Behavioural Brain Research 305 (2016) 23-29

Contents lists available at ScienceDirect

Behavioural Brain Research D

4

Behavioural
Brain

journal homepage: www.elsevier.com/locate/bbr Research

Research report

Source memory in rats is impaired by an NMDA receptor antagonist @

) CrossMark
but not by PSD95-nNOS protein-protein interaction inhibitors
Alexandra E. Smith?, Zhili Xu®P", Yvonne Y. Lai®¢, Pushkar M. Kulkarni?,
Ganesh A. Thakur?, Andrea G. Hohmann®", Jonathon D. Crystal®*
a Department of Psychological and Brain Sciences, Indiana University, Bloomington, IN, USA
b Gill Center for Biomolecular Science, Indiana University, Bloomington, IN, USA
¢ Anagin, LLC, Indianapolis, IN, USA
d Center for Drug Discovery, and Department of Pharmaceutical Sciences, Northeastern University, Boston, MA, USA
HIGHLIGHTS
® Source memory was more vulnerable than spatial memory to impairment in rats.
® NMDAR antagonist MK-801 preferentially impaired source memory over spatial memory.
® PSD95-nNOS inhibitors failed to produce spatial memory or source memory impairments.
® [C87201 and ZLO06 disrupt NMDA-stimulated formation of nitric oxide in vitro.
® PSD95-nNOS disruptors may lack unwanted side effects of NMDAR antagonists.
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humans. We used a source-memory model (i.e., a representation of the origin of information) we devel-
oped for use in rats to evaluate possible drug-induced impairments of both spatial memory and higher
order memory functions in the same task. Memory impairment represents a major barrier to use of
NMDAR antagonists as pharmacotherapies. The scaffolding protein postsynaptic density 95 kDa (PSD95)
links NMDARs to the neuronal enzyme nitric oxide synthase (nNOS), which catalyzes production of the
signaling molecule nitric oxide (NO). Therefore, interrupting PSD95-nNOS protein-protein interactions
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Episodic memory downstream of NMDARs represents a novel therapeutic strategy to interrupt NMDAR-dependent NO sig-
NMDAR naling while bypassing unwanted side effects of NMDAR antagonists. We hypothesized that the NMDAR
MK-801 antagonist MK-801 would impair source memory. We also hypothesized that PSD95-nNOS inhibitors
PSD95-nNOS small molecule inhibitors (IC87201 and ZL0O06) would lack the profile of cognitive impairment associated with global NMDAR

antagonists. [C87201 and ZL006 suppressed NMDA-stimulated formation of cGMP, a marker of NO pro-
duction, in cultured hippocampal neurons. MK-801, at doses that did not impair motor function, impaired
source memory under conditions in which spatial memory was spared. Thus, source memory was more
vulnerable than spatial memory to impairment. By contrast, PSD95-nNOS inhibitors, IC87201 and ZL0O06,
administered at doses that are behaviorally effective in rats, spared source memory, spatial memory, and
motor function. Thus, PSD95-nNOS inhibitors are likely to exhibit favorable therapeutic ratios compared
to NMDAR antagonists.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The NMDAR signaling complex represents a therapeutic target

for intervention in a wide range of pathologies that are induced or

* Corresponding author at: Department of Psychological & Brain Sciences, Indiana Worsgqed by, E?(CESSIYE gluFamate stimulation a,nd resultmg EX,CI_
University, Bloomington, IN 47405-7007, USA. totoxicity. Clinical trials using NMDAR antagonists (eg., ketamlr}e
E-mail address: jcrystal@indiana.edu (J.D. Crystal). and dextromethorphan), show efficacy in alleviating symptoms in

http://dx.doi.org/10.1016/j.bbr.2016.02.021
0166-4328/© 2016 Elsevier B.V. All rights reserved.


dx.doi.org/10.1016/j.bbr.2016.02.021
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2016.02.021&domain=pdf
mailto:jcrystal@indiana.edu
dx.doi.org/10.1016/j.bbr.2016.02.021

24 A.E. Smith et al. / Behavioural Brain Research 305 (2016) 23-29

NMDAR Cell death
Excitotoxicity
Glycine A GIutamate Pain

i

==P

A

Ca** CaM

@@W
NG

4

|cs7zo1 NG
\

C ¥ z1006

__——/

T camp

Fig. 1. NMDAR activation facilitates the development and maintenance of numerous pathological states by generating the signaling molecule nitric oxide (NO). MK-801,
a non-competitive antagonist, prevents influx of ions through this ionotropic receptor. IC87201 and ZL006, small molecule inhibitors of PSD95-nNOS protein-protein
interactions, suppress NMDAR-dependent NO and cGMP formation. We hypothesize that interrupting protein-protein interactions downstream of NMDARs represents a
novel therapeutic strategy that bypasses unwanted side effects of global NMDAR activation. “T” indicates that compounds inhibit at this step.

a wide range of neuropathologies, including neuropathic pain [1,2]
and depression (for review see Sanacora and Schatzberg [3]). How-
ever, the efficacy of NMDAR blockade as a therapeutic intervention
is undermined by the fact that high-affinity NMDAR antagonists
produce debilitating cognitive side effects [2,4]. The NMDAR sig-
naling complex is implicated in learning and memory consistent
with the presence of NMDARs in the hippocampus, a brain struc-
ture essential for memory. Inactivation of or lesions to the CA1
region of the hippocampus produces severe deficits in delay depen-
dent spatial working memory [5]|. NMDAR antagonists also produce
dose dependent memory deficits [5-8]. These results underscore
the adverse pharmacological effects associated with global NMDAR
antagonists, consistent with the broad role of NMDAR signaling in
cell physiology and function.

The scaffolding protein postsynaptic density 95 kDA (PSD-95)
tethers the NMDAR to other proteins, forming an NMDAR signal-
ing complex (Fig. 1). The postsynaptic membrane is specialized to
receive glutamate signals and, through a network of various PSD-95
protein-protein interactions, transduce these signals in the post-
synaptic cell [9]. One such protein that interacts with PSD-95 is the
enzyme neuronal nitric oxide synthase (nNOS), which catalyzes for-
mation of the signaling molecule nitric oxide (NO). PSD-95 tethers
nNOS to the NMDAR signaling complex. NMDAR-dependent for-
mation of NO is implicated in the development and maintenance of
numerous pathological states, including pain, depression, posttrau-
matic stress disorder and stroke. Thus, the PSD95-nNOS interface
is a promising therapeutic target for ameliorating an array of neu-
rological and neuropsychiatric disorders.

1C87201 (Fig. 2) is a first in class small molecule inhibitor of
PSD95-nNOS protein-protein interactions [10]. IC87201 was iden-
tified in a high-throughput screen using a binding assay consisting
of the protein binding domains of PSD95 and nNOS [10]. IC87201
and a structurally related analog ZLOO06 (Fig. 2)[12] inhibit the inter-
action between PSD95 and nNOS proteinsin vitro[11] and attenuate
glutamate-induced increases in NO production without affecting
either the catalytic activity of nNOS [10,12] or NMDAR-mediated
excitatory postsynaptic currents [12]. We recently reported that
1C87201 and ZLO06 show efficacy in rodent models of chronic
pain with similar ED50’s but lack the profile of motor impairment
exhibited by the NMDAR antagonist MK-801 (Fig. 2)[11]. These
PSD95-nNOS disruptors are brain penetrant and show efficacy in
mouse models of depression [13] and rat models of conditioned
fear [14]. ZLOO6 also decreases ischemic damage in a preclinical
model of stroke and inhibits association of PSD95 with nNOS in
wildtype but not nNOS—/~ mice [12].
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Fig. 2. Chemical structures of the small molecule PSD95-nNOS inhibitors 1C87201
and ZL006 and non-competitive NMDAR antagonist MK-801.

NMDAR and nNOS play critical roles in learning and mem-
ory [12,15,16]. ZLOO6 did not produce impairment in the Morris
water maze, a test of spatial memory [12]. Thus, these agents may
exhibit fewer untoward side effects compared to NMDAR antago-
nists. However, spatial memory tests do not assess types of memory
that are impaired in human diseases [17]. Whether PSD95-nNOS
inhibitors spare memory functions in preclinical tasks that closely
model human cognitive impairment, remains poorly understood. In
the present work, we used a source memory rat model to compare
the memory profile of an NMDAR antagonist (MK-801) with two
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novel protein—protein interaction disruptors (IC87201 and ZL006)
that act downstream of NMDARs to disrupt NMDAR-dependent NO
signaling.

Source memory, a representation of the origin (i.e., source) of
information, is a key feature of episodic memory in humans and is
hippocampal CA3 dependent [18-21]. We used our source memory
model to demonstrate that episodic memories in rats are struc-
tured as bound representations, a structure similar to that of people
[21]. We also showed that source memory is dissociable from
spatial working memory [18-21]. Therefore, this source-memory
preparation provides a unique opportunity to examine potential
cognitive impairments of NMDAR antagonists and PSD95-nNOS
inhibitors in a preclinical model that recapitulates critical features
of human cognition. Impairments in source memory is character-
istic of Alzheimer’s disease [22], mild cognitive impairment [23],
amnesia [24], and normal aging [25]. We also used hippocampal
neuronal cultures to verify efficacy of PSD95-nNOS inhibitors in
suppressing NMDA-stimulated cGMP formation, a marker of NO
production in comparison with the NMDAR antagonist MK-801.

2. Methods and materials
2.1. Drugs

PSD95-nNOS inhibitors IC87201 and ZL0O06 were synthesized
(by P.K.)in the laboratory of Ganesh Thakur. MK-801 was purchased
from Sigma-Aldrich (St. Louis, MO).

2.2. In vitro methods

2.2.1. Materials for cell culture

The following reagents were obtained from commercial sources:
interleukin-1 (IL-1) (Biogen Inc.); Dulbecco’s Modified Eagle’s
Medium (DMEM) and fetal calf serum (GIBCO), transforming
growth factor-@1 (TGF+ 1) (all from British Biotechnology), basic
fibroblast growth factor (Boehringer Mannheim); H7, W7, calmida-
zolium, nifedipine, and Bay-K8644 (all from Research Biochemicals
Inc.); (S,)- and (RJ-adenosine 3’:5'-cyclic phosphorothioate [S,)-
and (&,)-CAMPS] (all from Biolog Life Science Institute, Bremen,
Germany). All other reagents were from Sigma-Aldrich.

2.2.2. Cell culture

Primary hippocampal cultures were prepared from hippocampi
of 17 day old Sprague-Dawley rat embryos as previously described
in Ref. [26] with minor modification. Briefly, hippocampi were dis-
sected and incubated for 15min at 37°C in Tryple Expres (Life
technology). The tissue was triturated with fire-polished pipets in
warm media (Neurobasal media containing B27). The cells were
dissociated and collected by centrifugation, and resuspended in
Neurobasal media containing B27. The cells were plated onto plas-
tic culture dishes (0.8 x 10° cells per 96-well poly-L-lysine-coated
plates) and were maintained at 37°C, 5% CO,. Three days after
plating, 50% of the medium was changed and the medium was
subsequently changed every 3-4 days.

2.2.3. ¢cGMP determination

In Experiment 1, typical 8 day hippocampal cortical neu-
ron cultures were used for cGMP detection [10,12]. Cells were
washed once with magnesium free phosphate buffered saline (PBS)
and pre-incubated at 37°C for 10 min in the presence of PBS,
MK-801 (1 wM), ZLOO6 (20 M) or IC87201 (20 wM). Following pre-
incubation, NMDA (100 wM) was added to stimulate the cells. The
stimulation was stopped after 2 min by aspiration and the cells
lysed by addition of 30 L of 1x AlphaLisa lysis buffer with 200 uM
IBMX. cGMP levels were measured by AlphaLisa assay, according
to the manufacturer suggested protocol. Briefly, 10 L of the cell

lysate was incubated with 10 L of acceptor beads for 1 h at room
temperature. Donor beads with tracer were added to the above
mixture and incubated for 1 h at room temperature. The AlphaLisa
signal present in each well was determined using a Perkin-Elmer
Enspire Alpha plate reader.

2.3. Invivo methods

2.3.1. Subjects for in vivo studies

Seven male Long-Evans rats (Rattus norvengicus; Harlan, Indi-
anapolis, IN; ~1.5 years; 451¢g, on average, at the start of the
experiment) were individually housed with light onset and offset
in the colony at 7 a.m. and 7 p.m. EST, respectively. One rat failed to
revisit the replenishment location at initial stages of training and
was excluded from Experiments 2 and 3. The rats received 45-mg
chow and chocolate pellets (FO165 and F0299, respectively; Bio-
Serv, French town, NJ) during experimental sessions and 15 g/day
of 5012-Rat-Diet (PMI Nutrition International, St. Louis, MO) after
completing each session. Water was available ad lib, except when
the rat was in the maze. Prior to the onset of the present study,
the rats received training in the source memory task described in
Crystal and Smith [21].

2.3.2. Apparatus

An 8-arm radial maze (described in Babb and Crystal [27]) was
used. The maze consisted of a central hub, eight runways, guillotine
doors, and a food trough and pellet dispenser at the distal end of
each arm. Experimental events, movement of guillotine doors and
activation of food dispensers, were controlled by computers. Dur-
ing testing, the experimenter is not present in the testing room,
with the exception of placement of the subject on the appara-
tus (described in Section 2.3.3). Data collection resumes after the
experimenter exited the testing room. Data were recorded (10-ms
resolution) with MED-PC software (version 4.1); thus no subjective
ratings of behavior by an experimenter are involved in assess-
ments of either spatial memory or source memory in our task.
Chocolate- and chow-flavored pellets were placed underneath each
food trough in order to keep food odors constant throughout all
parts of the experiment.

2.3.3. Behavioral procedure

Prior to the current study, the rats received source memory
training [21]. In our source memory paradigm, rats are taught that
whether or not a distinctive food item (i.e., chocolate-flavored food
pellets) will replenish is based upon the method by which the rat
encountered the item (i.e., the source information). Rats discovered
the chocolate location either by running to the location (i.e., self-
generated food seeking) or by being placed at the chocolate location
(i.e., experimenter-generated food seeking). The self-generated
chocolate location replenished after a retention interval, whereas
the experimenter-generated chocolate location did not replenish.
Other locations were baited with standard chow-flavored food,
which never replenish.

In the current study, daily unique sessions contained the fol-
lowing (Fig. 3): a study phase (first helpings of food), a retention
interval, and a test phase (second helpings of food). In the study
phase (first helpings), the rats were given access to four out of eight
locations. To initiate the study phase, rats were placed in the hub;
orientation of the rats was pseudo random. Two of the four arms
provided 1 chow pellet; the remaining two arms provided 3 choco-
late pellets. Locations during the study phase did not replenish
food on subsequent revisits. Controlled access to individual arms
allowed the experimenter to place the rat in one of the designated
chocolate arms (randomly selected); the rat was placed at the distal
end of the arm near the food trough and facing the trough and dis-
penser. Therefore, in the study phase, each rat visited one chocolate
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Fig. 3. A schematic of the maze used in Experiments 2 and 3. In the study phase,
two randomly selected locations provide chocolate (shown in dark grey)—one
encountered via self-exploration (self-generated chocolate location) and the other
encountered through placement by the experimenter (experimenter-generated
chocolate location; indicated by the hand icon). The self-generated chocolate loca-
tion replenished after a retention interval, whereas the experimenter-generated
chocolate location did not replenish. Other locations were baited with standard
chow-flavored food, which never replenished.

location by running down the runway (self-generated food seeking)
and the second chocolate location by being placed by the exper-
imenter in the arm (experimenter-generated food seeking). The
study phase ended when food was dispensed at all four accessible
locations. The rat was removed from the maze and placed in the
home cage for a retention interval of 5 min. The rat was returned to
the central hub and all 8 arms opened to begin the test phase (sec-
ond helpings). In the test phase, 1 chow pellet was provided at each
of the four previously unvisited arms, and 3 chocolate pellets were
provided at the self-generated chocolate location (replenishment).
The other chocolate location did not replenish (nonreplenishment).

Source memory includes information about the context in
which an episodic memory was formed. In our task, the rats need
to remember what occurred (chow vs. chocolate flavored food),
where it occurred (location on the maze), and the source of what-
where information (self-generated exploration of the maze vs.
experimenter placement). Accurate source memory performance
is documented by a high revisit rate to the replenishing chocolate
location and a low revisit rate to the nonreplenishing chocolate
location. Our index of source memory is the replenishment rate
minus the nonreplenishment rate; therefore, intact source mem-
ory is documented by a positive value, and the elimination of source
memory is documented by zero.

2.3.4. Drug preparation and administration for in vivo studies
MK-801 was dissolved in saline and administered intraperi-
toneally (i.p.) in a within subjects dosing paradigm in order
of increasing dose (0.1, 0.2, and 0.3 mg/kg). 1C87201 (1, 4 and
10mg/kg) and ZLOO6 (10mg/kg) were dissolved in a vehicle

containing 3% DMSO with the remaining 97% comprised of
1:1:18 of emulphor (Alkamuls EL 620L; Solvay):ethanol (Sigma-
Aldrich):0.9% NacCl (Aquilite System; Hospira, Inc., Lake Forest, IL).
Active compounds were compared with equivalent volumes of the
appropriate vehicle in each case. MK-801,1C87201, and ZLO06 were
administered 30 min prior to behavioral testing. All drugs were
administered intraperitoneally (i.p.) in a volume of 1 mL/kg.

2.3.5. Experimental procedures

In Experiment 2, our objective was to determine whether the
NMDAR antagonist MK-801 produced cognitive impairment in a
source memory procedure, and compare the impact of this agent
on both spatial and source memory performance. Both encod-
ing and retrieval of memories occurred after drug administration.
Behavioral testing was performed with an inter-trial interval of
at least 48 h within each dose condition. An inter-trial interval of
one week separated testing of escalating doses. One additional rat
was not included in the 0.2 mg/kg i.p. MK-801 condition due to
motor impairment that prevented navigation on the maze. All rats
showed motor impairment at 0.3 mg/kg i.p. MK-801, which pre-
cluded behavioral testing.

Experiment 3 was conducted to determine the possi-
ble memory-impairment profile of the PSD95-nNOS inhibitors,
1C87201 and ZLOO6, at doses showing therapeutic efficacy in atten-
uating depression [15], conditioned fear [ 14] and pathological pain
in rodents [11]. Behavioral testing was identical to Experiment 2.
Behavioral testing was performed with an inter-trial interval of one
week for three consecutive weeks, within dose condition. A two
week interval separated conditions, during which washout trials
determined that all subjects were at baseline performance. Drug-
induced motor impairment was not observed following either
IC87201 or ZLOO6 treatment, consistent with our previously pub-
lished work [11].

2.3.6. Data analysis

Source memory was measured as the difference between the
probabilities of a rat revisiting the replenishing (self-generated)
and non-replenishing (experimenter-generated) locations. The
probability of revisiting chocolate was calculated as reported in
our previous work [21], as follows: The probability of at least one
revisit to the chocolate location during the first five choices in the
test phase was calculated (1 if at least one revisit occurred; 0 other-
wise); the probability expected by chance (i.e., random arm entries)
is 0.487 (calculated with a geometric distribution). For estimates of
accuracy in spatial working memory (i.e., avoiding chow-flavored
locations), a correct visit was defined as visiting an arm that was
baited with chow in the test phase, and the analysis of the first
four choices was restricted to the six non-chocolate arms; accu-
racy expected by chance (i.e., random arm entries) is 0.518. Memory
impairment was analyzed by a repeated measure ANOVA followed
by an LSD post-hoc test. All statistical analysis was performed using
IBM SPSS Statistics version 22 (SPSS Inc., Chicago, IL, USA). Statisti-
cal tests were considered significant at alpha level of p=0.05.

3. Results

3.1. 1C87201 and ZLOO06 inhibit cGMP formation following NMDA
stimulation

In cultured hippocampal neurons, PSD95-nNOS inhibitors
1C87201 (20 M) and ZLO06 (20 wM) suppressed NMDA-stimulated
cGMP formation relative to vehicle (p=0.029; p<0.05 for each
comparison; Fig. 4). MK-801 (1 wM) showed a trend towards reduc-
ing NMDA-stimulated cGMP levels in the same assay conditions
(p=0.067). NMDA-stimulated cGMP levels in cultured neurons
treated with PSD95-nNOS inhibitors did not differ from levels
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Fig. 4. PSD95-nNOS inhibitors 1C87201 and ZL006 suppress NMDA-stimulated
cGMP formation in cultured hippocampal neurons (P < 0.03). Effects of PSD95-nNOS
inhibitors did not differ from NMDAR antagonist MK-801. NMDA-stimulated cGMP
levels in NMDAR antagonist and PSD95-nNOS inhibitor treated groups did not dif-
fer from basal levels, measured in absence of NMDA. *p <0.05. Data are shown as
means + SEM.

observed following incubation with MK-801 or from basal levels
determined in the absence of NMDA. Thus, PSD95-nNOS inhibitors
suppress NO formation in vitro, consistent with interruption of
NMDAR-dependent NO signaling by the small molecules.

3.2. NMDAR antagonist MK-801 selectively impaired source
memory under conditions in which spatial working memory was
spared

Rats used in the present study traversed the maze, indicat-
ing that motor side effects of pharmacological manipulations
did not prevent completion of the radial arm maze tasks. Rats
showed no impairment on measures of spatial working memory
at doses of MK-801 (0.1-0.2 mg/kg; i.p.) that did not impair motor
function (Fig. 5A; p=0.394). However, MK-801 dose-dependently
impaired source memory relative to vehicle (Fig. 5B; F(2,6)=23.4,
p=0.001); both the low (p=0.015) and the high dose of MK-801
(p=0.006) impaired source memory relative to vehicle. Source
memory impairment could be attributable to either forgetting the
spatial or source information of the chocolate locations. Therefore,
we compared the revisit probabilities between the replenishing
and nonreplenishing chocolate locations. We observed a signifi-
cant interaction between MK-801 dose and probability that the rat
would return to the nonreplenishing chocolate location (Fig. 6A;
F(2,6)=23.4,p=0.001). At 0.2 mg/kg i.p. MK-801, the probability of
revisiting the nonreplenishing chocolate location increased com-
pared to vehicle (p=0.006), consistent with a maximal impairment
of source memory at the highest dose of the NMDAR antagonist. In
all dose conditions, rats correctly revisited the chocolate locations
that were about to replenish (0.97, 0.03; mean, SEM).

3.3. PSD95-nNOS inhibitors spared spatial working memory and
source memory

1C87201 and ZLOO06 did not produce impairment in either spa-
tial working memory or source memory (Fig. 5C and D; spatial
working memory: p=0.745; source memory: p=0.942). Lack of
impairment in either spatial working memory or source memory
was additionally observed at doses of 1 and 4 mg/kg i.p. (data not
shown), and results were identical to those observed with the high
dose of IC87201 (10 mg/kg). The probability of revisiting a choco-
late location did not change as a result of drug condition (Fig. 6B;
p=0.095) suggesting that the source information was successfully
remembered; rats revisited the chocolate location that was about
to replenish and avoided the non-replenishing chocolate location.
Additionally, spatial and source memory accuracy did not differ
between saline and vehicle groups (p=0.587).

4. Discussion

The NMDAR antagonist MK-801 preferentially impaired source
memory under conditions in which spatial memory was spared.
By contrast, PSD95-nNOS inhibitors 1C87201 and ZL0O06 spared
source memory, spatial memory, and motor function. This is the
first evaluation of the impact of pharmacological manipulations
- the NMDAR antagonist MK-801 and PSD95-nNOS interaction
inhibitors IC8721 and ZLOO6 - using a paradigm (i.e., source mem-
ory) that taps into episodic memory function. In our study, MK-801
selectively impaired source memory in a dose-dependent manner.
By examining the probability of revisiting the individual choco-
late locations, it is apparent that the spatial information for the
chocolate locations is retained as rats consistently returned to both
locations to receive a second helping of chocolate. This high return
rate to both chocolate locations indicates that, while the spatial
information was retained, the rats were unable to store and/or
retrieve the source information. We have hypothesized that our
source memory task taps into the binding of information into an
episodic memory of an event or series of events, which is evolu-
tionarily old and shared between rats and humans [21]. Selective
impairment of source information supports our model of source
memory as a component of memory independent of spatial work-
ing memory. Additionally, as source memory was observed to be
more susceptible to impairment than spatial memory, we propose
that our source memory procedure is a sensitive preclinical mea-
sure for detecting undesirable side effects. Moreover, our results
with MK-801 also indicate that failure of pharmacological inter-
ventions to disrupt spatial memory in the radial arm maze does
not mean that memory impairment is necessarily absent.

The PSD95-nNOS inhibitors, IC87201 and ZL006, administered
at doses used by our lab and others to suppress pathological pain
([11]; 2-10 mg/kg i.p. (data not shown)), depression [13] and con-
ditioned fear[14], did not produce memory impairments typical of
the NMDAR antagonist MK-801. In fact, IC87201 and ZL0O06 spared
both spatial working memory and source memory. By contrast,
MK-801, at doses that show comparable therapeutic efficacy as
analgesics [11], produced both motor [11] and memory (present
study) impairments. Our studies are consistent with work of Zhou
et al. which suggests that ZLO06 does not produce general impair-
ments in spatial memory in the Morris water maze [12].

The lack of impairment produced by MK-801 in spatial working
memory scores in the present study was unexpected as memory
impairment has been repeatedly reported (0.15-0.2 mg/kg i.p.) at
systemic doses similar to those used here [6,28]. We propose that
this difference is due to evaluation of doses that (1) show ther-
apeutic efficacy and (2) do not impair motor performance (i.e.,
impact navigation on the maze). It should be noted that there is
disagreement in the literature as to the threshold at which MK-
801 producesreliable impairments in spatial working memory with
doses as high as 0.33 mg/kg failing to produce impairments [8]. MK-
801 reliably attenuates hyperalgesia and alleviates pain behavior at
adose of 0.1 mg/kg [2,11,29,30]. However, the therapeutic range of
0.1-0.3 mg/kg is also associated with cognitive impairments, fol-
lowed closely by motor impairments at doses of 0.3 mg/kg and
greater [6-8,28]. We, thus, propose that the absence of MK-801-
induced impairment in spatial working memory observed here is
due to our use of a therapeutically-effective low dose of MK-801
that did not impair motor behavior in our task.

Three lines of evidence support an improved therapeutic ratio
for PSD95-nNOS inhibitors compared to NMDAR antagonists. First,
we verified that IC87201 and ZLO06 disrupt NMDA-stimulated
formation of the signaling molecule nitric oxide; in cultured
hippocampal neurons, the PSD95-nNOS inhibitors were highly
efficacious in suppressing NMDA-stimulated cGMP formation, a
marker of NO production. Second, at therapeutically effective doses,
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Fig. 6. Source memory impairment observed in Experiment 2 was due to MK-801-induced selective impairment of source rather than spatial information. High source
memory performance is documented by a high revisit rate to the location that is about to replenish (replenishing), and a low revisit rate to the location that is not about
to replenish (nonreplenishing). (A) Following treatment with MK-801 (0.1-0.2 mg/kg i.p.), rats returned to the non-replenishing chocolate location. Source memory errors
are shown by an increase in revisits to the non-replenishing chocolate location following MK-801 treatment. (B) Following treatment with IC87201 and ZL0OO06, rats did not
return to the non-replenishing location, documenting that PSD95-nNOS inhibitors did not impair source memory. **p <0.01. Data are shown as means + SEM.

Z1.006 and IC87201 failed to produce impairments in spatial work-
ing memory; this finding is consistent with previous suggestions
that ZLO06 does not produce spatial memory impairment in the
Morris water maze [12]. Moreover, the PSD95-nNOS inhibitors
spared source memory, which was eliminated by the NMDAR
antagonist MK-801. Clinical trials have shown that NMDAR antag-
onists are efficacious in alleviating symptoms in a wide range of
neuropathologies such as depression [15], traumatic brain injury,

stroke, dementia, and neuropathic pain [1,2]. NMDAR antago-
nists, such as ketamine and dextromethorphan, are already used
widely in clinical settings to treat patients with neuropathic pain
and have been proposed as antidepressants with rapid onset effi-
cacy [3]; however, patients report adverse side effects on both
cognitive and motor function [2]. By successfully avoiding impair-
ments in memory and motor function, it is likely that PSD95-nNOS
inhibitors exhibit favorable therapeutic ratios in humans compared
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to global NMDAR antagonists. The present work validates the use
of a source memory task to study side effect profiles (i.e., memory
impairment of novel therapeutic interventions) of pharmacothera-
pies. Collectively, our findings suggest that targeting PSD95-nNOS
protein-protein interactions downstream of NMDARs will show a
more limited profile of unwanted side effects compared to NMDAR
antagonists.
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