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Abstract

The clinical potential of most N-methyl-D-Aspartate (NMDA) receptor antagonists as
neuroprotectants is hampered by the fact that they block physiological NMDA receptor
mediated activity at neuroprotective concentrations. However, unlike other NMDA
antagonists, the open-channel blocker memantine displays relative sparing of excitatory
post-synaptic currents (epsc) at neuroprotective levels, apparently due to its purely
uncompetitive mode of antagonism. In contrast, the failure of MK-801 to spare epscs
suggests that the clinical potential of an open-channel blocker is determined by its on-
and off- rate constants. Is there a set of unique on- and off- rate constants that optimizes
the mutually conflicting demands of neuroprotection and clinical tolerance? Using Kinetic
theory and exploiting the differences in temporal profile of glutamate concentrations
under physiological and pathological conditions, we calculated optimal rate constants.
The calculations were subject to the following three constraints: the antagonist should (i)
block sustained NMDA receptor activity as much as possible, (ii) attain steady-state
blockade within a reasonable time (seconds), and (iii) spare NMDA epscs to the greatest
degree possible. Our calculations establish the best theoretical parameters for clinically-
tolerated NMDA open-channel blockers and raise the possibility of using specific NMDA
receptor channel blockers prophylactically for various neurologic disorders.



Introduction

Glutamate is a major excitatory neurotransmitter in the brain. During synaptic
transmission glutamate is released by pre-synaptic neurons and activates both NMDA
and non-NMDA subtype of glutamate receptors of post-synaptic neurons. Calcium influx
via NMDA subtype of ion-channels during epscs is crucial for various brain functions
such as learning, memory, and perception. In contrast to the transient NMDA receptor
activation that mediates normal physiological functions, sustained NMDA receptor
activity has been implicated in various neurologic diseases. Excessive calcium influx
during pathological NMDA receptor activation leads to neuronal degeneration and cell
death in acute neurologic disorders such as stroke, trauma, epilepsy and has causative
role in chronic diseases such as AIDS dementia, Huntington’s disease, and Alzheimer’s
disease (Lipton and Rosenberg, 1994). One approach to neuroprotection is to block
NMDA receptor activity. This strategy, though effective in offering neuroprotection,
inevitably interferes with physiological NMDA epscs because NMDA antagonists, both
competitive and non-competitive, cannot discriminate pathological activation of NMDA
receptor from physiologic NMDA receptor activity (Lipton, 1993).

Memantine, an NMDA open-channel blocker, has been shown to be neuroprotective
against excitotoxicity mediated by NMDA receptors (Chen et al., 1992). Unlike other
classes of NMDA antagonists, memantine displayed relative sparing of epscs (Rayudu et
al., 1996), apparently due to its purely uncompetitive mode of antagonism (Chen and
Lipton, 1997). But MK-801, which is also an NMDA open-channel blocker, did not spare
epscs. Compared to memantine, MK-801’s inability to spare epscs may be due to its slow
unblocking rate (Huettner and Bean, 1988). These experimental results suggest that on-
and off- rates determine whether an open-channel blocker will spare epscs or not. Ideal
NMDA antagonist should block pathologic NMDA activation in the disease locus while
sparing NMDA epscs in other brain regions. Such ideal NMDA antagonists can be used

prophylactically for various neurologic disorders because they spare NMDA epscs. Is



there a set of optimal on- and off- rate constants that satisfies the mutually conflicting

demands of neuroprotection and physiological synaptic transmission?

During physiological synaptic release, peak glutamate concentration has been measured
to be 1 mM and it decays with a time constant of 1 msec (Clements et al., 1992; Figure
1a). In pathological situations, glutamate concentration reaches 0.1 mM for prolonged
duration on the order of minutes (Hagberg et al., 1985; Figure 1b). Exploiting these
differences in the temporal profile of glutamate in physiological and pathological cases
and using kinetic models of NMDA receptor, we obtained the optimal values for on- and
off- rate constants of NMDA open-channel blocker. The calculations were subject to the
following three constraints: the antagonist should (i) block sustained NMDA receptor
activity as much as possible, (ii) attain steady-state blockade within reasonable timescale

(seconds), and (iii) spare NMDA epscs to the greatest possible extent.

Results

Pathological condition

The temporal profile of glutamate in disease states is pronouncedly different from that of
normal synaptic transmission. To begin to model the problem of clinical tolerance of
NMDA antagonists, we used a simplified 3-state kinetic scheme (Figure 2). Within the
framework of this NMDA receptor model, we can analytically calculate NMDA current

A(t) in response to pathological glutamate activation using the relation (see Appendix),

dA/dE = -AKX + ko) +keX 1)

With rate constants of glutamate activation of NMDA receptor k; = 5 * 10° M™sec™ and
k, = 5 sec™ (Clements et al., 1992), we find that pathological concentrations of glutamate,
X = 0.1 mM results in saturating NMDA current response (Figure 3a). NMDA current
reaches steady-state with a time constant of 2 msec, consistent with experimental value
(McBain and Mayer, 1994). In the presence of blocker, NMDA current A(t) is given by

the solution of



dPA/E + (KX + KsY + ko + kg)dA/dE + (kiksXY + KikaX + Koka)A = kikaX - (2)

Assuming neuroprotection by the blocker is proportional to the fraction of NMDA
current inhibited, we obtain a set of rate constants that give an arbitrary percentage block
(v) of NMDA current. Thus, the degree of neuroprotection [f(v)] can be predicted from

the on (k3) and off (k4) rate constants of the blocker,
100ksY = (kY +kgv e (3)

Even though all points on the line given by equation (3) give v% block at steady-state;
they differ in the time it takes to attain steady-state blockade. If the time constant of
blockade is on the order of many minutes the blocker will not be neuroprotective because
by the time blocker brings about steady-state inhibition of NMDA current, ionic gradients
will be irreversibly dissipated (Rayudu et al., 1997). The blocking time constant (j in
Figure 3a) is given by,

j=UkRY +ke) e (4)

For the blocker to be maximally neuroprotective j should preferably on the order of

seconds.

Physiological condition
In response to synaptically released 1 mM glutamate transient, NMDA epsc decays from
its peak value with a time constant of 200 msec (Figure 3b). In the presence of blocker

NMDA epsc decay is governed by two time constants,

ql =1/ kz ----- (5)
g, =UkeY +ki) (6)



We can minimize the inhibition of NMDA epsc by making g, small relative to q,.

Assuming clinical tolerance of the blocker is inversely proportional to the fraction of
NMDA epsc blocked (r in Figure 3b), we obtain the locus of on- and off- blocker rate

constants representing clinical tolerance constraint,

(kY +kgr=5 e (7)

Taking blocker concentration Y = 1 uM (which is the order of magnitude concentration
that an exogenous molecule can readily attain in the extracellular space of brain) and

r =0.01 we get the set of all on- and off- rate constants sparing NMDA epscs (Figure 4a).
All the rate constants that block 90% (v = 90 in equation 3) of the pathological sustained
NMDA current are shown in Figure 4b. Intersection of these two lines (Figure 4a and 4b)
that lies beyond the dark region in Figure 4c (the set of all rate constants with blocking
time constant of less than 1 sec) gives the optimal blocker. Subject to these constraints,
we solve for ideal rate constants: ks = 4.5 * 10° M™sec and ks = 50 sec™. These rate
constants give neuroprotection from excitotoxicity and also spare NMDA epscs. We find

the affinity of optimal NMDA antagonist to be on the order of 0.1 uM.

Conclusion

We developed a framework to systematically investigate clinical tolerance of NMDA
antagonists. These results will help guide the current trail-and-error methods of drug
design and also raise the possibility of using specific NMDA channel blockers
prophylactically for various neurologic disorders because they spare NMDA epscs. More
detailed models of NMDA receptor behavior (including additional receptor states such as
desensitization) and synaptic transmission (train of epscs at physiologic frequencies)
should provide added insight into the characteristics of clinically-tolerated NMDA

antagonists.



Appendix

According to the reaction scheme shown in Figure 2, in the absence of blocker

dA/dt=-Ak, +Ckx e (1a)
Similarly,
de/dt=Ak,-Ck, X e (2a)

dA/dt = -A(ki X + k) +ke X e (3a)
Solving for A(t) using the initial condition A(0) = 0, we get
A) = (kXX + k))*(1 —e- (kX +ka)yy (4a)

Thus, in response to a constant glutamate concentration, NMDA current reaches a steady
state value ki X/(kiX + kz) with a time constant 1/(ky X + k»).

In the presence of blocker, there are 3 states and we get a second order differential

equation
dz/A\/dt2 + (k1X + ksY + ko + k4)dA/dt + (k1k3XY + kikaX + k2k4)A =kiksX  ----- (58.)
Solving for A(t), we find that the steady-state NMDA current in the presence of blocker

IS KiksX/(kiksXY + kiksX + koks). In order for the blocker to inhibit v % of NMDA

current at steady state, the blocker rate constants must satisfy



100ksY = V(k3Y + k4) ----- (6&)
The blocking time constant is given by one of the two solutions of

PP+ j(kaX + kY + ko + kg) + (KikaXY + kikeX + kokg)y=0 e (72)

j=UkeY+k) (8a)
We can approximate the synaptic glutamate of 1mM decaying with 1msec time constant
with 1 mM glutamate pulse of 1 msec duration. In the absence of blocker, in response to
this glutamate pulse, NMDA current decays from the peak with a time constant of 1/k,,

which is the epsc decay time constant.

In the presence of blocker, NMDA current following 1 msec glutamate pulse is governed

by

d?Alde + (ksY + ko + kg)dA/dt + Akok,=0 (9a)
Solving for NMDA epsc, we get

A(t) = ((ksY + Ka)/(K3Y -k + k4))*e't/q1 - ko/(k3Y - kp + k4)*e't/ % (10a)
The two time constants governing NMDA epsc decay are

9=k e (11a)

q,=UkY +ky) (12a)



In order for the blocker to spare (total charge flux during epsc in the presence of blocker

should be almost same as that of the control epsc) NMDA epscs, we make g, small

relative to q,.
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Figure Legends

Figure 1. Temporal profile of glutamate concentration. a. Physiological glutamate time
course. During synaptic transmission, glutamate concentration X reaches a peak of 1 mM
and decays with a time constant of 1 msec. b. Pathological glutamate concentration. In
disease states glutamate concentration is 0.1 mM for prolonged duration on the order of

minutes.

Figure 2. Three-state kinetic model. C, A, and B are closed, open, and blocked NMDA
receptors respectively. k; and k; are glutamate rate constants. ks and k, are NMDA open-
channel blocker rate constants. X and Y are the concentrations of glutamate and NMDA

blocker, respectively.

Figure 3. NMDA current time course. a. Sustained NMDA current A(t) in response to
pathologic glutamate activation shown in figure 1b. In the presence of blocker, a fraction
(v) of the sustained NMDA current is blocked with a time constant denoted by j. In order
to maximize neuroprotection, v has to be large and j small. b. In response to synaptically
released glutamate shown in figure 1a, NMDA epsc reaches a saturating peak and decays
with 200 msec time constant. In the presence of blocker decay is faster and a fraction (r)
of the total charge flux during NMDA epsc is blocked. For maximal clinical tolerance r

has to be small.

Figure 4. Constraints and the corresponding rate constants. a. Clinical tolerance
constraint. The set of all on- and off- rate constants of NMDA open-channel blocker that
spare NMDA epsc is given by the line ksY + k4 = 500. b. Neuroprotection constraint. The
locus of on- and off- rate constants that block 90% of the sustained NMDA current is
given by the line k3Y = 9k,. c. Time course of blockade. The black region denotes all

blocker rate constants that give steady-state block with time constant greater than 1 sec.
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