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The polyamine diaminodecane (DA-10) produces a voltage-dependent
flickery block of single NMDA receptor channels
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Receptor binding assays have shown that diaminodecane (DA-10) reduced binding of open channel blockers to the N-methyl-p-aspartate (NMDA)
subtype of postsynaptic glutamate receptor through an interaction with the polyamine regulatory site. Because the action of DA-10 was opposite to
that of the polyamine agonist spermine and was reversed by polyamine antagonists, DA-10 has been classified as an inverse agonist at the polyamine
site. Using whole-cell voltage-clamp and single-channel recordings from cultured rat cortical neurons, we show that at negative holding potentials
DA-10 (1-300 M) reduced NMDA receptor whole cell current (IC5,=34 uM) and produced a flickery block of NMDA single-channel currents. The
flickery block of NMDA single channels was voltage-dependent and not reversed by the polyamine antagonist diethylenetriamine (DET). Potential
mechanisms for the flickery block of NMDA single channel currents are discussed.

The N-methyl-p-aspartate (NMDA) subtype of post-
synaptic glutamate receptor has been shown to be im-
portant in a variety of physiological and pathophysiol-
ogical conditions [2, 11, 19]. The NMDA receptor ion
channel complex has several regulatory sites, including a
site at which polyamines act with to regulate binding of
open channel blockers to the NMDA receptor [11, 19].

Diaminodecane (DA-10), a ten carbon straight chain
molecule with terminal amine groups, reduced binding of
open channel blockers to the NMDA subtype of
postsynaptic glutamate receptor and displaced binding
of ["H]spermidine from a low affinity site in rat cortical
membranes (7, 18-20]. The DA-10 reduction of open
channel blocker binding was reversed by the polyamine
antagonist diethylenetriamine (DET) [18] and was oppo-
site to the action of the polyamine agonist spermine [13,
15, 18, 20]. Therefore, DA-10 has been classified as an
inverse agonist at the polyamine site.

Voltage-clamp recordings from cultured CNS neurons
and poly (A)" mRNA-injected frog oocytes have shown
that the polyamine agonists spermine and spermidine en-
hanced NMDA receptor currents [9, 10, 14, 16, 18]. DA-
10 reduced NMDA receptor current [9, 18], and the re-
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duction of NMDA receptor current by DA-10 was re-
versed by the polyamine antagonist DET [18].

We have previously shown that the polyamine agonist
spermine had multiple effects on NMDA receptor single
channels [14]. Therefore, the following studies using
whole-cell voltage-clamp and single-channel recording
techniques were carried out to investigate the effect of
DA-10 on NMDA receptor currents and to compare the
effect of DA-10 with that of SP.

Methods for these experiments were essentially identi-
cal to those outlined in Rock and Macdonald [14].
Briefly, cultures of fetal rat cortical neurons were pre-
pared by standard methods and whole-cell voltage-
clamp and single-channel recordings were obtained using
procedures similar to Hamill et al. [5].

The same external and internal solutions were used for
whole-cell voltage-clamp and excised outside-out single-
channel recordings. The external solution consisted of (in
mM): NaCl 142, KCI 1.5, CaCl, 1, glucose 10, Na-
HEPES 10 (pH 7.4), 0.5 uM glycine, 0.2 4M strychnine,
0.5 uM tetrodotoxin (added for whole cell recordings).
Osmolarity was adjusted to 320 mOsm by the addition of
sucrose. The internal pipette solution consisted of: 153
mM CsCl, 10 mM Cs-HEPES, 5 mM EGTA (pH 7.4).
Osmolarity was adjusted to 305 mOsm with water.
Chemicals and drugs were obtained from Sigma Chemi-
cal Co (St. Louis, MO).

NMDA and glycine were dissolved in saline or exter-
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nal solution. DA-10 was dissolved in saline with the ad-
dition of 1 N HCI. Stock solutions were made up at con-
centrations between 10 mM and 100 mM and serially
diluted to final concentrations.

Drugs were applied to whole cells or patches by pres-
sure gjection (0.25-1.0 psi) from blunt tipped (15-25 um)
glass micropipettes positioned within 50 gm of the cell or
patch.

Whole-cell and single-channel recordings were per-
formed with a L/M EPC-7 amplifier (LIST-Medical In-
struments) and currents were recorded on a video cas-
sette system via a digital audio processor (PCM 11, Med-
ical Systems, Inc., 16 bit, 44 kHz). Currents were simul-
taneously displayed on a chart recorder (Gould Inc.)
using a lowpass (=3 dB at 1 kHz) eight-pole Bessel filter
(Frequency Devices). For single channel analysis, the
data were played back from the video cassette system
through a lowpass filter (=3 dB at 2 kHz) and digitized
(20 kHz, 12 bit, Tecmar A/D converter) for computer
analysis. System dead time was 70 us. Openings greater
than 140 us (two times the system dead time) were con-
sidered valid openings.

Single-channel data were analyzed by computer using
a locally written channel detection program (50% thresh-
old crossing criterion) and locally written analysis pro-
grams were used to determine opening frequency, burst
frequency, burst duration, open duration and closed du-
ration by methods described previously [8]. Although
NMDA has been shown to activate a channel or chan-
nels with several conductance levels [3., 4, 6], openings
were predominantly of 50 pS conductance. In this study,
openings from the two higher conductance levels (40 and
50 pS) were analyzed. The amplitudes of the higher con-
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Fig. 1. DA-10 blocked NMDA receptor current in a voltage-dependent

manner. Upper trace shows reduction of 5 uM NMDA receptor cur-

rent by the addition of 10 and 100 #uM DA-10 at a holding potential of

—75 mV. NMDA or NMDA plus DA-10 were applied for 5 s. Lower

trace shows that the effect of 100 uM DA-10 on 5 uM NMDA receptor

current at a holding potential of +75 mV was not as pronounced. Data
were taken from the same cell.

ductance levels were determined from amplitude histo-
grams (IPROC and PSTAT. Axon Instruments).

Bursts are defined as groups of openings that are sepa-
rated by long closures. For this analysis a critical closed
time (1,) was chosen such that all openings separated by
closures shorter than this 7. were considered to belong to
a burst. A modification of the equal proportion of mis-
classification method [8] was used to select a 7, of 15 ms.

DA-10 produced a voltage-dependent reduction in
NMDA receptor current. At a holding potential of =73
mV, DA-10 (1-300 uM) reduced NMDA receptor cur-
rent with an I1Cg, of 34 uM (Fig. 1). DA-10 (100 uM)
reduced NMDA receptor current by 69% (+2.8, n=8) at
a holding potential of =75 mV, but only reduced NMDA
receptor current by 24% (1.1, n=4) at a holding poten-
tial of +75 mV (Fig. 1).

DA-10 produced a flickery block of NMDA receptor
single-channel currents at negative holding potentials.
NMDA (5 uM) produced openings with an average open
duration of 4.5 ms that were organized in bursts that had
an average duration of 16.9 ms (Fig. 2A, Table 1). Addi-
tion of 1 (n=4). 10 (n=3), 30 (n=5) or 100 uM (n=12)
DA-10 produced a flickery block of NMDA receptor
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Fig. 2. DA-10 caused a voltage-dependent flickery block of single
NMDA channels. A: NMDA (5 uM) applied to an excised outside-out
patch produced openings thal were organized into bursts (upper pair of
traces) at a holding potential of --75 mV. Addition of 10 and 100 uM
DA-10 (middle and lower pairs of traces) caused a concentration-de-
pendent block of NMDA receptor single channels. B: at a holding po-
tential of +50 mV. DA-10 (100 uM) did not block NMDA receptor
single-channel openings produced by 5 uM NMDA.



TABLE [

113

EFFECT OF DA-10 ON SINGLE CHANNEL KINETIC PARAMETERS OF NMDA-EVOKED SINGLE CHANNEL CURRENTS

Numbers in parentheses are the number of openings or bursts that the average durations are based on.

N Main state amp. Average open duration Average burst duration
(pA) (ms) (ms)
-75 mV
5 uM NMDA 6 33 4.51 16.9
(5439) (2004)
+1 uM DA-10 4 33 3.30 18.1
(7211) (1899)
+10 uM DA-10 5 2.8 1.16 21.0
(16873) (2189)
+50 mV
5 uM NMDA 3 29 10.01 204
922) 517
+100 uM DA-10 3 29 8.30 20.7
(1493) (737)

single-channel currents at a holding potential of —75 mV
(Figs. 2A and 3, Table I). Because of the reduction in
duration and amplitude of resolved single channel open-
ings at concentrations of DA-10 of 30 uM and above,
analysis of the effect of DA-10 on kinetic parameters of
single channel openings was done at lower concentra-
tions (1 and 10 uM).

The block of NMDA single channel current by DA-10
was characterized by an increase in opening frequency
(280 £ 62% control, n=5 for 10 uM DA-10), a decrease in
average open duration and an increase in burst duration
(Table I). The burst frequency was unaffected by addi-
tion of DA-10 (120 *+ 21% control, n=5 for 10 uM DA-
10). Since the percent reduction in average open duration
(Table I) was greater than the percent increase in opening
frequency, the net effect of 10 uM DA-10 was a 22%
decrease in current through NMDA receptor single
channels compared to control. Higher concentrations of
DA-10 resulted in greater reductions (53% decrease at 30
HM and 949% decrease at 100 uM) of current through
NMDA receptor single channels.

The effect of DA-10 on average open duration was
voltage dependent. At a holding potential of +50 mV,
DA-10 (100 #M) had only a small effect on average open
duration (17% reduction) and had no effect on the other
single channel kinetic parameters (»=3, Fig. 2B, Table I).

The flickery block of NMDA receptor single-channel
currents caused by DA-10 was not reversed by the
polyamine antagonist DET. Additon of 100 uM DET
caused a 10% reduction in the amplitude of NMDA re-
ceptor currents without an apparent production of flick-
ery channel block (Fig. 3). Addition of DET (rn=4) did

not reverse the flickery block of NMDA single channel
currents caused by 30 uM DA-10 (Fig. 3).

DA-10 reduced NMDA receptor whole cell currents,
and at the same concentrations produced a flickery block
of NMDA single channel currents. Both effects of DA-
10 were voltage dependent, being reversed by membrane
or patch depolarization. It is likely that the flickery block
of NMDA single channel currents underlies the effect of
DA-10 on whole cell currents.

5 uM NMDA
+ 100 uM DET
+30 UM DA-10
I 2pA
50 msec
+ 30 uM DA-10
+ 100 pM DET

Fig. 3. The block of NMDA receptor single-channel currents by DA-10
was not reversed by the polyamine antagonist diethylenetriamine
(DET). Application of 5 uM NMDA to an excised outside-out patch
(first trace) produced openings with an amplitude of around 3.5 pA at
a holding potential of —75 mV. Addition of DET (100 uM) reduced the
amplitude of the openings by a small amount (10%) (second trace).
Addition of DA-10 (30 M) caused a flickery block of NMDA single-
channel currents (third trace). The combination of DET and DA-10
caused a flickery block of NMDA receptor single-channel currents but
with a reduced amplitude (fourth trace).
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DA-10 altered single channel kinetic parameters.
While opening frequency and burst duration of NMDA
receptor single channel currents increased, average open
duration decreased. Since the percent decrease in average
open time was greater than the percent increase in open-
ing frequency, the net effect of DA-10 was reduction in
current through NMDA receptors. These effects on sin-
gle channel parameters were similar to the effect of Mg
on NMDA receptors [1], local anesthetics on nicotinic
acetylcholine receptors [12], and penicillin on GABA,
receptor [17] suggesting that the mechanism of the DA-
10-induced reduction of NMDA receptors may be fast
open channel block.

The pharmacology of the effect of DA-10 on NMDA
receptor currents was not consistent with an interaction
with the polyamine site. The flickery channel block pro-
duced by DA-10 was not reversed by the polyamine an-
tagonist DET. In fact, DET caused a further reduction of
current through the NMDA receptor channels. The
flickery channel block by DA-10 was not similar to ac-
tions of the polyamine agonist spermine on NMDA re-
ceptor single channels currents [14]. At low concentra-
tions spermine increased the opening and burst fre-
quency of NMDA single channel currents without affect-
ing other single channel parameters [14]. DA-10 also in-
creased opening frequency but had no effect on burst
frequency and reduced average open duration of NMDA
single channel currents. The effect of DA-10 on opening
frequency may be due to increased closures during bursts
leading to increased number of openings, an effect unre-
lated to the effect of spermine on opening frequency.
High concentrations of spermine also reduced NMDA
receptor conductance. This effect of spermine was not
due to a flickery channel block of NMDA receptor cur-
rents [14] like DA-10. These data suggest that the action
of DA-10 on NMDA receptor single channels may not
be due to an action solely at the polyamine binding site.

The open channel block of NMDA receptor single
channels by DA-10, however, may explain some of the
results in receptor binding assays. The effects of poly-
amines on NMDA receptors in receptor binding assays
have been quantified by measuring effects on the binding
of open channel blockers to the NMDA receptor [13. 135,
18-20]. Since the flickery channel block of DA-10 of
NMDA receptor single channel currents occurred over
the same concentration range (1-100 M) as reduction of
open channel blocker binding by DA-10, it is possible
that DA-10 may reduce the binding of open channel
blockers by occluding the channel opening or competing
for a similar site inside the pore of the channel.

These experiments indicate that DA-10 produced an
open channel block of NMDA receptor single channels
that may explain the effects seen on NMDA whole cell

receptor current and in receptor binding assays. This
flickery block of NMDA single channels may not be due
to an action at the polyamine regulatory site on the
NMDA receptor and, in light of these results. the idea
that DA-10 is an inverse agonist acting at the polyamine
site should be reevaluated.
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