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Abstract
Rationale: Many NMDA antagonists produce phencyclidine (PCP)-like side effects that limit their
clinical utility. NMDA glycine-site antagonists may be less likely to produce these effects than other
site-selective NMDA antagonists.

Objectives: To compare the discriminative stimulus effects of novel NMDA glycine-site drugs to
those of channel blocking and competitive NMDA antagonists.

Methods: Drug discrimination studies were performed in separate groups of rats trained with saline
vs. PCP (2 mg/kg i.p.) or the competitive antagonist NPC 17742 (4 mg/kg i.p.) using a standard two-
lever operant procedure maintained under a FR32 schedule of food reinforcement.

Results: Neither the partial glycine-site agonists aminocyclopropane carboxylic acid methyl ester
and (+)-HA-966 nor the antagonists L701,324; MDL 100,458; MDL 100,748; MDL 103,371; MDL
104,472; MDL 105,519; MRZ 2/571; MRZ 2/576 and ACEA 0762 produced >50% PCP-lever
selection though all were tested over a sufficient dose range to produce response rate decreasing
effects. All of the antagonists, except MDL 100,458 and MDL 100,748, were also tested for NPC
17742-like effects, producing somewhat more variable results than in PCP-trained rats. ACEA-0762
produced full substitution for NPC 17742 whereas MDL 105,519 produced no substitution. The
remaining compounds engendered between 20 and 80% drug-lever selection.

Conclusion: These results provide evidence that NMDA glycine-site partial agonists and
antagonists generally do not produce discriminative stimulus effects similar to those of representative
NMDA channel blockers or competitive antagonists. This suggests that these NMDA glycine-site
antagonists should be less likely to produce the undesirable behavioral side effects seen in clinical
trials with many other NMDA antagonists.
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INTRODUCTION
Excessive activation of the N-methyl-D-aspartate (NMDA) receptor has been linked to a number
of acute and chronic nervous system disorders including Huntington's disease, epilepsy,
amyotrophic lateral sclerosis and Alzheimer's dementia. Because of their potential for
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therapeutic use, numerous NMDA receptor antagonists are being developed for possible
clinical use. The NMDA receptor has multiple ligand binding sites through which ion channel
opening can be modulated including the glutamate/NMDA binding site, the strychnine-
insensitive glycine site (glycineB receptor), polyamine modulatory sites and channel blocking
sites. Binding of glycine concurrent with glutamate is required for activation of the receptor
(Kleckner and Dingledine 1988) and thus glycine is considered to be a coagonist. The
requirement for glycine binding in order to activate the ion channel allows manipulation of
NMDA channel current by means of glycine-site ligands. Agonists, such as D-serine and D-
cycloserine, have been investigated for use in enhancing cognitive function in dementias,
particularly as relates to memory and learning (Temple and Hamm 1996; Schwartz et al.
1996) as well as for treatment of schizophrenia (Wood 2005; Lipina et al. 2005). Partial agonists
and antagonists have been investigated for a myriad of therapeutic uses including
neuroprotection, analgesia and anticonvulsant effects (Leeson and Iverson 1994; Danysz and
Parsons 1998; Petty et al. 2003; Gigler et al. 2007). Interest in NMDA glycine-site antagonists
is particularly strong because they have been predicted from animal studies to lack many
phencyclidine (PCP)-associated side-effects including neurodegenerative changes in the
cingulate/retrosplenial cortex, learning impairment and psychotomimetic effects (Berger et al.
1994; Balster et al. 1995, Witkin et al. 1997; Viu et al. 2000).

To further compare clinically relevant behavioral effects between site-selective NMDA
antagonists, a variety of novel NMDA glycine-site drugs were evaluated for their ability to
produce PCP- (channel blocking NMDA antagonist) and NPC 17742-(competitive NMDA
antagonist) like discriminative stimulus effects in rats. Drug discrimination studies have been
shown to be useful animal models for predicting subjective effects in humans (Holtzman
1990; Balster 1991). This procedure has been used to compare the behavioral effects of NMDA
antagonists and has revealed differences among the discriminative stimulus effects of
antagonists active at different sites on the receptor complex as well as between drugs acting at
the same site. To date, the few glycine-site antagonists which have been tested appear to share
little if any discriminative stimulus effects with either PCP or NPC 17742 (Singh et al.
1990b; Balster et al. 1995; Geter-Douglass and Witkin 1997; Witkin et al. 1997; Wiley et al.
1997; Beardsley et al. 2002) and thus would not be expected to produce the psychotomimetic
effects that channel blocking and competitive NMDA antagonists have shown in humans
(Dyker et al. 1999; Davis et al. 2000). The novel NMDA glycine-site antagonist drugs tested
in the current study include a series of carboxyindole derivatives, two drugs from a series of
tricyclic pyridophthalazine-diones and the highly potent and selective NMDA glycine-site
antagonists, L701,324 and ACEA 0762. All of these compounds have been demonstrated to
block NMDA ion channels in vitro as well as function as NMDA antagonists in one or more
in vivo models (for review see Danysz and Parsons 1998). In addition, two glycine-site partial
agonists, (+)-HA-966 and the methyl ester of 1-aminocyclopropane-1-carboxylic acid
(ACPCM), were also examined (Trullas et al. 1991; Priestley and Kemp 1994; Karcz-Kubicha
et al. 1997).

MATERIALS AND METHODS
Virginia Commonwealth University is accredited by the American Association for the
Accreditation of Laboratory Animal Care (AAALAC). All laboratory practices and animal
care were consistent with current NIH guidelines and all experimental protocols were approved
by the Institutional Animal Care and Use Committee.

Procedure
Adult male Sprague-Dawley rats (Charles River, Wilmington, DE) were trained to discriminate
intraperitoneal (i.p.) injections of 2.0 mg/kg PCP or 4.0 mg/kg NPC 17742 from saline, as
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previously described (Willetts and Balster 1988; Wiley et al. 1997). They were individually
housed with free access to water under a 12-h light/dark cycle. Food (Harlan Teklad Rodent
Diet, Williamston, IL) access beyond those obtained during behavioral sessions was restricted
to approximately 15 g given post session in order to increase lever-pressing for food. The
subjects were trained daily (Monday - Friday) in 30-min sessions in standard two-lever operant
conditioning chambers (Coulbourn Instruments, Lehigh Valley, PA). Completion of a fixed
ratio (FR) 32 on the correct lever resulted in delivery of a 45-mg food pellet (P.J. Noyes
Company, Inc., Lancaster, NH). The training drug (PCP or NPC 17742) and saline were given
i.p. under a double alternation schedule (D,D,S,S,D,D, etc.) 15 min prior to session start for
the PCP discrimination group and 1 hour prior to session start for the NPC 17742 group. During
sessions, a white stimulus light located centrally above each lever was illuminated. Incorrect
responding reset the FR for correct-lever responding. Test sessions were conducted on Tuesday
and Friday when the subjects met the following criteria on the preceding training sessions: (1)
first FR completed on the correct lever, and (2) greater than 85% correct-lever responding over
the entire session. During test sessions, completion of a FR on either lever resulted in the
delivery of food reinforcement. Switching levers before completion of a consecutive FR
resulted in resetting the FR count. Training continued under the double alternation of training
drug and saline injections between test sessions. Illumination of lights, recording of responses
and pellet delivery was performed using a SKED interface and SKED-11 operant conditioning
software (State Systems Inc., Kalamazoo, MI) running on a DEC PCP-11BA23 minicomputer
(Digital Equipment Corp., Maynard, MA).

Table 1 lists the NMDA sites of action, doses and the vehicles for all test compounds. In
addition to the glycine-site test drugs, a dose effect curve for the appropriate training drug was
obtained in each group of animals for purposes of comparison. All test drugs except those in
dimethyl sulfoxide (DMSO) had injection volumes of 1 ml/kg. Drugs solubilized in DMSO (L
701,324 and ACEA 0762) had injection volumes of 0.5 ml/kg. The carboxyindole compounds
(MDL compounds), (+)-HA966 and ACEA 0762 were administered 30 min presession; the
tricyclic pyridophthalazine-diones (MRZ compounds) were given 20 min presession;
L701,324 was administered 15 min presession and ACPCM was given 10 min presession. The
number of subjects tested with each compound varied and are detailed in the figure legends.

Data Analysis
Data from test sessions were analyzed by determining the mean percentage of responses on
the drug-associated lever and the overall mean response rate for all subjects. Data from sessions
in which responding was less than 0.05 resp/sec were excluded from determination of the mean
percentage drug-lever responding, but all subject data were included in the response rate
analyses. When less than 3 subjects' qualified for inclusion, the data were not presented
graphically. Full substitution for either training drug was defined as greater than 80% drug-
lever responding. For comparing relative potencies in suppressing responding, the ED50 values
for response rate effects (the dose required to cause a 50% decrease in rates of responding
relative to saline control test rates) were calculated using regression analysis of the linear
portions of the log10 dose-effect curves. Control response rates were calculated for each subject
as the average of the rates of responding on saline control tests that preceded and followed
each dose-response curve determination. For test drugs that failed to decrease rates below 50%,
the highest dose administered was used for comparison.

Drugs
PCP HCl was obtained from the National Institute on Drug Abuse (Rockville, MD). NPC 17742
[2R,4R,5S-2-amino-4,5(1,2-cyclohexyl)-7-phosphonoheptanoic acid] was provided by NOVA
Pharmaceutical Corp. (Baltimore, MD). MDL 100,458 [3-(benzoylmethylamino)-6-
chloro-1H-indole-2-carboxylic acid], MDL 100,748, MDL 103,371 [(E)-3-[2- (3-
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aminophenyl)-2-carboxyethenyl]-4,6-dichloro-1H-indole-2-carboxylic acid], MDL 104,472
and MDL 105,591[(E)-3-(2-phenyl-2-carboxyethenyl)-4,6-dichloro-1H-indole-2-carboxylic
acid] were provided by Hoechst Marion Roussel (Cincinnati, OH). MRZ 2/571[8-fluoro-4-
hydroxy-1-oxo-1,2-dihydropyridazinol[4,5-b]quinoline-5-oxide (choline salt)] and MRZ
2/576 [8-chloro-4-hydroxy-1-oxo-1,2-dihydropyridazinol[4,5-b]quinoline-5-oxide (choline
salt)] were obtained from Merz Pharmaceuticals GmbH (Frankfurt, Germany). L 701,324 [7-
chloro-4-hydroxy-3(3-phenoxy)phenyl-2(1H)-quinolinone] was provided by Merck & Co.
(Whitehouse, NJ). CoCensys, Inc. (Cranbury, NJ) supplied the ACEA 0762 [5-aza-7-chloro-4-
hydroxy-3-(m-phenoxyphenyl)quinoline-2(1H)-one]. (+)-HA-966 (3-amino-1-
hydroxypyrrolid-2-one) was provided by Research Biochemicals International as part of the
Chemical Synthesis Program of the National Institute of Mental Health Contract
NOIMH00007.

RESULTS
PCP-Like Effects

PCP produced a dose-dependent increase in PCP-lever responding with one or more doses
producing full substitution (> 80% PCP-lever selection) in all PCP-trained rats without
concurrent response rate suppression (Panel A, Figs. 1-3). Variable results were obtained with
the NMDA glycine-site compounds, with none producing greater than 59% PCP-associated
lever responding and the intermediate levels of PCP-lever selection were generally associated
with a decrease in rates of responding. MRZ 2/576 (Fig. 1A) produced a maximum of 33%
PCP-lever selection at the 5.6 mg/kg dose; however, there was no dose dependency
demonstrated as lower and higher doses of MRZ 2/576 failed to elicit any PCP-associated lever
responding. The structurally similar compound MRZ 2/571 failed to produce PCP-associated
lever responding at any dose tested. Both compounds were tested across similar dose ranges
and produced dose-dependent changes in rates of responding (Fig. 1A and Table 2).

Testing of the carboxyindole derivative compounds produced a range of 0 to 59% PCP-
associated lever selection (Fig. 2A and Table 2). The latter was produced by MDL 105,519 at
the highest dose tested (100 mg/kg) but reflects the results for only 2 animals that were tested
at this very high dose (data not presented graphically). One subject responded primarily on the
PCP-associated lever and the other primarily on the saline-associated lever. Both subjects had
low response rates relative to control levels. No other dose of MDL 105,519 elicited drug lever
selection. MDL 103,371 and MDL 104,472 produced intermediate levels of PCP-associated
lever responding at the highest doses tested. These doses also resulted in substantial decreases
in rates of responding. MDL 103,371 produced a maximum of 45% PCP-lever responding at
100 mg/kg but this was accompanied by a 50% decrease in response rates. MDL 104,472
produced a maximum level of 33% PCP-associated lever responding. Neither MDL 100,458
nor MDL 100,748 produced appreciable levels of PCP-associated lever selection across the
dose range tested (Table 2).

The potent glycine site antagonist L 701,324 produced a maximum of 43% PCP-associated
lever responding at 3 mg/kg with a dose dependent decrease to less than 20% PCP-lever
responding as the dose was increased (Fig. 3A). This pattern of effect was demonstrated in two
separate groups of PCP-trained rats (data combined in graph). On an individual subject basis,
5 of the 12 subjects demonstrated >90% PCP-lever selection at one or more doses without
concomitant rate effects. Conversely, 5 subjects did not select the PCP-associated lever at any
dose and two subject showed intermediate levels of lever selection accompanied by a >85%
rate suppression. The partial agonist ACPCM also produced intermediate levels of PCP-
associated lever responding at 300 mg/kg; however, this dose also produced a mean suppression
of responding of over 60% relative to control levels. ACEA 0762 (Fig. 3A) and the partial
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agonist (+)-HA966 (Table 2) both failed to elicit more than occasional responding on the PCP-
associated lever across the dose ranges tested.

NPC 17742-like Effects
The competitive antagonist NPC 17742 produced a dose-dependent increase in NPC 17742-
associated lever responding with one or more doses producing full substitution (> 80%) in all
NPC 17742-trained rats without concurrent response rate suppression (Panel B of Fig. 1-3).
When tested in NPC17742-trained rats, the NMDA glycine-site compounds produced a wide
range of drug-lever responding (<1% to 91%). MRZ 2/576 produced dose-dependent increases
in NPC-associated lever responding (Fig. 1B), reaching a maximum of 69% at the highest dose
tested (17 mg/kg). Both the 10 and 17 mg/kg doses were associated with pronounced
suppression of responding. However, 3 of the 7 rats did consistently respond on the NPC 17742-
associated lever for all MRZ 2/576 doses of 5.6 mg/kg and higher. Conversely, MRZ 2/571
occasioned only low levels of responding on the NPC 17742-associated lever across the dose
range tested.

The glycine-site antagonists MDL 103,371 and MDL 104,472 produced intermediate levels of
NPC 17742-associated lever responding (Fig. 2B). MDL 103,371 produced a maximum of
52% substitution and MDL 104,472 produced a maximum of 27% PCP-lever responding, but
both occurred with concomitant response rate suppression. MDL 105,519 occasioned no
appreciable responding on the NPC 17742-associated lever across the dose range tested.

ACEA-0762 produced >90% NPC 17742-associated lever responding at the highest dose tested
(5.6 mg/kg); however, this dose also produced suppression of responding with a 70% decrease
in rates relative to saline control (Fig. 3B). At this dose, only 3 subjects qualified for inclusion
in the lever selection. L 701,324 produced intermediate levels of NPC 17742-associated lever
responding reaching a peak of 46% at the highest dose tested (10 mg/kg). This dose of L
701,324 was accompanied by a 75% decrease in rates relative to saline control levels (Fig. 3B).

Potency Comparisons
The ED50 values for the test compounds to suppress responding are shown in Table 2. The
relative order for suppression of responding in the PCP-trained rats was ACEA 0762 = MDL
100,748 > MRZ 2/576 > MRZ 2/571 > L 701,324 > MDL 104,472 > (+)-HA966 > MDL
103,371 > MDL 105,519 > MDL 100,458 >> ACPCM. The relative order for suppression of
responding in the NPC 17742-trained rats was ACEA 0762 = L 701, 324 > MRZ 2/576 > MRZ
2/571 > MDL 104,472 > MDL 105,519 > MDL 103,371.

DISCUSSION
Drug discrimination procedures have been used to compare and contrast the acute behavioral
effects of site-selective NMDA antagonists demonstrating that differences exist between their
discriminative stimulus effects based on site of action (for reviews see Willets et al. 1990;
Balster 1991; Koek 1999). For example, in rats trained to discriminate PCP-like NMDA
antagonists, competitive NMDA antagonists, such as NPC 17742 and CPP, produce at best
only partial substitution for the training drug (Ferkany et al. 1989; Tricklebank et al. 1989;
Koek et al. 1990; Nicholson and Balster 2003) while channel blockers such as ketamine and
dizocilpine fully substitute (Balster 1991). When trained to discriminate competitive NMDA
antagonists, rats and monkeys show complete substitution by NPC 17742 and other competitive
antagonists while PCP-like channel blockers show at most partial substitution accompanied
by large decreases in response rates (Willetts et al. 1989; Bobelis and Balster 1993; Gold and
Balster 1993; Wiley and Balster 1994). To date, only a few studies have trained discrimination
of a glycine-site compound, and these have used either the low-efficacy partial agonist (+)-
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HA-966 (Singh et al. 1990b; Witkin et al. 1995) or a structural analog L-687,414 [R-(+)-cis-
B-methyl-3-amino-1-hydroxypyrrolid-2-one] (Bourson and Tricklebank 1991). In these
studies, partial agonists for the NMDA glycine-site fully substituted whereas the glycine-site
antagonist 7-CK, channel blocking antagonists and NPC 17742 produced little if any
substitution for the glycine-site compound. The current study continues the comparison of the
discriminative stimulus effects of site-selective NMDA antagonists by testing a variety of
systemically active NMDA glycine-site compounds in PCP- and NPC 17742-trained rats.
These compounds represent novel drugs purported to have higher CNS penetrability, greater
potency and/or increased selectivity for action at the NMDA glycine-site relative to many of
the compounds tested in previous discrimination studies.

The NMDA glycine-site antagonists and partial agonists produced a range of PCP-lever
selection but never resulted in greater than intermediate levels of substitution for the PCP
discriminative stimulus (Panel A, Fig. 1 through 3). The antagonists MDL 100,458, MDL
100,748, MRZ 2/571, ACEA-0762 and the partial agonist (+)-HA-966 failed to produce
substitution for PCP. These negative results are consistent with the majority of previous studies
testing NMDA glycine-site drugs. In rats trained to discriminate PCP or dizocilpine from saline,
kynurenate and 7-chlorokynurenic acid (7-CK), 5,7- dichlorokynurenic acid, (+)-HA-966,
gavestinel [GV150526A; (E)-3[(phenylcarbamoil)ethenyl]-4,6-dichloroindole-2-carboxylic
acid] and the isoquinolone compounds, ACEA 1011 (5-chloro-7-trifluoromethyl-1,4-
dihydro-2,3-quinoxalinedione), ACEA 1021 (5-nitro-6,7-dichloro-1,4-dihydro-2,3-
quinoxalinedione) all failed to produce even partial substitution for the training drug (Koek
and Colpaert 1992; Singh et al. 1990b; Balster et al. 1995; Witkin et al. 1995; 1997, Beardsley
et al. 2002). One weakness to the clinical utility of NMDA glycine-site antagonists has been
their limited ability to cross the blood brain barrier (Danysz and Parsons 1998). This may also
limit their ability to function as central NMDA antagonists and may have been a component
of the historically negative results seen when testing some NMDA glycine-site compounds. In
the current study, all drugs that failed to elicit PCP-lever responding above 20% were tested
over a range which included one or more doses producing ≥50% suppression of responding
suggesting behaviorally active doses had been tested. Disruption of responding has typically
been used as a nonspecific measure of behavioral effects and CNS penetration in discrimination
studies, however, because our procedure utilizes food reinforcement, it does not preclude the
possibility of either anorectic or nauseating effects resulting in diminished responding.
Therefore, it should be noted that these high doses also frequently resulted in grossly observable
changes in behavior, including mild to strong sedation and motor ataxic effects. In addition,
these compounds have all been shown to produce CNS effects following systemic
administration in other behavioral procedures at or below the maximum doses tested in the
current study (Baron et al. 1992; Millan and Sequin 1994; Kehne et al. 1995; Parsons et al.
1997).

In contrast to many earlier discrimination studies, the glycine-site antagonists MRZ 2/576 (Fig.
1A), L 701,324 (Fig. 3A), MDL 103,371 and MDL104,472 (Fig. 2A) as well as the partial
agonist ACPCM (Fig. 3A) all produced a mean maximum percentage of PCP-lever responding
between 33 and 45%. MDL 105,519 did elicit a mean of 59% PCP lever responding, but this
represents data from only two subjects that were tested at the highest dose (100 mg/kg). Of
these compounds, only L701,324 produced its maximum level of substitution without also
producing ≥ 50% suppression of response rates. These intermediate levels of PCP-lever
responding were accompanied by a high variability of lever selection between subjects, as
reflected by the size of the error bars. Interpretation of intermediate substitution results can be
problematic. Partial levels of substitution may reflect shared but incomplete overlap in the
discriminative stimulus effects between the test drug and PCP. Indeed, the levels of substitution
seen for MRZ 2/576, L701,324 and the three MDL compounds are not extremely different than
that for many competitive NMDA antagonists in animals trained to discriminate PCP or PCP-
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like drugs. They are also consistent with results for 1-aminopropane carboxylic acid (ACPC),
the parent compound of ACPCM (Koek and Colpaert 1992;Geter-Douglass and Witkin
1997). It is possible that if we were we able to test higher doses we might see an increase in
PCP-lever responding. However, in consideration of the doses being used, relative to those
producing therapeutic effects, the current procedure does provide information about behavioral
effects over clinically relevant dose ranges. These compounds have been shown to produce
desirable CNS effects, such as anti-seizure activity, neuroprotection and antinociceptive effects
at doses at or below those producing intermediate levels of PCP-lever responding (Baron et al.
1997;Bristow et al. 1995;Parsons et al. 1997;Lufty et al. 1997). Alternatively, the response rate
suppression and gross behavioral effects seen when testing the NMDA glycine-site compounds
and the high doses required to produce even intermediate levels of PCP-lever responding must
be taken into consideration when interpreting the level of substitution. When disruption of
responding is severe, it is possible that some level of PCP-lever selection reflects a non-specific
disruption of the PCP-saline discrimination, and may not necessarily be an indication of PCP-
like effects (Koek et al. 1993;1999). In these instances, the pattern of responding is more similar
to that for GABAA positive modulators in PCP-trained subjects than competitive NMDA
antagonists (compare Browne 1982;Mansbach and Balster 1991 with Ferkany et al.
1989;Tricklebank et al. 1989;Koek et al. 1990;Nicholson and Balster 2003).

The results of substitution tests for NPC 17742, other than those for ACEA 0762, were in many
ways similar to the substitution levels seen in the PCP-trained subjects. Previous testing of
NMDA glcyine-site drugs in competitive NMDA antagonist-trained animals while limited to
(+)-HA-966 and ACEA 1021, failed to elicit significant levels of substitution for the
competitive antagonist (more refs, Wiley et al. 1997). Consistently, MDL 105,519 and MRZ
2/571 failed to substitute for NPC 17742. However, in the current study, MDL 103,371, MDL
104,472, MRZ 2/576 and L 701,324 did produce intermediate levels of NPC 17742-lever
selection, primarily at high doses, and ACEA 0762 fully substituted for the NPC 17742 training
dose which stands in sharp contrast to earlier studies. It is possible that the current data reflect
the behavioral effects of more potent compounds with greater CNS penetration, such that we
begin to see intermediate or higher levels of substitution.

Potency estimates were calculated for the response rate decreasing effects of the NMDA
glycine-site drugs in both the PCP and NPC 17742 studies (Table 2). There was a wide range
of potencies exhibited, with ACEA 0762, MDL 100,748, MRZ 2/576 and L701,324 being the
most potent (ED50 values < 10 mg/kg) and the partial agonist ACPCM being the least potent.
There was generally a good correlation between the potency for response rate effects in the
two studies, although L701,324 was over 3 times more potent in the NPC 17742-trained rats
than in the PCP-trained rats. The relative potencies to produce rate suppression did not correlate
with binding affinity (compare current data to Baron et al. 1992;Kehne et al. 1995;Priestley et
al. 1996;Lufty et al. 1997 and Danysz et al. 2005). However, given the high variability between
compounds in their ablity to access the CNS (Parsons et al. 1998;Hesselink et al. 1999) it is
not an unexpected result. As stated previously, given the disruption of responding, the observed
behavioral effects and other behavioral studies showing activity at or below the doses tested
in the current study, we believe that adequate dose ranges have been tested to ensure we are
evaluating CNS mediated effects.

When comparing between the glycine-site compounds, we see a range of behavioral effects,
from compounds producing no PCP- or NPC-like effects (i.e., MRZ2/571), to those showing
intermediate levels of training drug-lever responding in both groups (i.e., MDL 103,371) to
production of >80% drugs lever responding seen for ACEA 0762 in the NPC 17742–trained
group. While the NMDA glycine-site binding affinity, level of efficacy and CNS penetration
have been shown to vary between these drugs, all have produced effects associated with NMDA
antagonist activity in vivo. Differences might be expected when comparing partial agonists to
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antagonists but obvious differences were present between individual glycine-site antagonists
and similarities were observed between antagonists and partial agonists. For example, the
tricyclic pyridophthalazine-dione MRZ 2/576 produced partial PCP- and NPC 17742-like
discriminative stimulus effects while the structurally similar MRZ 2/571 failed to substitute
for either training drug. Yet both of these compounds have been demonstrated to have similar
anti-seizure effects at similar doses (Parsons et al. 1997). MDL 103,371 and MDL104,472
produced partial PCP-like discriminative stimulus effects but the other carboxyindole
derivatives did not. The antagonist L 701,324 and partial agonist ACPCM produced
intermediate levels of PCP-lever responding, while the partial agonist (+)-HA-966 produced
virtually none, despite its extremely low (~13%) intrinsic activity (Singh et al. 1990a). The
finding that not all site selective compounds produce equivalent discriminative stimulus effects
is not unique to the NMDA glycine co-agonist site. While drug discrimination results for high-
affinity channel blockers have been fairly consistent, testing of low-affinity channel blockers
has produced a wide spectrum of results from relatively high levels of PCP-like activity with
memantine and dextromethorphan, to channel blockers that produce partial substitution such
as remacemide and alaproclate to those that completely lack PCP-like discriminative stimulus
effects, such as ADCI [(±)-5-aminocarbonyl-10,11-dihydro-5H-dibenzo-[a,d]
cyclohepten-5,10-imine] and amantadine (Grant et al. 1996; Nicholson et al. 1998; Nicholson
and Balster 2002). In addition, differences in behavioral effects have been noted between
NMDA glycine-site compounds, including between structurally similar compounds (Kehne et
al. 1995). Thus, it is not unusual to see variable behavioral effects across these glycine-site
compounds. It is possible that pharmacodynamic differences exist between these drugs, such
as selectivity for NMDA receptor subpopulations, intrinsic activity and binding kinetics, which
may result in dissimilar behavioral profiles. It may also be that the different behavioral effects
are due to non NMDA receptor activity. While most of these compounds are considered
selective for NMDA receptor binding, given differences in CNS penetration and other
pharmacokinetic effects, other CNS sites may play a role in the acute behavioral effects of
these drugs.

In summary, a variety of different chemical families of NMDA glycine-site antagonists were
tested for production of PCP-like (representative NMDA channel blocker) or NPC 17742-like
(representative NMDA competitive antagonist) discriminative stimulus effects. Similar to
many previous studies, some of the compounds failed to produce appreciable levels of drug-
lever responding in either training group. In contrast, low to intermediate levels of substitution
for PCP and NPC 17742 were observed for many of the compounds, suggesting some overlap
of discriminative stimulus effects between NMDA glycine-site drugs and the training drugs.
However, these levels of substitution were seen primarily at very high doses, accompanied by
behavioral disruption, emphasizing the significant differences that exist between the acute
behavioral effects of NMDA glycine-site antagonists in rats compared to other site-selective
NMDA antagonists. The current results also demonstrate a diversity of behavioral effects
within the NMDA glycine-site drugs themselves similar to results in discrimination and other
behavioral studies evaluating other site-selective NMDA antagonists. To understand the
differences between the various NMDA glycine-site compounds, additional studies utilizing
L701,324-trained rats has been initiated. The current results continue to suggest that many
NMDA glycine-site antagonists should be less likely to produce the untoward behavioral side
effects seen in clinical trials with many competitive and channel blocking NMDA antagonists,
particularly at clinically relevant doses.
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Fig 1.
Effects of the training drug, MRZ 2/571 and MRZ 2/576 in rats trained to discriminate 2 mg/
kg PCP (Panel A) or 4 mg/kg NPC 17742 (Panel B) from saline. Shown in the upper graphs
are mean (± S.E.M.) percentage drug-lever responding and in the lower graphs are mean (±
S.E.M.) rates of responding. Values above PCP or NPC and Sal are the results of control tests
with 2 mg/kg PCP or 4 mg/kg NPC 17742 and saline, respectively, conducted before testing
each dose-effect curve. Mean percentage PCP-lever responding was based on 6 (PCP and MRZ
2/571) or 5 (MRZ 2/576) rats except for the following: 10 mg/kg MRZ 2/571 (n=4); 5.6 and
10 mg/kg MRZ 2/576 (n=3). Mean percentage NPC-lever responding was based on data from
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7 rats except for the following: 10 mg/kg MRZ 2/571 (n=5); 10 and 17 mg/kg MRZ 2/576
(n=4).
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Fig 2.
Effects of the training drug, MDL 103,371, MDL 104,472 and MDL 105,519 in rats trained
to discriminate 2 mg/kg PCP (Panel A) or 4 mg/kg NPC 17742 (Panel B) from saline. Shown
in the upper graphs are mean (± S.E.M.) percentage drug-lever responding and in the lower
graphs are mean (± S.E.M.) rates of responding. Values above PCP or NPC and Sal are the
results of control tests with 2 mg/kg PCP or 4 mg/kg NPC 17742 and saline, respectively,
conducted before testing each dose-effect curve. Values above Veh are the results from control
tests conducted with 0.1% Tween-80 in each training group during testing of MDL 105,519.
Mean percentage PCP-lever responding was based on data from 6 rats except for the following:
8 mg/kg PCP (n=4); 30 and 56 mg/kg MDL 104,472 (n=3). The mean percentage PCP-lever
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responding for the MDL 105,519 doses of 30 and 56 mg/kg were each based on 4 of 4 rats.
Mean percentage NPC-lever responding was based on data from 7 (NPC and MDL 103,371),
5 (MDL 104,472) or 4 (MDL 105,519) rats except for the following: 16 mg/kg NPC 17742
(n=6); 56 and 100 mg/kg MDL 103,371 (n=6 and n=3, respectively); 17 mg/kg MDL 104,472
(n=4); 30 mg/kg MDL 105,519 (n=3).
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Fig 3.
Effects of the training drug, ACEA-0762, L701,324, and ACPCM (PCP group only) in rats
trained to discriminate 2 mg/kg PCP (Panel A) or 4 mg/kg NPC 17742 (Panel B) from saline.
Shown in the upper graphs are mean (± S.E.M.) percentage drug-lever responding and in the
lower graphs are mean (± S.E.M.) rates of responding. Values above PCP or NPC and Sal are
the results of control tests with 2 mg/kg PCP or 4 mg/kg NPC 17742 and saline, respectively,
conducted before testing each dose-effect curve. Values above Veh are results for control tests
with DMSO and 25% polyethylene glycol vehicles conducted during testing of ACEA 0762
and L 701,324. Mean percentage PCP-lever responding was based on data from 12 (L 701,324),
7 (ACPCM), 6 (PCP) or 5 (ACEA 0762) rats except for the following: 8 mg/kg PCP (n=4); 3
mg/kg ACEA 0762 (n=3); 10 mg/kg L 701,324 (n=11). Mean percentage NPC-lever
responding was based on data from 7 (NPC and ACEA 0762) or 6 (L 70,324) rats except for
the following: 16 mg/kg NPC 17742 (n=6); 3, 5.6 and 10 mg/kg L 701,324 (n=5, 4 and 4,
respectively); 3 and 5.6 mg/kg ACEA 0762 (n=4 and 3, respectively).
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Figure 4.
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Figure 5.
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Figure 6.
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Table 1

Site of action, doses and vehicles used for the NMDA site-selective drugs tested in rats trained to discriminate
PCP or NPC 17742 from saline. NT = not tested.

Drug NMDA Receptor Site of
Action

Doses Tested (mg/kg, i.p.)
Vehicle

PCP-trained NPC17742-
Trained

PCP Channel site antagonist 0.5, 1, 2, 4, 8 NT Saline

NPC 17742 NMDA-site antagonist NT 1, 2, 4, 16 Saline1

MDL 100,458 Glycine-site antagonist 3, 10, 30, 56, 75 NT 0.1% Tween-80

MDL 100,748 Glycine-site antagonist 1, 1.7, 3 NT 0.1% Tween-80

MDL 103,371 Glycine-site antagonist 3, 10, 15.6, 30, 56 15.6, 30, 56, 100 Water2

MDL 104,472 Glycine-site antagonist 10, 15.6, 30, 56 3, 10, 15.6 Water2

MDL 105,519 Glycine-site antagonist 5.6, 10, 15.6, 30,
56, 100 5.6, 10, 15.6, 30 0.1% Tween-80

MRZ 2/571 Glycine-site antagonist 3, 5.6, 10, 17 3, 5.6, 10, 17 Water

MRZ 2/576 Glycine-site antagonist 1, 3, 5.6, 10 3, 5.6, 10, 17 Water

ACEA-0762 Glycine-site antagonist 0.3, 1, 3 0.3, 1, 3, 5.6 DMSO

L 701,324 Glycine-site antagonist 1, 3, 5.6, 10, 17.6 1, 3, 5.6, 10 25% PEG/ DMSO3

ACPCM Glycine-site partial agonist 30, 100, 300 NT Water

(+)-HA-966 Glycine-site partial agonist 3, 10, 30, 56 NT Water

1
First solubilized in water with equimolar NaOH to a concentration of 80 mg/ml then diluted to the desired concentration in saline.

2
First combined with 2 mEq NaOH then diluted with water and titrated to neutral pH with 1 N HCl to achieve the desired concentration.

3
25% polyethylene glycol vehicle used for testing L701, 324 in PCP-trained rats; DMSO vehicle used for testing L 701,324 in NPC 17742-trained

rats.
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