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The specific binding of the NMDA receptor (NR) channel ligand [*’H]MK-801 to rat brain membranes is
sensitive to positively charged buffer ingredients as to tris(hydroxymethyl)aminomethane (Tris), to
Na*, or to protons. Here we demonstrate that 16 non-competitive NR antagonists, including 5 long-chain
diamines, classical NR channel blockers and several less known compounds, differ widely in their sensi-
tivities to cationic buffer constituents. Although chemically distinguished either as extended di-cationic
or as compact mono-cationic, their sensitivities to cationic buffer ingredients did not suggest this
grouping. While the di-cationic compounds are known for their sensitivity to spermine (polyamine inverse
agonists), also some of the mono-cationic blockers exhibited this feature. They might share as common
target a recently described negatively charged extracellular GluN1/GIuN2B interface.

© 2015 Elsevier Ltd. All rights reserved.

The NMDA receptor (NR) mediates Na* and Ca?* conductance in
response to stimulation by the physiological co-agonists Glu and
Gly. The associated ion channel of the NR subtype predominating
in mammalian cerebral cortex and hippocampus not only exhibits
exceptionally high Ca?* conductance, but is also highly sensitive to
inhibition by physiological concentrations of Mg2".! Under resting
state conditions NRs are usually silent, with Mg?* sitting at the nar-
row constriction. This Mg?*, however, quickly leaves the channel
and gives way to Na* and Ca®*, once the voltage ruling the channel
is critically compromised, either during physiological depolariza-
tion or during pathological conditions (e.g., exhaustion of energy
supply). Non-competitive NR antagonists (not directly competing
with the co-agonists) have been proposed as potential neuro-pro-
tectors in conditions as stroke, cardiac arrest or neurodegenerative
disorders; however, in spite of demonstrated efficacy in vitro and
in animal models, their clinical use is still limited, due to severe
side effects.” Here, we investigate the inhibitory potencies of 2
groups of these antagonists on the specific binding of the NR chan-
nel ligand [*H]MK-801° under various defined ionic conditions:
one group consists of mono-cationic classical NR channel blockers
and structural analogs; and the other of di-cationic structural ana-
logs of the endogenous polyamines spermidine and spermine
(Spm).* The radioligand binding assay used allows free selection
of defined ionic milieus without consideration of physiological
consequences (as in living preparations), however with the
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limitation that one parameter essential for the efficacy of most
channel blockers, voltage, is absent.

Membranes were prepared from fronto-parietal cortex and hip-
pocampus of adult male Wistar rats.” We have demonstrated
before that NRs in these 2 regions exhibited similar properties.®
Binding was conducted with 5 nM [*H]MK-801 (Perkin-Elmer or
ARC) in 0.5 ml in glass vials (duplicates or triplicates) for 3 h at
23 °C, achieving nearly equilibrium for all ionic conditions, in pres-
ence of 10 M Glu and Gly. For non-specific binding (NB), Glu and
Gly were replaced by their antagonists CGP-39.653 (10 uM;
Novartis) and 5,7-dichloro kynurenic acid (10 pM; Tocris); all inhi-
bitors tested reduced specific [*’H]MK-801 binding down to these
NB values at sufficiently high concentrations. Bound radioligand
was collected on glass fiber filters with a 48 places Brandel har-
vester (filters rinsed 3 times at rt with 5 ml 10 mM Tris buffer,
pH 7.0). After addition of toluene-based scintillation cocktail,
radioactivity was quantified in a scintillation counter. ICso values
were evaluated by computerized curve fitting to the function
By = BoICs0"/(ICso"™ + x™) + NB, where B, is total binding in presence
of inhibitor at concentration x, By total binding in absence of inhi-
bitor, an h the Hill coefficient.

Di-cationic polyamine analogs (for chemical structures see
Fig. 1) were 1,12-diaminododecane 1 (N12N) and arcaine 2 (both
from Sigma-Aldrich); homopiperazine-1,4-bisbenzamidine 3 (a
gift from Tien Huang, Xavier University, New Orleans LA);’
5-(4-aminobutyl)-2-thiopheneoctanamine 4 (N4T8N);® and pen-
tamidine 5 (Sigma-Aldrich).® The methyl ester of (L)-Trp 6
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Figure 1. Influence of spermine (S, 30 uM), Tris (T, 10 — 50 mM), protons (H, pH 6.4 — 8.2), Na* (N, 3 — 50 mM), K* (K, 50 mM), ammonium (A, 20 mM), and Mg?*
(M, 1.3 mM) on the potency of 16 inhibitors of [°’H]MK-801 binding; ICs, values inscribed below structures obtained in 10 mM buffer (Tris or HEPES, pH 7.0). Plotted on the
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Figure 2. Coefficients of determination r? obtained by pair-wise comparison of ionic influences on 16 inhibitors of [*H]MK-801 binding as illustrated in Figure 1. The
frequency distribution of the 120 12 values is bi-modal (left panel). In the table below, 12 values above 0.57 (p <0.05) have pink and values below 0.11 gray background. None
of the apparent similarities remains significant after correction for repeated measurements, or after introduction of normally distributed noise.'”
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(Sigma-Aldrich) was included after extensive SAR studies'® to (Natick MA, contract NO1MH30003). Desmethylmaprotiline 15
investigate whether it would fit better with the di-cationic or the was a gift from Ciba-Geigy GmbH (Vienna, Austria), and NPS
mono-cationic group. N,N-Didesmethyl-diphenhydramine 7 was 1392 16 a gift from NPS Pharmaceuticals (Salt Lake City UT).!*

a gift of Parke-Davis (Ann Arbor MI),'' memantine 8 a gift from The ions Tris, H", Na*, K" and NHj; were inhibitory, Spm up to
Merz (Frankfurt am Main, Germany),'? and (S)- and (R)-ketamine 30 uM was stimulatory, and Mg?* was stimulatory up to 100 M
9 and 10 were gifts from Goddecke AG (Freiburg, Germany). and inhibitory at higher concentrations.'® Non-competitive NR
(S)-1,2-Diphenyl-2-propylamine 11 was provided by Astra antagonists exhibited various degrees of sensitivities to ionic
Charnwood (Loughborough UK)."* Phencyclidine 12 and buffer constituents, most of them operating best as inhibitors of
dextromethorphan 13 were from Sigma-Aldrich. Didesmethyl- [PH]MK-801 binding at low ionic strength conditions (10 mM Tris

chlorpromazine 14 (nor>-chlorpromazine) was prepared as part acetate or 10 mM HEPES + 3 mM Na®, pH 7.0). Figure 1 gives an
of the NIMH Chemical Synthesis Program and provided by RBI overview to the influences of 7 milieu constituents carrying
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Figure 3. Inhibition of [°’H]MK-801 binding to rat brain membranes by polyamine inverse agonists 1-5 (cyan), by (L)-Trp methylester 6 (red), and by NMDA channel blockers
7-16 (black symbols); influence of physiological cations and of Tris. All plotted values are ratios of ICsos (logarithmic scale); the basal condition for evaluating the influence of
30 uM spermine, 50 mM Tris and pH was 10 mM Tris acetate; for evaluating the influence of 50 mM Na*, 50 mM K*, 20 mM NH} and of 1.3 mM Mg?*, 10 mM HEPES + 3 mM
Na* was the reference. Note that the 21 figures a-u are arranged in the form of a correlation table: each of the seven influences is compared to the other six (upper left corner
a and lower right corner u have been moved). Many ionic influences were correlated to each other (with the exception of protons); “correlations surviving the introduction of
random noise (p <0.05; see Fig. S1 and excel file Table S5, Supporting information).
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positive charge at physiologic pH (see Supporting information for
more detailed data, Table S1). The ICso values at low ionic strength
conditions are inscribed below the respective structures.
Increasing Tris concentration (column ‘T") from 10 to 50 mM raised
the ICsq of 2 by a factor 4, but had no influence on 14, 15 and 16.
Relative change was bigger for Na* (3 — 50 mM; column ‘N’): some
ICs0s were shifted by a factor 10 or more (1, 2, 3). As expected, the
polyamine spermine (column ‘S’) had a strong influence on long-
chain di-cations 1-5 (polyamine inverse agonists), but also on 6, 7,
8,9 and 11 (among them typical channel blockers).

While the pattern of 7 columns with differing heights in Figure 1
might suggest similarities between some compounds, we tried to
quantify this apparent correspondence by applying a systematic
correlation analysis. By comparing the pattern of sensitivities of
each compound with each of the other 15, we obtained 120 coeffi-
cients of determination (r?). Frequency distribution suggested
heterogeneity, with a third of the values possibly signifying no cor-
relation at all (gray in Fig. 2). Some correlations, however, seem to
exist (pink background), although none of them survived random
noise superimposed to the data (see Supporting excel file,
Table S4). Against our expectations, the obtained coefficients of
determination did not reflect the grouping of the antagonists into
di-cationic (‘polyamine-type’, 1-5) and mono-cationic ones
(‘channel blocker-type’, 7-16). The highest r? values concerned cor-
relations across group boundaries. The results obtained for the Trp
derivative 6 did not facilitate its assignment to one of the groups.'®

Our data also allowed for investigating similarities between the
7 different milieu conditions (Fig. 3). The most impressive result
was a negative one: None of the investigated ionic influences bore
any resemblance to the influence of Hs0" ions (‘protons’; pH in
the figure). The highest correlation was observed between the
influences of K* and NHj (Fig. 3s). These cations have similar ionic
radii and enthalpies of hydration;'” they may interact with the
same target. The influences of the poly-cation Spm exhibited some
parallels to the influences of Na* and K* cations (c and d); also
influences by Mg?* seemed to correlate with influences by these
cations (r and t). The buffer cation Tris seemed to exert influences
similar to the influences of Na* (h); also with Mg?* (k) Tris might
share similar targets. These data are preliminary and await
confirmation by other approaches.

Both 30 uM Spm and 1.3 mM Mg?" may exert stimulatory
influences via a poly-anionic site at the extracellular GluN1/2B
interface.'® At least in the rat hippocampus, the majority of NRs
seems to harbor such an interface in triheteromeric GluN1/2A/2B
receptors.'® At this N-terminal interface, a specific pattern of acidic
amino acid residues keeps the subunits apart from each other due
to electrostatic repulsion. This disconnected conformation imparts
a low open probability to the channel (low P, state); it depends on
the nature of the neutralizing cations to which extent this repul-
sion is relieved. Polyamines like spermidine with 3 and spermine
with 4 precisely spaced positive charges are well suited for this
exercise, but also Mg?* and, under artificial conditions in the
absence of both, other cations may at least in part step in. We have
recently shown that the di-cationic compound 5 and several of its
structural analogs bring about inhibition of the NR in part by inter-
action with this acidic domain on GIuN1 but not on GluN2B;?° by
this unilateral attachment they seem to keep the interface in the
low P, state. lonic influences on NR inhibition by 5 di-cationic
and 11 mono-cationic compounds as presented here revealed sev-
eral analogies between these 2 structural classes. These similarities
may indicate that the N-terminal GluN1/2B interface is not only
the target of most di-cationic NR antagonists, but also of some of
the mono-cationic ones.

Since inhibition of [*H]MK-801 binding by the well tolerated NR
antagonist 8 (memantine)*! was influenced by various cations in a
way similar to the classical long-chain diamines 1 and 2, a closer

investigation of compounds with this kind of signature may be
warranted. In our collection, the lesser known compound 7 came
close to this signature (Fig. 2): Didesmethyl-diphenhydramine is
a metabolite of the antihistaminic diphenhydramine. We are not
aware of any investigation into the neuropharmacological proper-
ties of this metabolite. The di-methylated parent compound inhib-
ited [PH]MK-801 binding with lower potency (ICso 93 pM), as did
the mono-methylated metabolite (ICs5o 22 uM). Also 2 other pri-
mary amine metabolites of well-established psychoactive drugs
were tested: 14 and 15. Their potencies were comparable to the
potency of 7, and again the parent compounds chlorpromazine
(IC50 21 uM) and maprotiline (ICso 38 M) were weaker. In con-
trast to 7 and 8, 14 and 15 were only weakly influenced by cations
(Fig. 1), suggesting differing modes of interaction with the target.
The considerable potency at the NR of metabolites of widely used
drugs is remarkable. On the one hand, this may explain for one or
the other unwanted side-effect of the parent compound; on the
other hand, desired therapeutic effects as, for example, neuropro-
tection could be afforded by direct application of these metabo-
lites, benefiting from increasing drug safety after a long history
of medical use.
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