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Agmatine is a putative neurotransmitter in the brain. Current analytical techniques do not allow the
detection of agmatine in extracellular fluid, making it difficult to study its physiological role. However, a
new method for in vivo monitoring agmatine in the brain was developed. Capillary zone electrophoresis
and laser induced fluorescence detection (CZE-LIFD) was used to measure nanomolar concentrations of
agmatine in submicroliter sample volumes. This analytical technique proved to detect 0.49 attomole of
agmatine improving the sensitivity of previous analytical techniques. On the other hand, the hippocampus
isabrain region well known for having a population of agmatine containing neurons. Therefore, intracere-
bral microdialysis was performed in the hippocampus and agmatine was extracted from the extracellular
environment. Detectable amounts of agmatine were found in dialysates from probes located in the hip-
pocampus but not from the probes located in the lateral ventricle. Furthermore, extracellular agmatine
was calcium and impulse dependent and depolarization of hippocampal neurons increased extracellular
agmatine concentration. The methods reported here are sensitive enough to study the physiological role
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of brain agmatine in freely moving animals.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Agmatine (N-(4-amminobutyl) guanidine) is an endogenous
diamine synthesized from L-arginine by the action of arginine-
decarboxylase in living organisms [1,2]. Agmatine has been
comprehensively studied in bacteria, plants and in some inver-
tebrates. In these organisms agmatine is an intermediary in the
synthesis of polyamines [3,4] and intervenes in growth regulation
[5,6] cell proliferation [7,8] and differentiation [9]. Agmatine has
been found in mammalian tissues [10] including the nervous tis-
sue [11] where it is believed to function as a neurotransmitter or
neuromodulator [12,13].

Agmatine containing neurons are distributed throughout the
brain especially in the hippocampus, hypothalamus, the telen-
cephalon and the cerebral cortex [14,15]. These brain regions are
involved in memory, emotions, pain perception, neuroendocrine
control and cognition.

The neurobiological relevance of agmatine is supported by
experiments in which exogenous administration of agmatine
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inhibited hyperalgesia [16] as well as tolerance to opioids and
opioid abstinence syndrome [17,18]. These actions have been
attributed to the capacity of agmatine to block glutamatergic
NMDA channels [19,20], to inhibit nitric oxide synthase [21] and
to bind to imidazoline receptors (I1 and 12) [22-24] and to alpha-
2-adrenoceptors [25-27]. In addition, agmatine has been shown
to exert an antidepressive and anticonvulsant action [28-33] and
also acts as a neuroprotector [34-36]. These effects suggest that
agmatine has potential for the treatment of chronic pain, addiction,
depression, epilepsy and brain damage.

Despite all these findings it is still unknown whether the actions
of agmatine are physiological or not. Obviously a method to moni-
tor agmatine in the extracellular compartment of the brain in freely
moving animals might help answer this question. Brain microdial-
ysis is an in vivo technique appropriate for monitoring changes
of agmatine in the extracellular fluid. However, to the best of our
knowledge, this technique has not been used to study physiological
changes of agmatine in the brain. One of the reasons is that brain
microdialysis requires analytical techniques for small volume sam-
ples with small masses of agmatine. To date, agmatine has been
quantified using different techniques (see Table 1) but no one is
sensitive enough to measure extremely low masses of agmatine in
brain microdialysates.

The combination of microdialysis and CZE and laser induced flu-
orescence detection (LIFD) for agmatine has not been attempted
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Table 1
Analytical methods for agmatine comparing separation and detection methods and their sensitivity.

Method Sensitivity Reference

Fluorimetry LoD 219x10°M [48,49]
LomD 0.547 x 109 mole

Thin layer chromatography LoD 2.19x 10°6M [50]
LomD 21.9 x 10-'2 mole

GC/mass spectrometry alkali flame ionization detection LoD 13 x 105 M [51]
LomD 65 x 10~'2 mole

GC/mass spectrometry negative ion chemical ionization LoD 0.5 x 10°M [52]
LoQ0.3 x 106 M
LomD 25 x 10~'5 mole
LomQ 15 x 10-'2 mole

High performance liquid chromatography LoD5x107°M [45]

Fluorescence detection LomD 0.1 x 10~'2 mole

High performance liquid chromatography LoD 50 x 10° M [53]

Fluorescence detection LomD 0.5 x 10~'2 mole

High performance liquid chromatography transmittance at 510 nm LoD 3.73 x 106 M [54]
LomD 3.73 x 109 mole

High performance liquid chromatography LoD 40 x 105 M [55]

Fluorescence detection LomD 10 x 10~'2 mole

High performance liquid chromatography LoD 10 x 10 M [56]

Fluorescence detection LomD 0.1 x 10~ mole

High performance liquid chromatography LoD 0.25x 107 M [57]

UV detection LomD 5 x 10~'2 mole

High performance liquid chromatography LoD 250 x 107 M [58]

Fluorescence detection LomD 20 x 102 mole

High performance liquid chromatography LoD5x10°M [59]

Fluorescence detection LomD 0.1 x 10~'2 mole

High performance liquid chromatography LoD 248 x 10°M [60]

UV absorption LomD 4.96 x 10~'2 mole

Ultrahigh pressure chromatography LoD 219 x 10°M [63]

Fluorescence detection LomD 219 x 10-'> mole

Agmatine sensor LoD 5x10-M [61]
LomD 0.25 x 10~ mole

CZE-conductimetric detection LoD2 x 10°5M [44]
LoQ5x10°5M
LomD 0.4 x 10-'2 mole

CZE-chemiluminescence LoD 4.3 x 10 M [38]
LomD 8.6 x 10> mole

CZE-LEDIF LoD 4.1 x 10°M [47]
LomD 8.2 x 10~'8 mole

CLC/mass spectrometry LoD 2.6 x 107°M [46]

LomD 13 x 10-'> mole

yet. The main advantage of CZE-LIFD is its limit of detection for
amino acids in the subnanomolar range and the low limit of mass
detection in the attomolar range [37]. In the present report we mea-
sured agmatine by CZE-LIFD and obtained limits of concentration
detection in the nanomolar range and limits of mass detection in
the zeptomolar range. Furthermore, we successfully applied the
technique to measure agmatine in brain dialysates from the hip-
pocampus where agmatine acts as a putative neurotransmitter.

2. Materials and methods
2.1. Chemicals and reagents

Agmatine sulphate salt, fluorescein isothiocyanate isomer I
(FITC), sodium bicarbonate, sodium carbonate, sodium hydroxide,
sodium chloride, calcium chloride, potassium chloride, magne-
sium chloride, dibasic sodium phosphate, monobasic potassium
phosphate and Tetrodotoxin (TTX), were purchased from Sigma

Chemical Co. Acetone and acetonitrile were purchased from ].T.
Baker. Formaldehyde was purchased at a drug store. Milli-Q water
was used throughout.

2.2. Apparatus, electrophoretic conditions and data acquisition

Measurements were done on a R2D2-1 CZE-LIFD apparatus
(Meridialysis Co., Merida, Venezuela) equipped with an argon ion
laser of 20 mW and a 64 cm long, 25 pm I.D. and 350 pum O.D. fused
silica capillary. The 488 nm line was used.

The samples were hydrodynamically injected at the anodic end
of the capillary applying a negative pressure of —10psi at the
cathodic end of the capillary for 0.5s. Then 23 kV were applied
between both ends of the capillary. The data were obtained at 41
points by second and digitally filtered with the moving average
method. Both the height and the area of the peaks were mea-
sured but only the peak height is reported because it proved to
be satisfactory and reliable enough while peak area was harder to
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estimate due to fronting of the peaks when agmatine was dissolved
in ACSF. The results were analyzed by curve fitting with the SPSS.9.0
for Windows package. The level of significance was set at p<0.05.
After each run the capillary was flushed with 1 M NaOH (8 min) fol-
lowed by 18 m§2 water (8 min) and 20 mM carbonate buffer (8 min)
prepared by mixing 5ml of 200 mM sodium carbonate solution
with 5ml of 200 mM sodium bicarbonate solution and water up
to 100 ml. All solutions were filtered through 0.22 wm pore size
membranes before they were injected into the capillary.

2.3. In vitro measurement of agmatine: sensitivity and accuracy

One milligram of agmatine sulphate was dissolved in 1 ml of
20mM carbonate buffer. This solution was diluted ten times in
carbonate buffer. A derivatizing solution was prepared dissolving
1mg of FITC in 1ml of acetone and mixed with 1 ml of 20 mM
carbonate buffer. Five microliters of the FITC derivatizing solution
were added to the agmatine dilution. This dilution had higher pH
than the 1 mg/ml solution and consequently allowed to deproto-
nate the amine group at the alpha carbon (which pK, value is 9.07)
facilitating the formation of fluorescein thiocarbamate-agmatine
derivative [39] but preserving a strong positive charge due to the
guanidinium group whose pK; value is >13 i.e. more than 3 logarith-
mic units above the pH of the 20 mM carbonate buffer which was
10.0 and, as a consequence remains protonated at alkaline pH. A
blank solution was prepared by adding 5 jul of the FITC derivatizing
solution to 1 ml of 20 mM carbonate buffer.

To determine the dynamic range of the method we derivatized
a3.9 uM agmatine solution in 20 mM carbonate buffer as described
above and diluted it to obtain 3.16 uM, 2.42 uM, 1.72 M, 970 nM,
270nM, 215nM, 107 nM, 53 nM, 26 nM, 13 nM and 6 nM concentra-
tions. The peak heights were measured and fit to a concentration
vs. arbitrary units of fluorescence (mV) by means of regression
analysis.

The limits of detection and quantitation (LoD and LoQ) were
determined according to the Protocols for Determination of Limits
of Detection and Limits of Quantitation of the Clinical and Labora-
tory Standards Institute [40]. First we determined the limit of blank
(LoB)according to LoB = mean blank + 1.645 (SD blank). For this pur-
pose we dissolved 5 pl of derivatizing solution in 1 ml of 20 mM
carbonate buffer at pH 10. After 21 h the solution was diluted and
injected into the CZE-LIFD instrument. The procedure was repeated
10times. The noise fluctuations at the place where agmatine should
migrate if the sample contained agmatine was measured and the
mean height of the 10 peaks as well as the standard deviation was
calculated. Then we derivatized a 3.9 wM solution and diluted with
20mM carbonate buffer to obtain 60 nM, 12nM, 6 nM, 3nM and
2 nM solutions. Then, these solutions were run. This whole proce-
dure of derivatization at 3.9 M, dilution and CZE-LIFD run was
repeated 10 times. The peak heights for each concentration were
averaged and the standard deviations were calculated. The limit
of detection was estimated according to LoD =LoB + 1.645 (SD low
concentration sample). The means were analyzed by regression
analysis and the best fitting linear equation as well as the value of
R obtained. Finally, we prepared 43 nM, 28 nM, 12 nM, 6 nM agma-
tine solutions in artificial cerebrospinal fluid (ACSF, the matrix of
the dialysates, for composition see below) and mixed 100 .l of each
with 100 pl of derivatizing solution. A blank solution was prepared
by mixing 100 .l of ACSF with 100 .l of derivatizing solution. After
21 h, the mixture was run in the CZE-LIFD instrument and the peak
heights were measured. This procedure was repeated 10 times. The
average of the peak heights and the standard deviations was calcu-
lated. The limit of quantitation (LoQ) was estimated as the minimal
measurable concentration above the LoD. Again, means were ana-
lyzed by regression analysis and the best fitting linear equation as
well as the value of R obtained. The limit of mass detection (LomD)

and of mass quantitation (LomQ) were estimated multiplying the
LoD and the LoQ times the injected volume. The injected volume
was calculated as follows. The distance of the anodic end of capil-
lary to the detection window was 468 mm. This end of the capillary
was immersed into a fluorescent solution and —10 psi applied at the
cathodic end of the capillary. Then we measured the time it took
for the fluorescence to reach the detection window. This proce-
dure was repeated 10 times. Then we calculated the average time.
We then calculated the travel speed and the distance (d) that the
fluorescent solution ran in 0.5s. With this distance and the cross
section of the 12.5 pmradius (r) capillary we calculated the injected
volume as:

injected volume = dmr?

2.4. Optimal agmatine/FITC relationship

The optimal molar relation of [FITC] vs. [Agmatine] was calcu-
lated by mixing 1 ml of 4.0 wM agmatine with increasing volumes
of amixture of 2.5 mM FITC in acetone and 20 mM carbonate buffer.
The final solutions contained 1, 2,4, 8, 16, 32, 62, 125, 500 and 1000
molecules of FITC in excess for each agmatine molecule.

2.5. Invitro recovery of the probes

In the in vitro recovery experiment we prepared a 438 nM solu-
tion of agmatine sulphate in ACSF and filled six different vials with
this solution. Then we perfused six microdialysis probes with ACSF
at a flow rate of 1 l/min and placed one probe in each vial. The
probes were made of concentric stainless steel tubes and a fused
silica capillary tubing (150 wm outside diameter and 75 pwm inside
diameter) inside with a piece of 4 mm long cellulose hollow fiber of
13,000 Da Molecular Weight Cutoff attached to the tip [41]. Then we
collected the dialysates and derivatized both the solution contained
in each vial and the corresponding dialysate following our derivati-
zation protocol. After measuring the agmatine signal we compared
each dialysate with its respective vial solution and calculated a
percent of in vitro recovery.

2.6. Invivo recovery of the probes

To determine the extracellular agmatine concentration and in
vivo recovery in a manner independent of probe kinetics, the
method of zero net flow (ZNF) was used [64]. Standard stereotaxic
procedures were used to implant a 10 mm long guide shaft, made
of 21 gauge stainless steel tubing aimed to the dorsal hippocam-
pus (coordinates: 3.5 mm lateral to the midsagittal suture, 4.0 mm
posterior to Bregma and 1.5 mm ventral to the surface of the brain,
at 30° of inclination) in five rats. After a minimum of six days we
inserted a microdialysis probe that protruded 4.0 mm from the tip
of guide shaft. A basal sample was obtained 4 h after the micro-
dialysis probe was inserted. Then we intercalated an 11.5cm long
PE-50 piece of tubing containing a 22 nM solution of agmatine sul-
phate in ACSF. After 10 min we collected a microdialysis sample.
Then we repeated the procedure with three more pieces of tubing
containing 44nM, 87 nM and 146 nM agmatine sulphate in ACSF
solutions and collected the dialysate the same way as we did for
the 22 nM intercalated solution. We then derivatized both the per-
fused agmatine sulphate solutions and the dialysates. After reading
the peak heights we plotted the concentration of the perfused solu-
tions vs. the peak height of the perfused solution minus the peak
height of its corresponding dialysate. We calculated the best fitting
straight line and solved the equation for y =0 finding the extracel-
lular concentration of agmatine. We then solved the equation for
x=0 and found the peak height of the dialysate (PHD). In addition
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Fig. 1. Electropherograms of blank, 2 nM, 3nM, 6 nM and 12 nM agmatine solutions.

we plotted the concentration of the perfused (standard) solution
vs. the peak heights of agmatine (in dialysates) and with the linear
equation we calculated the peak height of the estimated concen-
tration in the extracellular fluid (PHEC). Solving (PHD/PHEC) x 100,
we calculated the in vivo percent recovery.

2.7. Invivo agmatine measurement

Fourteen Wistar male rats weighing between 250 and 300g
were anesthetized with Xylazine (10mg/kg) and Ketamine
(25 mg/kg) and placed in a stereotaxic instrument. A 10 mm long
guide shaft, made of 21 gauge stainless steel tubing was inserted
into the brain and aimed to the dorsoventral hippocampus (coordi-
nates: 4.5 mm lateral to the midsagittal suture, 5.0 mm posterior to
Bregma and 4.0 mm ventral to the surface of the skull). The guide
shaft was attached to the skull by jeweler screws and cemented
with dental acrylic.

After 10 days of recovery the rats were microdialyzed by insert-
ing into the guide shaft a microdialysis probe. The inlet of the probe
was connected to a syringe pump filled with a modified aque-
ous Ringer’s solution (artificial cerebrospinal fluid: ACSF): made
of 136 mM Nacl, 3.7 mM KCl, 1.2mM CaCl,, 1 mM MgCl,, 10 mM
NaHCO3 at pH 7.4. The dialysis probe was inserted 16 h before
the experiment and the perfusion flow rate was set at 0.2 pl/min
overnight. The flow rate was later raised to 1 .l/min for 3 h before
three samples were collected every 30s (sample volume =0.5 )
in collection tubes made of hematocrit tubing [42,43].

The samples were mixed 1:1 with the derivatizing solution.
A standard of agmatine was prepared by dissolving 0.1 mg of
agmatine in 1ml 20 mM carbonate buffer and mixing with 5 .l
of derivatizing solution to obtain a 6 uM solution of fluorescein
thiocarbamate-agmatine. Both, samples and agmatine standard
were left 21 hin darkness and then diluted in 18 m€2 waterina 1:10
ratio. The electrophoretic run was made as previously described.
Spiking of the samples was used to verify the identity of the puta-
tive agmatine peak. For this purpose, an injection of each sample

followed by an injection of standard solution was loaded in the
anodic end of the capillary and run.

2.8. The tracks of the probes were localized by histology

In the in vivo recovery experiment brains were mounted on a
Leica vibratome. Sections (40 um) were taken through the brain
areas of cannula placement, mounted onto slides and visualized
in a microscope without stain. Animals showing signs of tissue
damage other than cannula track, or those in which the probe was
placed outside the hippocampal formation, were discarded. Histol-
ogy was performed after data analysis to prevent any bias in data
selection.

At the end of the in vivo measurement experiment all rats
received an overdose of chloroform and were perfused transcar-
dially with 0.1M PBS [NaCl 80g (137mM), KCl 2g (2.7 mM),
NayHPO4-7H,0 11.5g (4.3 mM), KH,PO4 2 g (1.4mM)], at pH 7.4
followed by 4% of formaldehyde in 0.1 M PBS at pH 7.4. The skulls
were removed and maintained in 4% of formaldehyde in PBS solu-
tion for 48 h. Then the brains were dissected out, fixed for 4
more days, embedded in paraffin and sectioned in 5 pum slices in
a rotary microtome. Then they were stained with a cresyl violet
staining method, and the tracks of the dialysis probes were local-
ized.

2.9. Neuronal origin of extracellular agmatine

ACSF was perfused through the probes at a flow rate of 1 pl/min.
Perfusions of microdialysis probe with calcium-free ACSF (with-
out CaCly), infusion of 10 wM Tetrodotoxin (TTX) in ACSF and
ACSF with 100 mM KCI by reverse microdialysis were carried out
to test whether or not agmatine in hippocampus microdialysates
was calcium dependent, nerve impulse dependent and released
by depolarization of neurons. Three 1-min samples were col-
lected before treatment to establish baseline levels. Then either
calcium-free ACSF, 10 uM TTX in ACSF or ACSF plus KCl was
infused for 60 min and, after that, 3 more samples were collected.
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The samples were derivatized and measured according to the
protocol described in the in vivo agmatine measurement experi-
ment.

3. Results
3.1. In vitro measurement of agmatine: sensitivity and accuracy

Fig. 1 shows the electropherograms obtained by the blank, 2 nM,
3nM, 6 nM and 12 nM agmatine solutions of the LoD experiments.
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In the electropherogram agmatine appears as a peak at 230 s absent
in the electropherogram of the blank (place where the peak should
be is indicated by the black arrow).

The regression analysis of the curve obtained from 12 stan-
dard agmatine concentrations ranging from 6nM to 3.9 uM and
the height of the signal emitted by each one of them, yielded
the linear equation: y=0.876x — 0.037, with a regression coeffi-
cient R=0.998, and significant fitting to the straight line (F(1,
10)=932.95; p<0.00001). The LoB was 3.733 arbitrary units of flu-
orescence (mV). The LoD was 2 nM corresponding to the signal of
4.518 mV. A t-test showed that the difference between the mean of
the blank and the mean of the 2 nM solution was statistically signif-
icant at the level of p<0.0001. The 60 nM, 12 nM, 6 nM, 3 nM, 2 nM
and blank solutions yielded a linear relationship with the magni-
tude of the signals (y=2.1639x+2.241; R=0.997) and a statistically
significant goodness of fit (F(1,4)=11.300, p <0.0001). The LoQ was
6 nM corresponding to the signal of 7.082 mV. The 43 nM, 28 nM,
12 nM, 6 nM and blank solutions yielded a linear relationship with
the magnitude of the signals (y=0.8668x+3.1742; R=0.998) and a
statistically significant goodness of fit (F(1, 3)=39.3, p<0.01). The
noise of the ACSF solution was very similar to the LoB, but the
shape of the agmatine peak derivatized at 6 nM concentration in
the ACSF solution exhibited band broadening due to fronting. As
a consequence the peak height for the 6 nM solution in ACSF was
significantly smaller than the peak height for the 6 nM solution in
20 mM carbonate buffer (7.08 +1.43 vs. 15.1142.78 (mean & SD).
A t-test showed a statistical difference at the level of p<0.0002).
The average travel time from the anodic end of the capillary to the
window was 465 s and the average speed was 1 mm/s. Therefore
the injection volume was 2.45 x 10191, For the LoD this volume
contained a mass of 0.5 attomole and for the LoQ a mass of 1.47
attomole.
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Fig. 3. Results of one of the spiking experiment can be seen in the electropherograms (left). The agmatine peak migrated before the other peaks of the sample (solid line
electropherogram). After spiking (dashed line electropherogram) only the agmatine peak height increased. The bar graphic at the right shows the agmatine concentration in

both the hippocampus and the lateral ventricle (mean 4 SEM).
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3.2. Optimal agmatine/FITC molar relationship

The result of the experiment is shown in Fig. 2. The amplitude
of the agmatine signals fit logarithmic function. The curve reached
an asymptotic level when there was an excess of 400 molecules of
FITC respect to a molecule of agmatine.

3.3. Invitro recovery of the probes
The mean concentration of agmatine in the dialysates was

112+ 13 nM and the concentration in the standard solution was
438 nM. The recovery calculated for the 6 probes was 23 4+ 3%.

3.4. Invivo recovery of the probes

The mean recovery for the 5 probes was 53 + 7%.

3.5. In vivo agmatine measurement

Eleven probes were localized in the hippocampus and three
were localized in the lateral ventricles. As can be seen in Fig. 3,
the concentration of agmatine in the dialysate obtained from the
hippocampus probes ranged from 11 nM to 250 nM with a mean

of 83 £26 nM (mean + standard error of the mean). The figures of
concentration range corrected for recovery of the probes yielded
from 21 nM to 472 nM. Agmatine in the dialysates obtained from
probes located in the lateral ventricles was undetectable. The spik-
ing experiment showed that the mixture of sample with standard
solutions had a larger agmatine peak.

3.6. Neuronal origin of agmatine

Fig. 4 (bottom right) shows the average concentration of
agmatine in the nine control samples in the KCl depolarization,
calcium-free ACSF perfusion and TTX infusion by reverse micro-
dialysis experiments. The basal agmatine concentration of the nine
rats was pooled and it was 109 + 11 nM. Depolarization of neu-
rons by reverse microdialysis infusion of KCl enhanced agmatine
concentration to 238 + 34 nM. Calcium-free ACSF decreased agma-
tine concentration to 56 +2 nM and TTX infusion decreased it to
49 4+ 9 nM. The electropherograms at A, B, C, D and E show typical
results.

4. Discussion

The present report shows that it is possible to measure extra-
cellular agmatine in the brain by means of microdialysis and
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CZE-LIFD. In the first experiment agmatine was detected in the
nanomolar to the micromolar range (see Fig. 1). Alinear correlation
between agmatine concentration and magnitude of fluorescence
signal was found. Since the lowest detectable concentration was
2nM it was clear that submicromolar concentrations of agmatine
in brain microdialysates were detectable by this method. The LoD of
the method was 2 nM and the LoQ was 6 nM. These results suggest
that the technique here reported is acceptable when compared with
currently available analytical techniques to measure agmatine.

Microdialysis experiments showed that the basal concentration
of agmatine in the dorsoventral hippocampus fits the range of con-
centration detection of CZE-LIFD. The in vitro recovery was about
one half of the in vivo recovery. The in vivo recovery was about one
half of the estimated extracellular concentration of agmatine. The
reason for such discrepancy are that the in vivo recovery experi-
ment was run at 37.5°C and the in vitro recovery experiment was
run at 23°C (room temperature in Merida). The greatest temper-
ature enhances the diffusion coefficient which makes more likely
for the agmatine molecules to diffuse from the extracellular com-
partment through the dialysis membrane into the dialysate.

The agmatine contained in the dialysates probably was of neu-
ronal origin. Depolarization of neurons with 100 mM KCl enhanced
218% agmatine in the extracellular fluid suggesting that stimulation
of the hippocampus released agmatine. Perfusing the hippocam-
pus with calcium-free ACSF decreased 51% agmatine concentration
in the extracellular fluid suggesting that agmatine was released
by a synaptic calcium dependent exocitotic process. Perfusing the
hippocampus with 10 mM TTX in ACSF decreased 55% the concen-
tration of agmatine suggesting that it is nerve impulse dependent
and also pointing towards a neuronal origin.

Various techniques using CZE to monitor agmatine have been
developed (see Table 1). One of them uses conductimetric detection
with a 2 uM sensitivity limit [44]. Another technique is based on
chemiluminescence detection and permitted agmatine detection
in the 4.3 wM range of concentration detection and 42 picomole
limit of mass detection [38]. Both techniques have the advantage
of being fast and simple, however, their sensitivity is not enough to
detect agmatine in brain microdialysates.

A method based on HPLC and laser induced fluorescence detec-
tion (HPLC-LIFD) was developed [45]. One disadvantage of HPLC
techniques for brain micro dialysis analysis is that they require
sample volumes of 20 .l or more. These large volumes are needed
in order to increase the mass of analyte available to the detector
and in that way to improve the limit of detection. However in
the HPLC techniques, the mass of analyte becomes unacceptably
small when the volume of sample to be analyzed is smaller than
1 pl. Nevertheless, with this technique, Zhao et al. obtained a 100
femtomole limit of mass detection and a 5nM limit of detection
[45]. This sensitivity might be useful for low time resolution brain
microdialysis. Typical perfusion flow rate in brain microdialysis is
1 pl/min so, 20 min collection time is required to obtain enough
sample volume containing detectable amounts of agmatine. The
technique here reported (CZE-LIFD) has a 2 nM limit of detection
and 6nM limit of quantitation. The limit of mass detection was
0.5 attomole and the limit of mass quantitation was 1.47 attomole.
This limit is three orders of magnitude smaller than the limit of
mass quantitation of the CZE-chemiluminescence and five orders
of magnitude smaller than the limit of mass quantitation of the
HPLC-LIFD methods [38,45]. Perhaps the method that best fulfilled
the requirements of sensitivity for in vivo measurement of agmatine
in the brain is the capillary liquid chromatography with tandem
mass spectrometry (CLC/MS) and CZE with Light Emitting Diode
Induced Fluorescence (CZE-LEDIF) developed by Song et al. [46] and
by Zhao et al. [47], respectively. In the first method (CLC/MS) the
biogenic amines are separated by means of a (C8) 5 um particle col-
umn and then injected into the mass spectrometer. The calibration

curve was linear in the range of 15 ng/ml to 1 ug/ml and the limit of
detection was estimated at 4.6 nM. Since the volume injected was
5 wl, the limit of mass detection might have been about 23 femto-
mole which is more than three orders of magnitude less sensitive
than the CZE-LIFD technique that we report here. If this is correct,
the CLC/MS technique does not have enough sensitivity to detect
agmatine in brain dialysates. The authors of this paper reported that
they were able to measure agmatine in brain homogenates. This is
possible because agmatine in brain homogenates comes from both
the intracellular pool and the extracellular pool. It is well known
that intracellular agmatine can be anything between three and five
orders of magnitude larger than the agmatine present in the extra-
cellular fluid. In the second method (CZE-LEDIF) the authors report
a LomD of 8.2 attomole. By contrast, the technique of CZE-LIFD
that we report here has a LomD of 0.5 attomole which is 16 times
higher making it better fit to monitor extracellular agmatine in vivo
[47]. The differences might be due to the emission source (Laser vs.
LED) the high magnification objective (60x vs. 40x) and the larger
Numerical Aperture of the objective (85 NA vs. 60 NA) [41].

Due to its high positive charge the agmatine molecule migrates
as the first peakin the electropherogram. This has a prominent tech-
nical advantage when FITC is used as derivatizing agent. This dye
possesses a high quantum emission efficiency and good absorption
at 490 nm that makes it ideal for the 488 nm line of the Argon ion
laser. But the FITC molecule fragments itself in multiple fluorescent
byproducts. Since agmatine migrates before the ghost peaks of the
FITC products, it is easier to measure.

The estimated volume of injection is 0.245nl since we used
a 25pm internal diameter capillary. Therefore, very small vol-
umes of sample are required to monitor agmatine in vivo with the
present combination of microdialysis and CZE-LIFD. Previously, we
developed a technique to measure chemical compounds in a 30 nl
dialysate samples [62] and the current technology that we utilized
in this report shows that agmatine can be detected and measured
in equivalent small volumes.

In conclusion, the present report shows the successful devel-
opment of a technique to measure agmatine in brain dialysates
collected from freely moving animals which will allow explore the
physiological role of agmatine in the central nervous system.
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