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ABSTRACT

AIM: To investigate the mechanism of agmatine by observing the effect of agmatine on the voltage-gated channels
in rat hippocampal neurons. METHODS: The whole-cell patch recording technique was performed to record the
voltage-gated potassium, sodium, and calcium currentsin cultured rat hippocampus. Agmatine was applied directly
to the single neuron using a pressure injector with microtubules. RESULTS: Agmatine (500 mmol/L) had no
significant effect on the voltage-gated potassium and sodium channels. Agmatine reversibly blocked the voltage-
gated calcium channel and the blockade was enhanced with the increasing concentration of agmatine. The inhibi-
tory rates were 21 %4 %, 35 %6 %, 49 %16 %, 67 %+4 %, 69 %6 %, 86 %+8 %, and 87 %+ 9 %, at the
concentration of 0.1, 0.5, 1.0, 5.0, 10.0, 50.0, and 100 mmol/L, respectively. 1Cg, was (1.2+0.4) nmol/L. Two-
way ANOVA revealed that change of membrane potential displayed a significant interaction with the blockade by
agmatine. CONCLUSION: Agmatine reversibly blocked the voltage-gated calcium channel in rat hippocampal
neuronsin a concentration- and voltage-dependent way. Agmatine might perform its physiological and pharmaco-
logical effects partially by blocking the calcium channel.

INTRODUCTION
other organg”!. Evidences have revealed that agmatine

meets most criteriafor a central neurotransmitter. Itis
synthesized in brain, stored in synaptic vesiclesin het-
erogeneously distributed neurons, inactivated by
reuptake, degraded enzymatically by a specific enzyme,
agmatinase, released from axon terminals by
depolarization, and binds with high affinity to a2-
adrenoceptors and imidazoline receptors®®. More and
more publications have shown that agmatine might pos-
sess a lot of functions rather than that of a metabolic
intermediate for polyamines. In the central nervous
system, agmatine could produce release of severa hor-
mones and neurotramsmitters. It could enhance mor-
 Correspondence to Dr ZHENG Jian-Quan. phine analgesiaand block morphine tolerance and with-
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Agmatine[4-(aminobutyl) guaniding] issynthesized
by decarboxylation of L-arginine with arginine decar-
boxylase (ADC) and hydrolyzed to putrescine and urea
by agmatinase. Agmatine was first identified in 1910
by Kossel in herring sperm and was known as an inter-
mediate in the polyamine metabolism of various bacteria,
fungi, parasites and marine fanna?.

Until the mid-1990s, agmatine was not believed to
express in mammals. However, in 1994, it was dis-
covered that agmatine, ADC, and agmatinase were also
expressed and stored in mammalian braing® and many
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isoforms of NOS. Pharmacologically, agmatine seems
to possess alot of evident therapeutic and neuroprotec-
tive potential, even though the mechanism remains to
be uncovered.

Asan organic cation, agmatine could block NMDA
receptor channel™® and other ligand-gated cationic
channels, including nicotinic acetylcholine and 5-HT,
receptors’®. However, there is no evidence to show
whether agmatine interacts with the voltage-gated
channels. Asthe voltage-gated channels underlie many
important biological functions, such as cell excitability,
neurotransmitters and hormone secretion, activity of
enzymes and gene expression, we hypothesized that
agmatine might present its physiological and pharma-
cological functions partially by modulating some kinds
of these channels. Therefore, the effects of agmatine
on several kinds of voltage-gated channels were ob-
served in the present experiment.

NH

H2N NH,

Agmatine

MATERIALS AND METHODS

Cell culture Hippocampal neurons were isolated
from fetal Wistar rat brain of either sex provided by
Medica Experiment Animal Center of our institute. The
dissociating and culture method was followed as de-
scribed in our previous work™!. Briefly, the hippo-
campi were cut into small piecesand digested at 36.5°C
with 0.25 % trypsin in Hanks' balanced salt solution
for 30 min. Neurons werefed with Dulbecco’ s modi-
fied Eagle’ s medium plus 10 % horse serum and main-
tained in a CO, (9.6 %) incubator at 36.5°C.

Electrophysiology Whole-cell recordings
(Axopatch-1D, Axon Instruments, USA) were per-
formed at room temperature (21-25 ° C) from cultured
hippocampus neurons 7-15 d after plating. Patch
electrodes, pulled from boroscilicate glasstubing, had a
resistance in the range of 1-5 MW. When the calcium
currents were recorded, the electrode filling solution
contained (nmol/L): CsCl 140, edetic acid 10, Na,ATP
2, and HEPES 10, pH 7.25-7.4. The extracellular solu-
tion contained (mmol/L): NaCl 140, KCI 5, CaCl, 3,

HEPES 10, MgCl, 1, and glucose 10, tetraethylammo-
nium (TEA) 10, 4-aminopyridine (4-AP) 1, tetrodot-
oxin (TTX) 0.5, pH 7.25-7.4. The electrode filling so-
lution for the recording of sodium and potassium cur-
rents contained (mmol/L): KCI 140, CaCl, 1, HEPES
10, MgCl, 1, Na,ATP 2, and edetic acid 10, pH 7.4.
The extracellular solution contained (mmol/L): NaCl 125,
KCl 2.5, CaCl, 2, MgCl, 1, NaHCO, 26, NaH,PO, 1.25,
and glucose 25, pH 7.4.

Application of drugs Agmatine was purchased
from Sigma Chemical Co. Agmatine was dissolved in
the extracellular solution and filled in amicro-manifold
consisting of 3 microtubules, each of them had a diam-
eter of 5-10 nm. The drugs were applied directly to the
single neuron using a pressure injector (BH-2 Medical
Systems Corp).The microtubule was placed approxi-
mately 20-30 mm from the cell and the puff pressure of
N, (30-50 kPa) was adjusted to achieve rapid drug ap-
plication while avoiding any mechanical disturbancein
the recording of the electronic signal. One of the mi-
crotubules was filled with extracellular solution as con-
trol and others with different concentrations of agma-
tine as test groups.

Calculation Data acquisition and analysis were
controlled by pCLAMP 7.0 software (Axon instruments).
All the data were expressed asmean + SD. The dose-
response curve was fitted by Sigmaplot 2000 software
(SPSS Inc, USA) with Hill equation. The software of
Origin (MicroCal software) was used for the I-V graphic
display and the SAS 6.12 software (SAS Inc, USA)
was used to conduct the two-way analysis of variance
(ANOVA). P<0.05 was considered as statistically
significant.

RESULTS

No effect of agmatine on the potassium and
sodium currents The voltage-gated whole-cell cur-
rents were evoked by depolarizing the membrane po-
tential from -90 mV to +30 mV in 10 mV increments
(Fig 1A). Theinward currents were TTX-sensitive
sodium currents (/,). The outward currents consisted
of rapidly inactive, 4-AP-sensitive potassium currents
(1,) and delayed rectified, TEA-sensitive potassium
currents (I). The drugs were applied for 1 swhile the
currents were induced. Agmatine (500 nmol/L) did
not present any visible effect on the outward potassium
currents and inward sodium currents (Fig 1).

Agmatine depressed calcium currents concen-
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A: Control

B: Agmatine 500 gmol.L!

Fig 1. Effect of agmatine on the voltage-gated currents in hippocampal neurons. There was no effect found on the voltage-
gated currents of I, , I, and I, (P>0.05, n=6) while agmatine 500 mmol/L was applied.

tration-dependently To record the much smaller volt-
age-gated inward calcium currents (I.,), TTX, TEA,
and 4-AP were extracellularly used to block I, 1,, and
I currents, respectively. Furthermore, intracellular K*
was replaced by Cs' to depress the outward potassium
currents. Adenosine triphosphate (Na,ATP) was added
in the pipette to retard the “ run-down” of calcium
currents. After the whole cell recording configuration
was formed, the voltage-dependent calcium currents
were elicited by the pulse stepped from -80 mV to 20
mV ina10 mV increment. Calcium currents were de-
pressed significantly with the increasing concentration
of agmatine (Fig 2B-D). After 2 or 3 min, the calcium
currents recovered partially (Fig 2E).

At concentrations of 0.1, 0.5, 1.0, 5.0, 10.0, 50.0,

and 100 mmol/L, agmatineinhibited /., remarkably with
the inhibitory rate 21 %4 %, 35 %16 %, 49 %16 %,
67 %4 %, 69 %16 %, 86 %+8 %, and 87 %19 %,
respectively, at the-20 mV of membrane potential. The
concentration-response curve (Fig 3) was fitted with
Hill equation. The IC, was (1.2+£0.4) nmol/L with
95 % confidence limits of 0.79-1.57 nmol/L. Hill coef-
ficient was 0.52+0.20 (n=6).

Voltage-dependent blockade by agmatine
From the I-V curve (Fig 4), it could be found that /.,
had a threshold about -60 mV and the top currents ap-
peared at -20 mV. Agmatine inhibited the calcium
current, but did not change the threshold and the mem-
brane potential of top currents. To figure out whether
the membrane potential had any effect on the inhibition
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Fig 2. Effect of agmatine on voltage-gated calcium channel. A, B, C, D, and E were recorded from the same neuron. I, was
elicited by the pulse stepped from -70 mV to +20 mV in a 10 mV increments.
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Fig 3. Concentration-response relationship of blockade of
I, by agmatine. The data were fitted with Hill equation.
IC,, was (1.2+£0.4) mmol/L and the Hill coefficient was
0.52+0.20 (n=6).
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Fig 4. The I-V relationships of I, obtained under the same
conditions with different concentration of agmatine (n=6
cells). The holding potential was -90 mV and test poten-
tials ranged from —70 to +20 mV in 10 mV increments.

by agmatine (Tab 1), two-way ANOVA was used. The
analytic results revealed that the change of membrane
potentials had a significant interaction with the inhibi-
tory effect of agmatine (F=4.55, P<0.05).

DISCUSSION

The present results showed that 500 mmol/L of
agmatine did not present any visible effect on the volt-
age-gated sodium and potassium currents. As high
concentration of agmatine displayed a toxic effect on
cultivated neurons (LD, 700 mmol/L™), we did not
observe the effect of higher concentration of agmatine

Tab 1. Interaction of membrane potential with inhibition
of I.,by agmatine. MeanzSD.

Membrane
potential
/mV Ommolt™ 0.1 mmolst*

I, current/nA

0.5 mmolst 1.0 nmolst.?

-40  -0.18+0.10 -0.14+0.08 -0.12+0.08 -0.10+0.06
-30 -0.54+0.27 -0.34%0.16 -0.28+0.12 -0.23+0.13
-20 -0.78+0.27 -0.61+0.10 -0.51+0.11 -0.40+0.10
-10 -0.58+0.22 -0. 28+0.12 -0.24+0.11 -0.16+0.10

0 -0.33+0.31 -0.17+0.06 -0.16+0.06 -0.10+0.07
10 -0.18+0.24 -0.10+0.06 -0.09+0.05 -0.06+0.04

Two-way ANOVA revealed that the membrane potential remark-
ably changed the amplitudes of I, vs control group (n=6,
F=64.54, P<0.05), and agmatine depressed the I, significantly
with increasing concentration (F= 69.24, P<0.05). The change
of membrane potentials had a significant interaction with the
inhibition by agmatine (F=4.55, P<0.05).

on the sodium and potassium currents.

However, it was alittle surprised to find that ag-
matine depressed the voltage-gated calcium currents
with a higher potency [1Cy,=(1.2+0.4) nmol/L]. The I-
V' relationship curve revealed that agmatine did not re-
markably change the threshold of the voltage-gated cal-
cium channel and the membrane potential level of maxi-
mum /I, (Fig 3). Asthe I, could recover quickly upon
the washing-off of agmatine (Fig 2E), it was suggested
that the blockade was reversible.

Agmatine is charged with positive cation in the
physical solution. It is possible for agmatine to block
the calcium channel by plugging the open channels. To
determine the mechanism of agmatine’ s action on the
voltage-gated calcium channel, we observed the rela-
tionship between the membrane potential and the effect
of agmatine. 1t was found that the interaction between
the membrane potential and the inhibitory effect was
significant (Tab 1), which meant that agmatine blocked
the calcium channel in avoltage-dependent manner. The
result suggested that agmatine interacted directly with
the calcium channel pore by binding at a site partway
across themembrane electric field. However, more evi-
dences are needed to determine the action site of agma-
tine on the voltage-gated calcium channels.

In the cultured rat hippocampal neurons, L-, T-,
and N-type calcium channels were found. Among these
channels, L-type was expressed predominantly™. As
100 mmol/L of agmatine depressed 87 %9 % of the
calcium currents, we speculated that agmatine mainly
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blocked the L-type calcium channel. In the future
research, we are going to find out whether agmatine
has any selective effect on the different subclasses of
the voltage-gated calcium channels, such asL-, N-, or
other types of calcium channels.

The estimated mean concentration of agmatinein
the whole rat brain ranged from 0.1 to 6 nmol/L®¥,
and agmatine was not uniformly distributed within
neurons; rather it was associated with subcellular struc-
turessuch as clear synaptic vesicles’® and dense-core
vesicles™ as demonstrated by electron microscopy.
Therefore, it was reasonable to extrapolate that agma-
tine might modulate the voltage-gated calcium channels
in the physiological condition, not mentioned that the
higher concentration of agmatine administered
exogenously.

Numerous results have demonstrated that agma-
tine possesses a lot of evident therapeutic and neuro-
protective potential®™. Itisalso well known that Ca®*
plays a much important role in alot of physiological
and pathological processes. Based on this experi-ment,
we considered that agmatine might perform its biologi-
cal and pharmacological functions, at least partialy, by
blocking the voltage-gated calcium channels. However,
more evidences are needed to confirm the hypotheses.

In summary, agmatine reversibly blocked the volt-
age-gated calcium channel in cultured rat hippocampal
neurons in a concentration- and voltage-dependent
manner. The result might be helpful to explicate the
functioning mechanism of agmatine in the physiologi-
cal and pharmacological conditions.

REFERENCES

1 Boyle SM, Markham GD, Hafner EW, Wright IM, Tabor H,
Tabor CW. Expression of the cloned genes encoding the
putrescine biosynthetic enzymes and methionine adenosyl-

Weng XC et al | Acta Pharmacol Sin

10

11

12

13

14

2003 Aug; 24 (8): 746-750

transferase of Escherichia coli (SpeA, speB, speC and metK).
Gene 1984 ; 30: 129-36.

Yamamoto S, Nakao H, Yamasaki K, Takashina K, Suemoto
Y, Shinoda S. Activities and properties of putrescine-bio-
synthetic enzymesin Vibrio parahaemolyticus. Microbiol
Immunol 1988; 32: 675-87.

Li G, Regunathan S, Barrow CJ, Eshraghi J, Cooper R, Reis
DJ. Agmatine: an endogenous clonidine displacing substance
inthe brain. Science 1994; 263: 966-9.

Raasch W. Agmatine, the bacterial amine, iswidely distrib-
uted in mammalian tissues. Life Sci 1995; 56: 2319-30.
ReisDJ, Regunathan S. Agmatine: anovel neurotransmitter?
Adv Pharmacol 1998; 42: 645-9.

Donald J, Regunathan RS. |s agmatine a novel neurotrans-
mitter in brain? TIPS 2000; 21: 187-93.

Li J, Li X, Pei G, Qin BY. Analgesic effect of agmatine and
itsenhancement on morphineanalgesiain miceand rats. Acta
Pharmacol Sin 1999; 20: 81-5.

LiJ Li X, Pei G, QinBY. Effectsof agmatineon toleranceto
and substance dependence on morphine in mice. Acta
Pharmacol Sin 1999; 20: 232-8.

Yang XC, ReisDJ. Agmatine selectively blocks the N-me-
thyl D-aspartate subclass of glutamate receptor channelsin
rat hippocampal neurons. JPharmacol Exp Ther 1999; 288:
544-9.

ReisDJ. Agmatine containing axon terminalsin rat hippoc-
ampus form synapses on pyramidal cells. Neurosci Lett
1998; 250: 185-8.

Zheng JQ, Yang AZ, Zhou JZ, Liu CG. Effect of corticoster-
one on voltage-gated calcium channel and spontaneous syn-
aptic activitiesin cultured hippocampal neuronsfrom neona-
tal rat. Chin JPharmacol Toxicol 2002; 16: 182-7.

Gilad GM, SalameK, Ravey MM, Gelad VH. Agmatinetreat-
ment is neuroprotective in rodent brain injury models. Life
Sci 1996; 58: 41-6.

Meyers DER, Barker JL. Whole-cell patch-clamp analysis
of voltage-dependent calcium conductance in cultured em-
bryonic rat hippocampal neurons. JNeurophysiol 1989; 61:
467-77.

Otake K, Ruggiero DA, Regunathan S, Wang H, Milner TA,
ReisDJ. Regiona localization of agmatinein therat brain: an
immunocytochemical study. Brain Res 1998; 787: 1-14.



