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BACKGROUND AND PURPOSE

A ‘lock-and-key’ binding site typically accounts for the effect of receptor antagonists. However, sulphated neurosteroids are
potent non-competitive antagonists of GABA receptors without a clear structure-activity relationship. To gain new insights,
we tested two structurally unrelated hydrophobic anions with superficially similar properties to sulphated neurosteroids.

EXPERIMENTAL APPROACH
We used voltage-clamp techniques in Xenopus oocytes and hippocampal neurons to characterize dipicrylamine (DPA) and
tetraphenylborate (TPB), compounds previously used to probe membrane structure and voltage-gated ion channel function.

KEY RESULTS

Both DPA and TPB potently antagonized GABAa receptors. DPA exhibited an ICso near 60 nM at half-maximal GABA
concentration and antagonism with features indistinguishable from pregnenolone sulphate antagonism, including sensitivity
to a point mutation in transmembrane domain 2 of the o1 subunit. Bovine serum albumin, which scavenges free
membrane-associated DPA, accelerated both capacitance offset and antagonism washout. Membrane interactions and
antagonism were explored using the voltage-dependent movement of DPA between membrane leaflets. Washout of DPA
antagonism was strongly voltage-dependent, paralleling DPA membrane loss, although steady-state antagonism lacked
voltage dependence. At antagonist concentrations, DPA failed to affect inhibitory post-synaptic current (IPSC) amplitude or
decay, but DPA accelerated pharmacologically prolonged IPSCs.

CONCLUSIONS AND IMPLICATIONS

Neurosteroid-like GABAs receptor antagonism appears to lacks a conventional binding site. These features highlight key roles
of membrane interactions in antagonism. Because its membrane mobility can be controlled, DPA may be a useful probe of
GABA, receptors, but its effects on excitability via GABA receptors raise caveats for its use in monitoring neuronal activity.

Abbreviations
3o5aP, (3a,50)-3-hydroxypregnan-20-one; DiO, 3,3’-dihexadecyloxacarbocyanine perchlorate; DPA, dipicrylamine; FRET,
Forster resonance energy transfer; P4S, piperidine-4-sulphonic acid; PS, pregnenolone sulphate; TPB, tetraphenylborate

Introduction and are the object of intense investigation in neuroscience.

New tools to probe the mechanisms of receptor gating and
Because GABA, receptors mediate widespread fast neuronal function could be important aids experimentally and in some
inhibition, they are the target of clinically important drugs contexts may also be clinically beneficial (Klaassen et al.,
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2006). Amongst inhibitors, negatively charged sulphated ste-
roids, such as pregnenolone sulphate (PS), uncompetitively
inhibit GABA, receptor-mediated current (Shen et al., 2000;
Eisenman et al., 2003). That is, antagonism is dependent
upon channel opening and/or desensitization (Pennefather
and Quastel, 1992). Although ‘uncompetitive’ can have mul-
tiple meanings when applied to channel blockers (Johnson
and Kotermanski, 2006), evidence to date does not support a
channel block mechanism for PS and related antagonists (Akk
et al., 2001). State-dependent allosteric effects are more likely
to explain PS antagonism (Shen et al., 2000; AkKk et al., 2001;
Eisenman et al., 2003).

Interestingly, several amphiphilic compounds that are
structurally unrelated to sulphated steroids may modulate
GABA, receptors by a similar uncompetitive mechanism
(Chisari et al., 2010b). Furthermore, PS and other sulphated
neurosteroids have non-specific effects on membrane
capacitance (Mennerick efal.,, 2008) and exhibit weak
enantioselectivity at GABA, receptors (Nilsson et al., 1998).
These observations might suggest that antagonism is less
related to a specific binding site on GABA, receptors than to
local membrane perturbations that alter channel gating
(Sogaard et al., 2006). On the other hand, studies of related
receptors suggest stronger specificity of actions and the pos-
sibility of a specific binding site (Li et al., 2006; Twede et al.,
2007).

To explore issues of structural specificity of GABA, recep-
tor antagonism and to possibly uncover new GABA, receptor
probes with novel properties, we examined hydrophobic
anions unrelated to neurosteroids. We focused on dipicry-
lamine (DPA), which has a number of important properties
with applications to studies of membrane structure and excit-
ability (Bruner, 1975; Fernandez et al., 1983; Bradley et al.,
2009). After absorbing to the extracellular surface of the
plasma membrane, DPA translocates across the membrane
leaflets in a voltage-dependent manner (Ketterer et al., 1971;
Benz et al., 1976). DPA’s ability to absorb certain light wave-
lengths has also led to new applications as a voltage sensor in
Forster resonance energy transfer (FRET) studies (Chanda
et al., 2005a,b; Bradley et al., 2009).

Here we report that DPA strongly antagonizes GABA,
receptor function. Like sulphated neurosteroid inhibition,
DPA steady-state antagonism is uncompetitive, enhances
receptor desensitization, exhibits little steady-state voltage
dependence and is dramatically reduced by a mutation in the
transmembrane domain 2 residue V256 of the al receptor
subunit. Positive voltages strongly slowed recovery from
antagonism after removal of free aqueous DPA and also
slowed washout of membrane-bound DPA. Therefore, we
conclude that membrane-associated DPA is important for
antagonism. Notably the inhibitory post-synaptic currents
(IPSCs) resisted postsynaptic DPA antagonism. However, DPA
significantly reduced decay times of pharmacologically pro-
longed IPSCs, suggesting that the synaptic agonist transient,
although representing a high agonist concentration, is nor-
mally too brief to promote uncompetitive antagonism by
DPA. In summary, our data are consistent with the idea that
structurally dissimilar hydrophobic anions share mechanisms
of uncompetitive GABA, receptor antagonism, possibly
implicating plasma membrane modifications in their potent
antagonism of channel function.
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Methods

Hippocampal cultures

All animal care and experimental procedures were consistent
with NIH guidelines and approved by the Washington Uni-
versity Animal Studies Committee. Neuronal cultures were
prepared from postnatal day 1-3 rat pups anesthetized with
isoflurane. Hippocampi were cut into 500 pm-thick slices and
digested with 1 mg-mL™ papain in oxygenated Leibovitz L-15
medium (Invitrogen, Gaithersburg, MD). Tissue was dissoci-
ated by mechanical trituration in modified Eagle’s medium
(Invitrogen) containing 5% horse serum, 5% fetal calf serum,
17 mM D-glucose, 400 uM glutamine, 50 U-mL™ penicillin
and 50 pg-mL™ streptomycin. Cells were plated in modified
Fagle’s medium at a density of ~650 cellssmm™ as mass cul-
tures (onto 25 mm cover glasses coated with 5 mg-mL™ col-
lagen) or 100 cellsmm™ as ‘microisland’ cultures (onto
35 mm plastic culture dishes stamped with collagen micro-
droplets on a layer of 0.15% agarose). Cultures were main-
tained at 37°C in a humidified incubator with 5%C0,/95%
air. To inhibit glial proliferation, the anti-mitotic cytosine
arabinoside (6.7 uM) was added 3-4 days after plating, and
half the culture medium was replaced with Neurobasal
medium (Invitrogen) containing 500 uM glutamine,
50 U'-mL™? penicillin, 50 ug-mL™' streptomycin and B27
supplement (Invitrogen) 4-5 days after plating.

Hippocampal electrophysiology

Whole-cell recordings from neuronal cultures were per-
formed 3-12 days following plating using an Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA). For capaci-
tance measurements, experiments were performed in
neurons 1 day after plating. For recordings, cells were trans-
ferred to an extracellular solution containing (in mM): 138
NaCl, 4 KCl, 2 CaCl,, 1 MgCl,, 10 glucose, 10 HEPES, 0.001
2,3-dihydroxy-6-nitro-7-sulphonyl-benzo[f]quinoxaline
(NBQX) and 0.01 D-2-amino-5-phosphonovalerate (D-APV)
at pH 7.25. Patch pipettes were filled with an internal solu-
tion containing (in mM): 130 cesium chloride, 4 NaCl, 5
EGTA, 0.5 CaCl; and 10 HEPES at pH 7.25. When filled with
this solution, pipette tip resistance was 3-6 MQ. Cells were
usually clamped to =70 mV or as indicated in figure legends.
For autaptic recordings, patch pipettes were filled with an
internal solution containing (in mM): 140 KCl, 4 NaCl, 5
EGTA, 0.5 CaCl, and 10 HEPES at pH 7.25. Electrode tip
resistance was 2.5-3 MQ, and access resistance (8-10 MQ) was
compensated 80-100% for synaptic recordings. For autaptic
responses, cells were stimulated with 1.5 ms pulses to 0 mV
from —70 mV to evoke transmitter release. Drug applications
were made with a multibarrel, gravity-driven local perfusion
system. The system provides a laminar local stream for rapid
solution exchanges. The common tip was placed 0.5 mm
from the centre of the microscope field. Solution exchange
times were 120 = 14 ms (10-90% rise), estimated from junc-
tion current rises at the tip of an open patch pipette. Experi-
ments were performed at room temperature.

Imaging
Hippocampal neurons were stained with SuM 3,3"-
dihexadecyloxacarbocyanine perchlorate (DiO) for 5 min at



37°C, in the external solution described for electrophysiology
experiments. Cells were imaged with an epifluorescent micro-
scope (Nikon TE2000, Melville, NY) with a metal halide lamp,
a CoolSnap ES2 camera (Photometrics, Tucson, AZ) and a 40x
air objective (0.6 NA). DiO fluorescence was detected with a
Chroma filter set 41001 (Chroma Technology, Bellows Falls,
VT), employing a HQ480/40 nm excitation filter and an
HQS535/50 nm emission filter. DPA was applied using a multi-
barrel, gravity-driven local perfusion system. Experiments
were performed at room temperature. Images were acquired
and processed with MetaMorph software (Molecular Devices,
Downingtown, PA). Changes in DiO fluorescence, upon DPA
application and wash out, were determined at two different
voltages (as indicated), applied using a patch pipette filled
with cesium chloride (as described for electrophysiology
experiments). For display, image brightness and contrast were
altered equally for the entire series of images using Meta-
morph to promote clarity of fluorescence visualization.
Intrinsic pixel intensity values were not altered by these
changes.

Xenopus OOC)/T.E €XpT€SSi01’l

Stage V-VI oocytes were obtained from sexually mature
female Xenopus laevis (Xenopus One, Northland, MI) subject
to 0.1% tricaine (3-aminobenzoic acid ethyl ester) anaesthe-
sia. Capped mRNA coding for rat GABA, receptor a1, 2 and
Y2L subunits were transcribed in vitro from linearized pBlue-
script vectors containing receptor coding regions using the
mMessage mMachine Kit (Ambion, Austin, TX). We defolli-
culated oocytes in collagenase (2 mg-mL™") dissolved in
calcium-free solution (mM: 96 NaCl, 2 KCIl, 1 MgCl, and 5
HEPES at pH 7.4) while shaking for 20 min at 37° C. Less than
24 h after defolliculation, mRNA subunit transcripts were
injected in equal parts for a total of 20-40 ng RNA. Oocytes
were cultured for 2-4 days at 18°C in ND96 solution (mM:
96 NaCl, 2 KCI, 1.8 CaCl,, 1 MgCl, and 10 HEPES at
pH 7.4) supplemented with pyruvate (5 mM), penicillin
(100 i.u.-mL™), streptomycin (100 pg-mL™") and gentamycin
(50 ug-mL™"). ¢cDNA encoding rat GABA, receptor subunits
were initially provided by A. Tobin (University of California,
Los Angeles, CA; al1), P. Malherbe (Hoffman-La Roche, Swit-
zerland; B2) and C. Fraser (National Institute on Alcohol
Abuse and Alcoholism, National Institutes of Health,
Bethesda, MD; y2L).

Oocyte electrophysiology

All two-electrode voltage-clamp experiments were performed
in ND96 solution on oocytes 2-4 days following RNA injec-
tion. Two-electrode voltage clamp experiments were con-
ducted using a Warner OC-725C amplifier (Hamden, CT), an
Axon Instruments Digidata 1322A analogue—digital converter
(Union City, CA) and an Automate Scientific ValveLink16
perfusion system (Berkeley, CA) to control drug delivery.
Intracellular recordings employed glass pipettes filled with
3 M KCI and with an open tip resistance near 1 MQ. Drug
application used a solenoid controlled, gravity-driven multi-
barrel perfusion system. Cells were voltage-clamped at mem-
brane potentials indicated in figures and text, typically
—70 mV. All measurements of current refer to the final value
recorded at the end of the 15-30 s drug application unless
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explicitly noted. In some experiments, we tested expression
of the y2 subunit by verifying lorazepam sensitivity. We also
confirmed that there was no notable difference in the antago-
nistic actions of DPA on oocytes expressing a.132y2 subunits
versus oocytes injected with only a1B2 subunits.

Data analysis

Data acquisition and analysis were performed primarily using
pCLAMP 9 software (Molecular Devices). Extended analysis
was done using Microsoft Excel. Graphical figures and curve
fitting were conducted with GraphPad Prism (GraphPad Soft-
ware, La Jolla, CA) or Sigma Plot software (spss Science,
Chicago, IL). Data are expressed and displayed as mean *
SEM. Statistical significance was determined using a Student’s
two-tailed f-test or two-way, repeated measures ANOVA, as
indicated. Curve fitting of dose-response data was performed
with the Hill equation [I = L. C"/(ECsy" + C")], where C is the
agonist concentration, In. is the maximum current ampli-
tude, ECs, is the agonist concentration that yields a 50%
response relative to In. and n is the Hill coefficient. For GABA
concentration-response curves, responses were normalized to
the highest GABA concentration applied to facilitate com-
parison of shapes and ECs, values. Estimation of 1Cs, was
achieved with a fit to the same equation with minimum
inhibition constrained to 100% of the response to GABA
alone and maximum inhibition assumed to be O response.

Materials

All compounds were obtained from Sigma (St. Louis, MO)
except for DPA and DiO, which were obtained from Biotium
(Hayward, CA). Structures of compounds in Figure 8 were
created in Marvin §5.3.8 (http://www.chemaxon.com/
products/marvin/). Drug target nomenclature follows Alex-
ander et al., (2009).

Results

Effects of DPA and TPB on GABA currents

In hippocampal neurons, we challenged cells with 1 uM
GABA, an approximate EC, concentration, and with 20 uM
GABA, an approximate ECg, concentration (Shu et al., 2004),
in the absence and presence of 0.5 uM DPA. Figure 1A and B
shows that DPA dramatically antagonized GABA-induced cur-
rents, especially currents elicited by the higher concentration
of agonist. Overall, in six neurons at 1 uM GABA and three
neurons at 20 uM GABA, 0.5 uM DPA inhibited steady-state
GABA currents to 29.4 + 0.04% and to 8.2 + 0.02% of base-
line respectively. These results are typical of uncompetitive
antagonism and suggest that, like antagonism by PS and
picrotoxin, DPA antagonism of GABA, receptors is at least
partly dependent on agonist binding or channel activation
(Yoon et al., 1993; Shen et al., 2000; Eisenman et al., 2003).
Hippocampal neurons may express a mixture of receptor
subunit combinations with different GABA affinities, which
might influence these results. To test DPA’s actions on a purer
population of GABA, receptor subunits, we examined
o1B2y2L subunits expressed in Xenopus oocytes (Figure 1C).
Similar to hippocampal neurons, DPA antagonized GABA
responses, especially at high GABA concentrations. Also, in
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Figure 1

DPA antagonism is dependent on GABA concentration. A. Current response of a hippocampal neuron to a low concentration of GABA (1 uM), then
to co-application of GABA plus 0.5 M DPA. B. Similar protocol on another neuron, except using 20 uM GABA. GABA/DPA co-application resulted
in nearly complete inhibition. C. Effects of varied DPA concentrations at 1 pM GABA in an oocyte expressing o.132y2L GABA,4 receptors. In some
batches of oocytes, including this one, there were apparent biphasic effects of DPA, with little overall inhibition at any concentration. D. In the
same oocyte, DPA exhibited concentration-dependent inhibition at 10 uM GABA. E. Inhibition curve obtained by measuring the responses at the
end of a 20 s co-application of 10 UM GABA and varied DPA concentrations. The solid line is a fit to the Hill equation, assuming a maximum
normalized current of 1.0 and a minimum current of 0. Although there appeared to be a component of inhibition that was relatively insensitive
to GABA and DPA concentration (evident as weak inhibition at the lowest DPA concentrations), the major component exhibited an ICs, of 65 nM.
Data points represent the responses of four oocytes. F and G. GABA concentration—-response relationships for the peak and final (end) currents
during co-application of varied GABA concentrations with a constant DPA concentration (0.05 uM). Antagonism was strongest at the end of the
response to the highest GABA concentrations. Solid lines represent fits to the Hill equation. Parameters from the summary fits for GABA alone and
in the presence of DPA, respectively, were as follows: for the peak, ECso = 24.2 and 10.5 uM, Hill coefficient = 1.6 and 1.8; for the end, ECs5o=9.3
and 4.5 uM, Hill coefficient 3.1 and 5.3. For panels F and G, n =4 oocytes. H-J. Tetraphenylborate (TPB; 1 uM) inhibition of GABA responses in
oocytes. H. Representative responses of 30 uM GABA in the absence and presence of co-applied 1 uM TPB. | and ]. GABA concentration-response
relationships for peak and end responses in the absence and presence of TPB (n= 3 oocytes). Although TPB was less potent, the pattern of
inhibition was strikingly similar to that of DPA.
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receptors expressing only o132 subunits, the DPA antagonism
showed no obvious difference from receptors containing a y2
subunit (verified by lorazepam sensitivity; data not shown).
In oocytes expressing the typical a1f2y2L subunit combina-
tion, we sporadically observed potentiation of GABA
responses at the highest concentrations of DPA tested, com-
bined with low GABA concentrations (Figure 1C). This phe-
nomenon was not observed in all batches of oocytes and was
not evident in hippocampal neurons. However, mixed
potentiation/inhibition is similar to the effects of other
amphiphilic compounds (Chisari et al., 2010b). Potentiation
was most robust at low agonist concentrations, consistent
with the effects of many positive allosteric modulators.

A concentration-response analysis of the effect on DPA
on the response to a 20 s, 10 uM GABA application (approxi-
mate ECs in oocytes) (Wang et al., 2002), suggested an ICs, of
65 nM (Figure 1E). However, in oocytes DPA also exhibited
weak antagonism at low GABA concentrations that was rela-
tively independent of DPA concentration (Figure 1C and E).
Sensitivity of oocytes to antagonism also appeared to be
somewhat lower than that of neurons (compare Figure 1A
and C). This might result from subunit differences between
oocytes and native cells or from differences in membrane
partitioning of DPA (see membrane capacitance studies
below) or in differences in GABA ECs, values.

We systematically tested the effect of 0.05 uM DPA across
a range of GABA concentrations in oocytes (Figure 1F and G).
Peak currents were relatively unaffected (Figure 1F). Final
current levels elicited by 20 s applications of high GABA
concentrations were severely reduced, but steady-state
responses to low GABA concentrations were barely affected
(Figure 1G). These results indicate that DPA effects on GABA
responses are non-competitive with respect to agonist.

As a further test of our hypothesis that structurally diverse
hydrophobic anions antagonize GABA, receptor function, we
examined tetraphenylborate (TPB), another membrane probe
used in classical biophysical studies (Andersen and Fuchs ,
1975; Benz etal., 1976). In four oocytes, TPB antagonized
responses to 10 uM GABA with an ICso of near 1 uM for
steady-state GABA currents (data not shown); 1 uM TPB
added to varying concentrations of GABA yielded a profile of
inhibition quite similar to that of DPA (Figure 1H-J), includ-
ing mixed potentiation/inhibition at some concentration
combinations (Figure 1I) and relatively stronger effects on
steady-state currents at high GABA concentrations
(Figure 1J).

Tests of similarity of actions between DPA
and sulphated neurosteroids
Because of DPA’s low ICs,, we focused on it in subsequent
experiments. We first explored whether DPA antagonism is
mechanistically similar to those of a better characterized
hydrophobic anion, the sulphated neurosteroid PS. PS exhib-
its a number of signature characteristics that we tested in
Figures 2 and 3. These include dependence on channel acti-
vation, weak antagonism against high-affinity, partial GABA,
receptor agonists and sensitivity to a point mutation that
leaves modulation by other uncompetitive antagonists intact
(Shen et al., 2000; Eisenman et al., 2003).

DPA antagonism of both hippocampal and oocyte GABA
responses featured a strong increase in apparent desensitiza-
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Figure 2

Dependence of DPA antagonism on channel activation. A. Pre-
application protocol in a hippocampal neuron to allow any slow
binding of DPA to occur before channel activation by GABA. B.
Corresponding protocol in another cell in which DPA and GABA were
co-applied. Note the similarity of response profiles in the two proto-
cols, suggesting that uncompetitive antagonism is the primary cause
of the apparent desensitization profile. C. Summary of the effect of
DPA in the pre-application (pDPA, n = 7) and co-application (coDPA,
n=5) protocols. The effect of DPA on the peak GABA current and the
current at the end of GABA/DPA co-application is shown. D. Oocyte
response to a saturating concentration of the high-affinity partial
agonist P4S in the presence and absence of co-applied DPA. E.
Response of the same oocyte to 100 uM GABA in the absence and
presence of DPA.

tion (Figure 1). This profile could represent uncompetitive
DPA antagonism (e.g. channel block or conformation-
dependent antagonism), or the profile could simply suggest
that DPA binds its site more slowly than GABA binds to its
site. In oocytes, slow binding is particularly difficult to dis-
tinguish from slow kinetics because the large surface area of
oocytes prevents rapid solution exchanges, and binding can
be artificially slowed by this technical consideration. To dis-
tinguish slow DPA binding from uncompetitive antagonism,
we performed experiments on young neurons (3-5 days in
vitro) with limited dendritic arbors, thus facilitating rapid,
complete solution exchanges. We compared the effect of our
standard simultaneous GABA/DPA co-application protocol
with pre-application of DPA for 15 s prior to co-application
with GABA (Figure 2A and B). Traces for this experiment are
shown in Figure 2A and B. The same protocol was applied in
older neuronal cultures with similar results (7-8 days in vitro;
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A point mutation reveals similarity of PS and DPA mechanisms. A.
Comparison of the actions of 0.1 uM DPA and 1 uM pregnenolone
sulphate (PS) on the response to 10 uM GABA. Note that although
the profile of inhibition is the same, the ICso of aqueous DPA is
approximately 10-fold higher than that of PS. B. In the o1 point
mutation V2565, both DPA and PS inhibition are severely attenuated.
GABA concentration was adjusted to account for the GABA ECs, shift
induced by the mutation (Wang et al., 2002; Chisari et al., 2010b).
Despite near loss in sensitivity to both sulphated steroid and DPA
antagonism, another non-competitive antagonist, picrotoxin (PTX),
still strongly inhibited a1V256S responses. C. Left bars: Summary of
inhibition of the current at the end of a 30 s application of 10 uM
GABA and the two antagonists. n =4 oocytes expressing wild-type
receptor subunits. Right bars: Summary of the effects of the three
antagonists on a1V256S receptor currents, n =12 oocytes.

data not shown), suggesting that there are no appreciable
developmental changes in DPA sensitivity of neuronal GABA
currents. Pre-application only slightly reduced GABA peak
responses below those achieved with simultaneous GABA/
DPA co-application (Figure 2A and B). Thus, pre-equilibration
of DPA with receptors to account for any slow binding did
not change the profile of responses, and we conclude that
agonist binding and/or gating is important for antagonism by
DPA.

The more pronounced effect of DPA at higher GABA con-
centrations (Figure 1) could arise from more effective DPA
actions on receptors that are liganded by agonist (but not
necessarily opened), or DPA actions might be facilitated by
protein conformations downstream of ligand binding (e.g.
channel activation or subsequent desensitization) (Shen
et al., 2000; Eisenman et al., 2003). To determine whether

672 British Journal of Pharmacology (2011) 164 667-680

agonist binding or channel activation/desensitization was
more important for the apparent activation dependence of
antagonism, we used the partial agonist piperidine-4-
sulphonic acid (P4S, 1 mM) (Ebert et al., 1994). P4S binds the
GABA, receptor with high affinity but gates the channel with
low efficacy (Ebert et al., 1994). Therefore, when used at a
high concentration, P4S binds to all receptors, but relatively
few channels are open. The maximum response of P4S rela-
tive to GABA is 10-30% (Ebert et al., 1994; Eisenman et al.,
2003). If agonist binding is important for antagonism, at high
P4S concentration, we would expect DPA (0.05 uM) antago-
nism to be similar to that observed with a high concentration
of the full agonist GABA. On the other hand, if channel
conformations downstream of binding are relevant, we
would expect weak DPA antagonism. DPA antagonism was
clearly weaker against 1 mM P4S compared with 100 uM
GABA (Figure 2D and E). In five oocytes tested, inhibition by
0.05 uM DPA was 25 = 0.02% for 1 mM P4S and 80 = 0.01%
for 100 uM GABA (P <0.0001). The results suggest that
channel conformations downstream of ligand binding are
most relevant to effective DPA antagonism, although we
cannot completely exclude the possibility that ligand-bound,
closed conformations might differ for GABA and P4S.

Both picrotoxin and sulphated neurosteroids exhibit fea-
tures of uncompetitive antagonism explored in Figures 1 and
2. However, a point mutation on the cytoplasmic side of
transmembrane domain 2 in the ol subunit strongly distin-
guishes the actions of PS from those of picrotoxin (Akk ef al.,
2001; Eisenman et al., 2003). A valine to serine substitution at
position 256 renders receptors nearly insensitive to sulphated
steroid antagonism but leaves the receptors strongly sensitive
to picrotoxin. To help determine whether DPA actions are
more similar to sulphated neurosteroid mechanisms or to
picrotoxin mechanisms, we examined the effect of DPA on
the recptors containing the a1V256S mutation (Figure 3). For
this experiment, we adjusted the GABA concentration to
account for the leftward shift in the GABA concentration—
response relationship induced by the mutation (Wang et al.,
2002; Chisari etal., 2010b). Figure 3B shows that the
01V256S receptors were almost totally resistant to both PS
and to DPA antagonism, while retaining sensitivity to picro-
toxin. Therefore, we conclude that the mechanism of DPA
antagonism bears strong similarity to that of PS but can be
distinguished from mechanisms of picrotoxin antagonism.

The role of membrane interactions in

receptor antagonism

We predicted that DPA would be a GABA, receptor antagonist
partly because both sulphated neurosteroids (known GABA,
receptor antagonists) and DPA increase membrane capaci-
tance. We were interested in testing the idea that membrane
interactions participate in receptor antagonism. First, we
explored the slow kinetics of DPA washout. A difference
between DPA antagonism and that of PS was the extremely
slow washout of DPA effects. This might result from the
strong membrane retention of DPA, although it is also pos-
sible that the slow removal represents a high binding affinity
(slow dissociation) of DPA from a receptor binding site. We
used membrane capacitance changes induced by DPA (Ket-
terer et al., 1971; Bruner, 1975; Benz and Léduger, 1977) to
monitor the rate of membrane departitioning. Indeed, mem-
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BSA scavenging suggests that DPA partitioning into the plasma
membrane is important for antagonism. A1 and A2. Demonstration,
using membrane capacitance as a marker of DPA membrane pres-
ence, that wash with BSA accelerates DPA departitioning from the
plasma membrane. Capacitance was monitored with brief test
voltage pulses from a holding potential of =70 mV. B1 and B2. Similar
experiment examining the effect of BSA on slow recovery from DPA
antagonism on GABA response. BSA significantly accelerates the
return of the GABA current following DPA removal. C. Summary of
the time constants of washout of DPA-induced capacitance increases
and washout of DPA-induced antagonism. Capacitance: n=4
neurons, *P<0.05, paired t-test. Antagonism: n=10 neurons,
***P < 0.0001, paired t-test.

brane departitioning was also slow following removal of
aqueous DPA (Figure 4A1). We tried two scavengers of hydro-
phobic compounds to accelerate the return of membrane
capacitance after removal of free aqueous DPA. Cyclodextrins
effectively sequester neurosteroids, including PS, and acceler-
ate membrane departitioning (Shu et al., 2007). However,
with assays previously applied to neurosteroids (Shu et al.,
2007), we found that y-cyclodextrin failed to complex with
DPA (data not shown). This is consistent with the structural
dissimilarity of DPA and PS. In contrast, bovine serum
albumin (BSA) was a more effective molecular scavenger; BSA
significantly accelerated DPA membrane removal (Figure 4A2
and C). If slow washout of antagonism also results from slow
removal from the membrane, BSA should also accelerate
washout of GABA, receptor antagonism. On the other hand,
if tight receptor binding primarily accounts for the slow
kinetics of DPA, BSA should not affect antagonism washout

Membrane probes and GABA, receptors

kinetics, since BSA should not alter the dissociation rate con-
stant for bound DPA. Figure 4B and C shows that BSA accel-
erated the washout of DPA effects on GABA, receptors,
suggesting that membrane interactions are likely to be rate
limiting in GABA, receptor modulation by DPA. Although the
recovery of GABA current was slower than the washout of
capacitance increases (Figure 4), this could reflect the influ-
ence of channel conformational changes (recovery from
desensitization following DPA unbinding) to the current
recovery, and/or it could reflect the contribution of very small
quantities of DPA in the membrane to antagonism.

We next exploited the known voltage dependence of DPA
movement in the membrane to explore a role for membrane-
associated DPA on GABA, receptor function (Figure 5). At
—70 mV in oocytes, 0.1 uM DPA increased membrane capaci-
tance from a baseline value of 164 = 4 to 176 = 6 nF in the
presence of DPA (7.1 = 0.4% increase). A full Boltzmann
analysis of charge movement elicited by DPA suggested a Vy,
of -59 mV in naive, uninjected oocytes (Figure SA and C),
very similar to that reported previously (Chanda etal.,
2005a). Neurons also exhibited voltage-dependent DPA
capacitive charge movement, but at —70 mV, the percentage
increase of capacitance at 0.5 uM was much larger than that
in oocytes (54.3 = 5.1%), and the V,, for DPA-induced
charge movement was significantly depolarized relative to
oocytes (+13 mV; Figure 5B and C). We observed no signifi-
cant difference in the V;,, of oocytes expressing GABA, recep-
tors versus naive oocytes (Figure 5C). Thus, the presence of
GABA, receptors in the membrane does not explain the dif-
ference between the two cell types. The different V, in
oocytes versus neurons is more likely to arise from asymme-
tries in plasma membrane composition, which are known to
interact with DPA-mediated charge movements (Benz and
Lauger, 1977). The voltage dependence of DPA-induced
capacitive charge movement contrasts with the behaviour of
PS-induced capacitance increases, which exhibit almost no
voltage dependence (Mennerick et al., 2008).

For PS, the lack of voltage dependence in capacitive
charge movement correlates with weak or no voltage depen-
dence in GABA, receptor antagonism (AKKk et al., 2001; Eisen-
man et al., 2003). If capacitance increases and GABA, receptor
antagonism are related, the voltage dependence of DPA-
induced charge movements predicts that antagonism might
exhibit similar voltage dependence and might vary according
to the cell type-dependent differences shown in Figure SA-C.
Surprisingly, steady-state GABA, receptor antagonism was not
detectably voltage-dependent in either hippocampal neurons
or in oocytes (Figure SD-F). Furthermore, antagonism was
not voltage-dependent at either low or high concentrations
of the antagonist (Figure SF).

This result may suggest that the interaction of DPA with
the plasma membrane, as monitored by voltage-dependent
charge movement, is not important for DPA antagonism of
GABA, receptors. Alternatively, perhaps GABA, receptor
antagonism is supported by presence of DPA in either mem-
brane leaflet. This latter interpretation was supported by
voltage-dependent kinetics of DPA actions in neurons
(Figure 6). Offset of DPA antagonism was severely retarded at
+40 mV relative to offset/washout at =70 mV (Figure 6A and
B). This voltage difference could be consistent with the idea
that at +40 mV, more DPA is trapped in the inner membrane
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Figure 5

Voltage dependence of DPA interactions with oocyte and neuron plasma membranes, and steady-state voltage dependence of antagonism. A.
Voltage dependence of DPA-induced charge movements in a naive oocyte (not injected with GABA, receptor cRNA). The DPA-induced charge
movements were obtained using a voltage pulse protocol from a holding potential of 0 mV to potentials ranging from —150 to +90 mV (top
traces). Current responses in the absence of DPA (example of response to pulse to —90 mV shown in inset) were subtracted from responses in the
presence of DPA (also shown in inset) to yield the traces shown in the main panel. B. A similar protocol applied to a hippocampal neuron at 2
days in vitro. Note that DPA-induced charge movements exhibit a markedly different voltage dependence than in oocytes. C. Summary plot of
voltage dependent charge movements in oocytes injected with GABA, receptor RNA (n = 4), uninjected oocytes (n=4) and in hippocampal
neurons (n=8). Error bars for normalized charge movements are smaller than the symbols in all cases. Solid lines are fits to the Boltzmann
equation of the form 1 / [1 + exp(V1,2 — V) / S]. V4,2 is the half voltage for maximum charge, V'is the test potential and § is a slope factor equivalent
to RT/zF. V1, for oocytes was —54 and —59 mV for injected and uninjected oocytes, respectively, and was +13 mV for neurons. Slope factor was
32, 29 and 39 for the respective groups. At 25°C, the apparent valence, z, was estimated to be —0.81, —0.90 and —0.67 respectively. D. Example
of response of an oocyte to co-applied GABA and DPA at —70 mV (inward currents) and +40 mV (outward currents). E. Similar protocol from a
hippocampal neuron. F. Left bars: Summary of four oocyte responses at —70 and +40 mV in the protocol depicted in D. Right bars: Summary of
inhibition in eight neurons at the two potentials depicted in E. Despite probing strong and weak DPA inhibition with fivefold different DPA
concentrations, we found no evidence for voltage-dependent antagonism at either DPA concentration or cell type.
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Slow recovery from antagonism at +40 mV. A. Responses at —70 and at +40 mV in a hippocampal neuron to the sequence of GABA and GABA/DPA
applications are shown. Applications were separated by a 20 s interval of saline wash. Notice that recovery by the second re-application of GABA
alone was more complete at =70 mV than at +40 mV. B. Summary of normalized responses from GABA applications in the sequence shown in A.
Before antagonist (antag.) application, stable GABA responses were established (first two data points). End currents have been normalized to the
end current in the initial GABA-alone response. n= 8 neurons represented in the summary, ***P < 0.0001 for both GABA washes. The same
experimental protocol was used to test PS inhibition and recovery at +40 mV (in gray, n= 6). C. Time course of capacitance changes at -70 mV
and at +40 mV were tracked as an indication of membrane retention. Membrane capacitance was monitored by brief 20 mV membrane
depolarizations from the indicated potential. The smaller apparent change in capacitance at —70 mV arises from the voltage dependence of charge
movement shown in Figure 5. Traces are shown with different vertical calibration bars to highlight the washout time course; note the more
complete washout relative to the peak capacitance increase at —70 mV. D. Summary of the difference in retention of DPA effects after a 30 s
washout at each potential. n=6 neurons, ***P < 0.0001. E. Retention of DPA at a positive membrane potential monitored with FRET-based
fluorescence quenching. For this experiment, we chose membrane potentials within the nearly linear range of expected distribution of DPA in the
membrane leaflets (Figure 5C), =55 and +55 mV. The images are of a field containing a voltage-clamped hippocampal neuron at the indicated
membrane potentials. The FRET donor DiO was preloaded in the culture dish for 5 min at 37°C. DPA was perfused onto the cell after a whole-cell
recording was established. A decrease in DiO fluorescence, at least partly resulting from FRET interaction between DiO and DPA, was observed
at both potentials. However, fluorescence was more successfully recovered at the negative potential than at the positive potential during the 24 s
wash time. Bar, 10 um. F. Summary of DiO fluorescence during the indicated periods from three voltage-clamped neurons subjected to the
protocol. Some fluorescence loss in this protocol may have resulted from DiO bleaching and/or DiO loss from the membrane during the protocol.
However, the contributions should be similar at the two potentials. *P < 0.05, **P < 0.01.
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leaflet, where it is resistant to loss by membrane departition-
ing, but from where it can still inhibit GABA, receptor cur-
rents. Voltage dependence of washout did not extend to PS
antagonism (n =6, Figure 6B), suggesting that the voltage
dependence did not arise from basal GABA, receptor gating
differences at the two potentials (Weiss, 1988; Pytel et al.,
2006).

To test whether membrane-bound DPA is indeed more
resistant to washout at positive membrane potentials, we
examined washout of membrane capacitance at negative and
positive potentials (Figure 6C and D), using brief voltage
pulses from the indicated potential to measure capacitance.
Consistent with the observations regarding offset of DPA
antagonism, capacitance increases were significantly more
resistant to wash at+40 mV than at—70 mV (Figure 6C and D).

We also exploited the ability of DPA to act as a FRET
acceptor when paired with the fluorescent inner leaflet mem-
brane probe DiO (Bradley et al., 2009) to evaluate the voltage
dependence of DPA’s membrane washout. Figure 6E shows
DiO fluorescence images from a representative field. In the
presence of pre-loaded DiO, DPA induced a fluorescence
decrease through FRET interaction at both negative and posi-
tive membrane potentials. As expected from the average
proximity between DPA and DiO at the two potentials, FRET-
induced quenching was stronger at the positive membrane
potential (Bradley et al., 2009). On washing, DiO fluorescence
returned more rapidly at —-55 mV compared with +55 mV
(Figure 6E and F). Taken together, the capacitance and
imaging results of Figure 6C-F are consistent with the idea
that DPA’s interactions with the plasma membrane are
important for GABA, receptor antagonism. Possible models
reconciling the lack of steady-state voltage dependence of
antagonism with the voltage dependence of antagonism
washout are considered in the Discussion.

Effects of DPA on synaptic transmission

How do the state-dependent antagonist properties of DPA and
its membrane partitioning influence presynaptic and postsyn-
aptic function? To evaluate this, we used autaptic synapses
made by solitary hippocampal neurons grown in culture
(Bekkers and Stevens, 1991; Mennerick et al., 1995). Evoked
synaptic responses were elicited by brief depolarization, which
triggers a breakaway action potential in the distal axon of the
voltage-clamped neuron. Evoked IPSCs were monitored at a
membrane potential of -70 mV with the chloride reversal
potential set to 0 mV. The time course and amplitude of IPSCs
were not affected by concentrations of DPA that strongly
antagonized responses to exogenous GABA in hippocampal
neurons. Figure 7A shows a relative lack of effect of 1 uM DPA
on baseline IPSCs, except for a small shift in the time of peak
IPSC. PS (5 uM), which we estimate to have similar effects on
steady-state GABA responses as 0.5 uM DPA (e.g. Figure 3A),
also had little effect on peak IPSCs (7.3 = 0.1% decrease in 6
neurons) but significantly accelerated the IPSC decay
(Figures 7B; 42.0 = 0.1% decrease in the weighted time con-
stant, 1v). At a higher DPA concentration (2uM, n=3
neurons), the IPSC was reduced in an all-or-none manner
(Figure 7C) and was slowly recoverable (Figure 7C). We
attribute the shifted time of peak IPSC and all-or-none loss of
IPSCs to the increase in cell capacitance by DPA (Chanda et al.,
2005b), which probably slows axonal action potential conduc-
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tion at low DPA concentrations. At high concentrations, there
is complete failure of action potential initiation (Figure 7C
inset) and/or propagation. Together, the relative refractoriness
of synaptic GABA, receptors to DPA antagonism suggests that
DPA’s onset kinetics may be so slow that DPA fails to affect
postsynaptic receptors, opened only briefly by the synaptic
GABA transient, albeit with high probability at near mM
agonist concentration (Maconochie et al., 1994).

If channels during an IPSC are not sufficiently activated
during the brief synaptic GABA transient for the DPA antago-
nism to influence IPSCs, then by artificially prolonging IPSCs,
we might unmask a postsynaptic DPA effect. Experiments
with three different classes of positive GABA, receptor modu-
lators to prolong IPSCs supported this hypothesis (Figure 7D-
G). Figure 7D shows that 0.5uM DPA was transformed
from inert to active in the presence of 50 nM of the positive
GABA, receptor modulator (30,50)-3-hydroxypregnan-20-
one (3a5aP, or allopregnanolone). 3o50P alone prolonged
the IPSC decay by approximately threefold (Figure 7E), and
there was a nearly complete reversal of the decay time course
in the combined presence of DPA and 3aSaP (Figure 7D and
E). This inhibition did not result from direct antagonism
between 305aP and DPA because pentobarbital, another class
of positive modulator, functionally interacted with DPA in a
similar manner (Figure 7F). Furthermore, PS also greatly
accelerated the artificially prolonged IPSCs; weighted decay
time constants were 421 = 1% of control in the presence of
50 nM 3aSoP and were partially reversed (146 = 0.5% of
control) by the co-application of 5 uM PS (n = 3).

One possible explanation for the effects of DPA in the
presence of 3a50P and pentobarbital is that GABA spills onto
high-affinity, DPA-sensitive extrasynaptic receptors contain-
ing & subunits during the decay phase of the IPSCs, and these
high-affinity subunits are selectively blocked by DPA. To test
this hypothesis, we used the benzodiazepine lorazepam, a
modulator whose potentiation of GABA, receptors requires
the presence of a y subunit. Thus, any non-y containing
extrasynaptic receptors should not be affected by this positive
modulator. In the presence of lorazepam, we again observed
a similar pattern of interaction between positive and negative
modulators (Figure 7G). We conclude that DPA can be ren-
dered an effective synaptic antagonist during artificial IPSC
prolongation.

To test for effects on other ion channels involved in syn-
aptic transmission, we also examined the effect of DPA on
AMPA receptor-mediated autaptic excitatory postsynaptic
currents (EPSCs). In five cells, 0.5 uM DPA did not signifi-
cantly alter the peak or decay of EPSCs (Figure 7H and I). This
validates the conclusion that up to 0.5 uM, DPA does not
directly or indirectly affect the ion channels responsible for
action potential waveform, action potential propagation,
Ca* influx or postsynaptic AMPA receptor function. There-
fore, under some circumstances, DPA’s constellation of prop-
erties may make it a useful tool for exploring GABA synaptic
function.

Discussion and conclusions

Based on the suggestion that negative modulation of GABA,
receptors may involve general structural attributes (hydropho-
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Synaptic effects of DPA. A. Effect of T uM DPA on an autaptic IPSC in a hippocampal microculture. DPA caused a slight offset in time of peak IPSC
but failed to affect peak amplitude or IPSC decay time. B. For comparison, another IPSC was challenged with 5 uM PS. PS had no effect on the
time or amplitude of peak IPSC, but the decay time course was accelerated. See text for summary. C. At 2 uM DPA, IPSCs were eliminated, with
a slow partial recovery. Inset: Loss of IPSC was correlated with a large increase in membrane capacitance and near loss of detectable sodium current
during stimulation, suggesting a failure of breakaway action potential initiation in the axon. D. Autaptic IPSCs evoked from a hippocampal neuron.
The various compounds were pre-applied for 20 s before each sweep. In this cell, there was a small but reliable DPA-induced speeding of the IPSC
decay time constant under baseline conditions. However, when the IPSC was prolonged by 3a50P application, the DPA effect on IPSC decay
became much more pronounced. E. Summary of the compounds on weighted IPSC decay time constant (). n = 5 neurons. A two-way, repeated
measures ANOVA showed a significant interaction of DPA and potentiator. **P < 0.01, ns indicates not significant by Bonferroni corrected post hoc
t-tests. F. Similar pattern of effects when pentobarbital (Pb) was used to prolong IPSCs (n =3 neurons, *P < 0.05, ns indicates not significant,
two-way ANOVA, post hoc t-tests). G. The benzodiazepine lorazepam also produced a similar interaction with DPA (n = 6 neurons, *P < 0.05, ns
indicates not significant, two-way ANOVA, post hoc t-tests). H. Lack of effect of 0.5 uM DPA on a sample EPSC. I. Summary of the effect of 0.5 uM
DPA on the peak EPSC and decay time constant from five autaptic glutamatergic neurons.

bicity, negative charge) rather than highly specific structure—
activity relationships, we predicted that hydrophobic anions
traditionally used as membrane probes would be strong
GABA, receptor antagonists. Two compounds, DPA and TPB,
mainstays of classical biophysical studies, indeed strongly
antagonize GABA, receptors. We characterized the more

potent of these, DPA, in some detail. Antagonism shared many
features with antagonism by sulphated steroids but also exhib-
ited some unexpected properties. Figure 8A—-C shows the
structures of the compounds found to share mechanistic simi-
larities: DPA, TPB and PS. Structures are presented as stereo
pairs to highlight differences amongst the compounds.

British Journal of Pharmacology (2011) 164 667-680 677



M Chisari et al.

Positive V|

- +
- +
- +
- tin
- +
- +
- +

D Negative V|

Out In Out

LI I I B B B R |

R R R R R
felel

Figure 8

A-C. Stereo pairs of DPA (A), TPB (B), and PS (C). Visual merging of
the left and right images highlights three-dimensional structural
differences amongst the compounds. D. Diagram of the different
behaviour of PS (Mennerick et al., 2008) and DPA (e.g. Bradley et al.,
2009) in the membrane at negative (left) and positive (right) mem-
brane potentials.

Judged by aqueous ICs, values, DPA is amongst the most
potent non-competitive antagonists of GABA, receptors yet
identified. After accounting for the dependence of ICs, on
GABA concentration, the aqueous ICs, concentration for DPA
is approximately 10-fold lower than PS and 20-fold lower
than picrotoxin (Figure 3A and Eisenman efal.,, 2003).
Aqueous concentrations of DPA that antagonized GABA,
receptors in our studies (e.g. 0.05-0.5 uM) are similar or
below those used in studies of membrane excitability and ion
channel gating (Bradley etal.,, 2009). TPB, by contrast,
appears to have an ICs, similar to PS.

This initial study of DPA did not systematically survey
GABA subunit specificity. However, despite heterogeneous
cell types in our cultures, including interneurons and princi-
pal cells that presumably express a variety of subunit combi-
nations (Fritschy and Mohler, 1995), all cells exhibited strong
DPA antagonism. Furthermore, changes in subunit composi-
tion during development in culture (Swanwick et al., 2006)
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did not strongly influence DPA antagonism, as we observed
robust DPA antagonism in all cells cultured for 3 to 12 days.
A more thorough investigation of possible subunit selectivity
awaits further investigation.

Our results suggest that mechanisms of DPA antagonism
are similar to those of sulphated neurosteroids. Similarities
include a dependence of antagonism on agonist concentra-
tion and efficacy, a profile of enhanced apparent desensitiza-
tion, little steady-state voltage dependence and sensitivity to
the 01V256S mutation. This latter point distinguishes the
actions of sulphated steroids and DPA from those of picro-
toxin (Shen et al., 2000; AKkk etal., 2001; Eisenman et al.,
2003).

The effect of the 01V256S mutation, at the 2’ position of
transmembrane domain 2 (Akk et al., 2001), might suggest
that sulphated neurosteroids and DPA bind in the channel.
This view is consistent with the recent suggestion of a wide
variety of pore-blocking structures for GABA, receptors (Chen
et al., 2006) and with the uncompetitive mechanism of DPA
and PS. However, compelling arguments have previously
been made that V256 is unlikely to represent part of a
binding site for PS. These arguments include the lack of
voltage dependence for PS antagonism (expected for a nega-
tively charged ligand binding so deeply within the pore), and
the fact that the 2" mutation in other channel subunits lining
the pore do not affect PS antagonism (Akk et al., 2001). A
simple channel block is also inconsistent with the peculiar
profile of inhibition following removal of aqueous (free) DPA
shown in Figure 6A. Particularly at positive potentials, peak
GABA responses recover more fully than steady-state
responses. This profile is more consistent with modulation of
channel gating/desensitization than with channel block.
Finally, given our evidence that membrane access is impor-
tant for DPA antagonism (discussed in detail below), we think
it is unlikely that a channel block mechanism by aqueous
DPA could explain the uncompetitive antagonism, although
we cannot completely exclude this possibility.

DPA also exhibits some points of dissimilarity with PS
antagonism. DPA antagonism is more resistant to wash out,
especially at positive membrane potentials. Furthermore,
IPSCs are more resistant to postsynaptic DPA block than to PS
block. Although both compounds induce membrane capaci-
tance increases, DPA-induced capacitive charge movements
are voltage-dependent and are much larger, to the point of
significantly influencing presynaptic excitability.

Our hypothesis that DPA and TPB are PS-like GABA,
receptor antagonists derived in part from the superficially
similar membrane interactions, measured as membrane
capacitance increases. Are membrane interactions causally
related to GABA, receptor antagonism? We envision at least
three ways that the two phenomena may be linked. First,
there may be a specific transmembrane domain on the recep-
tor protein to which the compounds bind, after first parti-
tioning into the membrane. We have proposed a similar
model for the positive modulatory actions of 3o-hydroxy
neurosteroids at GABA, receptors (Akk et al., 2005; Chisari
et al., 2009; 2010a), and there are several other examples of
ligand-receptor binding following obligatory membrane par-
titioning (Hille, 1977; Lee and MacKinnon, 2004). Although
a conventional protein binding site, either transmembrane,
pore (see above) or extracellular, is difficult to reconcile with



the wide structural variability amongst antagonist hydropho-
bic anions (Nilsson et al., 1998; Chisari et al., 2010b), it is
possible that each ligand class binds a separate transmem-
brane domain, with a mechanistically similar outcome.

Another possibility is that that there is no protein binding
site on the receptor. Instead, local membrane perturbations
induced by the hydrophobic anions may be responsible for
the changes in channel gating (Sogaard ef al., 2006; Lund-
baek, 2008). The latter possibility is difficult to reconcile with
the low ICsy of DPA, although the ICsy may be misleading
if the membrane concentration (likely to be much higher
than the aqueous concentration) is relevant to receptor inter-
action. Analyses of related receptor types have suggested
structural specificity to sulphated steroid effects, arguing
against a direct role for membrane perturbation (Li et al.,
2006; Twede et al., 2007). Perhaps additional analysis of the
V2568 mutation, which appears to uncouple antagonist pres-
ence from the alterations in channel gating, could provide
additional clues to distinguish amongst the possibilities for a
membrane role. At least, the present results indicate that
membrane effects of hydrophobic anions participate strongly
in the actions of these agents and must be taken into consid-
eration when evaluating antagonism of ion channels.

Whether the hydrophobic anion interaction site(s) repre-
sent a proteinaceous or membranous interaction site, the
voltage-independence of steady-state DPA antagonism
(Figure 5D-F) was puzzling. Because available evidence sug-
gests that PS interacts with the receptor/membrane at an
exterior site (Shu etal., 2007; Mennerick etal.,, 2008)
(Figure 8D), we expected that at +40 mV, a potential that
drives DPA ions to the inner membrane leaflet (Figure 5C),
antagonism would weaken, particularly after removal of
extracellular/external DPA. Instead, depolarization dramati-
cally slowed recovery from antagonism (Figure 6A and B).
Thus, we favour a model in which DPA antagonizes at an
exterior or transmembrane location that is insensitive to
membrane potential and that is constantly re-supplied
during bath application, but that can also be accessed by DPA
from the inner leaflet at positive potentials after removal of
aqueous DPA from the bath (Figure 6A and B).

DPA may be an important compound for future studies of
negative regulation of GABA, receptors. The FRET acceptor
properties of DPA may be used to probe candidate residues on
the GABA, receptor hypothesized to be important for antago-
nism. Furthermore, DPA’s slow uncompetitive antagonism
and irreversibility at positive membrane potentials might
prove useful in future studies of GABA, receptor-mediated
transmission, analogous to the utility of use-dependent
antagonists of NMDA receptor function (Rosenmund et al.,
1993). DPA was relatively inert against GABA, receptor-
mediated autaptic IPSCs in hippocampal neurons. Our results
suggest that this is because the elementary lifetime of
channel activation resulting from the transient presence of
synaptic GABA is too brief for the slow, uncompetitive
actions of DPA to be observed. We note, however, that IPSC
decay kinetics vary widely across brain regions and synapses
(Mody and Pearce, 2004; Capogna and Pearce, 2010). It is
possible that differences in subunit composition or transmit-
ter lifetime may promote stronger DPA effects on IPSCs at
some synapses, allowing DPA to serve as a probe of the het-
erogeneity of GABA transmission.

Membrane probes and GABA, receptors

In summary, we have discovered novel GABA, receptor
antagonists that have been mainstays of biophysical studies
for decades but whose strong GABA, receptor antagonist
properties have escaped detection. DPA is a particularly
potent member of a class of antagonists represented by sul-
phated neurosteroids and highlights the wide structural
variety amongst effective hydrophobic anions. Future studies
may exploit the unusual properties of DPA to probe GABA,
receptor structure and function, but when DPA is used for
studies of neuronal excitability, its actions on GABA, recep-
tors should be carefully considered.
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