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ABSTRACT Glutamate receptors specifically activated by a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) have been reported to interact with the highly
sulfated glycosaminoglycan, heparin, and to subsequently express lower binding affinity
for [3H]AMPA. The present study examined whether heparin also modifies the kinetic
properties of single channel activity expressed by isolated AMPA receptors from rat
forebrain. Upon application of 280 nM AMPA, the partially purified receptors reconsti-
tuted in lipid bilayers expressed bursting channel activity that was inhibited by
dinitroquinoxaline-2-3,-dione (DNQX). Treating the receptors with heparin (10 µg/ml)
produced no change in conductance but the mean burst length for 280 nM AMPA was
nearly doubled. Heparin also prolonged the lifetime of open states of the individual ion
channels 3–5-fold, perhaps by causing a decrease in the closing rate constant for channel
gating. Heparin had no effect on the lifetime of the closed state or on the amplitude of
currents. The single channel open time was voltage-dependent and an increase of applied
voltage caused a decrease in the heparin effect on channel open times. While the lifetime
of the open channel was increased 3–4 times by heparin at 20 mV, there was no
significant change induced at 43 mV. The equivalent electric charge of the channel gate
was increased by 40%. The heparin effects were specific as another polysaccharide,
dextran, and a monomeric constituent of heparin, glucosamine 2,3-disulfate, failed to
have any effect on the receptors. These findings suggest that heparin-containing
extracellular matrix components can interact with AMPA receptors and influence their
functional properties. Synapse 31:203–209, 1999. r 1999 Wiley-Liss, Inc.

INTRODUCTION

Insight into the structure and function of AMPA-type
glutamate receptors has been greatly advanced as
details concerning their molecular properties have be-
come available (see Boulter et al., 1990; Bahr et al.,
1992b, 1996; Wenthold et al., 1992; Martin et al., 1993)
and an array of modulatory agents such as aniracetam
(Ito et al., 1990), ampakines (Arai et al., 1994; Staubli
et al., 1994), cyclothiazide (Patneau et al., 1993; Ya-
mada and Tang, 1993), and GYKI 52466 (Zorumski et
al., 1993) have been discovered. One aspect, however,
that has received only scant attention concerns the
interaction of these receptors with their synaptic sur-
roundings and the forces that hold them there. The
relevance of such questions extends beyond purely
structural considerations, since the synaptic environ-
ment may possibly alter the properties of AMPA recep-

tors (Hall et al., 1993, 1996a) and changes in the
channel kinetics of these receptors have been proposed
to account at least in part for long-lasting changes in
synaptic efficacy (Ambros-Ingerson et al., 1991; Staubli
et al., 1992; Ambros-Ingerson and Lynch, 1993). While
processes acting from within the cell may be most
critical in this regard (see Greengard et al., 1991; Wang
et al., 1991; Rosenmund et al., 1994; Yakel et al., 1995),
the possibility exists that elements of the extracellular
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matrix that connects pre- and postsynaptic membranes
also impart an influence on AMPA receptors.

Indeed, matrix receptors and other types of adhesion
molecules appear to be critical for the changes in
synaptic current associated with long-term potentia-
tion (Staubli et al., 1990; Xiao et al., 1991; Lüthi et al.,
1994; Rønn et al., 1995). In addition, the influence of
matrix recognition may extend further and probably
includes a role as well in the stabilization of the
potentiation (Bahr et al., 1997). Connection with ma-
trix elements often involves interaction with the glyco-
sidic moiety of proteoglycans (see Culp et al., 1986;
Ruoslahti, 1988, 1989) and it was therefore of interest
when AMPA receptors were found to interact with
heparin-agarose during the course of purifying the
native receptors from rat brain (Bahr et al., 1992b; Hall
et al., 1996b). Since heparin alters the biological activ-
ity of many proteins to which it binds (see Jackson et
al., 1991), it was not entirely surprising that its interac-
tion with AMPA receptors produced a change in the
ligand binding properties of the receptors (Hall et al.,
1996b). The present study tested whether the heparin-
induced changes on AMPA binding are associated with
changes in channel properties. To address this issue,
the experiments described used AMPA receptors iso-
lated from adult rat forebrain and reconstituted in
phospholipid bilayers.

MATERIALS AND METHODS

Receptor purification was accomplished by using
techniques described elsewhere (Bahr et al., 1992b).
Briefly, brains from adult rats were rapidly removed
and forebrain membranes prepared using conventional
centrifugation techniques. The membranes were solubi-
lized in 1% (wt/vol) Triton X-100 and then subjected to
a sequence of three chromatographic steps in 1%
n-octylglucoside: 1) DEAE anion exchange, 2) wheat-
germ lectin affinity, and 3) polyethyleneimine anion-
exchange. These steps produced a 30 to 60-fold increase
in the number of AMPA binding sites (assayed with
[3H]AMPA) per unit protein. A band of 105 kDa corre-
sponding to the expected molecular weight of AMPA
receptor subunits (Hollmann et al., 1989; Keinanen et
al., 1990) was evident in polyacrylamide gels of purified
material and this band reacted intensely with antibod-
ies against the GluR-1 subunit in immunoblots (Bahr et
al., 1992b). These biochemical results indicate that the
starting material for the reconstitution experiments
contained high concentrations of partially purified
AMPA receptors. Preparation of brain membranes,
solubilization, and [3H]AMPA binding assays were as
described previously (Hall et al., 1996b).

Receptors were reconstituted as previously reported
in small ‘‘tip-dip’’ bilayers (Vodyanoy et al., 1993; Hall et
al., 1996b). The electrical measurement system, assay
procedures, and data processing were as described
previously (Vodyanoy, 1989). Bilayers are typically

formed from 1,2-diphytanoyl-sn-glycero-3-phosphocho-
line (Avanti Polar Lipids, Inc., Alabaster, AL) in a buffer
composed of (in mM) 125 NaCl, 5 KCl, 1.25 NaH2PO4,
and 5 Tris-HCl, pH 7.4. Patch-bilayers were typically
formed in asymmetric saline conditions (‘‘outside out’’
configuration) where 110 KCl, 4 NaCl, 2 NaHCO3, 0.1
CaCl2, 1 MgCl2, 2 MOPS are the mM concentrations
inside, and 125 NaCl, 5 KCl, 1.25 NaH2PO4, 5 Tris (pH
7.4) are those outside. The bilayer was formed by the
successful transfer of two phospholipid monolayers
upon the tip of a patch pipette, after which receptors
were added to the bulk solution bathing the cis side of
the preformed bare membrane. After receptor incorpo-
ration, AMPA (Tocris Neuramin, St. Louis, MO) and
heparin, dextran, or glucosamine 2.3-disulfate (Sigma,
St. Louis, MO) were applied to the same side of the
bilayer with continuous electrical measurements. All
patch-clamp data recorded by a VCR system were
analyzed off-line with the pCLAMP 6 software (Axon
Instruments, Inc., Foster City, CA). Recorded single-
channel events were subjected to computer analysis of
amplitude and time distributions. Recorded signals
were filtered at 1–5 kHz and sampled at 0.2–0.5 msec
intervals, after which they were reduced to series of
datasets each containing 2,000–110,000 data points.
The minimum detectable dwell time (0.2 msec) was
calibrated by detection of brief events.

RESULTS

AMPA receptors reconstituted by the tip-dipping
method were activated by the addition of AMPA to the
pseudo-extracellular solution, resulting in current fluc-
tuations usually with multiple conductance levels with
bursts at principal conductance level of about 50 pS.
Figure 1A shows traces of a recording from a patch
bilayer containing AMPA receptors exposed to 280 nM
AMPA with the voltage clamped at 235.5 mV. Analysis
of the amplitude histogram revealed that the composite
current was an integral multiple of single channel
currents of low and high conductance states as previ-
ously shown (Vodyanoy et al., 1993). An addition of 10
µg/ml heparin (approximately 0.5 µM) resulted in pro-
found changes of the burst dwell times (Fig. 1B).
Heparin did not activate the receptors in the absence of
AMPA. Table I illustrates the effect of heparin on AMPA
receptor single-channel currents elicited by 280 nM
AMPA at 235.5 mV. Addition of heparin resulted in
about a twofold increase (P , 0.05) of the mean burst
duration and a fivefold decrease (P , 0.001) of the
interburst interval. The mean number of short closings
per duration of an apparent open state of burst was not
influenced by the heparin, but the duration of openings
(Fig. 1a,b) and the mean probability of open time within
bursts were significantly increased (P , 0.001). The
principal channel conductance was not affected by
heparin (Fig. 1a,b), but the population of open states
(relative areas) showed more than a twofold increase.
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Overall, the addition of heparin doubled the probability
of the open state within the total time recorded (Table
I). Channel currents under the influence of heparin
were blocked by 10 µM DNQX (data not shown), thus
heparin has no effect on the antagonism of the ligand
binding site.

Single channel currents were determined from the
experimental current amplitude distributions of all the
digitized points in current traces at different voltages.
The currents were plotted as a function of membrane
voltage for currents induced by AMPA in the absence or
presence of heparin (Fig. 2). Using the Hodgkin-Huxley
model (Hille, 1984) for the channel conductance (g 5 I/
(V 2 V0) where I is a current, V is voltage, and V0 is a

reversal potential obtained from I-V graphs), V0 and g
were respectively determined to be 3.0 6 0.3 mV (SD)
and 44.0 6 4.0 pS for control channels, and 4.90 6 0.7
mV and 50.0 6 8.0 pS for those treated with heparin.
The unitary channel conductance, thus, was not af-
fected by heparin. The small reversal potentials found
in this analysis indicated the typical cationic nature of
the AMPA channel (Choay, 1989).

The most peculiar effect of heparin on the AMPA-
elicited channels was the voltage-dependent modula-
tion of single channel open time. As shown in Figure 3,
the heparin-induced increase in open time at 20 mV
gradually became smaller at higher voltage levels.
Interestingly, channel open time of AMPA current mea-

Fig. 1. Effects of heparin on channel activity elicited by AMPA.
A: The portion of the trace of channel fluctuations elicited by 280 nM
AMPA. Openings are downwards. Ten µl of a suspension of partially
purified AMPA receptor (1 pmol AMPA binding/ml) were added to the
cis-compartment (1 ml) with stirring. AMPA was then added to the
same compartment and membrane current was registered with the
voltage clamped at 235.5 mV. The vertical and horizontal bars are 4
pA and 860 ms, respectively. The trace shown in the figure consisted of
25,600 data points and lasted 10240 ms. B: The trace of channel
current fluctuations initially elicited by 280 nM AMPA and then
modified by addition of heparin (0.01 mg/ml) recorded at 235.5 mV.
a and b: Single-channel records in the presence of 280 nM AMPA (a)
and after addition of heparin (b) were analyzed for openings of 56 pS
conductance within bursts. Openings of lower conductance were also
present in the records, but were excluded from analysis. The current

traces of 20 sec were segmented with a bin width of 0.2 ms. Histograms
of duration of openings within bursts analyzed by Marquardt least
squares method (PSTAT module of Axon pCLAMP 6.0 software) with
two-exponential functions with time constants as follows: a, 280 nM
AMPA, 0.37 6 0.27, 4.47 6 0.04 (SE) ms; b, 0.01 mg/ml heparin, 0.52 6
0.07, 8.60 6 0.02 (SE) ms. Inserts a and b show amplitude distribu-
tions of channel current traces A and B, respectively. The single-
channel currents of the traces consisting of 25,600 points sampled at
intervals of 0.2 ms, segmented with a bin width of 0.2 pA. The
amplitude histograms of the traces exhibits two maxima at the
channel closed current level, c, and the channel-open current level, o,
with channel conductance and relative area of open states as follows:
insert a, 280 nm AMPA, 56.0 6 5.2 (S.D.) pS, 26%; insert b, 0.01 mg/ml
heparin, 59.2 6 5.6 (S.D.) pS, 60%.
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sured in the absence of heparin also exhibited voltage
dependency to a significant degree (P , 0.05; one-
sample t-test comparing the slope to zero). In contrast,
closed channel time was not modulated by heparin or
voltage. The voltage dependence of the apparent rate
constant (k) of the channel transition to the open state
can be expressed by the equation k 5 k0exp(zFDV/RT),
where k0 is the rate constant in the absence of membrane
voltage (DV 5 0) depending on the nonelectrical conforma-
tional energy increase upon opening the channel, z is
the equivalent valence of the channel gate, T is absolute
temperature, and R and F are thermodynamic con-
stants (Hille, 1984). From this equation and the defini-
tions of the channel open times (topen 5 1/k and t0 5 1/
k0) we can write that log(topen) 5 2(zF/2.303RT)DV 1
log(t0). The plot of the logarithm of the channel open
time as a function of membrane voltage should be a
straight line with a negative slope. The slope should be
equal to 2(zF/2.303RT), and V-intercept equal to log(t0).
Determined from the slopes of plots for open times in
Figure 3, the equivalent valence of the channel gate
opened by 280 nM AMPA was significantly increased
from 1.02 6 0.29 to 1.43 6 0.05 by heparin (P , 0.05).

In control experiments, AMPA-elicited channels were
measured in the absence and presence of 10 µg/ml
heparin, 10 µg/ml of another glycosaminoglycan (dex-
tran), and 520 µM glucosamine 2,3-disulfate, a mono-
meric constituent of heparin. Note that 10 µg/ml hepa-
rin is roughly equivalent to 26 µM of monomeric
residues. In Figure 4, it can be seen that modulation of
channel open time was only associated with heparin
treatment. To test if such specificity applies to the
heparin effects on AMPA binding, different concentra-
tions of the glycosaminoglycans and the monomeric
sugar residue were incubated with solubilized AMPA
receptors (Table II). Binding of 10 nM [3H]AMPA was
decreased by only heparin, the loss of binding presum-
ably due to a lower affinity state induced by the sulfated
glycosaminoglycan. The correlated specificity of the

changes on binding and channel properties further
suggests that heparin constrains AMPA receptors in a
low affinity/high conductance state, a state which has
been used to describe AMPA receptors residing in their
native postsynaptic density environment (see Hall and
Bahr, 1994).

DISCUSSION

The properties of the reconstituted receptors in the
present report correspond well with those described for
AMPA receptors found in binding and physiological
studies (Jahr and Stevens, 1987; Tang et al., 1989,
1991; Vodyanoy et al., 1993; Wyllie and Cull-Candy,
1994). Hall et al. (1996b) reported that heparin associ-
ates with AMPA-type glutamate receptors and that this
interaction alters the binding affinity for agonist but
not antagonist molecules. The data presented here
demonstrate that the heparin-induced changes toAMPA

TABLE I. Effect of heparin on AMPA receptor single-channel currents
elicited by 280 nM AMPA at 235.5 mV

Record information AMPA only AMPA 1 heparin

Number of events 1,405 920
Total record time, sec 20.2 20.4
Number of conductance levels 1 1
Number of bursts 38 25
Interburst interval, ms* 124 6 30 25 6 11
Mean burst duration, ms (6SD)** 254 6 395 483 6 1141
Duration of openings within bursts,

ms (6SD) 4.45 6 0.03 8.60 6 0.02
Channel conductance within bursts,

pS (6SD) 56.0 6 5.2 59.2 6 5.6
Mean closings per burst (6SD)a 17 6 24 17 6 28
Mean P (open) within bursts (6SD)b 0.56 6 0.38 0.71 6 0.34
P (open) for total record 0.320 0.608

The experimental conditions are as in Figure 1, A and B.
aMean number of short closings per duration of an apparent open state of burst.
bMean probability of the channel being open found from a histogram of the open
dwells within bursts.
The difference in values after addition of heparin is statistically significant by the
t-test: *P , 0.05; **P , 0.001.

Fig. 2. The current–voltage relationships for the AMPA receptor
channels modulated by heparin. The currents for AMPA elicited single
channels and for channels modulated by heparin were plotted as
functions of membrane voltage using linear regression. Squares and a
solid line (r2 5 0.97) represent the lowest defined current transition
obtained from the amplitude analysis of current records of about 10.2
sec, consisting of 51,200 points measured after addition of AMPA only
(280 nM). Diamonds and a dashed line (r2 5 0.79) represent channel
currents after addition of heparin (0.01 mg/ml). The figure summa-
rizes the results of five individual bilayer experiments.
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receptors also include the modulation of channel kinet-
ics. Heparin does not appear to cause a generalized
degradation of the binding domain or of receptor confor-
mation in general, but rather acts on specific aspects of
receptor kinetics. Heparin produced no change in the
single channel conductance, but the mean burst dura-
tion, the duration of openings within bursts, and the
probability of all open states increased almost twofold.
The five-state cyclic model successfully applied for
AMPA receptors (Vyklicky et al., 1991; Ambros-Inger-

son and Lynch, 1993) can be used for analysis of our
kinetic data. The change in two parameters of the
model can be responsible for an increase of the duration
of bursts: a decrease in a, the closing rate constant for

Fig. 3. Voltage dependence of dwell times of AMPA receptor
channels. Receptors were reconstituted in small bilayer patches.
Channel currents were initially elicited by the addition of 280 nM
AMPA to the cis-compartment and then heparin was added to the
same compartment and currents were subsequently recorded and
digitized. Best fits to dwell time histograms usually required two-
exponential functions. Typical analyzed records were of 2–20 sec of
total record time and contained 2,000–100,000 events. Each point

represent the summary of 3–4 individual experiments. Values of open
times before and after heparin was added at 20.3, 25.5, and 34.9 mV
were significantly different at the levels of P , 0.001, 0.025, and 0.05,
respectively. Values of open times before and after heparin was added
at 43 mV were not significantly different. The open times AMPA
elicited single channels (r2 5 0.72) and for channels modulated by
heparin (r2 5 0.96) were plotted as functions of membrane voltage
using linear regression.

Fig. 4. Specific effects of heparin on AMPA elicited single channel
open time. In bilayer experiments, channel fluctuations were elicited
by 280 nM AMPA (control) and then heparin (0.01 mg/ml), dextran
(0.01 mg/ml), or glucosamine 2,3-disulfate (520 nM) at 20 mV. Open
times before and after heparin was added were significantly different
at the level of P , 0.001.

TABLE II. Change in [3H]AMPA binding in the presence of heparin,
dextran, and glucosamine 2,3-disulfate

Treatment, concentration Change in [3H]AMPA bindinga

Control 0 6 1 (16)
Heparin (mg/ml)

0.1 240 6 7 (5)*
1.0 267 6 4 (10)*

Dextran (mg/ml)
0.1 23 6 3 (9)
1.0 26 6 4 (8)
10 27 6 5 (8)

Glucosamine 2,3 Disfulate (mM)
0.3 12 6 3 (8)
5 11 6 2 (8)
10 22 6 5 (9)

aMeans of the percent change 6 SE are shown with the number of experiments in
parentheses. In binding experiments percentage of control [3H]AMPA (10 nM)
binding remaining in the presence of heparin, dextran, or glucosamine 2,3-
disulfate.
*The difference is statistically significant, t-test, P , 0.001.
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channel gating, and a reduction of kdes, the rate con-
stant for entry into the desensitized state (Vyklicky et
al., 1991). The reduction of kdes, however, affects only
the duration of bursts and does not change the open
times inside bursts. In contrast, the decrease in a
provides the increase of duration of both bursts and
channel open times. According to the present experi-
ments, heparin effectively prolongs both duration of
bursts and open channel times. This leaves the sugges-
tion that parameter a, the closing rate constant for
channel gating a, is influenced by the interaction
between heparin and the AMPA receptor.

There were some reports about heparin affecting
properties of receptor-associated ion channels. It has
been shown that heparin blocked Ca21 channels associ-
ated with IP3 receptors purified from smooth muscle
and reconstituted in bilayers (Mayrleitner et al., 1991).
Using the whole-cell patch clamp method, heparin was
also found to suppress Ca21-dependent K1 currents in
rabbit jejunum smooth muscle (Komori et al., 1990) and
L-type Ca21 channels in mammalian cardiac myocytes
(Lacinova et al., 1993). In contrast to these inhibitory
effects, it has been shown in bilayer experiments that
heparin opened the calcium release channel (ryanodine
receptor) obtained from rabbit skeletal muscle (Bezproz-
vanny et al., 1993). Due to the polyanionic nature of
heparin (Choay, 1989), it can bind relatively large
amounts of cations and the observed effects of heparin
on different channels might be mediated by the deple-
tion of Na1, K1, Ca21, and/or Mg21. There are two
arguments against such an interpretation regarding
the results reported here. First, concentrations of cat-
ions used were much higher than the concentration of
heparin to produce noticeable change in the ions activi-
ties. It has been shown that 100 µg/ml heparin at most
could reduce free [Ca21] by 4% (Lacinova et al., 1993).
In the present work, we used ten times lower concentra-
tions of heparin. Second, the reduction of cation concen-
trations in the vicinity of the open channel would
produce a decrease in the amplitude of the channel
current, yet we found no significant change in the
amplitude of the single channel current when heparin
was added to the system.

Considering the large negative charge of heparin, it
may be suggested that the effects of heparin are medi-
ated by nonspecific binding and alterations in mem-
brane surface potential. It would be manifested by
alterations and shift of I-V characteristics of channel
currents. However, no significant changes were ob-
served after addition of heparin in both slope and
reversal potentials of our I-V characteristics. Thus, our
results do not support the nonspecific effects of mem-
brane surface charge in heparin effects.

Since heparin prolongs open channel times and does
not affect closing times, the most plausible explanation
of heparin effects would be that the polyanionic oligosac-
charide binds to a molecular moiety near the open
mouth of the AMPA channel, where cationic sites are

thought to be located (Burnashev et al., 1992). Because
the nonpolar glycosaminoglycan dextran produced no
effect, interactions between negative charges of heparin
and certain positively charged residues of AMPA chan-
nels might be important. This idea is consistent with
the present data showing that heparin caused a 40%
increase of the equivalent charge of the AMPA channel
gate. Thus, effects of heparin can be explained by the
fact that this relatively large rigid polyanion requires
an open channel to bind; the presence of the molecule
keeps the channel open and deactivation cannot close
the channel until the molecule leaves. An increase in
voltage can help to remove heparin and allow the
channel to close. The molecules of glucosamine 2,3-
disulfate are small enough to remain bound to the
AMPA channel when the gate is closed. The interaction
of heparin with AMPA receptors is similar to the known
interaction of polycyclic cations with Na1 channels,
where open gates are required for the molecule to bind
and remain open until the molecule leaves (Cahalan
and Almers, 1979).

With the overall finding that heparin binds to and
alters the properties of AMPA receptors, it is of interest
that glycosaminoglycan-containing proteoglycans are
abundant in the brain (Herndon and Lander, 1990) and
are known to have effects on a large number of physi-
ological processes (see Ruoslahti, 1989). Most pertinent
are specific proteoglycans that have been shown to be
involved in the mechanisms of neurotransmission (Bahr
et al., 1992a) as well as in the formation and mainte-
nance of neuromuscular junctions (Nastuk and Fallon,
1993). This broad spectrum of action may complicate
the interpretations concerning the effects of heparin on
AMPA receptors in intact preparations. Nonetheless,
the data in the present report raise the interesting
possibility that native AMPA receptors associate with
endogenous proteoglycans such as agrin (Tsen et al.,
1995) or its functional equivalent at central synapses
and that these associations play a role in synaptic
function.
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