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Fig.7A,B. Continued

duced in a kinetic model that included closed-channel block (BowiE et al.
1998). Similar experimental observations were made by Rozov et al. (1998)
when desensitization of AMPA receptors was removed by cyclothiazide. Occu-
pancy of closed states by Spm appeared to be insensitive to membrane poten-
tigl, which may suggest that polyamines bind to a water-filled cavity in the
channel and are, therefore, shielded from the potential drop across the mem-
brane (Fig. 7A) (BowiE et al. 1998). In contrast, re-block of closed channels
is voltage-sensitive, following first-order kinetics with a time constant (at
-60mV) of 375ms (Rozov et al. 1998). The relatively slow re-block of closed
AMPA receptors by polyamines accounts for the facilitation of response
amplitude observed following a train of pulses to 10mM Glu (Rozov et al.
1998); this effect can be reproduced in a kinetic model of open- and closed-
channel block of kainate receptors (Fig. 7A, B) (BowiE et al. 1998). It is not
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yet known whether activity-dependent modulation of polyamine block may
represent a novel form of short-term plasticity in the CNS. Basket cells of the
dentate gyrus, for example, which express Ca*-permeable AMPA receptors,
exhibit rapid gating characteristics (GEIGER et al. 1995; GEIGER et al. 1997).
These characteristics have been proposed to be pivotal in defining the func-
tional roles fulfilled by basket cells in hippocampal-network activity, such as
oscillations (JEFFERYS et al. 1996) and feed-forward and feedback inhibition
(BuzsAxki and CHroBak 1995). It is interesting that interneuron-doublet firing,
which permits long-range synchronization of gamma oscillations in the cortex.,
is strongly dependent on the unitary AMPA-receptor conductance of basket
cells (Traus et al 1996). In view of this, one attractive goal of future studies
would be to determine whether the short-term increase in AMPA-receptor
amplitude, due to polyamine unblock, modulates the generation of long-range,
synchronous oscillations in the cortex. Although Ca* permeability and gating
properties are undoubtedly important factors in sculpting neuronal behavior,
these recent findings may suggest that cytoplasmic polyamines also fulfill a
novel role in synaptic plasticity.
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Fig. 5. Plot of the affinity of a series of tetravalent polyamines for glutamate receptor
AQn_.c_d 6(Q) block <n_.m_wm the number of methylene groups. The three digits above each
data point denote the number of methylenes separating each amine group. A linear fit
through the data suggests that polyamine block varies with the number of methylene
groups, corresponding to a 2.9-fold increase in affinity per methylene group. Taken from
Cui et al. (1998)

number of permeation properties, including block by cytoplasmic polyamines
(BowiE and MAYER 1995), calcium (Ca?*) permeability (JoNas and mczz»m_.__uk
1995), anion versus cation permeability (BURNASHEV et al. 1996) and single-
channel conductance (Howe 1996; SwansoN et al. 1996, 1997). Nevertheless,
some of these properties can be uncoupled from one another, since mutagen-
esis of the Q/R site has been shown to remove inward rectification whilst pre-
serving divalent permeability (BURNASHEY et al. 1992; CURUTCHET et m_” 1992;
DiNGLEDINE et al. 1992). Consistent with this idea, divalent permeability in het-
eromeric receptors is more sensitive to replacement of glutamine residues by
arginines than internal polyamine block (WAsHBURN et al. 1997). : )
In addition to the Q/R site, a negatively charged aspartate, four amino acid
residues downstream, is also important for internal polyamine block and &‘.B-
lent permeability (DINGLEDINE et al. 1992). Replacement of the negative
charge of aspartate with a neutral asparagine of mmBm_E..mmnn reduces 58_.4.5_
polyamine block, with no obvious influence on .n_<m_o=~ permeability
(DINGLEDINE et al. 1992). A model involving the Q/R site m_z.u the mo.i__m:oma
aspartate residue has been proposed to account for the differential depen-
dence of divalent permeability and internal polyamine block of open non-

Block of AMPA and Kainate Receptors by Polyamines and Arthropod Toxins 263

NMDA receptor channels (WasHBURN et al. 1997). In unedited channcls, glu-
tamine residues at the Q/R site are believed to form a ring of carbonyl oxygens
that contributes to or constitutes the binding site for external divalent ions.
Cytoplasmic polyamines entering the channel also interact with this ring and,
through electrostatic interactions with amine groups on the blocker molecule,
with the carboxyl groups of the downstream aspartate. In heteromeric recep-
tors, the sequential replacement of glutamine residues by arginines at the Q/R
site has been proposed to neutralize negative charges in the pore by the for-
mation of salt bridges between the guanidinium group of arginine and the
carboxyl group of aspartate. This, apparently, disrupts the divalent ion-binding
site to a greater extent than for polyamines but, as more arginines replace each
glutamine, the electrostatic environment of the pore becomes increasingly
unfavorable for polyamine block (WasHBURN et al. 1997).

3. Interaction with Permeant Ions

Internal polyamines entering the pore interact strongly with permeant ions
entering the channel from either the cytoplasm or from the external side of
the membrane (BAHRING et al. 1997; BowiE et al. 1998) (Fig. 6). A similar inter-
action between the external potassium concentration ([K*]cx) and K, channels
has been known for some time; in this interaction, the degree of inward recti-
fication, or the blocker’s affinity, was found to depend on [K*]en rather than
the membrane potential per se (HiLLe 1992). The reduction in polyamine affin-
ity with increasing [K*].,, can be explained by Eyring rate theory, assuming a
strong electrostatic interaction between an external binding site for K*-ions
and an inner site for an impermeable blocker (HiLLE 1992). A similar expla-
nation for the reduction in internal polyamine block observed when [Na*].. is
increased is less obvious for non-NMDA receptors since, unlike K;, channels,
they do not appear to act as multi-ion pores (WoLLMUTH and SAKMANN 1998).
Recently, Bowik et al. (1998) described the effect of membrane potential on
polyamine block of kainate receptors linked to ion flux and suggested that the
development of strong voltage-dependent block following depolarization
results from the reduction in driving force of inward ion flux through open
channels (Fig. 6C). As yet, these observations have not been modeled quanti-
tatively; however, unlike the case for conventional permeation models, which
treat the blocker as a point charge, it may be necessary to consider that the
energy transmitted between permeant ions and blocker molecules is positively
correlated with the volume of the ion absorbing the energy. Furthermore, a
large part of the voltage dependence of polyamine block might be indirect and
may reflect coupling to the movement of permeant ions (OLIVER et al. 1998).

II. External Block by Spermine and Arthropod-Toxin Molecules

One prediction from the observation that internal polyamines permeate non-
NMDA channels is that their binding site(s) can be accessed by polyamines
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Fig.3. Relief from block by internal polyamines varies with molecular size. Shown are
conductance-voltage plots for internal spermine (Spm; 30uM) and philanthotoxin-343
(PhTX:; 1004#M) with each blocker concentration applied at concentrations giving
similar block al negative membrane polentials. Relief from block at positive membranc
potentials for Spm was not detectable for PhTX. Inset shows the extended structure of
PhTX (upper) compared with Spm (lower). Consistent with these observations, super-
imposition of Corey~Pauling—Koltum models of PhTX and Spm on circles that repre-
sent non-NMDA channel dimensions suggest that relief from block is determined
by the molecular size of the polyamines. Adapted from BAHRING et al. (1997) with
permission
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(5A) and, thus, are less likely to permeate the channel. When Spm, PPS and
PhTX concentrations were matched to achicve similar block at negative mem-
brane potentials, the relief of block was much greater for Spm than PPS, and
immeasurable for PhTX, consistent with the idea that relief of block for Spm
is due to permeation of the blocker molecule (Fig. 3). In the second case,
polyamine-ion permeability was ascertained under bi-ionic conditions where
all external permeant ions were replaced by either Spm, Spd or Put (BAHRING
et al. 1997). The measurement of inward currents confirmed that Put, Spd and
Spm permeate non-NMDA receptor channels with permeability ratios (rela-
tive to Na*) of 0.42, 0.07 and 0.02, respectively (BAHRING et al. 1997).

C. Internal and External Block by Polyamines
and Arthropod Toxins

I. Molecular Determinants of Internal Block

L. Polyamine Structure

Unlike conventional channel blockers, the distributed charges and hydropho-
bic moieties along the linear structure of polyamines suggests that the blocker
molecule may, in fact, interact with multiple contact points on the channel wall
as it advances through the permeation pathway. Progress towards identifying
which, if not all, of the hydrophilic or hydrophobic groups on the blocker mol-
ecule interact with amino acid residues or with other ions in the pore first
requires a knowledge of the block mechanism.

Recent voltage-jump-relaxation experiments and dose-response analyses
suggest that open-channel block by polyamines exhibits first-order kinetics at
a single site. This suggests that, unlike some K- channels (Yang et al. 1995),
the open-channel pore accommodates, at least to a first approximation, only
one blocker molecule (Bowit and Mayer 1995; BowiE et al. 1998) (Fig. 4A).
Transitions into and out of a single blocked state are governed by three mol-
ecular events according to the scheme below (BAHRING et al, 1997; Bowie
et al. 1998):

[Blk.n k

Xinside === Xgite

Koy

where the rate of binding from the cytoplasm is determined by |B] times the
rate constant of binding (k.,,) and the exit rates are dependent on the rate con-
stant for the return of the blocker to the cytoplasm (k) or, as described above,
the rate constant for the permeation of blocker (kperm)- Fitting data with this
model for Spm, Spd and PhTX has yiclded estimates for their rates of binding
and dissociation from the open channel. These estimates indicate that the
voltage dependence of block is governed largely by the exit or permeation of
the blocker rather than its entry into the channel (BowiE et al. 1998). Similar
to other open-channel blockers, such as local anesthetics at muscle nAChRs
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patches but restored by the inclusion of Spm in the patch pipette (Fig. 1)
(Bowie and Maver 1995; Ko et al. 1995; Kamsos ct al, 1995; DoNEvAN and
RocGawskr 1995; Isa et al. 1995). Spm block is concentration- and voltage-
dependent and occurs selectively in M2 (Q) unedited recombinant AMPA and
kainate receptors (Bowie and Maver 1995; Kamsos et al. 1995) and in neu-
rones possessing calcium-permeable AMPA receptors which lack GluR-B

A

Whole-Cell Outside-Out Patch
50 uM Domoate

50 uM Domoate

1s
Vh -60 mV Ramp -100 to +100 mV (0.4 Vs-1)
B Whole-Cell 13.0
100  -50 | . _
] 50 100 mV
4 -5.0nA

Fig. 1A-D. Inward rectification of kainate receptors is due to block by cytoplasmic
polyamines. Strong inward rectification observed under whole-cell (A, ieft panel, and
B) recording conditions is lost in a patch excised from the same HEK 293 cell express-
ing GluR6(Q) channels (A. right panel, and C). D The inclusion of 100uM spermine
to the patch pipette solution restored inward rectification similar to that of whole-cell
recordings. Taken from Bowie and Maver (1995) with permission
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C Outside-Out LY
Patch
1500
100  -50
50 100 mV
4-500 pA

D  Outside-Out Patch + 100 uM Spermine
1200

-100 -50 .I\.\\a

50 100 mV

1 -500 pA
Fig.1A-D. Continued

subunits (Jonas et al. 1994; Konu et al. 1995; Kamsos et al. 1995; DoNEVAN
and RoGawski 1995; Isa et al. 1995). Spm is ineffective on M2 (R) edited
receptors (Bowie and Maver 1995) and in neurones expressing calcium-
impermeable AMPA receptors that contain the highly edited GluR-B subunit
(Jonas et al. 1994; KoH et al. 1995; Kampos et al. 1995; DoNEvAN and RoGAWSK!
1995). In this latter case, replacement of glutamine residues with positively-
charged arginines at the Q/R site is believed to render the electrostatic envi-
ronment of the pore unfavorable for polyamine block (DINGLEDINE et al.
1992). Other naturally occurring polyamines, such as Spd (K; at 0mV = 25 uM)
and Put (K, at OmV = 1.2mM), also cause voltage-dependent block but with
a lower affinity than Spm (K, at 0OmV = 5uM) (Fig. 2A) (Bowit and MAYER
1995). Knowledge of the affinities of Spm and Spd for AMPA and kainate-
receptor channels, combined with biochemical estimates of free cytoplasmic
polyamine concentrations (WATANABE et al. 1991), suggests that both Spm and
Spd contribute to block observed under whole-cell recording conditions. The
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CHAPTER 7

Block of AMPA and Kainate Receptors by

_ Polyamines and Arthropod Toxins

D. Bowig, R, BAnRING, and M.L. MAYER

Abbreviations

AMPA 0-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ATX Argiotoxin

Ca®* Calcium

CNS Central nervous system

Glu L-glutamate

GluR Glutamate receptor

G-v Conductance-voltage

JSTX Joro spider toxin

[K*em External potassium concentration

K; channels Inwardly rectifying potassium channels
ko Rate constant of unbinding

Kon Rate constant of binding

kocrm Rate constant of permeation

Mg Magnesium

[Na*], External sodium concentration

nAChR Neuronal nicotinic acetylcholine receptor
NMDA N-methyl-p-aspartate

PhTX Philanthotoxin-343

PPS N-(4-hydroxy-phenylpropanoyl)-spermine
Put Putrescine

Spd Spermidine

Spm Spermine

20 Charge times electrical distance from the cytoplasmic face of

membrane for blocking

A. Introduction

In a letter describing spermatozoa to the Royal Society in 1678, Anthonii
Lewenhoeck noted crystal formation in drying semen and, in doing so, rather
unwittingly made the earliest formal identification of polyamines
(LeweNHoECk 1678). Although others subsequently confirmed his findings, it
was not until 1888 that the familiar term “spermine™ (Spm) was used to
describe these crystals (LADENBURG and ABEL 1888). The other naturally



