishable histamine waveform and that it can do so with high temporal-spatial
resolution, and sensitivity. FSCV has been used in other studies as well to get a more
temporally sensitive measure of histamine.1 16 For example, Hashemi, et al. measured
histamine following CFM stimulation of the medial forebrain bundle?” and distinguished the
primary oxidation peak at +1.3V. In this study, we demonstrated that histamine release can
be evoked by high-frequency electrical stimulation of the TMN in rat brain slices, as a
clinical therapeutic model of DBS. Our results show a consistent histamine CV. The
optimization of the histamine waveform parameters allowed detection of concentrations of
histamine as low as 100 nM.

Of note, the large negative current at —0.2 V seen in Fig. 6 was no stronger than the current
obtained in the flow cell system with histamine dissolved in perchloric acid. If electrical
stimulation evokes a shift in the environmental pH from base to acid, it would be expected
to increase the negative current at —0.2 V.23 Because we found the overall current at 0.2 V
was decreased, it is likely that the electrical stimulation pushed the environmental pH from
acid to base in our experimental set-up. Further study is needed to investigate the impact of
electrical stimulation as well as the physiological neurotransmission process on the pH shift.

The WINCS system was designed for use in human neurochemical monitoring during DBS
surgery. Its ability to measure histamine efflux could help elucidate the mechanisms of DBS
and improve its clinical benefit. Relative to PVS and MCS, histamine has long been known
to be a “waking substance” involved in the control of vigilance, sleep and wakefulness.1 28
The TMN, the seat of the histaminergic system, is activated during wakefulness and
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inactivated during sleep.2%-31 TMN inactivation causes hypersomnia and reduces arousal
and attention,32 while increased activity in TMN projection to the thalamus dampens
oscillations during the sleep/wake transition.33 The fact that TMN activation and higher
extracellular concentrations of histamine are positively correlated with wakefulness34: 3°
suggests that activating TMN or increasing brain histamine levels might restore appropriate
levels of arousal in people with PVS or MCS. Our study indicates that electrical stimulation,
such as that used in DBS, can evoke local histamine efflux. Further research may help
explain the mechanisms of DBS for PVS and MCS so as to improve targeting and
stimulation parameters and optimize what is currently a promising but imperfect treatment.

Another histamine-related disorder for which DBS is used is cluster headache. The
relationship between headache and histamine was first described by B.T. Horton who used
the term “histaminic cephalalgia.”3® Twenty percent of patients who suffer from this
debilitating headache disorder remain disabled following pharmacological treatment. When
remission occurs in chronic cases, it may last as few as 30 days.3” DBS administered to
posterior hypothalamus, the same region in which the TMN lies, has been found to provide
symptom relief in many but not all patients.38-44 As in PVS and MCS, better understanding
the relationship between DBS and histamine release could improve clinical outcomes for
cluster headache.

The WINCS FSCV system could also be used to investigate the role of histamine in normal
physiology and brain functions, such as learning and memory, synaptic plasticity and
homeostatic functions. As an example, the mechanism and kinetics of histamine release and
reuptake have been poorly understood relative to dopamine. Finally, the WINCS system
might improve understanding of the relationships between biogenic amines in normal and
disordered brain processes.

5. Conclusions

In this study, we demonstrated that the WINCS FSCV system can monitor histamine
effectively. Histamine can be identified by a sharp oxidation peak current at +1.3 V and
broad current at around +0.8 V. Histamine measurement might improve our understanding
of the histaminergic system in disease states as well as normal physiological states. The real-
time neurotransmitter monitoring capability provided by the WINCS system may also help
to reveal underlying neuromodulatory mechanisms of DBS action.
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Wireless detection of histamine using WINCS at a CFM /n vitro. A. Color plot obtained
during a 10s flow cell injection of histamine. FSCV triangle waveform was applied from
-0.4 V to +1.4 V at 400 V/s every 100 ms. The primary oxidation current (red, dotted line)
occurs at about +1.3 V, and the auxiliary current (blue, dotted line) is centered at
approximately +0.8 V. B. Plot showing the current measured by the CFM over the time-
course of the injection, keeping the voltage constant at the red dotted line for the primary
oxidation peak and at the blue dotted line for the auxiliary peak. C. Current versus time
traces indicating only small magnitude current changes from the background with the solid
blue line held at a constant time before injection, indicated by the solid blue line in A and
the total current after injection at a time during the injection of 10 M histamine at a fixed
time indicated by the solid red line in A. D. Cyclic voltammogram (CV) of histamine, which
is the background-subtracted current trace. The red line indicates the current trace acquired
during the forward scan; the black line indicates the current trace acquired during the

backward scan.
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Optimization of various measurement parameters and ideal histamine waveform. For all
points, 10 uM histamine was used and repeated for three trials. A. Peak voltage varied from
+1.0 V to +1.6 V. Other variables were kept constant. B. Baseline voltage varied from —0.4
V to +0.1 V. C. Frequency varied from 5-30Hz. D. Illustration of final waveform used for
histamine detection.
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Comparison of carbon fiber types on histamine signal. For all carbon fibers, r =2.5-3.5
pwm, and length of the sensing region was between 50 wm and 80 wm. A. Comparison graph
of the maximum signal achieved during injection for the different carbon fiber types. B.
Hexel IM-7 background subtracted CV. C. Cytec T-300 background subtracted CV. D.
Amoco T-650 background subtracted CV.
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Fig. 4.

Concentration dependency of the electrochemical signal for histamine. A. Color plots of
histamine concentration obtained using flow cell injections. B. Averaged time / current plots
of sample concentrations with voltage held constant at the first oxidation peak (+1.3V). C.
The calibration curve displays a linear trend for both primary oxidation currents (r2 = 0.92)
and auxiliary currents (r2 = 0.86).
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Comparison of histamine’s CV to other compounds which might act as interference in vivo.
The red line indicated the forward portion of the triangle-wave scan, while the black line
indicated the backward portion for all plots. Recordings are included for (A) 10 pM
histamine, (B) 10 .M imadazoleacetic acid, (C) 10 .M methylhistamine, (D) 10 pM
dopamine, (E) 10 uM adenosine, (F) 10 uM histidine, (G) 10 tM histamine and 1pM
dopamine, (H) 10 uM histamine and 10,.M adenosine, and (1) post-experimental summation

of (A) and (E).
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Histamine release evoked by electrical stimulation (150 pA, 60 Hz, 2 ms pulse width, for 1
sec) in rat tuberomamillary nucleus (TMN). A. Pseudo-color plot shows oxidation peak
currents generated upon high frequency stimulation. B. Oxidation peak currents at +1.4 V
(red trace) and +0.8 V (blue trace) versus time. C. Raw currents including background
current before and after stimulation. D. Background subtracted CV.

Analyst. Author manuscript; available in PMC 2013 May 07.



