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SUMMARY
We examined the influence of the molecular structure of four
novel adamantane derivatives on their ability to block the chan-
nels of nicotinic acetylcholine (ACh) and N-methyl-D-aspartate

(NMDA) receptors. The structure of the drugs is Ad-CH2-N�H2-
(CH2)5-R, where Ad is adamantane and R was varied from
ammonium (IEM-1 754) to tert-butyldimethylammonium (IEM-
1 857) radical. The compounds induced double-exponential de-
cays of postsynaptic currents in frog muscles and flickering of
NMDA-activated channels, suggesting that each drug acts as a
fast open-channel blocker at both types of receptors. The
equilibrium dissociation constants (Kd) of the drugs for ACh-
activated channels at -80 mV were similar, whereas the Kd
values for NMDA-activated channels at -80 mV were 2-10
times lower. Several observations suggested that occupation of

either type of channel by these compounds inhibited channel
closure; the time constant (r) of the slow component of the
decay of postsynaptic currents in the presence of each com-
pound was greater than the control T, the IC50 of IEM-1 754 for
inhibition of NMDA-activated whole-cell currents was >20
times larger than its Kd for the open channel, and a transient
increase in NMDA-activated whole-cell currents was observed
after washout of IEM-1 754. Thus, these drugs appear to act on
nicotinic ACh and NMDA receptors via similar mechanisms,
although the voltage dependence of block suggested that the
drugs bind at a more superficial site in the ACh-activated
channel. All compounds also potently prevented NMDA-in-
duced convulsions in mice. The ED50 of IEM-1 754 was 4 times
lower than the ED50 of MK-801.

Channel-blocking drugs comprise an important class of
pharmacologically active compounds. Their modes of action

have been extensively studied, both to provide insight into

the mechanisms of channel blockade and to provide informa-

tion about the functional organization and structure of li-
gand-gated channels. Drugs that block the channel of the

NMDA receptor also have the potential to be of therapeutic
utility. Hyperfunction of these receptors is associated with

epileptic states (1) and with some forms of neurotoxicity that

result from acute insults or chronic degenerative states (2).
Administration of uncompetitive antagonists may provide a

pharmacological approach for reducing the deleterious ef-

fects of such pathological states.

The therapeutic utility of drugs that block the NMDA-

activated channel will undoubtedly depend on the character-
istics of their block. It is known that the commonly used,
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NMDA-activated channel blockers MK-801, phencyclidine,

and ketamine, although useful pharmacological tools, induce

cell swelling and eventual cell death in the cortex (2). In

addition, phencyclidine and ketamine induce a behavioral

state in humans that strongly resembles schizophrenia (3, 4).

It has been hypothesized (5-7) that these adverse effects may

be related to the slow rate of dissociation of these drugs from
the NMDA-activated channels (8) or to the ability of each of

these drugs to be trapped in the channel (8).
Memantine ( 1-amino-3,5-dimethyladamantane), an ada-

mantane derivative that blocks NMDA-activated channels, is

clinically well tolerated (9). It differs from MK-801, phencyc-

lidine, and ketamine in several respects; it has an unrelated

chemical structure, its dissociation kinetics are faster (6),

and it may have a lesser tendency to be trapped in the

channel (10). It is not known which, if any, of these differ-
ences may explain its reduced adverse effects. It seems rea-

sonable, however, to search for and characterize new ada-

mantane derivatives that act as blockers of the NMDA-

ABBREVIATIONS: NMDA, N-methyl-D-aspartate; ACh, acetylcholine; KA, kainic acid; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid; MK-801 , (+)-5-methyl-10,1 1-dihydro-5H-dibenzo[a,d]cyclohepten-5,1 0-imine; EPC, endplate current; Vm, membrane voltage; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(J3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; nACh, nicotinic
acetylcholine.
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activated channel, because they may lead to the creation of

potent and more safely administered drugs.

We describe here the channel-blocking activity of a series

of structurally related derivatives of adamantane. It has

been shown previously that 1-trimethylammonio-5-(1-ada-

mantanemethylammonio)pentane blocks open glutamate-ac-
tivated postsynaptic channels in the neuromuscular junc-

tions ofblowfly larvae (11). We have used this compound and

a related series of newly synthesized compounds to study

how the structure of the distal cationic group (bound to the

1-position of the pentane radical) of these compounds affects

blocking activity. Our first series of experiments revealed

that the IEM drugs act as open-channel blockers of nACh

receptors of frog muscles. We then compared the action of
these drugs on NMDA receptors with their action on nACh

receptors. Our data indicate that they block the NMDA-

activated channel via a similar mechanism but with higher

affinity and that the highest affinity drug (IEM-1754) is a

relatively ineffective antagonist of non-NMDA glutamate re-

sponses. Because the characteristics of the IEM drugs sug-
gested that they could be of clinical utility, we performed a

third series ofexperiments that demonstrated that the drugs

act as potent anticonvulsants in vivo. Some of the data con-

cerning the fast blockade of NMDA-activated channels have

been presented previously in preliminary form (12).

Materials and Methods

EPC Recording from Frog Neuromuscular Junction

Preparation and solutions. The isolated neuromuscular prep-

aration of the sartorius muscle of the frog (Rana temporaria) was
studied at room temperature (20-25#{176}).The preparation was pinned
in the chamber and perfused continuously with Ringer solution (115
mM NaCl, 2 mM KC1, 0.9 mM CaCl2, 6 mist MgCl2, 2.4 mr�s NaHCO3;

pH adjusted to 7.2-7.4 with HC1). In this solution electrical stimu-
lation of the motor nerve did not evoke muscle contractions. Before
recordings were begun, the preparations were allowed to equilibrate
for 30 mm. Preparations were superfused at approximately 1 mI/mm

with the indicated concentration of drugs dissolved in the Ringer

solution.
Data recording and analysis. EPCs were evoked by motor

nerve stimulation at a frequency of0.2 Hz. EPCs offrog muscle fibers

were recorded with conventional two-electrode voltage-clamp meth-

ods. Glass electrodes (resistance, 3-5 Mfl) were filled with 2.5 M KC1.
The residual voltage change during an EPC was <0.2% of the peak

amplitude of postsynaptic potentials recorded in the current-clamp
configuration. The recorded currents were low-pass filtered at 3 kHz
and digitally sampled at 25 kHz.

Ten to 20 individual postsynaptmc current responses were sam-

pled, averaged, analyzed on-line with locally written analysis pro-
grams, and stored for further off-line analysis. Amplitudes and decay
time constants of EPCs at Vm values from -50 to - 140 mV were
measured. Two different algorithms were used to fit the double-

exponential decay of EPCs. For most fits, first a slow exponential

component was fit by eye to the late portion of the EPC. The fast
exponential component was then fit by eye after subtraction of the
slow exponential component from the EPC decay data. The accuracy

of this procedure was verified in about one third of the experiments
by double-exponential fitting performed using an iterative curve-

fitting procedure described by Dempster (13). Best fit was deter-
mined by the parameter values that minimized the summed squared

error between data and the fit curve. The time constants of exponen-

tial components determined by the two methods were consistent to

within 1-5%. Measurements were repeated every 5 mm during a

control period of2O mm and during an experimental period of3O mm

after drug application.

Single-Channel and Whole-Cell Recording from Rat Brain
Neurons

Preparation and solutions. Experiments was performed at

room temperature on primary cultures of neurons from embryonic

rat brain cortex. Cultures were prepared using a modification of the
method described by Dichter (14). Pregnant Sprague-Dawley rats

were sacrificed by CO2 inhalation at 16 days after conception, and
brain cortices were obtained from 10-12 embryos. Cortices were

incubated in growth medium (83% minimal essential medium, 24

mM D-glucose, 18 mi�i HEPES, 1.9 mM L-glutamine) with 0.03%

trypsin for 40 mm at 37#{176}and then in Ca2�- and Mg�-free Earle’s

balanced salt solution for 40 mm at 37#{176}.Cells were dissociated by

trituration with a fire-polished Pasteur pipette, and debris was re-
moved by filtration through lens paper. Cell viability was estimated

using trypan blue exclusion, and a plating suspension of 200,000-

250,000 cells/ml was prepared in 80% growth medium/10% calf se-

rum/10% fetal bovine serum. Three milliliters ofthe plating suspen-
sion were plated onto 35-mm plastic dishes, each of which contained
three 15-mm-diameter coverglasses that had been coated with rat

tail collagen and poly-L-lysme. Five days after dissociation, cultures
were treated with mitotic inhibitors (20 �ag/ml 5’-fluoro-2’-deoxyuri-
dine plus 50 p.g/ml uridine) for 36-48 hr, to reduce proliferation of
non-neuronal cells. After treatment with mitotic inhibitors, cells
were fed three times each week with 90% growth medium/10% calf

serum. Cells were used for patch-clamp experiments after 15-35
days in culture.

The bathing solution used for outside-out single-channel and
whole-cell recordings consisted of 140 mM NaCl, 2.8 mM KC1, 1.0 atM

CaCl2, 10 mM HEPES, and 0.0002 mr�s tetrodotoxin; the pH was
adjusted to 7.2 with NaOH. The intrapipette solution consisted of
120 mz�i CsF, 10 mi�i CsCl, 10 mM EGTA, and 10 mM HEPES; the pH

was adjusted to 7.2 with CsOH.
Data recording and analysis. Patch-clamp recordings were car-

ried out on the stage of an inverted microscope with phase-contrast

optics. Gigaohm seals were obtained with Sylgard-coated glass pi-

pettes (resistance, 4-5 MfT1) for outside-out patch recordings and
with glass pipettes (resistance, 2-3 Mfl) for whole-cell voltage-clamp

recordings (15). After outside-out patch formation, the tip of the
patch electrode was placed in front ofthe mouth of a perfusion tube.
Patches were perfused with the indicated concentrations of drugs

dissolved in the bathing solution. Whole-cell currents were activated

by application of the indicated solutions with a multibarrel fast

perfusion system similar to that described (16).
Single-channel and whole-cell currents were recorded using

an Axopatch 200 or an Axopatch-1D patch-clamp amplifier (Axon
Instruments, Foster City, CA). Currents were filtered at 10 kHz

(-3-dB, four-pole, low-pass Bessel filter), digitized at 44 kHz, and
recorded on video tape using a Neuro-Corder DR-890 pulse code
modulator adapter (Neuro Data Instruments, New York, NY) and a

videocassette recorder. For analysis, the single-channel currents

were filtered at 4 kHz (-3-dB, eight-pole, low-pass Bessel filter) and

digitally sampled at 10 kHz, and the whole-cell currents were fil-
tered at 100 Hz and digitally sampled at 200 Hz. Sampling was

performed with a Labmaster data acquisition system and pClamp
software (Axon Instruments).

Single-channel data were collected in 30-60-sec blocks and then
were edited and analyzed with the Channel Analysis program (RC

Electronics, Goleta, CA). To plot distributions of dwell times, open-
ings and closings of channels were detected using a 50% threshold

criterion (17). Histograms of the duration of open and closed events
were constructed with square root versus log time plots ( 18) and
fitted with the maximum log likelihood method. Time constants were

corrected assuming that events shorter than the dead time of the
filter (0. 179/filter frequency) were missed (17). Each drug was inves-
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a Ad, adamantane (�q7).

tigated over a 10-fold concentration range. Higher drug concentra-

tions were not used because at higher concentrations a substantial

fraction of open durations became too brief to be fully resolved under

the recording conditions used.
In whole-cell recordings, the control steady state current ampli-

tude (tControl) was measured during the plateau phase ofthe response

to a 10-20-sec application of agonist. The response amplitude (‘B)

was measured at the end of a 10-sec application of agonist plus the

indicated concentration of the test compound. The response ampli-

tude during application of the test compound was normalized to the

amplitude of the control agonist response. Concentration-inhibition
curves were fitted with the equation ‘B = ‘Contro/[’ + ([B}f1C50)”�],

where [B] is the blocker concentration, IC50 is the blocker concen-
tration at which ‘B equals 50% of ‘Control’ and n11 is a parameter

reflecting the steepness ofthe curve, which has the same meaning as

the Hill coefficient.

All quantitative data are expressed as mean ± standard deviation.

Data for n = 2 were not subjected to statistical analysis. When t tests

were used, they were always two-tailed.

Convulsions Induced in Mice by NMDA and Other
Convulsants

Adult albino male mice (bred from Swiss mice) weighing 18-22 g
were used to measure anticonvulsant activity of channel blockers.

All animals were fed a standard diet. All applications of both con-

vulsants and anticonvulsants were as intracerebroventricular injec-

tions into the lateral ventricle, using a semiautomatic apparatus, as

described by Vanecek et al. (19). The injected drugs were dissolved in

saline (0.9% NaC1), and the pH was adjusted to 7.4-7.6 with NaOH.

Convulsant, i.e., NMDA (0.06 �.tg/mouse), KA (0.2 �tg/mouse), quino-

linic acid (5.0 .tg/mouse), nicotine (4.0 �tg/mouse), or pentylenetetra-
zole (200 pg/mouse), was injected, in a volume of5 �.il, 5 mm after the

injection of the anticonvulsant drug under study. Ten mice from a
large group of 100-120 mice that were raised together were tested

with one ofthe convulsants at the concentration indicated above. The

large group was used for subsequent tests of anticonvulsant activity
only if a convulsive response was evoked in eight or nine of the 10

mice. This procedure (test of the convulsant on a sample of 10 mice
from the large group of mice) was repeated between anticonvulsant
experiments to ensure consistent responses. Each mouse was sub-

jected to only a single injection of convulsant. In control mice, 5 p3 of
saline were injected instead of the convulsant drugs; this procedure
never produced convulsions. The ability of the anticonvulsants to
prevent the agonist-induced convulsions was examined by establish-

ing ED50 values and 95% confidence limits by means of the method

of Litchfield and Wilcoxon (20). Four or five doses of the anticonvul-

sants were tested (not fewer than 20 animals/dose) to plot the dose-

response curve for calculation of ED50.

Drugs

IEM drugs were synthesized at the Institute of Experimental

Medicine RAMS (St. Petersburg, Russia). Purity of the IEM drugs

was tested by elementary analysis and chromatography. AMPA and
MK-801 were obtained from Research Biochemicals (Natick, MA)

and nicotine from Aldrich (Milwaukee, WI). Other drugs were from

Sigma Chemical Co. (St. Louis, MO). All drugs were kept frozen in

stock solutions at concentrations of 0.2-100 mivi and were diluted to

the indicated concentrations before use.

Results

Structures of the IEM drugs. The four drugs studied
differ in the structures of the distal cationic radical bound in
the 1-position to 5-(1-adamantanemethylammonio)pentane.

These radicals were ammonium for IEM-1754, trimethylam-

monium for IEM-1460, isopropyldimethylammomum for

IEM-1592, and tert-butyldimethylammonium for IEM-1857

(Table 1).

Block of Cholinergic Postsynaptic Currents

We began our investigation of the channel-blocking activ-

ity of the IEM drugs by measuring their effects on the kinet-

ics of EPCs at the frog neuromuscular junction. This prepa-

ration has been extensively used to investigate the

mechanism of channel block of a variety of drugs (see Ref.

21). The decay (90-10% of peak amplitude) of EPCs evoked

in frog muscle fibers by motor nerve stimulation was well

fitted by a single-exponential function (time constant of T�)

under control conditions (Fig. 1). T� was voltage dependent,
increasing with hyperpolarization. Application of any of the
IEM compounds at concentrations of 10-100 pM induced a
concentration-dependent depression of the peak EPC ampli-

tude (Fig. 2A) and a concentration-dependent change in the
decay, which in the presence of drug became better fitted by

a double-exponential function (Figs. lB and 2B). Double-
exponential fits to the decay of EPCs in the presence of each

compound yielded time constants for the fast (T1) and slow (Ta)

components of the decay of the EPC (Fig. 2B). Extrapolation
of each exponential component of the fit to the time of peak

current yielded the values for the amplitude of each compo-

nent (A1 and As).

We observed that T1 was consistently faster than T�,

whereas T8 was consistently slower than T�. An increase in the

concentration of each compound resulted in a decrease of T1

and an increase of ; (Fig. 2B). These data strongly support
the idea that the IEM compounds act as open-channel block-

ers that follow the sequential scheme (22-25)

k+

A0R � A�R* + B � AOR*B (1)

where A,,R is the receptor with all agonists bound and the
channel closed, A�R* is the receptor with all agonists bound

TABLE 1

Structures of channel blockers studied

Compound Molecular structurea Chemical name

IEM-1754 [H3N�-(CH2)5-N �H2CH2Ad].2Br 1 -Ammonio-5-(1 -adamantanemethylammonio)pentane dibromide
IEM-1 460 [(CH3)3N�-(CH2)5-N�H2CH2Adl2Br 1-Trimethylammonio-5-(1-adamantanemethylammonio)pentane

dibromide

IEM-1 592 [(CH3)2CH(CH3)2N�-(CH2)5-N�H2CH2Ad].2Br 1 -lsopropyldimethylammonio-5-(1 -adamantanemethylammonio)pen-
tane dibromide

IEM-1 857 [t-(CH3)3C(CH3)2N�-(CH2)5-N�H2CH2Ad]2Br 1 -tert-butyldimethylammonio-5-(1 -adamantanemethylammonio)pen-
tane dibromide
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the compounds (k + and k ) can be calculated using ;, r�. ,;,

S �\\l�_l857

0 4 TIm#{149}(me) � 12

Fig. 1. Effect of 10 �tM IEM-1857 on the EPCs of the frog neuromus-
cular junction. A, EPCs recorded at - 130 mV under control conditions
(EPC of larger peak amplitude) and after application of the drug (EPC
with smaller amplitude, slower return to base-line). B, Semiloganthmic
plot of the normalized decays (time 0 defined as time of 90% of peak
amplitude) of the EPCs shown in A. Solid lines, data recorded under
control conditions and in the presence of IEM-1857. Dashedlines, slow
and fast exponential components determined by a double-exponential
fit to the EPC decay in the presence of IEM-1 857.

Fig. 2. Dependence on Vm and drug concentration of the effect of
IEM-1857 on the EPCs recorded in the frog neuromuscularjunction. A,
Effect on EPC amplitude (A,). 0, Under control conditions (C); A, in the
presence of 10 ,.LM IEM-1 857; U, in the presence of 30 �.tM IEM-1 857; V.?,

after 20-mm washout of the drug (Vi). B, Effect on EPC decay time
constant. 0, Under control conditions (re); A and �, in the presence of
10 ,.tM IEM-1857; U and 0, in the presence of 30 � IEM-1857; A and
�, slow component of decay (r�); � and 0, fast component of decay
(r,); V, after 20-mm washout of the drug. Lines, linear regressions
through the points. All data are from a single experiment.

and the channel open, B is the channel-blocking molecule,

A,�RB is the activated receptor with channel blocked, k + is

the rate constant of association (blocking reaction), and k is
the rate constant of dissociation (unblocking reaction). In the
presence of blockers that follow eq. 1, T1 is faster than �
because the channel open duration is shortened by the entry
of blocker into the open channel. However, progressive pro-
longation of the single-channel burst duration (the time
spent oscillating between states A�R and A�RB) should
occur as blocker concentration increases. The slow exponen-
tial component induced in the double-exponential decay of

EPCs reflects the prolongation by blocker of single-channel
burst duration (25).

In accord with eq. 1, the rate constants of block for each of

and the ratio of the amplitudes of the exponentials obtained

from the double-exponential fits to the decay of EPCs (23).
The k _was estimated from the equation k = [1/; + Aj( A1
-r1)V(1 + AjA,-). The k� was estimated from the equation k +

= (1/; + 1/r1- lJ;-k J/[B]. The channel-blocking rates and
equilibrium constants for each IEM compound obtained at
two levels OfVm are presented in Table 2. The values ofk #{247}for
IEM-1754, -1592, and -1857 did not differ significantly from

each other; for IEM-1460, however, k#{247}was approximately

2-fold higher. The values of k.. were also similar for IEM-
1754, -1592, and -1857 but were significantly higher for IEM-
1460, resulting in a Kd that was slightly but significantly
lower than the Kd values for the other IEM drugs. Thus, the
results suggest that the compounds studied are open-channel
blockers of nACh receptors with moderate potency (Kd in the

range of 10-50 �tM) and relatively fast rates of dissociation
(450-700 sec 1) When the ACh-activated channel is blocked
by any IEM drug its closure is inhibited, although with the
present data we cannot determine whether channel closure is
fully prevented. Block induced by the drugs was weakly

voltage dependent (Table 2); the Kd values for all four drugs
decreased with hyperpolarization, and the decreases of the
Kd values of both IEM-1754 and IEM-1857 were significant.

Blockade of NMDA-Activated Currents

Memantine, a derivative of adamantane, has been shown
to block open NMDA-activated channels (6). The adaman-
tane derivative amantadine acts as an open-channel blocker
of both nACh receptors of frog muscle (24) and of NMDA

receptors (10). We investigated the possibility that the IEM

compounds also can inhibit, by similar mechanisms, both

NMDA and nACh receptors. To permit quantitative determi-
nation of the rate constants of block, we began by studying
NMDA response inhibition using single-channel recording

techniques.
“Flickering block” of NMDA-activated channels. The

application of 10 p.M NMDA plus 10 p.M glycine (control

conditions) to outside-out patches induced single-channel

currents. We attribute these currents to the activity of

NMDA-activated channels, based on single-channel conduc-

tance and kinetics and the absence ofopenings in the absence
of NMDA at all of the Vm values studied. All four IEM drugs
affected the kinetic properties of single-channel currents.
Fig. 3 illustrates single-channel currents under control con-
ditions and in the presence of each of the compounds. Under
control conditions, relatively long-duration openings inter-

rupted by infrequent brief closures were observed. In the

presence of each of the IEM compounds, channel openings
were interrupted frequently by brief closures that were not

observed without the compounds. This flickering block (21)
strongly suggests that these substances act as fast blockers of
the NMDA-activated channel. The block resembles the block
by extracellular Mg�� observed at similar Vm values (26-28).
It is unlikely, however, that there was significant Mg�� con-
tamination of our solutions, because the mean open times of

NMDA-activated channels under control conditions at +40

mV (5.04 ± 0.83 msec, n = 7) and at -80 mV (4.05 ± 0.68
msec, n = 8) were not significantly different. In addition, we
measured by flame spectrophotometry the Mg�� concentra-

tion in the bathing solutions with 10 �tM NMDA, 10 p.M

glycine, 0.2 p.M tetrodotoxin, and 30 p.M IEM-1460, -1592, or



TABLE 2

Rate and equilibrium constants of open-channel block of NMDA and nACh receptors at two membrane voltages
Mean ± standard deviation values (n = 3-7) or mean values (n = 2) are presented. The k� for NMDA-gated channels was calculated for each patch as the slope of
the dependence of 1/re on [B]. Values of k#{247}for Ach-gated channels measured at different blocker concentrations were pooled to calculate mean values of k� in each
experiment. For both receptors, values of k_ measured at different blocker concentrations were pooled to calculate mean values of k_.

Drug Vm

k#{247}(107) k_ Kd

NMDA ACh NMDA ACh NMDA ACh

mV M � sec � sec � pM

IEM-1754 -80
-120

22.3 ± 3.0#{176}
36.1 ± 08a,b

2.4 ± 0.5
2.9 ± 0.5

775 ± 214
123 ± 15b

532 ± 57
475 � 86

2.8 ± 0.6#{176}
0.4 ± 0.l�

25 ± 5
17 ± 3d

IEM-1460 -80
-120

4.6
9.5

5.4 ± 1 .3”
7.2

776
171

696 ± 79�
858

15.8
1.72

13 ± 3g
12

IEM-1592 -80
-120

4.6
11.2

1 .9 ± 0.5
2.2 ± 0.4

820
274

453 ± 27
460 ± 43

16.7
2.44

27 ± 5
21 ± 2

IEM-1857 -80
-120

4.9 ± 0.6
12.4 ± 22b

1.7 ± 0.3
2.0 ± 0.3

662 ± 110
370 ± 98C

543 ± 38
354 ± 47�

13.5 ± 4.5
3.0 ± o9b

49 ± 20
18 ± 3d

a Value for IEM-1754 differs from the corresponding value of IEM-1857 at the same Vm (t test for independent groups, p < 0.01).
b.c Value differs from the value obtained for the same compound at Vm 80 mV (t test for correlated groups; b, p < 0.01 ; c, p < 0.05).
do Value differs from the value obtained for the same compound at Vm 80 mV (t test for correlated groups; d, p < 0.05; e, p < 0.01).
f.g Value differs from the corresponding value at the same Vm for other compounds (one-way analysis of variance; f, p < 0.01 ; g, p < 0.05).
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Fig. 4. Effect of IEM-1 857 on kinetics of NMDA-activated single-chan-
nel currents induced in outside-out patches by application of 10 �M

NMDA plus 10 �tM glycine at -80 mV. A, Distribution of open times
under control conditions; B, distribution of closed times under control
conditions; C, distribution of open times in the presence of 10 �aM
IEM-1857; D, distribution of closed times in the presence of 10 �.tM
IEM-1 857. All histograms are presented as square root versus log time
plots. Lines, single- or triple-exponential fits to the data. Numbers
shown above the exponential components, time constants. All plotted
data were obtained from the same patch.
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10 �M NMDA

10 �M Gly

-�i�-� -�--�
� �

+30 �M IEM-1460

+30 �M IEM-1592�*v�r,n1mrr
+30 �iM IEM-1857

Fig. 3. Flickering block of NMDA-activated single-channel currents
induced by the compounds studied. Traces, single-channel currents
recorded with 10 �.tM NMDA plus 10 �.tM glycine (Gly) at -80 mV, in the
absence (upper trace) and in the presence (lower four traces) of each
compound (the drugs and concentrations added are indicated directly
above the traces). Recordings in the absence of drug and in the
presence of IEM-1 460 were obtained from the same patch.

-1857. In each case, the Mg�� concentration was below de-
tectable levels (about 2 p.M).

Mechanism of block. The data of Fig. 3 suggest that the
IEM compounds act as blockers of the open NMDA-activated

channel. Ifthis suggestion is correct, then our single-channel

data should conform to the following predictions (22, 25): (i)
mean open time should be decreased by the drug, but the

number of exponential components in the open-time histo-
gram should be the same in the absence and presence of drug;

(ii) k#{247}should equal (l/TO,B - 1/To,c)/[B1, where TO,C �5 the
mean open time under control conditions and TO,B is the

mean open time in the presence of channel blocker at a

concentration of [B]; (iii) k should not depend on [B] and
should equal i/TB, where TB �5 the mean duration of the
blocked state; and (iv) the mean duration oflong closed times

(reflecting residence times in states to the left ofA,,R*) should

not be affected by the channel blocker.

To determine whether the four compounds act by blocking
the open NMDA-activated channel and, if so, to quantify the

rate constants of block, we measured the following kinetic

parameters at -80 and - 120 mV: T0, the mean duration of

channel openings under control conditions or in the presence
of blocker, which can be used to estimate TO,C and To,B; T�,C,

the mean duration of short closures under control conditions;

TAC, the mean duration of additional short closures in the

presence ofthe compounds, which can be used to estimate TB;

and TL,C, the mean duration of long closures between bursts.

Open-time histograms were generally well fit by single-
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exponential functions both under control conditions (Fig. 4A)

and in the presence of each compound (Fig. 4C). In some
experiments a second, very brief, open-time component,
which we did not attempt to fit, was observed. Up to three

exponential components have been required to fit open-time
histograms when NMDA receptors are activated by gluta-

mate (29). However, histograms in the presence ofNMDA are

generally adequately fit by a single-exponential function (27,

28). The value of T0 at -80 mV in the presence of each IEM
compound (e.g., Fig. 4C) was smaller than ‘r0 under control
conditions (Fig. 4A; see above), as would be expected of an

open-channel blocker (prediction i). In the presence of 30 p.M

IEM-1857, -1592, and -1460, the values of ‘r0 were 0.64 ±

0.02 msec (n = 4), 0.62 msec (n = 2), and 0.64 msec (n = 2),

respectively. IEM-1754 at 7.5 p.M decreased T0 to 0.65 ± 0.10

msec (n = 6).

Closed-time histograms under control conditions exhibited
a multiexponential distribution (Fig. 4B) (29). Control closed-

time histograms were generally adequately fit with three
exponential components. The presence of any of the corn-

pounds induced an additional component in the closed-time

distribution (e.g., Fig. 4D). For confident measurement of the
time constant ofthe additional component (TAC), it had to be
distinguished from the closed-time components present un-

der control conditions. It was often not possible to distinguish

T5,� and ‘TA,C under the experimental conditions used here;

� �5 relatively fast (0.32 msec in Fig. 4B; see also Ref. 28),

and the distribution of short closures often overlapped with
the distribution of the blocked state. However, when suffi-
ciently high concentrations of the compounds were used,

channel block occurred much more frequently than brief do-
sures. Comparison ofthe amplitudes ofthe exponential fits in
Fig. 4, B and D, demonstrates that the blocked state was

observed far more frequently than short closures under con-
trol conditions. Because of the much higher frequency of

channel-blocking events, we were able to accurately measure

the value of TA,C despite the presence of short closures.

The IEM drugs induced a concentration-dependent de-
crease of T0. Fig. 5A shows qualitatively that at -80 mV the

frequency of block appeared to increase with the concentra-
tion of IEM-1857. Plots of the value of lIT0 as a function of

drug concentration could be well approximated by a straight
line (Fig. 5B). This is consistent with channel block predic-

tion ii, which also states that the slope of the line should be

equal to the blocking rate constant k �. At each Vm tested, the

slope of such plots for IEM-1754 was significantly greater
than those for IEM-1460, -1592, and -1857. This suggests

that the blocking rate for IEM-1754 is substantially higher

than the corresponding rates for IEM-1460, -1592, and -1857,
which were nearly identical to each other (Table 2). As Fig.

SC and Table 2 show, the rate constant of dissociation (k _)

did not depend either on the concentration of channel blocker
(channel block prediction iii) or on the channel blocker mo-
lecular structure. The higher value ofk� for IEM-1754 there-
fore leads to a lower equilibrium dissociation constant (Kd)

value, calculated as the ratio Kd = k Jk #{247}(Table 2). In accord

with prediction iv, none of the compounds affected TLc; the
ratio of TL,C in the presence of the compounds to TLC under

control conditions was 1.34 ± 1.05 (n = 16). Under control
conditions TL,C ranged between 48 and 990 msec, with a
mean value of 301 msec (n = 16).

10 �M IEM-1857

� �:i�r�n
B �; � � //

�

�y7,
0 10 20 30 0 10 20 30

[B] (NM) [B] (NM)

Fig. 5. Dependence of blocking kinetics on concentration of channel
blockers and on membrane potential. A, Traces show single-channel
currents recorded with 10 �.tM NMDA plus 10 jtM glycine in the presence
of 0 (upper), 3 (middle), or 10 (lower) �tM EM-i 857, at -80 (left) or +40
mV (right). B, Reciprocal mean open time (l/T�,) is plotted as a function
of blocker concentration (fBI) at -80 and -120 mV. Lines, linear re-
gressions through the points. Inverted triangles, IEM-1754; circles,
IEM-1857. Open symbols, Vm 80 mV; filled symbols, Vm 120
mV. Symbols with error bars, means ± standard deviations of three to
five experiments. C, The rate constant of blocker dissociation (k_) is
plotted as a function of blocker concentration at -80 and -120 mV.
The k_ was calculated from the equation k_ = i/TB. Symbols have
same meanings as in B.

Voltage dependence of block. Fig. 5A shows qualita-
tively that block of NMDA-activated channels by the com-
pounds is voltage dependent; flickering block induced by
IEM-1857 at -80 mV was not visible when the patch was
depolarized to +40 mV. To quantitate the voltage depen-
dence of the rate constants of open-channel block and to
compare the voltage dependence of these constants with that

of the block of nACh receptors, kinetic measurements were
made at - 120 mV as well as at -80 mV. Fig. 5B shows that

lIT0 for IEM-1754 and -1857 at each tested concentration
was greater at - 120 mV than at -80 mV, resulting in a
greater slope of concentration dependence at - 120 mV and a

greater calculated value of k ± . Hyperpolarization increased
the blocking rates of each blocker (Table 2). This is the
direction ofvoltage dependence that would be expected for an
extracellularly applied channel blocker with a positive

charge. The effect of hyperpolarization on k was opposite;
k decreased with hyperpolarization (Fig. SC; Table 2). This
voltage dependence of k suggests that, when dissociating,

the blockers preferentially return to the extracellular me-
dium. Table 2 summarizes the parameters of channel-block-
ing activity at -80 mV and at - 120 mY and allows quanti-
tative comparison of the block of NMDA-activated and ACh-
activated channels. It is clear that block by each compound of
NMDA-activated channels is strongly voltage dependent.

Apparent dissociation constant from whole-cell ex-
periments. Although the data presented above demonstrate
that the IEM drugs block open NMDA-activated channels,
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Fig. 6. Concentration-inhibition curve for block by IEM-1754 of whole-
cell NMDA-activated currents at -80 mV. A, IEM-1 754 at 30 and 50 �M
(bars above the traces) decreased the amplitude of whole-cell currents
evoked by the application of 10 �M NMDA plus 10 �M glycine. B, The
concentration-inhibition curve of whole-cell responses evoked by the
application of 10 j.tM NMDA plus 10 �M glycine is shown. Symbols,
mean ± standard deviation values of three to seven cells. Line, best fit
to the data points of the equation described in Materials and Methods.
The IC50 of the IEM-1 754 effect estimated from the fit equals 60 �M,

and nH �5 1.44.
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they do not allow determination of the pathway(s) through

which the channel can leave the open blocked state (A,,R*B).
Equation 1 postulates that the binding of channel blocker

prevents channel closure. Ifthis postulate is correct, then the

IC50 of the blocker measured in whole-cell experiments
should be greater than the open-channel Kd of the blocker

(22). The difference should be greatest when IC50 is mea-
sured in the presence of low agonist concentrations. If chan-
nel closure is unaffected by the binding of blocker, however,
then the open-channel Kd (Table 2) and whole-cell IC50 may
be equal. Equation 1 therefore predicts that the IC50 of inhi-
bition ofwhole-cell currents by the IEM compounds should be
greater than the Kd measured from single-channel experi-
ments. The difference should be accentuated at relatively low

NMDA concentrations.

In accord with this prediction, concentrations of IEM-1754
much higher than the Kd value measured in single-channel
experiments were necessary to induce substantial inhibition

of whole-cell currents in the presence of 10 p.M NMDA (Fig.
6A). The value of IC50 (60 p.M) estimated from the concentra-

tion-inhibition curve (Fig. GB) was >20 times greater than

the Kd value for IEM-1754. This observation supports the

conclusion that closure of the NMDA-activated channel is

partially inhibited or fully prevented during channel block by

IEM-1754.
Selectivity of block. The selectivity of IEM-1754 among

glutamate receptors was assessed by comparing its effects on
whole-cell currents evoked by the excitatory amino acids
NMDA, I(A, and AMPA. IEM-1754 at 100 p.M had relatively
little effect on currents induced by application of3O p.M KA or

20 p.M AMPA, whereas it strongly blocked the current evoked

by 10 p.M NMDA plus 10 p.M glycine (Fig. 7). The amplitudes

of responses evoked by NMDA, KA, and AMPA in the pres-
ence of 100 p.M IEM-1754 were 0.15 ± 0.02 (n = 4), 0.92 ±

0.09 (n = 4), and 0.92 ± 0.08 (n = 6), respectively, relative to

the amplitudes of control responses. A rapidly decaying cur-
rent peak after removal of IEM-1754 was consistently ob-

served after inhibition of NMDA-activated currents (Fig. 7A;

see Discussion) but was never observed after inhibition of

KA- or AMPA-activated currents.

10 S

Fig. 7. Selectivity of IEM-1754 action among glutamate receptors. A,
IEM-1 754 at 100 .tM decreased the amplitude of current evoked by the
application of 10 ,.tM NMDA plus 10 �M glycine, at -80 mV, to 13% of
control value. B and C, Currents evoked by applications of 30 �M KA (B)
and 20 ,.�M AMPA (C) at -80 mV were decreased to 82% and 92% of
control values, respectively. Traces shown in A and C were obtained
from the same neuron. Bars above the traces, application protocols.

Anticonvulsant Effect

Many drugs that block the NMDA-activated channel are
effective anticonvulsants in various seizure models (5). The

data presented here therefore suggest that the IEM corn-

pounds may exhibit anticonvulsant activity. We investigated

this possibility by measuring the ability of the IEM com-

pounds to prevent seizures induced by a series of convulsants

(Table 3). We also compared their anticonvulsant activity
with that of MK-801, one of the most potent blockers of

NMDA channels (8). Intracerebroventricular injection of

each of the convulsants alone produced convulsions in 80-
90% of mice (see Materials and Methods) within 5 mm of the

time of injection. Convulsions consisted of wild running or

jumping and generalized clonic seizures, sometimes accom-
panied by tonic episodes. All adamantane derivatives studied

produced clear protection against convulsions evoked by

NMDA (Table 3). The ED50 values of IEM-1460, -1592, and
-1857 did not differ significantly from that of MK-801. IEM-
1754 prevented convulsions with an ED50 4-9.5 times lower

than that of the other IEM compounds studied and 4.5 times
lower than that of MK-801. The effect of all anticonvulsants

was concentration dependent up to the ED70. In most exper-
iments, increasing the dose of anticonvulsant (including MK-

801) beyond the ED70 did not result in further protection. In

contrast to the adamantane derivatives, administration of
MK-801 at its ED50 produced obvious behavioral changes in
mice (excitation, locomotion failure, and sometimes seizures)
before the administration of convulsant. To study the speci-

ficity of the anticonvulsant effect, seizures were evoked by
other convulsants (KA, quinolinic acid, nicotine, and penty-

lenetetrazole). Even at very high doses (10-50 times higher
than the ED50 for NMDA-induced convulsions), the corn-
pounds under study were ineffective at preventing the con-

vulsions evoked by all convulsants tested other than NMDA

(Table 3).
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TABLE 3
Comparison of anticonvulsant activity of IEM drugs and MK-801
Convulsants were injected into the lateral cerebral ventricle of white mice 5 mm after the injection of anticonvulsant. All drugs were injected in a volume of 5 Ml.

Anticonvulsant

ED50

NMDA
(0.06 Mg/mouse)

KA
(0.2 pg/mouse)

. . . .
Ouinolinic acid
(5.0 pg/mouse)

.
Nicotine

(4.0 pg/mouse)
Pentylenetetrazol
(200 pg/mouse)

nmol/mouse

IEM-1754
IEM-1460
IEM-1592
IEM-1857
MK-801

o.oo3r
0.029
0.025
0.013
0.014

0.5 >0.5
>0.05

>0.5
>0.5

>0.5
>0.05

>0.5

a Value differs significan tly from other values in the same column (Litchfield a nd Wilcoxon method, p < 0.05).

Discussion

Open channel block by IEM drugs. The data presented
here show that the four IEM compounds studied block open

channels of nACh and NMDA receptors. Each of the drugs
induced double-exponential decay of EPCs in frog muscles
(Figs. 1 and 2B) and flickering of NMDA-activated single-
channel currents (Fig. 3). Each of the IEM compounds de-

creased, in a concentration-dependent manner, the time con-
stant of the fast component of EPC decay (Fig. 2B) and the

mean open time of NMDA-activated channels (Fig. 5A). The
dependence of mean open time of NMDA-activated channels
on blocker concentration was linear (Fig. 5A). The rate con-

stant of dissociation from either nACh or NMDA receptors
did not depend on blocker concentration (Fig. SB; Table 2). In

addition, no changes in the mean duration of long closed
times of NMDA-activated single-channel currents were ob-
served in the presence ofthe IEM drug (Fig. 4, B and D). The
evidence described above indicates that each of these recep-
tors contains within its ion channel a binding site for the IEM
compounds and that occupation of the binding site prevents

ion flow through the channel.

Our data suggest that the sequential scheme of open-chan-

nel block (eq. 1) provides a reasonable first approximation to

the dominant mechanism by which the IEM drugs interact

with both nACh and NMDA receptors. The IEM drugs in-
duced in the decay time course of EPCs a second exponential
component that was slower than the decay time constant
under control conditions. The time constant of the slow com-

ponent became slower as the drug concentration was in-
creased (Fig. 2B). These characteristics strongly support the
idea that binding of the IEM drugs inhibits closure of ACh-

activated channels. We investigated the interaction of IEM
drug binding with gating of NMDA receptors by comparing

the block of single-channel and whole-cell currents. As pre-
dicted by eq. 1 (22), we found that the IC50 of IEM-1754
obtained in whole-cell experiments (Fig. 6) was much higher
than the Kd estimated from single-channel current analysis
(Table 2). Fig. 7A illustrates an additional characteristic of
the effect ofIEM-1754 on whole-cell currents that is typical of
blockers that inhibit channel closure; shortly after the rapid

removal of a high concentration of IEM-1754 in whole-cell
experiments, a transient current peak was consistently ob-

served. Similar peaks have been observed in experiments
with tetrabutylammonium (30), 1,2,3,4-tetrahydro-9-amino-
acridine (31, 32), and 9-aminoacridine (33). The peaks gen-

erally have been attributed to the ability of these drugs to

block the open channel and inhibit channel closure while

blocking (31-33), although there are possible alternative ex-
planations (30). This observation thus is consistent with the
suggestion, based on comparison of whole-cell IC50 and sin-
gle-channel Kd values, that binding of IEM-1754 inhibits
channel closure. We expect that the mechanism of action of
the other IEM compounds is similar, although additional

data will be needed to verify this prediction. The ability of

IEM-1754 (and possibly the other IEM compounds) to inhibit

closure of the NMDA-activated channel contrasts with the

mechanism of action of the majority of known blockers of the
NMDA-activated channel (8, 10, 27, 34, 35).

Structure-activity relationships. The structure-activ-

ity relationship of these compounds revealed similarities in
their actions on nACh and NMDA receptors. All of the IEM
compounds exhibited similar equilibrium dissociation con-

stants (Kd) for blockade of the open channel of the nACh
receptor (Table 2). The observation that the change of the
distal cationic radical from ammonium to tert-butyldimeth-

ylammonium did not influence blocking activity suggests

that the S-(1-adamantanemethylammonio)pentane group
plays the principal role in binding to the ion channel. The
ability of n-alkyl analogues of amantadine to block the ACh-

activated channel with similar potency supports this idea

(24).

Several lines of evidence suggest that the 1-adamantane-
methylammonium group plays the main role in binding to
the NMDA-activated channel: (i) the blocking characteristics
of IEM-1460, -1592, and -1857, which have considerably dif-

ferent trialkylammomum radicals, are very similar (Table 2);

(ii) the singly charged, NMDA-activated channel blocker me-
mantine (1-amino-3,5-dimethyladamantane), the chemical
structure of which resembles the 1-adamantanemethylam-
monium group of our compounds, exhibits block of the
NMDA-activated channel with affinity of the same order of

magnitude as that of the IEM drugs (macroscopic Kd = 6.1

p.M at Vm 0) (6); and, (iii) tetraethylammonium, the chem-
ical structure of which resembles the distal trialkylammo-
nium radical ofour compounds, inhibits current flow through
the NMDA-activated channel only at much higher concentra-

tions (apparent Kd = 45 m� at Vm 0) (36). IEM1754,
however, the drug with the smallest distal cationic group
(-NH3�), exhibited a k ± at least 4 times greater than that of
the other drugs, whereas its k was not significantly differ-

ent. The distal cationic group must therefore play some role
in drug binding. At the Vm values tested, the association rate

ofIEM-1754 was unusually fast; it was comparable to that of
Zn2� (34) and arcaine (35) and substantially faster than that
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1 D. Tichonov and L. Magazanik, unpublished observations.

of Mg�� (27, 28), whereas the dissociation rate of IEM-1754
was slower than that of these agents. Thus, IEM-1754 has
the highest affinity among these fast blockers of NMDA-

activated channels.

Voltage dependence. Block of the NMDA-activated
channel exhibited stronger voltage dependence than did

block ofthe ACh-activated channel. The location ofthe site at
which channel blockers bind can be estimated from the volt-
age dependence of block using the Woodhull model (37).

Although the Woodhull model requires numerous assump-

tions that may not be satisfied during block of the NMDA-

activated channel (38), estimation of electrical distance pro-
vides a useful method for comparing relative binding site
locations for different substances. The mean voltage depen-
dence of the Kd values for the IEM compounds was an e-fold
change for 17 ± 5 mV (n = 4) (Table 2). Assuming that each
compound binds at the same site in the NMDA-activated
channel, this corresponds to z� = 1.49, where z is the charge

ofthe molecule and � is the fraction ofthe total electrical field
traversed by the molecule in the process of binding. Because

the IEM drugs studied can be doubly charged at physiological
pH (Table 1), the appropriate value of z appears to be 2,
indicating that � = 0.75. This location is similar to that

estimated for memantine (6).
Interpretation of the value of � depends on the binding

conformation of the IEM compounds. Molecules with amino
groups separated by more than nine carbon atoms may be

able to bind in the NMDA-activated channel in a folded
conformation (39). The shorter carbon chain of the IEM com-

pounds, as well as calculations using molecular mechanics

optimization algorithms,’ suggests that these compounds
block in an extended or nearly extended conformation. Our

data therefore suggest that the calculated values of � corre-
spond to a point between the charged nitrogens when blocker

is bound.

In contrast to the voltage dependence of block of the
NMDA-activated channel, the Kd of block by the IEM com-
pounds of ACh-activated channels was only weakly voltage

dependent. Based on the data in Table 2, the average voltage

dependence ofKd was e-fold for 75 ± 26 mV (n = 4), yielding
� = 0.33, or, with a z of 2, � = 0. 17. The binding site for the
IEM compounds appears to be close to the outer vestibule of
the ACh-activated channel.

Anticonvulsant activity. Many drugs that block the
NMDA-activated channel are effective as anticonvulsants

against seizures induced by a variety of chemoconvulsants,
including NMDA, picrotoxin, and bicuculline. Blockers of the
NMDA-activated channel usually are weaker against convul-

sions induced by pentylenetetrazole (5). The selectivity of

action of the IEM compounds (Table 3) suggests that block of
the NMDA-activated channel is critical to the anticonvulsant

activity of the IEM drugs.
Although both the open-channel Kd (Table 2) and the

whole-cell IC50 (Fig. 6) of IEM-1754 are much higher than

the estimated dissociation constant of MK-801, the anticon-

vulsant potency of IEM-1754 exceeded that of MK-801. The
potencies of the other IEM compounds were similar to that of
MK-801. One possible explanation for these observations is

that the pharmacokinetics of MK-801 may be drastically
different from those of the IEM compounds. This seems un-

likely, for several reasons. First, the molecules are of similar

size. Second, our use of intracerebroventricular injections

should minimize pharmacokinetic differences, because ac-

cess to the site(s) of action from the site ofinjection should be
excellent. Finally, the short delay (S mm) between the injec-

tion of anticonvulsant and that of convulsant should have
minimized differences due to potential loss of anticonvulsant

from the brain.

An alternative explanation for the remarkable anticonvul-
sant activity of the IEM drugs is that prevention of convul-
sions by blockers of NMDA-activated channels may depend

on the blocking rate (k±) as well as the steady state IC50 (5).

Effective anticonvulsant activity may require that a blocker

enter the NMDA-activated channel rapidly, especially if the

blocker is applied shortly before the convulsant, as in the

protocol used here. The blocking rates (k±) ofthe drugs under

study correlate well with anticonvulsant activity. The k ±

values of IEM-1460, -1592, and -1857 at -80 mV (Table 2)
are a little greater than the k� of MK-801 at -60 mV (2.4 x

io� M � sec ‘) (40), whereas the k ± of IEM-1754 is nearly 10

times greater. The similarity between the relative blocking

rates and the anticonvulsant potency of these drugs supports

the idea that the rate at which a drug blocks the NMDA-

activated channel may be an important determinant of its
effectiveness as an anticonvulsant.

The IEM drugs possess two other traits that may prove

important to their potential therapeutic utility. First, their

unblocking rate (as well as their blocking rate) is fast, rela-
tive to that of most other blockers of NMDA-activated chan-
nels. Slow unblocking rates have been associated with toxic-
ity, and it has been suggested that uncompetitive antagonists

with rapid unblocking rates may be safer drugs for clinical

use (5-7). Second, IEM-1754 (and possibly the other IEM

drugs) inhibits channel closure and therefore cannot be eas-
ily trapped in the NMDA-activated channel. The ability of

channel blockers to be trapped in the NMDA-activated chan-
nel may decrease the potential clinical utility of the drugs (6,
7). Memantine, another adamantane derivative that blocks
NMDA-activated channels (6), does not prevent closure of the
NMDA-activated channels (10). The most obvious structural
difference between memantine and the IEM drugs is the
addition to the IEM drugs of a relatively long pentane radical

with a charged ammonium or trialkylammonium group.

Based on this comparison, we can speculate that this side

chain plays an important role in the prevention by the IEM
drugs of channel closure.

These data lead us to expect that IEM-1754, or future

drugs based on its structure, may be useful both as research
tools and in the prevention of pathological states that result

from excessive activation of glutamate receptors. The future

development of more effective drugs may be aided by the
information provided here on the relation between the chem-
ical structures and the molecular pharmacology ofthese com-
pounds.
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