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Agmatine: An Endogenous Clonidine-Displacing
Substance in the Brain

Gen Li, S. Regunathan, Colin J. Barrow, Jamshid Eshraghi,
Raymond Cooper, Donald J. Reis*

Clonidine, an antihypertensive drug, binds to a,-adrenergic and imidazoline receptors. The
endogenous ligand for imidazoline receptors may be a clonidine-displacing substance, a
small molecule isolated from bovine brain. This clonidine-displacing substance was purified
and determined by mass spectroscopy to be agmatine (decarboxylated arginine), here-
tofore not detected in brain. Agmatine binds to a,-adrenergic and imidazoline receptors and
stimulates release of catecholamines from adrenal chromaffin cells. Its biosynthetic en-
zyme, arginine decarboxylase, is present in brain. Agmatine, locally synthesized, is an
endogenous agonist at imidazoline receptors, a noncatecholamine ligand at o,-adrenergic
receptors and may act as a neurotransmitter.

In 1984, Atlas and Burstein (I) partially
purified a substance from calf brain that
displaced binding of clonidine, an antihy-
pertensive drug, to o,-adrenergic receptors
of rat brain. This clonidine-displacing sub-
stance (CDS) was not a catecholamine nor
a peptide and had an estimated mass of 520
daltons. It was subsequently discovered that
CDS, like clonidine, would also bind to a
nonadrenergic binding site, the imidazoline
receptor (I receptor) (2—4), which is be-
lieved to mediate the hypotensive actions
of clonidine and allied agents (5). I recep-
tors exist in two major subclasses, I; and I,
(6), which differ from a,-adrenergic recep-
tors and each other with respect to selec-

G. Li, S. Regunathan, D. J. Reis, Division of Neurobi-
ology, Department of Neurology and Neuroscience,
Cornell University Medical College, 411 East 69 Street,
New York, NY 10021, USA.

C. J. Barrow, J. Eshraghi, R. Cooper, Sterling Winthrop
Pharmaceuticals Research Division, 25 Great Valley
Parkway, Malvern, PA 19355, USA.

*To whom correspondence should be addressed.

966

tivity for ligands, structure, and regional,
cellular, and subcellular localizations (7, 8).
The endogenous ligand of 1 receptors is not
known. However, the fact that CDS binds
to all I receptors (3, 8) and is bioactive (9,
10) suggested that CDS may fill this role,
and we sought to establish its structure.
We partially purified CDS from bovine
brain using displacement of [*H]p-amino-
clonidine ([*H]PAC) from rat cerebral cor-
tical membranes to track its activity (8,
11). Fresh bovine brains were homogenized
in chilled water and centrifuged and the
supernatant was precipitated in 70% etha-
nol. After condensation on a rotatory evap-
orator and centrifugation, the supernatant
was passed through a Dowex 50 (H™*) col-
umn eluting with 3 N hydrochloric acid.
This step was followed by C,4 reversed-
phase high-performance liquid chromatog-
raphy (HPLC) eluting with acetic acid (25
mM). Further purification (12) was
achieved with size-exclusion HPLC with a
Bio-Rad SEC 125 column from which CDS
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was eluted in a fraction that indicated that
its molecular mass was less than 300 dal-
tons. CDS tested positive with a ninhy-
drin spray reagent on thin-layer chroma-
tography. At this stage, CDS contained
no ultraviolet chromophore over 200 nm,
was a highly polar low molecular weight
compound containing an amine function-
ality, and was contained in a mixture of
compounds.

Further attempts to purify CDS directly
were unsuccessful, and we therefore isolated
CDS in its derivatized form (13). Derivati-
zation of the enriched active fraction with
9-fluorenylmethyl chloroformate (FMOC-
Cl) generated a mixture of compounds sta-
ble under most purification conditions. Al-
though binding was lost on derivatization,
it was regained after base hydrolysis to
release the free amine. Sequential Cg-
column chromatography of the derivatized
mixture, which monitored the biological
activity enrichment by release of free amine
from a subsample of each fraction, yielded a
single peak on C;3 HPLC that coeluted
with authentic FMOC-agmatine. Subject-
ing the natural purified FMOC-CDS deriv-
ative to electrospray mass spectroscopy—
mass spectroscopy (MSMS) analysis gave
results identical to those obtained for au-
thentic FMOC-agmatine, which confirms
that agmatine is the CDS compound isolat-
ed (Fig. 1). We quantitated the amount of
agmatine in weighed amounts of bovine
brain by derivatization to FMOC-CI of a
fraction (based on 200 U of CDS activity).
The quantity of FMOC-agmatine present
was determined from a standard curve gen-
erated by plotting ultraviolet intensity as a
function of FMOC-agmatine concentra-
tion. In this way, the amount of agmatine
in bovine brain was found to be 1.5 to 3.0
nmol per gram of tissue (0.2 to 0.4 pg/g),




which indicates that agmatine is responsi-
ble for most of the CDS activity in the
purified sample. Although the molecular
mass of crude CDS has been estimated from
gel filtration and dialysis to be approximate-
ly 500 daltons (1), the molecular mass of
agmatine is 130 daltons. The apparently
larger molecular weight of crude CDS is
probably a result of agmatine that has ag-
gregated because of its strong polarity.

We compared the binding of agmatine
and CDS to a,-adrenergic and I receptors of
the I, and 1, subclasses by standard ligand-

ing to a,-adrenergic receptors by measuring
displacement of PH]PAC from membranes
of bovine frontal cortex (2); binding to [
imidazoline sites was determined by compe-
tition with PH]PAC, with the use of mem-
branes of bovine ventrolateral medulla
(VLM) in the presence of 10 pM epineph-
rine (to specifically block «,-adrenergic
sites) (2); and interactions with I, receptors
were determined by binding of [*H)ida-
zoxan to membranes of bovine adrenal
chromaffin cells (8).

In cerebral cortex, agmatine, like CDS,

binding assays (11). We determined bind-  displaced [PH]PAC from «,-adrenergic re-
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Fig. 1. Purification of CDS. (Inset a) The HPLC profile of purified FMOC-CDS with a C, 4 column (250
mm by 10 mm) (YMC) with a 65/35 to 20/80 dilution of the trifluoroacetic acid (0.1%) acetonitrile
gradient over 20 min. The retention time was identical to that obtained for authentic FMOC-
agmatine. (Inset b) The MS profile of FMOC-CDS with an MH* ion of 353 daltons. (Main figure) The
parent ion from inset b at 353 daltons was passed through a second mass spectrometer, giving the
fragmentation ,pattern shown. The mass spectral results were identical to those obtained for
authentic FMOC-agmatine. MS and MSMS were performed with electrospray ionization with a
Finnigan MAT TSQ 700 mass spectrometer; my/z, mass-to-charge ratio.

A
__100F &7
g sof
[} L
2 L
> C
= 60 -
L2 r
8 wf
] -
k-] -
g 20F
= C
of
b . MU SRR B S B i |
9 8 7 6 5 4 -4 -3 2 -1 0
log[Agmatine (M)] log[CDS (dilution)]

Fig. 2. Effect of agmatine (A) (Sigma) and purified CDS (B) on a,-adrenergic and imidazoline
receptor binding (77). Binding to a,-adrenergic receptors was measured by the displacement of
[*H]PAC from membranes prepared from rat cerebral cortex (O); the binding to |, imidazoline
receptors was measured by competition with [*(H]PAC to membranes of bovine VLM in the presence
of 10 mM epinephrine to specifically block a,-adrenergic sites (A); and the interaction with 1,
receptors was measured by analysis of competition of [3H]idazoxan binding to membranes of
bovine adrenal chromaffin cells (@). Values are the mean = SEM of three experiments done in
triplicate.
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ceptors (Fig. 2). Both curves were sigmoi-
dal, with a Hill slope close to unity. The
inhibitory constant (IC,,) of CDS in this
tissue (4 wM) by definition (14) represents
1 U of CDS activity. At the I, receptor, the
displacement curves for [?’HJPAC produced
by agmatine and CDS were also both
monophasic (Hill slope = 1), with ICg,
values of 0.7 pM and 0.6 U, respectively.
These values are lower than that obtained
for the o,-adrenergic binding sites, which
indicates a higher affinity at the I, receptor
(3). The structures of agmatine, clonidine,
and idazoxan are shown in Fig. 3.

At the I, binding sites in adrenal chro-
maffin cell membranes, the IC, values for
agmatine and CDS were 1 uM and 0.8 U,
respectively, and the inhibition curves were
shallow, with a Hill slope of 0.5 (Fig. 2).
Comparable shallow inhibition curves have
been reported for some drugs that displace
[PHlidazoxan to I, sites in chromaftin cells
and other tissues (15), probably reflecting
the fact that [, binding sites exist in inter-
active or interconvertible forms (15).

Bovine adrenal chromaffin cells were
incubated with varying concentrations of
agmatine, and we measured the release of
norepinephrine and epinephrine by stan-
dard procedures (10). Like CDS (10) (Fig.
4), agmatine elicited a concentration-de-
pendent release of both norepinephrine and
epinephrine with a median effective con-
centration of 5 wM (Fig. 4). Because chro-
maffin cells express 1 receptors but not
a,-adrenergic receptors (8), these results
indicate that agmatine is an agonist at this
receptor and is bioactive.

We investigated whether rat brain ex-
presses arginine decarboxylase, the enzyme
synthesizing agmatine in bacteria, plants,
some parasites, and marine invertebrates
(16-19). Homogenates of whole rat brains
were freshly prepared and separated into
soluble and membrane fractions by centrif-
ugation at 30,000g for 30 min (20). Enzyme
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Fig. 3. Structures of agmatine, clonidine, and
idazoxan.
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activity was assayed by the method of Wu
and Morris (19), which measures conver-
sion of L-[1-1*Clarginine to *CO,.
Arginine decarboxylase activity was pres-
ent in rat brain (Table 1). The amount of
enzyme, which was inhibited by its end
product agmatine (16), was increased
threefold in the membrane fraction, where-
as its activity in the cytoplasmic fraction
did not differ from that of a boiled blank.
The localization to membranes was similar
to the distribution of the enzyme in bacte-
rial cell walls and of an atypical ornithine
decarboxylase localized to cell membranes
in Caenorhabditis elegans (18). Our results
demonstrate that agmatine and arginine

10
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Fig. 4. Effect of agmatine on catecholamine
release from bovine adrenal chromaffin cells.
Cells (1 x 108) were incubated with agmatine
or CDS for 10 min at 37°C in Krebs-Ringer
buffer, and the amount of epinephrine (@ or A)
and norepinephrine (O or A) released into the
buffer and in the cells was measured by HPLC.
Results are expressed as percent of cell con-
tent released. Values are from two experiments
done in triplicate. Asterisks indicate P < 0.01
compared to the control.

Table 1. Arginine decarboxylase activity in rat
brain. The activity was measured in 450 pl of
25% whole brain homogenate, soluble fraction,
or membranes with 0.4 nCi of L.-[1-1“C]arginine.
Nonenzymatic decarboxylation (no enzyme
controls) was subtracted from the total activi-
ty. Values are the mean +* SEM of three
experiments.

‘I“CO2d

. . release

Brain fraction (pmol hour"

g7

Brain whole homogenate 720 = 20

Homogenate + agmatine 25+ 10
(1 mM)

Membrane fraction 1810+ 95

Soluble fraction 170 + 58

Membrane fraction after 40 = 12
boiling for 3 min

Escherichia coli enzyme 10,247 = 145
(0.125 V)
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decarboxylase, its biosynthetic enzyme, are
present in the mammalian brain. This pres-
ence of arginine decarboxylase, the enzyme
involved in the rate-limiting step in agma-
tine biosynthesis in plants and bacteria
(16-19), suggests that the source of the
amine is local synthesis, not food or enteric
bacteria.

Agmatine also shares properties of CDS.
Both agents bind to «,-adrenergic and I re-
ceptors with comparable kinetics and release
catecholamines on a dose-dependent basis
from adrenal chromaffin cells. These observa-
tions are consistent with agmatine being an
endogenous ligand for I receptors. It may be
possible that agmatine, like other bioactive
amines, is a neurotransmitter or neuromodu-
lator. Consistent with this possibility are the
facts that (i) in whole brain the concentration
of agmatine (0.2 to 0.4 pg/g) is comparable to
that of norepinephrine (0.5 wg/g) or dopa-
mine (0.5 wg/g) (21); (ii) its affinity for
a,-adrenergic (4 uM) and I; and I, receptors
(0.7 to 1.0 pM) is in a comparable range to
that of other neurotransmitters [for example,
norepinephrine has an ICq of 3 pM for ;-
and 0.8 wM for a,-adrenergic receptors in rat
brain (22)]; and (iii) like other transmitters,
CDS is unequally distributed in brain (23)
and is concentrated in synaptosomes (10, 23).
Until now, agmatine has been considered to
be only a precursor of putrescine and thereby
of other polyamines (16). However, our find-
ings raise the possibility that agmatine may be
a biologically active molecule in its own right.
In support of this are older observations that
agmatine can block the nicotinic cation chan-
nel in sympathetic ganglion and adrenal chro-
maffin cells (24), can stimulate release of
insulin and increase uptake of #*Ca in pancre-
atic islet cells (25), and is a potent antilipoly-
tic agent in rat adipocytes (26). Whether
agmatine is also a precursor of polyamines in
brain remains to be established.
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Reduction in Viscosity of Cystic Fibrosis
Sputum in Vitro by Gelsolin

Carol A. Vasconcellos, Philip G. Allen, Mary Ellen Wohl,
Jeffrey M. Drazen, Paul A. Janmey, Thomas P. Stossel*

Obstruction of airways by viscous sputum causes lung damage in patients with cystic
fibrosis (CF). Sputum samples from CF patients were shown to contain filamentous actin.
Human plasma gelsolin, a protein that severs actin filaments, rapidly decreased the
viscosity of CF sputum samples in vitro. Gc globulin and deoxyribonuclease I, proteins that
sequester monomeric actin but do not sever actin filaments, were less efficient than gelsolin
in diminishing sputum viscosity. These results suggest that gelsolin may have therapeutic
potential as a mucolytic agent in CF patients.

Patients with CF accumulate thick secre-
tions in their airways that cause progressive
pulmonary destruction (I1). CF sputum is a
complex material, but a major cause of its
thick consistency is pus, derived from masses
of degenerating leukocytes (2). The ability
of bovine pancreatic deoxyribonuclease I
(DNase I) and, more recently, human re-
combinant DNase I to liquify CF sputum has
been ascribed to enzymatic degradation of
leukocyte-derived DNA (3). We considered
the possibility that filamentous actin might
also contribute to the thickness of CF spu-
tum. Actin comprises 10% of total leukocyte
protein (4) and forms long protease-resistant
(5) filaments that are highly viscoelastic (6).
Furthermore, DNase I is known to bind
monomeric actin and to slowly depolymerize
actin filaments (7), which suggests that some
of its reported mucolytic effect might be due
to actin disaggregation rather than to DNA
hydrolysis.

We documented the presence of actin in
CF sputum (8) by three independent meth-
ods. First, we did an immunoblot analysis of
denatured CF sputum and identified a poly-
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peptide that was similar in size to actin and
that reacted with an actin-specific antibody
(Fig. 1, inset) (9). Second, we showed that
CF sputum eliminated the typical time de-
lay in actin polymerization that has been
attributed to cation-induced nucleation of
monomeric actin (Fig. 1) (10). Nucleation
of actin polymerization is a property of the
ends of preformed actin filaments, and the
increased polymerization rate may be due to
the introduction of filaments from the spu-
tum (10). Third, we showed that phalloi-
din, a fungal peptide that specifically ligates
filamentous actin, bound to CF sputum.

Analysis of 10 CF sputum samples re-
vealed that the concentration of polymeric
actin (I1) varied widely among samples
(ranging from 0.1 to 5 mg/ml) and did not
appear to correlate with sample viscosity
(Fig. 1B). This is perhaps not surprising,
however, as the viscosity of filamentous
actin, like that of other linear polymers,
depends on the shear rate, the polymer
concentration, the orientation of the fila-
ments, and, most importantly, the average
filament length. The viscosity of purified
filamentous actin, for example, varies with
the fifth power of the average filament
length (6). We reasoned that if filamentous
actin contributes substantially to the viscos-
ity of CF sputum, then reducing actin fila-
ment length should markedly diminish spu-
tum viscosity.

To investigate the effect of actin filament
length on viscosity, we added gelsolin, a
protein that rapidly severs noncovalent
bonds between monomers within a filament
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Fig. 1. (A) Identification of actin in CF sputum.
The graph shows the increase in fluorescence
of pyrene actin as the actin polymerized in the
absence (lower curve) or presence (upper
curve) of extracts of CF sputum. The inset
shows an immunoblot of proteins detected in
the sputum of two different CF patients by an
antibody to actin. (B) Analysis of actin concen-
tration and viscosity of 10 CF sputum samples.
The concentration of polymeric actin was esti-
mated by adding rhodamine-labeled phalloidin
to the sputum samples and measuring specifi-
cally bound fluorescence (71). The viscosity of
the samples was derived from their flow rate in

response to a constant stress (13).

(12), to CF sputum samples and then mon-
itored their rheological properties. Prior to
gelsolin treatment, the viscosity of 32 CF
sputum samples was 322 *+ 199 Pa-s (mean
+ SD) (13). At concentrations of 100 to
500 nM, gelsolin, purified from human plas-
ma (14), rapidly diminished the viscosity of
these sputum samples by an average of 62 +
44% (mean + SD), irrespective of the initial
viscosity of the untreated sputum. By con-
trast, at a concentration of 250 nM, bovine
pancreatic DNase I and another actin mono-
mer-binding protein, Ge¢ globulin (a vita-
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