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ABSTRACT OF THE DISSERTATION
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The N-methyl-D-aspartate glutamate receptor (NMDAR) is a critical substrate underlying
experience-dependent plasticity and working memory. NMDAR signaling is impaired in
schizophrenia and NMDAR hypofunction may contribute to deficits in plasticity and working
memory in schizophrenia. Augmenting NMDAR signaling using the partial agonist d-
cycloserine (DCS) may ameliorate such deficits. However, given that divergent properties of the
NMDAR underlie its roles in plasticity versus working memory and that various aspects of
NMDAR function are abnormal in schizophrenia, examining the effects of DCS in both healthy

and patient populations is crucial.



In two study samples, we therefore investigated 100 mg DCS versus placebo on working
memory, using a spatial n-back task, and plasticity, using an EEG paradigm that utilizes high
frequency visual stimulation (HFvS) to induce long-term potentiation (LTP) in visual cortex
neurons and two LTP-dependent learning tasks, the weather prediction and information
integration tasks.

In study one among healthy participants, participants who received DCS (n = 32) showed
enhanced plasticity compared to placebo (n = 33), as demonstrated by enhanced LTP following
HFvS and accelerated acquisition of both learning tasks. Conversely, there were no group
differences in working memory. In study two among patients with schizophrenia, patients who
received DCS (n = 24) showed enhanced neural responsivity and working memory compared to
placebo (n = 21), with no differences on the EEG or learning measures of plasticity.

In healthy participants, DCS therefore enhanced plasticity without affecting working memory,
consistent with evidence that beyond a threshold of NMDAR activation needed to generate
recurrent firing in working memory circuits, further NMDAR activation should have limited
benefits. Conversely, the mirror effects of DCS on baseline neural responsivity and working
memory in schizophrenia with no effects on plasticity suggest that DCS ameliorated reductions
in NMDAR signaling in schizophrenia, but that increased NMDAR activation was not translated
into the structural synaptic changes that support experience-dependent plasticity. Results are
consistent with emerging evidence that NMDAR abnormalities in schizophrenia involve not only
the receptor but also NMDAR-associated proteins critical for plasticity and highlight the
importance of considering how distinct NMDAR properties contribute to individual cognitive

deficits in schizophrenia.
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CHAPTER 1
Augmenting NMDA Receptor Signaling Boosts Experience-Dependent Plasticity in the Healthy

Adult Brain without Affecting Working Memory
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Augmenting NMDA receptor signaling boosts
experience-dependent neuroplasticity in the adult

human brain
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Edited by Karin Foerde, New York University, New York, NY, and accepted by the Editorial Board October 28, 2015 (received for review May 12, 2015)

Experience-dependent plasticity is a fundamental property of the
brain. It is critical for everyday function, is impaired in a range of
neurological and psychiatric disorders, and frequently depends on
long-term potentiation (LTP). Preclinical studies suggest that
augmenting N-methyl-p-aspartate receptor (NMDAR) signaling
may promote experience-dependent plasticity; however, a lack
of noninvasive methods has limited our ability to test this idea
in humans until recently. We examined the effects of enhancing
NMDAR signaling using p-cycloserine (DCS) on a recently developed
LTP EEG paradigm that uses high-frequency visual stimulation (HFvS)
to induce neural potentiation in visual cortex neurons, as well as on
three cognitive tasks: a weather prediction task (WPT), an informa-
tion integration task (IIT), and a n-back task. The WPT and IIT are
learning tasks that require practice with feedback to reach optimal
performance. The n-back assesses working memory. Healthy adults
were randomized to receive DCS (100 mg; n = 32) or placebo (n =
33); groups were similar in 1Q and demographic characteristics. Par-
ticipants who received DCS showed enhanced potentiation of neural
responses following repetitive HFvS, as well as enhanced perfor-
mance on the WPT and IIT. Groups did not differ on the n-back.
Augmenting NMDAR signaling using DCS therefore enhanced activity-
dependent plasticity in human adults, as demonstrated by lasting
enhancement of neural potentiation following repetitive HFvS and
accelerated acquisition of two learning tasks. Results highlight the
utility of considering cellular mechanisms underlying distinct cog-
nitive functions when investigating potential cognitive enhancers.

p-cycloserine | NMDA receptor | neuroplasticity | long-term potentiation |
learning

Experience-dependem neuroplasticity is the capacity of the brain
to change in response to environmental input, learning, and use.
It is a fundamental property of the brain and is critical for everyday
functioning. It allows us to learn and remember patterns, predict and
obtain reward, and refine and accelerate response selection for
adaptive behavior (1). During development, experience-dependent
plasticity interacts with genetic programming to organize neurons
into the structurally and functionally connected circuits that char-
acterize a mature brain. Although this basic circuitry is established by
early adulthood, experience-dependent plasticity continues to shape
connectivity within these circuits such that important inputs and
action outputs are represented by larger and more coordinated
populations of neurons. Given that these changes are the primary
means through which the adult brain enables new behavior and that
such plasticity is impaired in a range of neurological and psychiatric
disorders (2), identifying manipulations that can harness experience-
dependent plasticity offers exciting possibilities. Here, we tested
whether augmenting N-methyl-p-aspartate receptor (NMDAR) ac-
tivity could enhance experience-dependent plasticity in the adult
human brain.

The classical mechanism underlying experience-dependent
plasticity is long-term potentiation (LTP) or depression (LTD)
of synaptic strength. The brain encodes external and internal

www.pnas.org/cgi/doi/10.1073/pnas.1509262112

events through spatiotemporal patterns of activity generated by
populations of neurons. Lasting changes in synaptic strength via
LTP and LTD shapes these patterns of activity and are thought
to be the primary cellular mechanism for representing new in-
formation in the brain (1, 3). In animals, LTP is identified
electrophysiologically as an enduring increase in postsynaptic
cellular currents using single-cell or local field recordings and is
observed following high-frequency electrical stimulation or new
learning. In mature animals, LTP has been observed at subcortical
and sensory cortex synapses, including in the amygdala, hippocam-
pus, and striatum, as well as in visual, auditory, and somatosensory
cortex (1-6). Although a lack of noninvasive methods has tradi-
tionally limited our ability to investigate LTP in humans, recent re-
search indicates that protocols using high-frequency, repetitive
presentation of visual or auditory stimuli provide a naturalistic
method for inducing LTP in humans and animals. Studies in rodents
demonstrated that changes in neural responses following repetitive
sensory stimulation show the cardinal features of synaptic LTP, in-
cluding persistence (>1 h), input specificity, and NMDAR de-
pendency (7, 8). Furthermore, these LTP-like changes can be
measured noninvasively as changes in sensory evoked potentials,
which are stimulus-synchronized electroencephalograph (EEG) sig-
nals that result from postsynaptic potentials in populations of sensory
neurons. High-frequency sensory stimulation has thus been shown to
induce lasting potentiation of visual and auditory evoked potentials
in human adults (9, 10) and has been used to demonstrate that
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Experience-dependent plasticity is the capacity of the brain to un-
dergo changes following environmental input and use, and is a
primary means through which the adult brain enables new be-
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LTP-like processes are impaired in patients with depression (11),
bipolar disorder (12), and schizophrenia (13, 14). Sensory LTP proto-
cols therefore provide a valuable window into the cellular mechanism
thought to underlie many forms of experience-dependent plasticity.

One potential method for promoting experience-dependent
plasticity is to augment NMDAR signaling. The NMDAR is a
primary glutamate receptor and is critical for triggering LTP at
many synapses in the brain. This role stems from the receptor’s
unique biophysical properties, including that (i) NMDARs are
blocked by a magnesium ion at rest such that they are dually
voltage and ligand gated and therefore detect coincident pre-
synaptic and postsynaptic activity; (i) NMDARS are calcium
permeable and therefore initiate signaling cascades when acti-
vated, leading to structural synaptic changes such as a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptor up-
regulation and enlarged dendritic spines on which synapses are
localized; and (iii) NMDARSs have slow excitatory postsynaptic
potential (EPSP) decay kinetics that facilitate temporal sum-
mation of EPSPs and sustained neural excitation (15, 16).
Studies of transgenic and knockout mice showed that blocking
NMDARs impairs LTP as well as learning and memory perfor-
mance. Conversely, enhancing NMDAR activity enhanced LTP
and the acquisition and retention of information (17). Given the
role of NMDARS in triggering the cellular machinery that supports
experience-dependent plasticity, augmenting NMDAR signaling may
offer a powerful means to promote LTP and learning in humans.

In the current study, we used the NMDAR agonist D-cyclo-
serine (DCS) to examine how augmenting NMDAR signaling
affects LTP-like processes and learning in the adult human brain.
NMDARs are tetramers composed of two NR1 and two NR2
subunits. Activation requires binding of glutamate to the NR2
subunit and concurrent binding of glycine or p-serine to the NR1
subunit (18). Although direct enhancement of NMDAR signal-
ing via the glutamate site can produce excitotoxicity, indirect
stimulation via the glycine site offers a safer method for facili-
tating activity. DCS is a partial agonist at the glycine site that
readily crosses the blood-brain barrier, is approved by the Food
and Drug Administration for daily use as an antituberculosis
drug, and has few side effects at low doses. Thus, DCS offers a
safe means to augment NMDAR signaling at low doses.

Using a double-blind design, we randomized healthy adults to
receive DCS or placebo. We examined the effects of augmenting
NMDAR signaling on two indices of experience-dependent
plasticity: (i) LTP and (i) incremental learning. Participants
completed the visual LTP task using high-frequency visual
stimulation (HFVS) to induce potentiation of visual cortex neu-
rons, followed by a weather prediction task (WPT) (19), an in-
formation integration task (IIT) (20), and an n-back task. The
WPT and IIT are incremental learning tasks in which stimulus—
feedback associations are thought to be encoded by LTP at
corticostriatal synapses (21, 22). The n-back is a spatial working
memory task. Working memory relies on reverberating activity in
cortical microcircuits over short delays to maintain information
in the absence of stimuli and, thus, does not rely on LTP (23).
To facilitate dissociation of the effects of DCS on experience-
dependent plasticity versus working memory, the n-back task was
designed to be identical to the IIT in stimuli and trial structure.
Thus, the only difference participants experienced between the
tasks was whether they were asked to learn about the stimuli
(i.e., for the IIT) or recall whether stimuli were in the same
location on the screen as recently shown stimuli (i.e., for the
n-back). To assess potential delayed effects of DCS, participants
returned to the laboratory the following day to repeat cognitive
testing. No drug or placebo was administered on the second day.
Although the idea of using NMDAR agonists to enhance cog-
nition is not new, past studies examining diverse cognitive do-
mains have yielded mixed results (24-36). Difficulty reconciling
divergent effects has limited our ability to harness NMDAR

| www.pnas.org/cgi/doi/10.1073/pnas. 1509262112

agonists as cognitive enhancers. To our knowledge, this is the
first human study to systematically test the hypothesis that in-
creasing NMDAR signaling enhances experience-dependent
plasticity, and the first study to combine behavioral measures
with assessment of a mechanism thought to underlie experience-
dependent plasticity. We hypothesized that participants who
received DCS would show (i) enhanced neural potentiation
following HFVS on the LTP task; (ii) enhanced performance on
the WPT and IIT; and (iii) similar performance on the n-back
task, compared with Placebo participants.

Results

Participants. Sixty-five healthy adults enrolled in the study and re-
ceived DCS (n = 32) or placebo (n = 33). Randomization yielded
groups that were well-matched in age [#(s3) = 0.16, P = 0.87], gender
[x* = 0.01, P = 0.91], and 1Q [t(s3, = —0.08, P = 0.94] (Table 1).

Visual Evoked Potential Responses. To examine the effects of en-
hancing NMDAR signaling on LTP-like processes in the human
brain, we compared changes in visual evoked potentials (VEPs)
to a black-and-white checkerboard stimulus following HFvS in
participants who received DCS versus those who received placebo.
VEPs were assessed for 4 min immediately before HFVS to es-
tablish baseline neural responses, and during four post-HFvS
blocks that occurred at 2-4, 4-6, 20-22, and 120-122 min following
HFVS (SI Methods). The VEP complex was prominent at midline
parietal-occipital channels and included a negative component, C1,
that peaked at Oz at 100.79 ms (SD = 7.20) in Placebo participants
and 102.06 ms (SD = 9.07) in DCS participants, and a positive
component, P2, that peaked at Oz at 195.40 ms (SD = 29.03) in
Placebo participants and 197.39 ms (SD = 24.10) in DCS partici-
pants (Fig. 1 A and B). Cl and P2 latencies did not differ
between groups. For description of the time course of C1 and P2
plasticity following HFVS, see SI Results.

DCS Enhanced P ion of VEP Comp ts. There were no
differences in baseline amplitude of C1 [#(s3) = 0.39, P = 0.70] or
P2 [t(63)=0.24, P = 0.81] between DCS and Placebo participants,
indicating that DCS did not affect general neural excitability (S/
Results). HFvS modulated C1 and P2 in both groups (S7 Results),
however, DCS significantly enhanced potentiation of both CI
and P2 following HFvS. Repeated-measures ANOVA on Cl
amplitude change from baseline across the four post-HFvS blocks
revealed that DCS participants showed greater potentiation overall
compared with Placebo [F; g3, = 4.92, P = 0.03], due to less de-
pression of C1 during early post-HFvS blocks and greater po-
tentiation of C1 during the last post-HFvS block (Fig. 24). The
Group by Block interaction was not significant.

Similarly for P2, repeated-measures ANOVA revealed a sig-
nificant effect of Group overall, due to the DCS group showing
greater potentiation of P2 across all post-HFvS blocks compared
with Placebo [F 63) = 6.08, P = 0.02] (Fig. 2B). The Group by
Block interaction was not significant. Parallel analyses using C1—
P2 peak-to-peak amplitude also showed enhanced potentiation
across post-HFvS blocks in the DCS group (S/ Results). These
results indicate that enhancing NMDAR signaling augmented
potentiation of neural responses for 2 h following HFvS com-
pared with Placebo, consistent with our first hypothesis.

Table 1. Demographic characteristics of Placebo and DCS
participants

Group n Age (SD) Sex WASI 1Q (SD)
Placebo 33 20.55 (2.41) 19 F/14 M 120.42 (9.33)
DCS 32 20.59 (2.69) 18 F/14 M 120.78 (8.23)

F, female; M, male; WASI, Weschler Abbreviated Scale of Intelligence.
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Fig. 1. (A) Grand average VEPs elicited by the standard checkerboard stimulus in example midline parietal-occipital channels for Placebo (Top) and DCS
(Bottom) participants across VEP assessment blocks. (B) Scalp topography of C1 and P2 for Placebo (Top) and DCS (Bottom) participants across VEP assessment
blocks. C1 analyses were based on average peak amplitudes from four channels surrounding Oz and Iz (i.e., Oz, Iz, O1, Ol1h); P2 analyses were based on
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DCS Enhanced Experience-Dependent Learning. The WPT is a
probabilistic classification learning task in which participants
viewed combinations of cues that probabilistically predicted sun
or rain. Following each response, participants were shown feedback
regarding the actual outcome for each trial (SI Methods). Suc-
cessful learning of associations between cues and probabilistic
outcomes is thought to depend on LTP at corticostriatal synapses
(21, 22). Both groups showed successful learning on the WPT, as
indicated by improved performance over trial blocks [F(3 150 =
10.35, P < 0.001] and days [F(y,150) = 20.05, P < 0.001]. However,
the DCS group showed enhanced performance overall [F( 60y =
5.60, P = 0.02]. Improved performance in the DCS group was
evident within the first block of trials, indicating that DCS partic-
ipants learned more rapidly and maintained gains over Placebo,
despite no drug being given on the second day (Fig. 34). No in-
teractions of Group with Block or Day were significant.

The IIT is a classification learning task in which participants
viewed sine-wave grating stimuli that varied in bar width and
orientation. Participants were instructed to integrate the two
dimensions and use auditory feedback to learn whether stimuli
belonged to category A or B (SI Methods). Modeling of partic-
ipant responses confirmed that the majority of participants
(95%) used the optimal information integration decision strategy
to learn the IIT (SI Results). Similar to the WPT, although both

groups showed learning across trial blocks [F(3171) = 748, P <
0.001] and days [F 1,171y = 27.03, P < 0.001], participants who re-
ceived DCS showed enhanced learning compared with participants
who received placebo. Enhanced performance in the DCS group
was particularly evident during early learning, as indicated by a
significant Group by Block by Day interaction [F(3 17y = 4.76, P =
0.003], due to the DCS group showing significantly enhanced per-
formance during the first (P = 0.03) and second trial blocks on day 1
(P = 0.02). The DCS group also showed a trend toward enhanced
performance during the fourth trial block on day 1 (P = 0.06) (Fig.
3B). Although correct responses remained higher for DCS than
Placebo participants on the second day of testing when no drug was
administered, this effect was not significant. Thus, consistent with
our second hypothesis, DCS significantly enhanced acquisition of
two incremental learning tasks.

In contrast to the effects of DCS on the IIT and WPT, DCS
did not affect performance on the n-back. The n-back was a
spatial working memory task with four memory loads (0- to 3-
back). Both groups performed better at lower working memory
loads [F(3,177y = 146.26, P < 0.001] and showed practice effects
over testing days [F(; 177y = 35.33, P < 0.001]. However, consis-
tent with our third hypothesis, DCS and Placebo participants did
not differ in working memory performance at any load. Thus, the
main effect of Group and interactions of Group with Day and
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Fig. 3. (A) Mean =+ SE percent correct responses per 80-trial blocks of the weather prediction task (WPT) for Placebo (n = 31) and DCS participants (n = 31).

*DCS participants performed significantly better than Placebo participants overall (P = 0.02). () Mean + SE percent correct responses per 80-trial blocks of the
information integration task (IIT) for Placebo (n = 29) and DCS participants (n = 30). *DCS participants performed significantly better than Placebo participants
during blocks 1 (P=0.03,) and 2 (P = 0.02). (C) Mean + SE percent correct responses per 80-trial blocks for the 0-back (0B), 1-back (1B), 2-back (2B), and 3-back
(3B) conditions for Placebo (n = 29) and DCS participants (n = 32). There were no group differences between Placebo and DCS participants on the n-back.

memory load were not significant (values of P > 0.05) (Fig. 3C).
This lack of effect of DCS on the n-back task was evident despite
identical stimuli, trial structure, and auditory feedback to the IIT
(SI Methods). Furthermore, there were no group differences in
reaction times on any task (S/ Results).

Discussion

Augmenting NMDAR signaling using the partial agonist DCS
enhanced experience-dependent plasticity as shown by persisting
enhancement of neural potentiation following repetitive HFvS
on the LTP task and enhanced acquisition of two incremental
learning tasks. Thus, DCS augmented potentiation of the C1
and P2 components following HFvS, without affecting baseline
neural excitability. DCS also improved acquisition of the WPT
and IIT without affecting performance on the n-back working
memory task. Together, these results suggest that DCS enhanced
both a mechanism (i.e., LTP) and behavioral correlates of expe-
rience-dependent plasticity (i.e., incremental learning), and provide
compelling evidence that enhancing NMDAR signaling can boost
experience-dependent plasticity in the adult human brain.

LTP of synaptic currents is the most well-studied form of activity-
dependent plasticity. It persists into adulthood, is frequently
NMDAR dependent, and has been observed at subcortical and
sensory cortex synapses (1-6). Although classical LTP studies used
high-frequency electrical stimulation to induce LTP, HFvS also
induces lasting potentiation of neural responses (8-14), and po-
tentiated neural responses following HFvS show cardinal features of
synaptic LTP (7, 8). In the current study, participants who received
DCS showed greater potentiation of the VEP following HFvS
compared with participants who received placebo. This is consistent
with prior findings that DCS augmented increases in motor cortex
excitability following anodal transcranial direct-current stimulation
in humans (37) and augmented LTP in rat hippocampus following
high-frequency electrical stimulation (38, 39). Our finding is also
consistent with preclinical studies demonstrating that potentiation
of the VEP following HFvS is NMDAR dependent (8).

It is interesting to note that both Placebo and DCS participants
showed depression of C1 in the early minutes following HFVS,
before showing potentiation at 2 h post-HFvS. C1 is the first major
visual event-related potential component and is generated by
neurons in primary visual cortex (40). Although one study using a
similar LTP paradigm in humans found that C1 was potentiated up
to 22 min following HFvS (13), additional studies found no change
or a trend toward reduced C1 amplitude up to 28 min following

| www.pnas.org/cgi/doi/10.1073/pnas. 1509262112

HEVS (11, 12). Given that VEPs measured by EEG capture the
electrical discharge of populations of neurons, this variable di-
rection of C1 plasticity may reflect interactive effects of homo-
synaptic LTP and heterosynaptic LTD across visual cortex synapses,
where homosynaptic synapses are those synapses that are directly
activated by electrical stimulation and heterosynaptic synapses are
nearby synapses that are not directly activated by stimulation.
Traditional investigations of LTP have focused on homosynaptic
plasticity. However, a growing body of research indicates that the
same procedures that induce plasticity in one direction in a given
synaptic pathway frequently induce inverse plasticity at adjacent
synapses (41-43). Thus, stimulation that results in LTP at tetanized,
homosynaptic synapses has been shown to produce LTD at non-
tetanized, heterosynaptic synapses, such that minimal change in
total synaptic weight occurs over a population of neurons (42). Such
heterosynaptic plasticity is thought to represent a homeostatic
mechanism to provide stability at the neural system level (for
review, see ref. 41). Importantly, whereas homosynaptic plas-
ticity is associative and usually NMDAR dependent, hetero-
synaptic plasticity is nonassociative and usually depends on non-
NMDAR mechanisms such as retrograde signaling by nitric
oxide and endocannabinoids. Few studies have investigated the
time course of heterosynaptic plasticity in neocortical regions of
mature animals; however, at least one study found that hetero-
synaptic depression induced in somatosensory neurons following
high-frequency stimulation was more transient (<10 min) than
the induced homosynaptic LTP (6). Although speculative, we
suggest that the variable direction of C1 plasticity during early
post-HFVS blocks in the current study may reflect the net effect
of homosynaptic potentiation and heterosynaptic depression at
the neuron population level. Nevertheless, our finding that DCS
participants showed enhanced potentiation of C1 and P2 across
post-HFvS assessments compared with Placebo is consistent with
evidence that homosynaptic LTP is usually NMDAR dependent,
and suggests that enhancing NMDAR signaling resulted in en-
hanced homosynaptic LTP in visual cortex neurons.

Enhancing NMDAR signaling also enhanced performance on
the WPT and the IIT. The WPT and IIT both depend on in-
cremental, feedback-based learning that is generally mediated by
corticostriatal circuits, although prefrontal and medial temporal lobe
structures may also be involved (21, 22, 44, 45). In particular, rapid
acquisition of stimulus-outcome contingencies that coincides with
early gains in learning is thought to be mediated by NMDAR-
dependent LTP at dorsomedial striatal (DMS) synapses (21, 22, 46).
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As stimulus-outcome contingencies are consolidated and motor re-
sponses are increasingly automatized during late learning, perfor-
mance asymptotes. In contrast to early learning, later expression of
automatized responses is thought to be supported by LTD at dor-
solateral striatal synapses following metabotropic glutamate and D2
dopamine receptor activation (22, 46). In the current study, enhanced
performance in the DCS group was evident within the first block of
80 trials for both the IIT and the WPT. This suggests that augmenting
NMDAR signaling facilitated the encoding of stimulus-outcome
contingencies, possibly by accelerating or augmenting LTP at DMS
synapses. Our findings of enhanced acquisition of the WPT and IIT
are consistent with other findings of enhanced incremental learning
following DCS administration, including on category learning (28),
motor learning (25), and mental rotation learning tasks (47).

In contrast to the WPT and IIT, DCS participants did not differ
from Placebo participants on the n-back, despite identical stimuli
and trial structure between the IIT and n-back. This dissociation of
cognitive effects is consistent with an emerging neurobiological
framework that suggests that transient plasticity that underlies
working memory is modulated in a fundamentally different way than
lasting plasticity changes that support learning and memory consol-
idation (23, 48). Thus, whereas experience-dependent learning is
thought to be mediated by lasting structural changes at dendritic
spines following NMDAR-induced signaling cascades, short-term
representation of stimuli for spatial working memory is thought to be
mediated by transient, persistent firing of dorsolateral prefrontal
cortex (dIPFC) microcircuits over brief delays. These working
memory microcircuits involve glutamatergic pyramidal neurons in
layer IIT dIPFC with similar spatial tuning that excite each other via
AMPA and NMDA receptors, and GABAergic interneurons that
inhibit neurons with dissimilar spatial tuning. Sufficient NMDAR
activity is necessary to generate reverberating activity; however, it is
lateral inhibition from GABAergic interneurons and dynamic
modulation from acetylcholine and dopamine that is thought to
enhance neuron firing for preferred directions, reduce firing for
nonpreferred directions, and sculpt network activity to define the
specifics of mental representation (23). This framework suggests
that, given the minimum NMDAR activation necessary to produce
transient, persistent firing, further NMDAR activation should have
relatively limited effect on working memory performance. Our
finding of similar working memory performance between DCS and
Placebo participants is consistent with this theory and is in line with
prior studies that failed to find effects of DCS on working memory in
healthy volunteers or patient groups (27, 34-36). This dissociation of
effects of DCS on experience-dependent learning versus working
memory highlights the importance of considering the cellular
mechanisms underlying distinct cognitive functions and demon-
strates how investigating targeted hypotheses that capitalize on basic
cognitive neuroscience can help reconcile discrepant effects of po-
tential cognitive-enhancing drugs.

Some limitations to the current study should be noted. First,
the current investigation was limited to healthy young adults.
Studies in healthy participants provide critical information about
potential mechanisms through which procognitive drugs exert
their effects, as well as early feedback on how drugs affect spe-
cific cognitive domains and ideas for how effects may best be
investigated in patient groups (49). Nevertheless, given that a key
motivation for investigating effects of enhancing NMDAR sig-
naling is to identify manipulations that can ameliorate plasticity
deficits in patient populations, parallel studies in older adults
and patient groups are an obligatory next step. Additionally,
investigation of prolearning effects of DCS in the current study
was limited to classification learning tasks that depend primarily
on corticostriatal circuits. NMDAR-dependent LTP is thought
to underlie distinct forms of learning in distributed circuits. For
example, fear learning is thought to be encoded by LTP at lateral
amygdala synapses (4), whereas motor sequence learning is
thought to be encoded by LTP in motor cortex synapses (2).

Forsyth et al.

Other studies have shown that DCS can enhance learning mediated
by other circuits, including fear (24) and motor learning (25), and
indeed, some of the most reliable effects of DCS have been found
when administered before cognitive behavioral therapy (CBT) ex-
posure sessions to enhance fear extinction (ref. 29; but see also refs.
30 and 31). Future studies that systematically assess the effects of
DCS on learning across multiple neural circuits will strengthen our
understanding of the distributed effects of augmenting NMDAR
signaling on experience-dependent plasticity. Finally, the current
study did not assess how varying the parameters of DCS adminis-
tration affects the efficacy of DCS. For example, some evidence
suggests that the NMDAR complex may show desensitization when
DCS is administered repeatedly (50). Although beyond the scope of
the current study, future studies that characterize the optimal time
window for DCS administration and examine whether effects of
DCS persist with chronic dosing will be critical before practical
applications of DCS can be realized.

Taken together, the current results provide compelling evidence
that enhancing NMDAR signaling can augment experience-
dependent plasticity in the adult human brain. Effects of DCS
were seen across tasks probing both the mechanism thought to
underlie many forms of experience-dependent plasticity (i.e.,
LTP) and behavioral correlates of experience-dependent plas-
ticity (i.e., acquisition of incremental learning). These findings
suggest exciting possibilities for using NMDAR agonists to help
ameliorate plasticity deficits in neurodegenerative and psychi-
atric disorders. Our results complement a growing literature that
suggests that DCS can enhance new learning during CBT in-
terventions (29, 32) and cognitive training programs (33, 34).
The dissociation of effects of DCS on incremental learning
versus working memory highlights the importance of capitalizing
on progress in basic cognitive neuroscience to develop more
specific hypotheses for targets of cognitive-enhancing drugs.

Methods

Participants and Procedures. Healthy volunteers between 18 and 30 y com-
pleted the study (S/ Methods). Study procedures were approved by the
University of California, Los Angeles, Human Participants Institution Review
Board, and written informed consent was obtained from all participants.
Testing consisted of a 2-d, randomized, double-blind 100-mg DCS versus
placebo design. On the first day, DCS or placebo was administered as en-
capsulated pills. EEG testing began 3 h later, followed by cognitive testing (S/
Methods). To explore potential delayed effects of DCS on memory consoli-
dation (51), participants returned to the laboratory the next day to repeat
the cognitive tasks. No drug or placebo was administered on the second day.

LTP Task. The LTP task was adapted from Cavus et al. (13) and assessed VEPs in
2-min blocks before and after exposure to HFvS. VEPs were assessed to a
standard circle stimulus filled with a black-and-white checkerboard pattern,
presented at 0.83 Hz. The HFvS block consisted of repeated presentation of
the standard circle at ~8.87 Hz for 2 min. For additional details on the task
and on EEG recording and processing, see S/ Methods.

Cognitive Tasks. The WPT was a probabilistic classification task adapted from
Wagshal et al. (19). The WPT consisted of 320 trials during which participants
predicted the weather based on cue combinations that probabilistically related
to “sun” and “rain.” Cues were presented for a maximum of 5 s. Following
response, feedback showing the cue combination and actual outcome for the
trial was presented for 1 s. The IIT was a category learning task adapted from
Waldschmidt and Ashby (20). The IIT consisted of four blocks of 80 trials sepa-
rated by 10-s rest periods, for 320 total trials. Stimuli belonged to category A or
B, and consisted of circular sine-wave gratings that varied in bar width and bar
orientation. On each trial, a single stimulus was presented in one of four
quadrants of the screen for 2 s. Participants were instructed to integrate in-
formation about the two dimensions and choose whether stimuli belonged to
category A or B; following response, participants were provided auditory feed-
back for 500 ms indicating whether they made a correct or incorrect response.
The n-back was a spatial working memory task with four memory loads and was
designed to be identical in stimuli and trial structure to the IIT. Thus, participants
viewed a sequence of 80 stimuli at each memory load, and on each trial, were
asked to respond “yes” or “no,” whether the stimulus was in the same quadrant
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on the screen as the stimulus they saw n trials earlier. See S/ Methods for ad-
ditional details on the cognitive tasks.

Statistical Analyses. Statistical analyses were conducted with SPSS, version
22.0 (SPSS). Independent-samples t tests assessed group differences in age
and IQ, and a xz test assessed differences in gender.

LTP analyses. C1 and P2 components were identified at midline occipital channels
and were analyzed using the channels available for all participants that showed
the largest amplitude for each component. Thus, C1 analyses used Oz, Iz, O1,
Ol1h, and P2 analyses used POz, Oz, Iz, POO1, O1, Ol1h. As initial analyses showed
no interactions of channel with Group or Block, average amplitude across the four
C1 channels and six P2 channels were used for all analyses. Paired-samples t tests
showed no differences between the two baseline VEP blocks for either group for
C1 or P2; thus, amplitudes for the two baseline blocks were averaged to yield
one baseline. To first characterize the time course of HFvS effects, component
amplitudes were investigated using Group by Block repeated-measures ANOVA,
followed by tests of simple contrast to baseline (S/ Results). Next, to obtain a
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measure of potentiation induced by HFvS, baseline VEP amplitude was sub-
tracted from each post-HFvS amplitude. Group differences in potentiation were
assessed using Group by Block repeated-measures ANOVA.

Cognitive analyses. Percent correct responses per 80-trial blocks were calcu-
lated for each cognitive test. For the WPT, trials for cue combinations that
equally predicted sun and rain (i.e., probability of 0.5) were excluded. Group
differences in accuracy and reaction time were assessed using Group by Block
by Day repeated-measures ANOVA. An « value of 0.05 was used to de-
termine significance for all analyses.
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SI Methods

Inclusion Criteria. Participants were eligible for the study if they
were between 18 and 30 y of age; were comfortable reading in
English; had no history of seizures, neurologic disease, or allergies
to antibiotics; had normal vision and hearing; were not prescribed
psychotropic medication; were not pregnant; had not used rec-
reational drugs in the past month; and had an 1Q > 70, as assessed
by the vocabulary and matrix reasoning tests of the Weschler
Abbreviated Scale of Intelligence (WASI) (52). Participants
completed a brief medical screen and were asked to abstain from
alcohol use for 24 h before testing.

For data analyses, participants were excluded from analysis of a
given cognitive test if they missed more than 5% of trials on a
testing day. This resulted in exclusion of two Placebo and one
DCS participants for the IIT; two Placebo and one DCS par-
ticipants for the WPT; and four Placebo participants for the
n-back. One Placebo participant who performed poorly on the
IIT (51.6% correct on day 1) reported that he had not un-
derstood the instructions; one Placebo participant performed
below chance on the IIT and was considered an outlier (28.4%
correct overall); and one DCS participant was erroneously admin-
istered a rule-based version of the IIT; data for these participants
on the IIT were excluded. No participants were excluded from LTP
data analyses.

DCS Properties and Administration Schedule. The administration
schedule of DCS was chosen based on pharmaceutical in-
formation that peak plasma levels are reached in 3-4 h (King’s
Pharmaceuticals), and is consistent with other studies showing
beneficial effects of DCS when administered 3-4 h before
learning or exposure therapy (e.g., refs. 26 and 28). However, it
is possible that an alternate administration schedule would have
yielded stronger effects of DCS. For example, a recent meta-
analysis of DCS and fear extinction indicated that beneficial
effects of DCS were most reliable when DCS was administered
1-2 h before exposure sessions (30). Nevertheless, given that the
half-life of DCS is 8-12 h (King’s Pharmaceuticals), it is likely
that maximal or near-maximal effects of DCS were present
during testing in the current study.

It is also important to note that the effects of DCS can differ at
low versus high doses. This dose-response pattern may reflect the
differential efficacy of DCS at NMDARs with different subunit
compositions. Specifically, DCS has been shown to increase the
channel open time and open probability of NMDARSs containing
the NR2C subunit with ~200% efficacy compared with glycine.
However, at NMDARs containing NR2A or 2B subunits, DCS
has ~50% efficacy compared glycine (36). Thus, although DCS is
a potent agonist at NMDARs with NR2C subunits regardless of
dose, at NMDARs with NR2B and NR2A subunits, DCS may
act as an agonist at low doses (e.g., 50-250 mg) by stimulating
unoccupied glycine sites, but as an antagonist at high doses (e.g.,
1,000 mg) (53) by displacing endogenous glycine from the glycine
site. Given this activity profile, the current study used a low dose
of 100 mg of DCS that has been shown to be an agonist in other
studies (e.g., refs. 25 and 37).

LTP Task. VEP assessment blocks during the LTP task consisted of
a pseudorandom oddball sequence of 90% standard and 10%
target stimuli presented for 33 ms (jittered 1- to 1.33-s stimulus
onset asynchrony). The standard stimulus was a circle filled with a
black-and-white checkerboard pattern, presented at 0.83 Hz. To
maintain attention, participants were asked to press a button
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whenever they saw a target square containing a blue-and-white
checkerboard pattern. Unrelated auditory and resting tasks were
performed between the HFVS and post-HFVS blocks 1 through 3.
The cognitive tasks were performed between post-HFvS blocks 3
and 4. The standard stimulus and time course of the LTP task are
shown in Fig. S1.

Continuous EEG was amplified and recorded using a Biosemi
Active-Two system (BioSemi, Amsterdam) employing 128 elec-
trodes in an elastic cap and arranged according to the extended
10-20 EEG system. Horizontal eye movements were measured
via two electrodes located 1 cm lateral to the lateral canthi of the
right and left eyes, and vertical eye movements and blinks were
measured by two electrodes located 1 cm above and below the
orbit of the right eye. Due to recording error, data from the 64
right hemisphere channels were not retained for the first 33
participants; however, posterior midline electrodes were avail-
able for all participants.

EEG data were processed using Brain Vision Analyzer (Brain
Products) and custom MATLAB (Mathworks) scripts. Continuous
data were rereferenced to nose, bandpass filtered at 0.5-50 Hz,
and 600-ms (—100 to 500 ms) epochs time-locked to the stan-
dard stimulus onsets were extracted for each VEP block. Epochs
were baseline corrected using the prestimulus period and sub-
jected to ocular correction using the Gratton et al. (54) algo-
rithm. Epochs with voltage exceeding £100 pV between 0 and
250 ms after stimulus onset at parietal or occipital sites were
excluded. VEP blocks following artifact rejection contained a
minimum of 57 segments (Placebo, M = 89.15, SD = 2.37; DCS,
M = 89.43, SD = 1.70).

Epochs were averaged generating VEPs for the two baseline
and four post-HFvS blocks. A custom MATLAB script identified
the negative peak with the greatest amplitude between 80 and
120 ms for C1 and the positive peak with the greatest amplitude
between 150 and 250 ms for P2 for each participant, averaged
across VEP blocks. C1 and P2 latencies and peak amplitudes for
each VEP block were extracted.

Cognitive Tasks.

WPT. On each trial of the WPT, between one and three out of four
possible cues appeared, yielding 14 different combinations. Cues
were presented for a maximum of 5 s, and participants were
instructed to respond using buttons for “rain” or “sun.” Following
response, feedback showing the cue combination and actual
outcome for the trial was presented for 1 s (Fig. S2). The prob-
abilities for different cue combinations predicting rain or sun
ranged from 0.875 to 0.125. Thus, if a given cue combination was
0.875 associated with sun, the cue combination was associated
with sun for 87.5% of trials and with rain for 12.5% of trials. The
probability structure of the WPT is summarized in Table SI.
Responses were counted as correct if the most likely outcome was
selected.

IIT. On each trial of the IIT, a single stimulus was presented in one
of four quadrants of the screen for 2 s. IIT stimuli consisted of
circular sine-wave gratings that varied across trials on bar width
and bar orientation. Stimuli belonged to category A or B and were
defined by a set of points (x,y) randomly sampled from a 100 x
100 stimulus space and converted to a disk stimulus by defining
frequency as f = 3(x/100) — 1, and orientation as o = (3n/8)(y/
100) + (w/11). Category A stimuli were generated from a mul-
tivariate normal distribution with the following parameters (55):
pa = (43,57); Zo = {155 145; 145 155}. The same sampling
method was used to generate category B stimuli: pg = (57, 43);
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2a = Zp, Participants were instructed to integrate information
about the two dimensions and decide whether each stimulus
belonged to category A or B by pressing the corresponding keys.
Following response, participants were provided auditory feed-
back for 500 ms using a pure tone at 262 Hz for a correct re-
sponse and a sawtooth (harsher) tone centered at 440 Hz for an
incorrect response. Auditory feedback was followed by a 1,500-ms
delay before the next trial (Fig. S34). If participants did not
respond during stimulus presentation, “please respond faster”
was displayed for 1,500 ms. Participants were told that they
would learn the categories by attending to the auditory feedback,
that perfect accuracy was possible, and that stimulus location on
the screen did not matter. Participants completed four practice
trials before testing to ensure that they understood the task.
n-back. In the n-back task, participants viewed a sequence of 80
stimuli at each of four working memory loads (0- to 3-back), and
on each trial, were asked to respond “yes” or “no,” whether the
stimulus was in the same quadrant on the screen as the stimulus
they saw n trials earlier. For the 0-back control condition, par-
ticipants were instructed to press “yes” when the stimulus ap-
peared on the left side of the screen, and “no” when the stimulus
appeared on the right side of the screen. Load conditions were
separated by a 10-s rest during which instructions were displayed
to inform participants of the upcoming condition. Participants
were provided auditory feedback for 500 ms following each re-
sponse, parallel to the IIT (Fig. S3B). Participants completed 13
practice trials per block in ascending memory load difficulty
before testing to ensure that they understood the task.

IIT Model-Based Analyses. The WPT and IIT are most commonly
thought of as striatal-dependent implicit learning tasks. However,
debate remains regarding the extent to which individuals use
explicit strategies to learn these tasks, and accordingly, the extent
to which executive prefrontal and medial temporal lobe structures
are also involved. Given that the optimal multidimensional rules
that govern the WPT and IIT are more difficult to learn and
verbalize than one-dimensional rules, it is thought that multi-
dimensional rules are more likely learned implicitly, whereas
one-dimensional rules are more likely learned explicitly (44).
Interestingly, on the WPT, the rate of positive feedback that
participants receive if they use a multicue strategy is not much
higher than the rate of positive feedback received if they ignore all
cues other than the single most predictive cue. For example, in the
current study, a participant who integrated information from all
four cues would receive positive feedback at a rate of 74%,
whereas a participant who ignored all cues except cue 1 would
receive positive feedback at a rate of 72.7% (Table S1). Thus, it
has been suggested that participants may be likely to use a single-
cue strategy on the WPT rather than the more difficult multicue
strategy, given the small difference in positive feedback between
these strategies (44). In contrast, on the IIT, the rate at which
participants receive positive feedback if they use a one-dimensional
strategy is much lower than the rate of positive feedback if they
learn the optimal information integration strategy (e.g., 71%
versus 100% in the current study). One method for assessing
whether participants use implicit or explicit strategies is there-
fore to model participant responses to discern whether responses
are dominated by multidimensional or one-dimensional rules.
Such modeling is difficult to complete on the WPT given the
complexity of task design, probabilistic nature of feedback, and
the fact that a variety of decision-making strategies yield similar
performance levels. However, decision-bound modeling has
been reliably used to provide insight into the strategies being
used by participants to solve the IIT (20, 56). Thus, we used
decision-bound modeling to test whether participant responses
on the IIT were dominated by one-dimensional versus multi-
dimensional rules.

Forsyth et al. www.pnas.org/cgi/content/short/1509262112

Briefly, decision-bound models assume that participants par-
tition the perceptual space into response regions, determine
which region the percept is in for each trial, and respond ac-
cordingly. In the current study, four models were fit to the each
participant’s data across testing days and for each testing day
separately: (i) a unidimensional X model; (ii) a unidimensional
Y model; (iii) a guessing model; and (iv) a general linear clas-
sifier model (GLC), the optimal multidimensional model. The
unidimensional X and unidimensional Y models assume that
participants set a criterion on one perceptual dimension (i.e.,
spatial frequency or line orientation, respectively) and make
category A versus B decisions based on explicit evaluations of the
stimulus on that dimension. The guessing model assumes that
participants guess on each trial. The GLC is a multidimensional
model that assumes that participants divide the stimulus space
using a linear decision bound that integrates the frequency and
orientation dimensions (i.e., the line x = y). The GLC was the
optimal IIT strategy in the current study. For detailed information
on decision-bound modeling, please see ref. 56.

The model parameters were estimated using maximum like-
lihood and the goodness-of-fit statistic was the Bayesian in-
formation criterion (BIC), which is defined as follows:

BIC=rxIn(N)-2xIn(L),

where N is the sample size, r is the number of free parameters,
and L is the likelihood of the model given the data. The best
model was identified as the model with the smallest BIC score.

SI Results

No Significant Effect of DCS on Baseline Excitability. To further as-
sess potential effects of DCS on baseline excitability, we extracted
average C1 and P2 amplitude for each of the 4 min of baseline.
Repeated-measures ANOVA for C1 indicated no significant
effect of Group [F(y63) = 0.07, P = 0.79] or Group by Block
interaction [F 3 139y = 0.50, P = 0.65] (Fig. S44). Similarly, for P2,
there was no significant effect of Group [F(; ¢3) = 0.01, P = 0.92]
nor Group by Block interaction [F(3 139y = 0.49, P = 0.66] (Fig.
S4B). Thus, DCS did not affect basal synaptic transmission even
though it is likely that peak plasma levels of DCS were present
during the baseline assessment.

Time Course of C1, P2, and C1-P2 Peak-to-Peak Plasticity. HFvS
modulated the C1 and P2 components in both groups. Repeated-
measures ANOVA to characterize the time course of HFVS effects
on Cl1 revealed a significant effect of Block [F(4252) = 16.96, P <
0.001] and a significant Block by Group interaction [F4 252y = 2.79,
P = 0.04]; the main effect of Group was not significant. Follow-up
tests within groups showed a significant Block effect for both
groups (values of P < 0.001). Tests of simple contrast to baseline
indicated that Placebo participants showed depression of C1 during
the early post-HFVvS blocks from 2 to 4 and 4 to 6 min (values of
P < 0.01) and tended toward potentiation from 120 to 122 min
post-HFVS (P = 0.07). In contrast, DCS participants showed sig-
nificant potentiation of C1 at 120-122 min (P = 0.003) and only
showed depression at 4-6 min post-HFvS (P = 0.03).

For P2, there was also a significant effect of Block [F4252) =
26.83, P < 0.001]; the main effect of Group and Group by Block
interaction were not significant. Follow-up contrasts comparing
post-HFvS blocks to baseline indicated that Placebo and DCS
participants showed significant potentiation of P2 at 20-22 min
and 120-122 min post-HFVS (values of P < 0.001).

Exploratory analyses also assessed modulation of C1-P2 peak-
to-peak amplitude following HFvS. C1-P2 peak-to-peak ampli-
tude was calculated by subtracting the amplitude of C1 from P2
for baseline and each post-HFvS block. Channel Oz was used,
given that both components showed maximal amplitude at Oz.
Repeated-measures ANOVA showed a significant effect of
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Block [F4252) = 19.53, P < 0.001] and a significant Block by
Group interaction [F(42s2) = 3.18, P = 0.03]. Follow-up tests
within each group showed a significant Block effect for both
groups (values of P < 0.001). Simple contrasts to baseline in-
dicated that Placebo participants showed depression of C1-P2
during the early post-HFvS blocks from 2 to 4 and 4 to 6 min
(values of P = 0.001) and significant potentiation at 120-122 min
post-HFvS (P = 0.04). In contrast, DCS participants showed
significant potentiation of C1-P2 at 20-22 (P = 0.02) and 120-
122 min (P < 0.001), and only showed depression at 2-4 min
post-HFVS (P = 0.04).

DCS Enhanced Potentiation of C1-P2 Peak-to-Peak Amplitude. There
were no group differences in baseline C1-P2 peak-to-peak am-
plitude (i.e., before exposure to HFVS) [t(63) = 0.49, P = 0.63].
However, repeated-measures ANOVA for C1-P2 amplitude
change from baseline across the four post-HFvS blocks revealed
that DCS participants showed greater potentiation overall com-
pared with Placebo [F(; 3 = 8.75, P = 0.004] (Fig. S5). The
Group by Block interaction was not significant (P > 0.05). Thus,
potentiation of C1-P2 peak-to-peak amplitude was enhanced in
the DCS group for 2 h following HFVS, similar to results for the
C1 and P2 components separately.

IIT Model-Based Results. When IIT responses were modeled across
testing days, the GLC model provided the best fit for ~95% of
participants, which corresponded to 26 of 29 Placebo participants
and 30 of 30 DCS participants. The remaining three Placebo par-
ticipants were best fit by a unidimensional X model. When responses
were modeled for each testing day separately, the best-fitting model
was more variable. On day 1, 26 Placebo and 27 DCS participants
were best fit by the GLC model, 3 Placebo and 2 DCS participants
were best fit by a unidimensional X model, and 1 DCS partici-
pant was best fit by a unidimensional Y model. On day 2, 24 Placebo
and 27 DCS participants were best fit by the GLC model, 2 Placebo
and 1 DCS participants were best fit by a unidimensional X model, 1
Placebo and 2 DCS participants were best fit by a unidimensional Y
model, and 1 Placebo participant was best fit by a guessing model.
Thus, overall, participant responses were dominated by the optimal
information integration strategy. However, there was greater vari-
ability in the best-fitting model when participant responses were
modeled across individual testing sessions, suggesting some switching
between decision-making strategies during task acquisition. Analysis
of the Group effect on day 1 of the IIT confined to participants who

A B

were best fit by the GLC model yielded results that were similar to
the analysis with all included participants. Thus, among participants
who relied primarily on the optimal information integration decision
strategy on day 1, DCS participants performed significantly better
than Placebo participants during block 2 [F; 51, = 5.88, P = 0.02] and
tended toward better performance compared with Placebo partici-
pants during blocks 1 [F; 51y = 3.33, P = 0.07] and 4 [F(; 51, = 3.95,
P =0.05].

Reaction Time on Cognitive Tasks. ANOVA for reaction time for
each task revealed no significant main effect of Group or in-
teractions involving Group for the IIT or WPT (values of P >
0.47). On the n-back, there was a significant interaction of Day
by Group [F,177) = 4.26, P = 0.04]; however, follow-up tests for
each testing day showed no significant effects of Group for day 1
or 2 (values of P > 0.18). Thus, reaction times for each task were
similar between groups (Fig. S6).

Relationships Between Plasticity Measures. Exploratory correla-
tional analyses were conducted to assess potential relationships
between the EEG and cognitive measures of neuroplasticity. To
minimize the number of comparisons, summary plasticity scores
were used for each task. Thus, mean amplitude change across
post-HFVS blocks relative to baseline was computed and used for
each LTP component (i.e., Cl, P2, and CI-P2 peak-to-peak
amplitude), and mean percent correct responses across testing
days was used for the IIT and WPT. Although plasticity mea-
sures within the LTP task were significantly related (values of
P < 0.01), there was only one statistically significant correlation
between measures of plasticity across tasks. Increased C1 am-
plitude relative to baseline positively predicted performance on
the WPT [r(s2) = 0.25, P = 0.049], suggesting that depression of
C1 predicted better WPT performance. However, this relation-
ship did not survive correction for multiple comparisons. No
other relationships between the learning tasks or between the
LTP and learning tasks were significant (Table S2). Given that
the EEG measure of plasticity assessed LTP-like processes in
visual cortex neurons and that acquisition of the WPT and IIT
are thought to depend on plasticity at corticostriatal synapses, it
may not be surprising that a clear relationship between the EEG
and cognitive measures of plasticity was not detected. However,
it is surprising that performance on the two learning tasks were
not related.

Visual
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(A) Standard circle black-and-white checkerboard stimulus presented at 0.83 Hz during visual evoked potential (VEP) assessment blocks and at

~8.87 Hz during high-frequency visual stimulation (HFvS). (B) Time course of the long-term potentiation (LTP) paradigm. Adapted from ref. 13.
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Fig. S2. Two example weather prediction task (WPT) trials.
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Fig. $3. (A) Two example information integration task (IIT) trials and (B) two example trials for the 1-back condition of the n-back task. The IIT and n-back task
were identical in stimuli, trial structure, and feedback such that the only difference participants experienced was whether they were asked to learn about the
stimuli (i.e., for the IIT) or recall whether stimuli were in the same location on the screen as recently shown stimuli (i.e., for the n-back).
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Fig. S4. Mean + SE (A) C1 and (B) P2 amplitude for Placebo and DCS participants across 4 min of baseline assessment (i.e., pre-HFvS).

Forsyth et al. www.pnas.org/cgi/content/short/1509262112

11



SNAS

(SIS

C1-P2 Amplitude Relative to Baseline (V)

-0 = N W s O,

=Placebo
-+DCS

" Baseline Post1 Post2 Post3 Post4

4-0m

24m

46m 2022 m 120122 m

Fig. S5. Mean + SE. C1-P2 peak-to-peak amplitude change relative to baseline for Placebo and DCS participants. *DCS participants showed enhanced po-
tentiation of C1-P2 peak-to-peak amplitude across post-HFvS blocks (P = 0.004).
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Fig. S6. Mean + SE reaction time per 80-trial blocks across testing days for Placebo and DCS participants for the (A) weather prediction task (WPT), (B) in-

formation integration task (IIT), and (C) n-back task.

Table S1. Probability structure of WPT

Combination Cue 1 Cue 2 Cue 3 Cue 4 P (Combination) P (Sun|| Combination)
1 1 0 0 0 0.14 0.857
2 0 0 1 0 0.06 0.333
3 1 0 1 0 0.08 0.75
4 0 1 0 0 0.06 0.667
5 1 1 0 0 0.08 0.75
6 0 1 1 0 0.04 0.5

7 1 1 1 0 0.04 0.5

8 0 0 0 1 0.16 0.125
9 1 0 0 1 0.04 0.5
10 0 0 1 1 0.14 0.143
1 1 0 1 1 0.02 1

12 0 1 0 1 0.04 0.5
13 1 1 0 1 0.04 0.5
14 0 1 1 1 0.06 0.333
P (Sun|| Overall) 0.727 0.556 0.409 0.280

For each cue combination, each card could be present (1) or absent (0). The bottom row lists the overall
probability of Sun for the four cues across all cue combinations.

Forsyth et al. www.pnas.org/cgi/content/short/1509262112
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Table S2. Pearson correlation coefficients between plasticity on
the LTP and learning tasks

Measure 1 2 3 4

1. Mean C1 plasticity -

2. Mean P2 plasticity =0.35** —_

3. Mean C1-P2 plasticity —0.87***  0.72%** —

4. WPT percent correct responses 0.25* 0.14 -0.12 —
5. IIT percent correct responses -0.08 0.20 0.17 0.17

*P < 0.05, **P < 0.01, ***P < 0.001.

Forsyth et al. www.pnas.org/cgi/content/short/1509262112
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CHAPTER 2
Augmenting NMDA Receptor Signaling in Schizophrenia Enhances Neural Responsivity and

Working Memory without Affecting Experience-Dependent Plasticity
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INTRODUCTION

Schizophrenia is a debilitating neuropsychiatric disease that affects 1% of the population
worldwide. Despite considerable efforts, much remains to be understood about the core
biological processes that underlie the disorder and existing pharmacologic treatments yield
disappointing outcomes for many patients. This lack of success may reflect several issues,
including the clinical and neurobiological heterogeneity of the disorder and the traditional focus
on psychotic symptoms as a lens for etiology and treatment research (Insel, 2010). Although
psychotic symptoms are often the most prominent feature of schizophrenia, they fluctuate
considerably over the course of illness and rarely emerge before late adolescence. In contrast,
cognitive dysfunction is present prior to psychosis onset, may be the most enduring and
debilitating feature of the illness, and is the best predictor of long-term outcome (Asarnow &
MacCrimmon, 1978; Green, Kern, & Heaton, 2004; Heaton et al., 2001; Green & Nuechterlein,
1999). Thus, cognitive dysfunction is a core feature of the illness and may provide a window into
both its pathophysiology and novel therapeutics (Green & Nuechterlein, 1999). One path towards
improving our understanding of the neurobiology of schizophrenia and identifying potential
therapeutics is therefore to: 1) identify biological pathways that may underlie cognitive deficits

in schizophrenia; and 2) to interrogate the effects of manipulating these pathways systematically.

The N-methyl-D-aspartate receptor (NMDAR)

Hypofunction at the N-methyl-D-aspartate receptor (NMDAR) may be one such critical
pathway in schizophrenia. The NMDAR is a glutamate receptor that is present throughout the
brain and is involved in essential brain functions ranging from basic excitatory

neurotransmission to complex learning functions (Zito & Scheuss, 2009). NMDARs are
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composed of obligatory NR1 subunits and additional NR2 or NR3 subunits that surround a
central ion pore. NMDARSs are unusual in that they require concurrent binding of two ligands for
normal activation, glutamate and glycine or D-serine, as well as membrane depolarization from
activation of non-NMDARs such as amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptors
(AMPARS) to relieve blockade from a magnesium ion (Mg+) at resting potential. NMDAR
opening leads to an influx of cations, including sodium ions (Na*), which contribute to
postsynaptic depolarization, and calcium ions (Ca?*), which activate intracellular signaling
cascades that ultimately modulate synaptic strength (Hardingham & Bading, 2003). Relative to
non-NMDA receptors which typically have rapid rise (0.2-0.4 ms) and deactivation times (~2
ms), the speed at which NMDARs activate (10-50 ms) and deactivate (~50-500 ms) is markedly
slow (Zito & Scheuss, 2009). The slow delay kinetics of NMDARs allows NMDAR activation to
easily accumulate to high or saturating levels, even at low firing rates, which is critical for
enhancing the computational power of neurons and generating sustained neural excitation in

local recurrent circuits (Vargas-Caballero & Robinson, 2003).

The Role of NMDARSs in Schizophrenia, Working Memory, and Experience-Dependent
Plasticity

Convergent pharmacological, imaging, post-mortem, and genetic evidence implicate the
NMDAR in schizophrenia. Blocking NMDAR signaling using antagonists such as phencyclidine
and ketamine induces positive, negative, and cognitive symptoms in healthy individuals
strikingly similar to those seen in schizophrenia (Luby, Cohen, Rosenbaum, Gottlieb, & Kelley,
1959; Krystal et al., 1994), and in patients with schizophrenia, NMDAR antagonism profoundly

exacerbates existing symptomatology (Javitt & Zukin, 1991). Post-mortem studies revealed
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aberrant expression of multiple NMDAR subunit transcripts (Beneyto & Meador-Woodruff,
2008; Akbarian et al., 1996; Sokolov, 1998; Dracheva et al., 2001) and NMDAR-associated
proteins in patients with schizophrenia (Beneyto & Meador-Woodruff, 2008; Ohnuma et al.,
2000; Toyooka et al., 2002), as well as decreased phosphorylation of the NMDAR (Emamian,
Karayiorgou & Gogos, 2004). Neuroimaging studies found reduced NMDAR binding in the
hippocampus of medication-free schizophrenia patients (Pilowsky et al., 2006). Further, studies
of cerebrospinal fluid revealed reduced availability and altered metabolism of the endogenous
NMDAR co-agonist D-serine in schizophrenia (Hashimoto et al., 2005; Bendikov et al., 2007,
Verrall, Burnet, Betts, & Harrison, 2010). Finally, large-scale genomic studies of tens of
thousands of patients (PGC-SCZ, 2014; Purcell et al., 2009) and convergent functional genomics
analyses (Ayalew et al., 2012) identified genes intrinsic to the NMDAR and those modulating
NMDAR signaling as among those most robustly associated with schizophrenia. Thus,
convergent evidence implicates impaired NMDAR signaling in schizophrenia.

The unique biophysical characteristics of the NMDAR confer it a specialized role in a
subset of distinct cognitive processes (Kantrowitz & Javitt, 2010; Javitt, 2004). These include
working memory, which is the ability to transiently hold and manipulate information to guide
immediate goal-directed behavior, and experience-dependent plasticity, which is the capacity of
the brain to undergo lasting changes with environmental input and use to encode relationships
that guide future behavior. Experience-dependent plasticity allows us to learn and remember
patterns, predict and obtain reward, and refine and accelerate response selection for adaptive
behavior (Feldman, 2009). The classical mechanism underlying experience-dependent plasticity
is long-term potentiation (LTP) or depression (LTD) of synaptic strength. Preclinical studies

using transgenic and knockout mice demonstrated that blocking NMDARS impairs working
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memory, as well as synaptic plasticity and learning and memory. Conversely, enhancing
NMDAR activity enhanced LTP and the acquisition and retention of information (Lee & Silva,
2009).

Consistent with NMDAR hypofunction, patients with schizophrenia show deficits in
working memory and experience-dependent plasticity. Meta-analyses indicate that impaired
working memory is found in schizophrenia across diverse methods of assessment, is present in
both visual-spatial and verbal working memory domains, and is present even over short delays of
1 second (Lee & Park, 2005; Forbes, Carrick, Mclntosh, & Lawrie, 2009). Patients with
schizophrenia also show deficits in electrophysiological and behavioral (i.e. learning) measures
of experience-dependent plasticity. Patients show impaired acquisition of various learning tasks
including simple reinforcement learning (Murray et al., 2008), probabilistic classification
learning (Weickert et al., 2002; Morris, Heerey, Gold, & Holryd, 2008; Horan et al., 2008;
Wagshal et al., 2012), and explicit and implicit sequence learning (Siegert, Watherall, & Bell,
2008; Pederson et al., 2008). Patients with schizophrenia also show deficits on a recently
developed electrophysiological measure of LTP. In animals, LTP is induced using high-
frequency electrical stimulation and is observed as an enduring increase in the post-synaptic
response of glutamate synapses in neurons. Lack of noninvasive methods historically limited our
ability to investigate LTP in humans; however, recent research indicates that protocols utilizing
high-frequency, repetitive presentation of visual or auditory stimuli provide a naturalistic method
for inducing LTP in humans. Studies in rodents demonstrated that changes in neural responses
following repetitive sensory stimulation show the cardinal features of synaptic LTP, including
persistence (> 1 hour), input specificity, and NMDAR dependency (Clapp, Eckert, Teyler, &

Abraham, 2006; Cooke & Bear, 2010). Further, these LTP-like changes can be measured
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noninvasively as changes in sensory evoked potentials, which are stimulus-synchronized
electroencephalograph (EEG) signals that result from postsynaptic potentials in populations of
sensory neurons. Thus, in healthy adults, high-frequency sensory stimulation induces lasting
potentiation of visual and auditory evoked potentials (Kirk et al., 2010; Teyler et al., 2005). Such
potentiated neural responses were found to be impaired in patients with schizophrenia (Cavus et
al., 2012; Mears & Spencer, 2012).

Importantly, the characteristics of the NMDAR that are responsible for its specialized
role in working memory differ from those that allow it to play a critical role in experience-
dependent plasticity. During spatial working memory, transient representation of stimuli in the
absence of sensory input is thought to depend upon recurrent excitation in dorsolateral prefrontal
cortex (dIPFC) microcircuits (Arnsten, Wang, & Paspalas, 2012). These microcircuits involve
glutamatergic pyramidal neurons with similar spatial tuning that excite each other via AMPA
and NMDA receptors, and GABAergic interneurons that inhibit neurons with dissimilar spatial
tuning. Whereas AMPAR activation is thought to contribute to the membrane depolarization that
permits NMDAR activation, it is the slower kinetics of NMDARSs that generates sustained neural
excitation over delay periods (Wang et al., 2013). A threshold of NMDAR activity is therefore
required to generate reverberating activity for working memory function; however, beyond this
threshold, it is lateral inhibition from GABAergic interneurons and dynamic modulation from
acetylcholine and dopamine that is thought to enhance neuron firing for preferred directions,
reduce firing for non-preferred directions, and sculpt network activity to define the specifics of
mental representation (Arnsten et al., 2012).

In contrast to the transient changes in neural firing that subserve working memory, in

experience-dependent plasticity, the brain undergoes lasting structural changes to represent
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important inputs and outputs by larger and more coordinated populated of neurons (Vinogradov,
Fisher, & de Villers-Sidani, 2012). Changes in synaptic strength via LTP and LTD generate
these lasting alterations in neural activity and are thought to be the primary mechanism for
encoding new information in the brain (Feldman, 2009; Citri & Malenka, 2008). NMDARs are
critical for triggering the cellular machinery that supports experience-dependent plasticity in
these circuits. NMDARs are localized to cell membranes in large signaling complexes that
physically link the receptor to a network of kinases, phosphatases and downstream signaling
proteins. NMDAR-mediated rises in Ca”" activate this network of molecules to generate
intracellular signal transduction cascades that promote gene transcription and structural changes
at the synapse, such as AMPAR insertion into the membrane, and ultimately result in LTP and
LTD (Zito & Scheuss, 2009). Thus, through divergent biophysical features of the receptor,
NMDARs are critically involved in both experience-dependent plasticity and working memory

function.

Using NMDAR Agonists to Enhance Cognition

Given aberrant NMDAR functioning in schizophrenia, interest has grown in targeting the
NMDAR to treat cognitive deficits in schizophrenia. While enhancing NMDAR signaling via
direct stimulation of the glutamate site can lead to excitotoxicity, indirect stimulation via the
glycine co-agonist site offers a safer method to augment activity. D-cycloserine (DCS) is a
partial NMDAR agonist that binds to the NMDAR glycine site and increases NMDAR channel
open time and open probability (Henderson, Johnson, & Ascher, 1990; Dravid et al., 2010). In
our recent study in healthy individuals, acute DCS enhanced experience-dependent plasticity, as

indicated by enhanced potentiation of the visual evoked potential (VEP) following high
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frequency visual stimulation (HFvS) on the EEG LTP task and accelerated acquisition of two
cortical-striatal LTP-dependent learning tasks: the weather prediction task (WPT; Knowlton,
Squire, & Gluck, 1994; Wagshal et al., 2013) and information integration task (I1T; Waldschmidt
& Ashby, 2011). Conversely, DCS showed no effects on the n-back spatial working memory
task, despite the fact that the n-back was designed to be identical to the 1T in stimuli and trial
structure such that the only difference participants experienced between the tasks was whether
they were asked to learn about the stimuli (i.e. for the IIT) or recall whether stimuli were in the
same location on the screen as recently shown stimuli (i.e. for the n-back). The lack of effect of
DCS on working memory in healthy individuals is consistent with the above described
framework suggesting that beyond a threshold of NMDAR activation necessary to produce
transient, persistent firing in dIPFC microcircuits, further NMDAR activation should have
relatively limited effects on working memory performance in individuals with normal NMDAR
function. The dissociation of effects of DCS on measures of experience-dependent plasticity
versus working memory in healthy individuals highlights the importance of using mechanistic-

driven hypotheses to guide investigations of NMDAR-agonists as potential cognitive enhancers.

The Present Research: Effects of DCS on Deficits in Working Memory and Experience-
Dependent Plasticity in Schizophrenia

For patients with schizophrenia who show abnormalities in structure and function of the
NMDAR, deficits in experience-dependent plasticity including on the EEG LTP task and the
WPT, and deficits in working memory, we hypothesized that augmenting NMDAR signaling
using DCS would ameliorate deficits in experience-dependent plasticity and working memory.

To test this hypothesis, we carried out a randomized, single dose 100 mg DCS versus Placebo
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double-blind study in patients with schizophrenia. Some evidence suggests that chronic DCS
dosing may lead to desensitization of the NMDAR complex over time (Quartermain, Mower,
Rafferty, Herting, & Lanthorn, 1994; Parnas, Weber, & Richardson, 2005; Mickley et al., 2012).
Thus, a single dose of DCS was used to probe the effects of increasing NMDAR signaling on
cognitive deficits in schizophrenia without introducing potential confounding effects of
tolerance. Forty-five schizophrenia patients completed the EEG LTP task, WPT, and IIT to
assess experience-dependent plasticity, as well as the n-back task to assess spatial working
memory. To facilitate comparison of effects of DCS in healthy individuals versus patients with
schizophrenia, the study design closely paralleled that used in our healthy control participant
study. Interestingly, and in contrast to our results in healthy participants in which DCS enhanced
electrophysiological and learning measures of experience-dependent plasticity, in patients with
schizophrenia, acute DCS enhanced baseline neural responsivity and working memory
performance without significantly affecting neural potentiation on the EEG LTP task or learning

on the WPT or IIT.

METHODS
Participants
Forty-five patients with a psychotic disorder completed the study. Participants were
recruited in collaboration with the Aftercare Research Program and the Center for the
Assessment and Prevention of Prodromal States at the University of California, Los Angeles
(UCLA) Semel Institute for Neuroscience. Eligible participants were between 18 and 50 years;
comfortable reading in English; had no history of seizures, neurologic disease, or allergy to DCS;

were not currently taking Clozapine; had normal vision and hearing; were not pregnant; had not
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used recreational drugs for 48 hours or alcohol for 24 hours prior to testing; had an 1Q > 70 as
assessed by the Weschler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999); and met
DSM-1V criteria for Schizophrenia, Schizoaffective, or Schizophreniform Disorder. Participants
completed a brief medical screen to confirm eligibility. Study procedures were approved by the
UCLA Human Participant Institution Review Board and written informed consent was obtained

from all participants.

Study Procedures

Testing consisted of a 1-day, randomized, double-blind 100 mg DCS versus Placebo
design. Prior to study entry, participants completed a brief telephone screening to assess
eligibility for participation based on inclusion/exclusion criteria. Participants who met inclusion
criteria were invited to visit the lab to complete the consent and medical screening process.
Medical screening was completed by a study physician or nurse-practitioner. Presence of a
psychotic disorder was confirmed by review of diagnostic interviews conducted by collaborating
labs within 2 years of study entry (i.e. Structured Clinical Interview for DSM-IV Axis |
Disorders; First, Spitzer, Gibbon & Williams, 1997). Upon completion of consent and medical
screening, participants were randomized to receive 100 mg of DCS (n = 24) or placebo (n = 21).
DCS and placebo were administered orally as an encapsulated pill.

Immediately after taking the study drug, patients completed an assessment of general
intellectual functioning using the 2 subtest version of the WASI that includes the vocabulary and
matrix reasoning subtests (FSIQ-2). The WASI is one of the most commonly used brief
assessments of intellectual functioning. It has high to excellent internal reliability (FS1Q-2

reliability coefficients > .93 for adult age groups), test-retest reliability (FSIQ-2 reliability
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coefficient = .88 for adults), and inter-rater reliability (reliability coefficients > .95 per subtest in
adults), and shows high correlations with other measures of intellectual ability and achievement
(Wechsler, 1999). Following WASI administration, patients completed an assessment of
symptom severity using the expanded 24-item version of the Brief Psychiatric Rating Scale
(BPRS; Overall, Hollister, & Pichot, 1967, Ventura et al., 1993). The BPRS is one of the most
frequently used symptom rating scales, is an effective and sensitive measure of psychiatric
symptoms and change in symptoms, and has high inter-rater reliability with training (i.e. ICCs >
0.85; Ventura et al., 1993; Roncone et al., 1999). Scores for each item range from 1 (not present)
to 7 (extremely severe). Total Symptom Severity was calculated by summing scores on all items
(range: 24 - 168). In addition, scores for Thought Disturbance (sum of Unusual Thought Content,
Hallucinations, and Conceptual Disorganization items; range 3 - 21), and Withdrawal-
Retardation (sum of Blunted Affect, Emotional Withdrawal, and Motor Retardation items; range
3 - 21) were calculated to index positive and negative symptoms, respectively (Ventura,
Nuechterlein, Subotnik, Gutkind, & Gilbert, 2000). EEG testing began approximately 3 hours
after administration of DCS or Placebo, followed by cognitive testing. This schedule was
selected to ensure maximal effects of DCS given that peak plasma levels are reached in 3-4 hours

and plasma half-life is 8-12 hours (King's Pharmaceuticals Ltd, product information).

Long Term Potentiation (LTP) Task

The LTP task assessed VEPs in 2-minute blocks before and after exposure to HFvS
(Cavus et al., 2012). VEP assessment blocks consisted of a pseudorandom oddball sequence of
90% standard and 10% target stimuli presented for 33 ms. VEPs were assessed to the standard

stimulus, a circle filled with a black and white checkerboard pattern presented at .83 Hz (jittered
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1-1.33s stimulus onset asynchrony; Fig. 1A). To maintain attention, participants were asked to
press a button whenever they saw a target square containing a blue and white checkerboard
pattern. VEP blocks occurred from 4-2 minutes and 2-0 minutes before HFvS to provide a
baseline, and from 2-4 minutes, 4-6 minutes, 20-22 minutes, and in a 2-minute block
approximately 2 hours after the HFvS. The HFvS block designed to induce potentiation consisted
of repeated presentation of the standard circle at ~8.87 Hz for 2 minutes. Unrelated auditory and
resting tasks were performed between the HFvS and post-HFVS blocks 1 through 3. The
cognitive tasks were performed between post-HFvS blocks 3 and 4. The timeline of the LTP task
is depicted in Fig. 1B.
EEG Recording and Data Processing

In an electromagnetically shielded, sound-attenuating room, continuous EEG was
amplified and recorded using a Biosemi Active-Two system (BioSemi, Amsterdam, Netherlands)
employing 128 electrodes in an elastic cap and arranged according to the extended 10-20 EEG
system. Biosemi replaces the grounding configuration used in conventional systems with two
separate electrodes: Common Mode Sense active electrode and Driven Right Leg passive
electrode (see http://www.biosemi/fag/cms&drl.htm for further detail). Electro-oculogram
(EOG) was recorded using two bipolar pairings of electrodes: horizontal eye movements were
measured via two electrodes located 1 cm lateral to the lateral canthi of the right and left eyes,
and vertical eye movements and blinks were measured by two electrodes placed on top of the
orbicularis oculi muscle, 1 cm above and below the orbit of the right eye.

EEG data were processed using Brain Vision Analyzer (Brain Products, Munich,
Germany) and custom MATLAB (Mathworks, Natick, Massachusetts) scripts. Continuous data

were re-referenced to nose, band-pass filtered at 0.5-50 Hz, and 600 ms (-100 to 500 ms) epochs
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time-locked to the standard stimulus onsets were extracted for each VEP block. Epochs were
baseline corrected using the pre-stimulus period and subjected to ocular correction using the
Gratton, Coles, & Donchin (1983) algorithm. Epochs with voltage exceeding £100 pV between
0-250 ms post stimulus onset at parietal or occipital sites were excluded. VEP blocks following
artifact rejection contained a minimum of 68 segments (Placebo M = 88.42, SD =2.99; DCS M =
88.37,SD = 3.11).

Epochs were averaged generating VEPs for the 2 baseline and 4 post-HFvS blocks. A
custom MATLAB script identified the negative peak with the greatest amplitude between 65-125
ms for C1 and the positive peak with the greatest amplitude between 155-255 ms for P2 for each
participant, averaged across VEP blocks. C1 and P2 latencies were extracted for each VEP
block. Given slight variations in the latency of VEP component peaks between assessment
blocks, mean C1 amplitude for 10 ms around peak C1 latency and mean P2 amplitude for 40 ms

around peak P2 latency were extracted and used for all analyses.

Cognitive Tasks
Weather Prediction Task

The WPT was a probabilistic classification task consisting of 240 trials during which
participants predicted the weather based on cue combinations that probabilistically related to
"sun™ and "rain™ (Wagshal et al., 2013). On each trial, between one and three out of four possible
cues appeared, yielding 14 different combinations. Cues were presented for a maximum of 5 s,
and participants were instructed to respond using buttons for “rain” or “sun.” Following
response, feedback showing the cue combination and actual outcome for the trial was presented

for 1 s (Fig. 2). Due to programming error, there were slight variations in the probability
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structure per cue combination and number of trials per cue combination that each patient
received. However, the number of trials each patient completed per cue combination and
probability associated with each cue combination was similar across groups. Across groups, the
average probabilities for different cue combinations predicting rain or sun ranged from 0.120 to
1.00 (Table 1). Thus, if a given cue combination was 0.120 associated with sun, the cue
combination was associated with sun on 12% of trials and with rain on 88% of trials. Responses
were counted as correct if the most likely outcome was selected. Trials for cue combinations that
equally predicted sun and rain (i.e. probability ~0.5; cue combinations 6, 7, 9, 12, 13) were
excluded from analysis.
Information Integration Task

The 11T was a category learning task in which participants learned to categorize circular
sine-wave grating stimuli that varied in bar width and bar orientation (Waldschmidt & Ashby,
2011). Stimuli belonged to category A or B and were defined by a set of points (x,y) randomly
sampled from a 100 x 100 stimulus space and converted to a disc stimulus. Example categories
for an 1T are depicted in Fig. 3. In the current study, frequency was defined by f = 3(x/100) - 1,
and orientation was defined by 0 = (3n/8)(y/100) + (n/11). Category A stimuli were generated
from a multivariate normal distribution with the following parameters (55): pua = (43,57);
¥ = {155 145; 145 155}. The same sampling method was used to generate Category B stimuli:
g = (57,43); Ta=2p,

The task consisted of 3 blocks of 80 trials separated by 10 s rest periods, for 240 total
trials. On each trial, a single stimulus was presented in one of four quadrants of the screen for a
maximum of 3 s with the category labels “A” and “B” displayed at the top of the screen (Fig.

4A). Participants were instructed to integrate information about the two dimensions (i.e. bar
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width and bar orientation) and decide whether each stimulus belonged to category A or B by
pressing the corresponding keys. After 2 s and following response, participants were provided
auditory feedback for 500 ms using a pure tone at 262 Hz for a correct response and a sawtooth
(harsher) tone centered at 440 Hz for an incorrect response. If participants did not respond within
3 s during stimulus presentation, “please respond faster” was displayed for 1500 ms. Participants
were told that they would learn the categories by attending to the auditory feedback and that
stimulus location on the screen did not matter. Auditory feedback was followed by a 1500 ms
delay before the next trial. Participants completed 4 practice trials before testing to ensure that
they understood the task.
N-Back Task

The n-back was a spatial working memory task with 3 memory load conditions in 80 trial
blocks: 0-back, 1-back, and 2-back conditions. Stimuli presentation and trial structure for the n-
back was identical to the IIT except that the task-level (e.g. 2-back) was shown at the top of the
screen during stimulus presentation rather than category labels (Fig. 4B). In the 0-back control
condition, participants indicated whether stimuli were on the left or right side of the screen. In
the 1- and 2-back working memory conditions, participants indicated whether each new stimulus
was in the same location on the screen as the stimulus shown 1 or 2 trials ago, respectively. Each
condition was completed once in random order for a total of 240 trials. Load conditions were
separated by a 10 s rest during which instructions were displayed to inform participants of the
upcoming condition. Participants were provided auditory feedback for 500 ms following each
response, parallel to the I1T. Participants completed 13 practice trials per block in ascending

memory load difficulty prior to testing to ensure that they understood the task.

28



Statistical Analyses

Statistical analyses were conducted with SPSS, version 22.0 (SPSS, Chicago, Illinois).
Antipsychotic information was available for all but one patient who was taking Navane daily but
was not able to provide dose information. Chlorpromazine dose equivalency was calculated for
all remaining patients (Danivas & Venkatasubramanian, 2013). Independent samples t-tests
assessed potential group differences in age, 1Q, BPRS scores, and antipsychotic dose, and a y?
test assessed group differences in gender.
LTP Analyses

C1 and P2 components were identified at midline occipital channels and were analyzed
using the channel with the largest amplitude, Oz, for each component. One Placebo participant
who had a small blind spot in one eye had an unusual VEP; data for this participant were
excluded from the LTP analyses. Due to equipment difficulties, one DCS participant had invalid
data at channel Oz, and one DCS participant had excessive 60 Hz noise at channel Oz across
VEP assessment blocks. One additional DCS participant was unable to keep his eyes open
throughout the HFvS and VEP assessment blocks and had an unusual VEP. Data for these
participants were also excluded from LTP analyses. Among DCS participants, paired samples t-
tests showed no significant differences in baseline 1 (M =-8.90, SD = 6.46) and baseline 2 (M =
-7.44, SD = 4.85) amplitude for C1, t(20) = -1.51, p = .15, or between baseline 1 (M = 4.41, SD =
3.03) and baseline 2 (M =4.77, SD = 3.16) amplitude for P2, t(20) = -.97, p = .34. For Placebo
participants, there was a trend level difference between C1 amplitude for baseline 1 (M = -5.35,
SD =5.22) and baseline 2 (M =-4.48, SD = 4.95), t(19) =-2.03, p = .06. P2 amplitude was
similar across baseline 1 (M =4.73, SD = 3.50) and baseline 2 (M = 4.94, SD =3.39), t(19) = -

42, p =.68. Amplitudes for the 2 baseline blocks were therefore averaged to yield one baseline
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per VEP component and used for subsequent analyses. To first characterize the timecourse of
HFVS effects, component amplitudes were investigated using Drug Condition x Block repeated
measures ANOVA, followed by tests of simple contrasts compared to baseline. Next, to obtain a
measure of potentiation induced by HFvS, plasticity scores were computed by subtracting
baseline VEP amplitude from each post-HFvS amplitude. Group differences in potentiation were
assessed using Drug Condition x Block repeated measures ANOVA.
Cognitive Analyses

Percent correct responses per 80-trial blocks were calculated for each cognitive test.
Group differences in accuracy and reaction time were assessed using Dug Condition x Block
repeated measures ANOVA. Participants who missed more than 5% of trials on a given task
were excluded for that cognitive test. This resulted in exclusion of 2 DCS participants for the
I1T; 3 DCS and 1 Placebo participants for the WPT; and 1 DCS and 1 Placebo participants for
the n-back. Additionally, to ensure that null effects of drug on cognitive tasks were not due to
general difficulties understanding or engaging in cognitive tasks, analyses were re-run for each
task restricted to patients performing above chance. For the IIT and WPT, this was defined as
patients with > 55% accuracy during the last block of 80 trials. For the n-back, this was defined
as patients with >75% accuracy during the control 0-back condition and >55% accuracy during
the 1-back and 2-back conditions.

Parallel analyses including sex, age, 1Q, and chlorpromazine equivalent antipsychotic
doses as covariates, or excluding patients who were on antidepressants were conducted for all
outcome measures. Effect sizes used partial eta square (nzp) which describes the amount of

variance in scores attributable to the effect. Suggested norms for partial eta square are small =
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.01, medium = .06, large = .14. An alpha of 0.05 was used to determine significance for all

analyses.

Secondary Analyses Comparing Effects of DCS in Healthy Controls

To facilitate comparison of effects of DCS in patients with schizophrenia to control
participants, data from the original 2-day study in healthy control participants were extracted, re-
processed, and analyzed to parallel the current study as closely as possible.

Briefly, sixty-five healthy adults completed the original study and were randomized to
receive DCS (n = 32) or Placebo (n = 33). Control participants were between 18 and 30 years of
age; were comfortable reading in English; had no history of seizures, neurologic disease, or
allergies to antibiotics; had normal vision and hearing; were not prescribed psychotropic
medication; were not pregnant; had not used recreational drugs in the past month; and had an 1Q
> 70 as assessed by the WASI. Randomization yielded groups that were well-matched in age,
t(63)=0.16, p=0.87, gender, x*=0.01, p=0.91, and 1Q, t(63)=-0.08, p=0.94. Demographic
characteristics of the healthy participants are shown in Supp. Table 1. Participants completed a
brief medical screen and were asked to abstain from alcohol use for 24 hours prior to testing. See
Forsyth et al., 2015 for full description of procedures.

Control participants originally completed 320 trials for the WPT, 1T, and n-back task,
including completing an additional 3-back condition for the n-back. Data for the first 240 trials
of testing on the WPT and IIT, and data for the 0-, 1-, and 2-back conditions of the n-back were
therefore extracted for comparison to data in the current study. The stimuli and trial structure of

the WPT, IIT, and n-back in the control study were identical to that in the current study, except
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that control participants were only allowed up to 2 seconds to respond on each trial of the 11T and
n-back.

Data for the LTP task was re-extracted to parallel the current study. While continuous
EEG processing steps were identical between the two studies, VEP peak extraction was modified
slightly to account for the greater variability in C1 and P2 latencies and more centralized
topography of the VEP response among schizophrenia patients. Thus, control participant data
was re-extracted using the custom Matlab script to identify the negative peak with the greatest
amplitude between 65-125 ms for C1 and the positive peak with the greatest amplitude between
155-255 ms for P2. Mean C1 amplitude for 10 ms around the peak C1 latency and mean P2
amplitude for 40 ms around peak the P2 latency were used for all analyses and analyses were
restricted to Oz where the C1 and P2 components showed the largest amplitude in schizophrenia
patients.

Effect sizes of DCS in healthy participants for each of the LTP and cognitive measures

are presented and compared to those in the current study.

RESULTS
Demographic Characteristics of Schizophrenia Patients
Demographic and clinical characteristics of schizophrenia patients who received Placebo
and DCS are shown in Table 2. Randomization yielded Placebo and DCS groups that were
similar in age, t(43) = .64, p = .54; sex, x> = .98, p = .32; 1Q, t(43) = .47, p = .64; positive, t(43) =
.63, p = .53, negative, t(43) = -.55, p = .58, and total symptom levels, t(43) = -.06, p = .95; and

chlorpromazine equivalent anti-psychotic dose, t(36) =.117, p = .91.
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LTP Task in Schizophrenia Patients
Baseline VEP Responses Within Groups

To examine the effects of enhancing NMDAR signaling on neural responsivity and LTP-
like processes in the human brain, we compared visual evoked potentials (VEPS) to a black and
white checkerboard stimulus before and after HFVS in patients who received DCS versus
Placebo. VEPs were assessed for 4 minutes immediately prior to HFvS to establish baseline
neural responses, and during four post-HFvS blocks that occurred at 2-4, 4-6, 20-22, and
approximately 120-122 minutes following HFvS.

The VEP complex was prominent at midline parietal-occipital channels and included a
negative component, C1, that peaked at Oz at 96.10 ms (SD=19.13) in Placebo patients and
104.62 ms (SD=6.48) in DCS patients, and a positive component, P2, that peaked at Oz at 200.70
ms (SD=28.81) in Placebo patients and 203.19 ms (SD=24.07) in DCS patients (Fig. 5A,B). C1
latency tended towards being earlier in Placebo patients, F(1,39) = 3.72, p = .06, nzp =.087. P2
latency was similar between groups, F(1,39) =.09, p =.77. Interestingly, C1 amplitude at
baseline was significantly larger in patients who received DCS (M =-8.17, SD = 5.27) compared
to patients who received Placebo (M =-4.91, SD =5.00), F(1,39) =4.12, p =.049, nzp =.096,
indicating that DCS enhanced baseline neural responsivity in patients with schizophrenia.
Increased baseline C1 amplitude in patients who received DCS remained after controlling for
age, sex, antipsychotic dose, and 1Q, F(1,34) = 6.50, p = .015, nzp =.161. Baseline P2 amplitude
was similar between patients who received DCS (M = 4.59, SD = 2.98) and Placebo (M = 4.84,
SD = 3.25), F(1,39) = .06, p = .80, nzp =.002, including after controlling for age, sex,
antipsychotic dose, and 1Q, p = .98.

Timecourse of VEP Plasticity Following HFvS
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Repeated measures ANOVA to characterize the timecourse of HFvS effects on C1
amplitude revealed a significant effect of block, F(4,156) = 5.45, p < 0.005, nzp =.12,and a
significant effect of drug overall, F(1,39) = 4.86, p =.03, nzp =.11, due to the DCS group
showing larger C1 amplitude across assessment blocks, starting at baseline, compared to the
Placebo group (Fig. 6). The drug x block interaction was not significant, F(4,156) = .72, p = .50,
n% = .018. Simple contrasts to baseline indicated that DCS and Placebo patients showed
depression of C1 at 4-6 minutes post-HFvS, p =.001, nzp = .24, and tended towards depression
of C1 at 2-4 minutes post-HFVS, p =.07, nzp =.083. Neither patient group showed significant
modulation of C1 at 20-22, p = .68, nzp =.004, or 120-122 minutes post-HFvS, p = .10, nzp =
.068.

Repeated measures ANOVA to characterize the timecourse of HFvS effects on P2
showed a significant effect of block, F(4,156) = 7.10, p <.001, nzp =.154. There was no
significant effect of drug, F(1,39) = .01, p = .92, nzp <.001, nor drug x block effect, F(4,156) =
2.14, p = .10, 1%, = .052 (Fig. 7). Simple contrasts to baseline indicated that both DCS and
Placebo patients showed potentiation of P2 at 120-122 minutes post-HFvS, p < .001, 0, = .272.
However, P2 amplitude did not differ from baseline at 2-4, p = .22, 0%, = .039; 4-6, p = .24, 1% =
.035; or 20-22 minutes post-HFvS, p = .13, nzp =.058, in either group.

Exploratory analyses also assessed modulation of C1-P2 peak-to-peak amplitude
following HFvS. C1-P2 peak-to-peak amplitude was calculated by subtracting the amplitude of
C1 from P2 for baseline and each post-HFVS block. Repeated measures ANOVA using C1-P2
peak-to-peak amplitude showed a significant effect of block, F(4,156) = 9.40, p <.001, nzp =
.194. The drug effect, F(1,39) = 2.81, p = .10, n?, = .067, and drug x block interaction, F(4,156)

=.054, p = .96, nzp =.001, were not significant (Fig. 8). Simple contrasts to baseline indicated

34



that both DCS and Placebo patients showed significant depression of C1-P2 peak-to-peak
amplitude at 2-4, p = .021, 0%, = .129, and 4-6 minutes post-HFVS, p =.001, n%, = .27, and
significant potentiation of C1-P2 peak-to-peak amplitude at 120-122 minutes post-HFVS, p =
.006, n°, = .181.

DCS Did Not Enhance Potentiation of the VEP

Although DCS significantly enhanced baseline amplitude of C1 compared to placebo,
DCS did not enhance potentiation of C1 following HFVS. Thus, there was no significant effect of
drug, F(1,39) = .14, p= .71, nzp =.004, nor significant drug x block interaction, F(3,117) = .81, p
= .44, nzp =.02, for C1 potentation among schizophrenia patients (Fig. 9).

There was also no significant effect of drug on P2 potentation following HFVvS in
schizophrenia patients, F(1,39) = .18, p = .67, nzp =.005. There was a trend towards a drug x
block interaction, F(3,117) = 2.48, p = .08, 1, = .06; however, this was not significant (Fig. 10).

Analyses using C1-P2 peak-to-peak amplitude similarly showed no significant effect of
drug condition, F(1,39) = .304, p = .58, nzp =.008, and no significant drug x block interaction,
F(3,117) =.02, p = .98, nzp =.001 (Fig. 11). Thus, despite effects of DCS on baseline neural
responsivity in patients with schizophrenia, DCS did not enhance potentiation of the VEP
compared to Placebo, indicating no significant effect of DCS on the electrophysiological
measures of experience-dependent plasticity. Parallel analyses including sex, age, 1Q and
antipsychotic dose as covariates, or excluding patients who were on anti-depressants yielded a

similar lack of effect of DCS on potentiation of the VEP components following HFvS.

Cognitive Tasks in Schizophrenia Patients

DCS Did Not Enhance Learning
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The WPT is a probabilistic classification learning task in which patients viewed
combinations of cues that probabilistically predicted sun or rain. Following response selection,
patients were shown feedback regarding the actual outcome for each trial. Both the DCS and
Placebo group showed impaired learning on the WPT, as indicated by no significant effect of
block, F(2,78) = .98, p = .38, nzp =.024 . Further, there was no significant effect of drug, F(1,39)
= .40, p = .53, 0%, = .010, nor significant drug x block interaction, F(2,78) = 2.37, p=.10, 1% =
.057. Restricting analyses to only patients performing above chance during the last block of
trials, covarying for age, sex, 1Q, and antipsychotic dose, or excluding patients who were on anti-
depressants yielded a similar lack of effect of DCS on WPT performance. Thus, DCS did not
enhance WPT performance (Fig. 12).

The 11T is a classification learning task in which patients used auditory feedback
signaling correct versus incorrect responses to learn whether sine-wave grating stimuli that
varied on bar width and bar orientation belonged to "Category A" or "Category B" (Ashby &
Maddox, 2005). Patients were instructed to integrate information about the two dimensions and
use the auditory feedback to learn whether stimuli belonged to Category A or B. There was a
trend towards an effect of block across groups, F(2,82) =2.79, p=.07, nzp = .065; however, this
was not significant. There was also no significant effect of drug, F(1,41) =.041, p = .841, 1% =
.001, nor drug x block interaction, F(2,82) = .78, p = .46, nzp =.019. Restricting analyses to
patients who performed above chance during the last block of trials, covarying for age, sex, 1Q,
and antipsychotic dose, or excluding patients who were taking anti-depressants yielded similar
results. Thus, DCS did not improve performance on the IIT (Fig. 13).

DCS Enhanced Working Memory Performance
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In contrast to the lack of effect of DCS on the learning tasks in schizophrenia patients,
DCS significantly enhanced working memory performance. The n-back is a spatial working
memory task with 3 memory loads (0- to 2-back). In the 0-back control condition, patients
indicated whether stimuli were on the left or right side of the screen. In the 1- and 2-back
working memory conditions, patients indicated whether each new stimulus was in the same
location on the screen as the stimulus shown 1 or 2 trials ago, respectively. Analyses including
all patients indicated that both groups performed better at lower working memory loads, F(2,82)
=40.97, p<0.001, nzp =.50. While the DCS group appeared to perform better than the Placebo
group during the 2-back condition, the drug x block interaction, F(2,82) = 1.00, p = .36, nzp =
.024, and overall drug effect were not significant, F(1,41) = .10, p=.75, nzp =.003. However,
when analyses were restricted to DCS and Placebo patients who performed above chance, DCS
significantly improved working memory performance (Fig. 14). Thus, there was a significant
drug x block interaction, F(2,62) = 3.24, p = .046, nzp =.095, due to the DCS group performing
significantly better than the Placebo group during the 2-back condition, p = .045. Although the
DCS group showed higher mean performance than the Placebo group during the 1-back
condition, this was not significant, p = .36; groups performed similarly during the 0-back control
condition, p = .49. Controlling for sex, age, 1Q, and antipsychotic dose yielded a similar effect of
DCS on 2-back performance among patients who performed above chance, p = .03. Thus, while
DCS showed no effect on the WPT or IIT in patients with schizophrenia, among Placebo and
DCS patients who appeared able to successfully engage the n-back task, DCS significantly
enhanced working memory performance.

DCS Did Not Significantly Affect Reaction Times on Cognitive Tasks
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Investigation of reaction times for each cognitive task revealed no significant group
differences. Thus, for the WPT, while there was a significant effect of block, F(2,78) =6.92, p =
.004, n°, = .15, there was no significant effect of drug, F(1,39) = .07, p =.79, n% = .002, nor
drug x block interaction, F(2,78) = 1.43, p = .25, nzp =.035 (Fig. 15A). On the IIT, there was a
significant effect of block, F(2,82) = 28.70, p <.001, nzp =.412, and a significant drug x block
interaction, F(2,82) = 3.39, p =.040, nzp =.076 (Fig. 15B). Follow-up tests for each block
indicated that Placebo patients tended towards faster reaction time on the 1T than DCS patients
during the second block of 80 trials, F(1,41) = 3.27, p = .08, nzp = .074; however, this was not
significant, and DCS and Placebo patients showed similar reaction times on the IIT during the
first, F(1,41) = 1.77, p = .19, n% = .041, and third blocks of 80 trials, F1,41) = .12, p = .74, 1% =
.003. The main effect of drug was not significant, F(1,41) = 1.53, p = .22, nzp =.036. Finally, on
the n-back, while there was a significant effect of block, F(2,82) = 73.88, p <.001, nzp =.643,
there was no significant effect of drug, F(1,41) =.001, p = .94, nzp <.001, nor drug x block

interaction, F(2,82) = .29, p = .75, n°, = .007 (Fig. 15C).

Secondary Analyses Comparing Effects of DCS in Healthy Controls

Because the current study did not include healthy controls, the data presented thus far do
not provide information about how the schizophrenia patients in each drug condition compared
to healthy controls. However, given the importance of understanding how effects of DCS in
patients with schizophrenia compare to effects of DCS in healthy controls, we re-analyzed data
from our prior healthy control study to parallel the current study to facilitate comparisons of
patterns of effects. Re-analysis of the healthy control data revealed that DCS had an opposite

pattern of effects in healthy controls compared to patients with schizophrenia across the LTP and
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learning measures of experience-dependent plasticity versus on baseline neural responsivity and
working memory.

Thus, among healthy control participants, DCS did not significantly alter baseline
amplitude of the C1, t(63) = .762, p = .45, n%, = .009, or P2, t(63) = .00, p = .99, n°, = .00, VEP
components. However, DCS significantly enhanced plasticity of the VEP following HFVS in
healthy controls. Thus, there was a significant effect of DCS on C1 potentiation across post-
HFvS assessment blocks compared to Placebo, F(1,63) = 5.38, p =.024, nzp =.079. Similarly,
DCS enhanced potentiation of P2 across post-HFvS blocks compared to Placebo, F(1,63) = 4.46,
p=.04, nzp =.066. Finally, DCS also enhanced potentiation of C1-P2 peak-to-peak amplitude
across post-HFvS blocks relative to Placebo, F(1,63) = 7.59, p = .008, nzp =.107. The effects of
DCS on potentiation of C1, P2, and C1-P2 peak-to-peak amplitude following HFvS in healthy
controls contrasts those in schizophrenia patients in which DCS enhanced baseline C1 amplitude
without affecting potentiation of C1, P2, or C1-P2 peak-to-peak amplitude following HFvS
(Supp. Fig. 1A-C).

Re-analyses of the first 240 trials of the WPT in healthy control participants confirmed
enhanced WPT performance in healthy participants who received DCS across trial blocks,
F(1,62) =6.04, p=.02, nzp =.089, with no drug x block interaction, F(2,124) = .19, p=.79, nzp
=.003 (Supp. Fig. 2). Similarly, on the IIT, there was a significant drug x block interaction for
healthy control participants, F(2,116) = 6.28, p = .004, nzp =.098, due to the DCS group
performing significantly better than Placebo participants during the first, p =.038, nzp =.078,
and second blocks of 80 trials, p = .041, nzp =.070 (Supp. Fig. 3). Thus, DCS significantly

enhanced acquisition of both learning tasks in healthy control participants; a pattern of findings
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that contrasts those in schizophrenia patients in which DCS showed no effect on performance on
the WPT or IIT.

In contrast to the beneficial effects of DCS on working memory in schizophrenia patients,
in healthy control participants there was no effect of drug, F(1,59) = .64, p = .43, nzp =.011, nor
interaction of drug x memory load during the n-back working memory task, F(2,118) = .57, p =
.54, 1% =.010 (Supp. Fig. 4). All healthy participants performed above chance on the n-back, as
defined above. The lack of effect of DCS on working memory in control participants therefore
cannot be attributed to inclusion of healthy participants who did not understand the task or were
unable to engage working memory during the task.

Thus, in healthy control participants, DCS significantly enhanced experience-dependent
plasticity across the LTP and learning measures, without affecting baseline neural responsivity or
working memory. This pattern of effects is in sharp contrast to those found in patients with
schizophrenia, in which DCS enhanced baseline amplitude of the C1 early VEP component as
well as working memory performance, without affecting plasticity on the EEG LTP task or
learning on the WPT or IIT.

Given slight differences in study protocols and unmatched demographic characteristics
between the healthy control and schizophrenia study samples, we do not present a direct
statistical comparison of the effects of DCS in healthy control participants versus patients with
schizophrenia. However, to facilitate comparison of the effects of DCS between the two
populations, nzp effect sizes for baseline component amplitudes, working memory, and
electrophysiological and learning measures of experience-dependent plasticity were converted to
Cohen's d for each measure of interest and are summarized for each study population in Figure

16. Cohen's d was calculated to allow both effect size and direction of effect to be compared for
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each measure. Among healthy controls, DCS showed a medium size effect across measures of
experience-dependent plasticity, including C1 and P2 potentiation following HFvS, learning on
the WPT across blocks, and learning during blocks 1 and 2 of the IIT. Conversely, among
patients with schizophrenia, DCS showed a medium size effect on baseline C1 amplitude and 2-
back working memory performance. Dissociation of benefits of DCS in healthy individuals
versus in patients with schizophrenia is consistent with an emerging neurobiological framework
that suggests that the mechanisms through which NMDAR signaling contributes to working
memory and basic excitatory neurotransmission differs from those that contribute to experience-
dependent plasticity. The dissociation of effects of DCS between the two populations also
suggests that pro-cognitive effects of DCS may interact with baseline NMDAR
neurotransmission and the integrity of intracellular signaling pathways to which NDMARSs are

linked.

Exploratory Analyses Comparing C1 Amplitude and 2-Back Performance in
Schizophrenia Patients versus Placebo Healthy Controls

We undertook pairwise comparisons of C1 amplitude and 2-back working memory
performance in placebo and DCS treated schizophrenia patients to placebo treated healthy
controls to provide context for the effects of DCS in schizophrenia patients. While the LTP and
n-back tasks were similar across the studies, they were not identical, and schizophrenia patients
and healthy controls differed in demographic characteristics. Thus, these analyses are considered
exploratory.

Exploratory independent samples t-tests comparing schizophrenia and healthy control

participants on baseline C1 amplitude indicated that C1 amplitude was reduced in Placebo
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schizophrenia patients relative to Placebo healthy controls, t(51) = -2.31, p = .025. Conversely,
schizophrenia patients who received DCS showed similar C1 amplitude at baseline relative to
Placebo healthy controls, t(52) = .05, p = .96, suggesting that DCS restored C1 amplitude in
schizophrenia patients (Fig. 17A)

On the n-back working memory task, after excluding patients who performed at chance,
Placebo schizophrenia patients showed significantly impaired performance during the 2-back
condition relative to Placebo healthy controls, t(43) = 3.56, p = .001. Conversely, schizophrenia
patients who received DCS performed similarly to Placebo healthy controls during the 2-back,
t(44) = 1.19, p = .24, suggesting that DCS ameliorated working memory deficits in schizophrenia
patients (Fig 17B).

The results of these exploratory analyses compliment the effect sizes reported above by
suggesting that DCS normalized baseline C1 amplitude and performance in the 2-back condition

of the working memory task in schizophrenia patients.

DISCUSSION
We carried out a randomized, double-blind DCS versus placebo study in patients with

schizophrenia to test whether increasing signaling at the NMDAR using the partial NMDAR
agonist DCS would ameliorate deficits in experience-dependent plasticity and working memory.
We found that DCS increased baseline neural responsivity and working memory performance in
patients with schizophrenia, without enhancing learning or electrophysiological measures of
experience-dependent plasticity. Specifically, schizophrenia patients who received DCS showed
augmented amplitude of the C1 VEP component across baseline and post-HFVvS assessment

blocks compared to patients who received placebo, as well as enhanced performance on the 2-
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back condition of the n-back working memory task. Conversely, there were no differences
between patients who received DCS and placebo in potentiation of C1, P2, or C1-P2 peak-to-
peak amplitude following HFVS, nor in performance on the WPT and IIT incremental learning
tasks. The pattern of DCS effects in schizophrenia patients is the opposite of those found in our
prior study in healthy participants in which DCS enhanced potentiation of the VEP following
HFvS and learning on the WPT and IIT, without significantly affecting baseline neural
responsivity or working memory performance (Forsyth et al., 2015). There are thus two sets of
intriguing dissociations in our results that provide insight into the role of NMDAR signaling on
cognition: 1) in the current study, DCS enhanced working memory and baseline C1 but had no
effect on learning on the WPT or IIT or on LTP in schizophrenia patients; and 2) in our prior
study, DCS had no effect on working memory and baseline C1 but enhanced WPT and IIT
learning performance and LTP in healthy controls.

DCS operates as a partial NMDAR agonist by increasing the open time and open
probability of the NMDAR channel (Henderson et al., 1990; Dravid et al., 2010). Restored C1
amplitude and working memory performance in schizophrenia patients who received DCS is
consistent with this mechanism and suggests that DCS ameliorated reductions in signaling across
the NMDAR. Conversely, the lack of effect of DCS on experience-dependent plasticity in
schizophrenia patients suggests a breakdown in the translation of increased electrical signaling
across the NMDAR into the intracellular signal transduction cascades and structural changes at
the synapse that support experience-dependent plasticity and normally follow activation of the

NMDAR.

Effects of DCS on Baseline Neural Responsivity in Schizophrenia
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Patients with schizophrenia who received DCS showed augmented C1 amplitude across
baseline and post-HFVS assessments compared to patients who received placebo. The C1
component is an early pre-attentive evoked potential generated by neurons in primary visual
cortex (Di Russo, Martinez, Sereno, Pitzalis, & Hillyard, 2002). Exploratory comparison of
baseline C1 amplitude between schizophrenia and control participants who received placebo
suggested that C1 was reduced in Placebo schizophrenia patients and that C1 amplitude was
normalized in schizophrenia patients who received DCS. Reduced C1 in Placebo schizophrenia
patients is consistent with prior findings of reduced amplitude of early VEP components in
schizophrenia, including C1 (Schechter et al., 2005; Butler et al., 2007). To our knowledge, no
studies have investigated potential mechanisms that could underlie early visual processing
deficits in schizophrenia. However, it is plausible that such deficits could reflect reduced
glutamate signaling or reduced responsivity of NMDARs or AMPARS in primary visual cortex
neurons in schizophrenia. EEG signals are thought to primarily reflect excitatory postsynaptic
potentials (EPSPs) at glutamatergic synapses in the cortex (Kirschstein & Kohling, 2009).
Specifically, glutamate is released into the synaptic cleft following an action potential at
excitatory synapses and binds to AMPA and NMDA receptors on the postsynaptic membrane,
allowing Na* and Ca?* ions to cross the membrane. This influx of positive ions causes a positive
potential at the postsynaptic membrane, which is thought to be detectable at the level of the scalp
as EPSPs. EPSPs are therefore thought to be conveyed by both NMDARs and AMPARs. Our
finding that DCS augmented C1 amplitude among schizophrenia patients in consistent with a
role of NMDARSs in the generation of visual evoked potentials. No other studies have assessed
the effects of DCS on electrophysiological measures in patients with schizophrenia. However,

one study using functional magnetic resonance imaging (fMRI) found that temporal lobe
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activation was increased in schizophrenia patients who received DCS compared to placebo
during a word production task (Yurgelun-Todd et al., 2005). This evidence of increased neural
activation using fMRI following DCS compliments the current finding of increased C1
amplitude across VEP assessment blocks.

Interestingly, augmented C1 amplitude among DCS-treated schizophrenia patients
contrasts with the results of our parallel study in healthy controls in which we found no
difference in baseline C1 amplitude between participants who received DCS versus Placebo, and
instead only found enhanced potentiation of C1 following HFVS in control participants who
received DCS ( Forsyth et al., 2015). The differential effect of augmenting NMDAR signaling
using DCS on baseline C1 amplitude in schizophrenia patients compared to control participants
could reflect lower glycine or D-serine availability or occupancy of the NMDAR co-agonist site
among schizophrenia patients, allowing for greater effects of DCS on NMDAR transmission in
schizophrenia patients relative to healthy controls. Alternatively, differential effect of DCS on
C1 in schizophrenia patients could arise from increased expression of NMDAR glycine-binding
sites in schizophrenia, similarly allowing for enhanced effects of DCS on NMDAR transmission.
Indeed, evidence for both reduced availability of endogenous co-agonists for the NMDAR and
increased number of NMDAR glycine-binding sites have been found in schizophrenia. Thus,
patients with schizophrenia were found to have reduced D-serine levels and altered markers of
D-serine metabolism (Hashimoto et al., 2005; Bendikov et al., 2007; Yamada et al., 2005;
Madeira, Freitas, Vargas-Lopes, Wolosker & Panizzutti, 2008). Post-mortem studies of patients
also found increased density of the NR1 subunit of the NMDAR to which glycine binds
(Nudmamud-Thanoi & Reynolds, 2004; Kristiansen, Beneyto, Haroutunian, & Meador-

Woodruff, 2006, Mueller, Haroutunian, David, & Meador-Woodruff, 2004), including an
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increase in glycine binding sites in primary visual cortex (Ishimaru, Kurumaji & Toru, 1994;
Dracheva et al., 2001). Although we cannot determine whether either of these mechanisms
accounts for increased C1 amplitude in schizophrenia patients who received DCS, the
differential effect of DCS on baseline C1 among patients compared to control participants is
consistent with altered NMDAR-mediated transmission at visual cortex synapses in
schizophrenia and suggests that increasing NMDAR neurotransmission using DCS partially

ameliorated reductions in the early VEP response.

Effects of DCS on Working Memory in Schizophrenia

Schizophrenia patients who received DCS also showed enhanced performance during the
2-back condition of the n-back spatial working memory task. Spatial working memory depends
on recurrent excitation in dIPFC microcircuits that involve glutamatergic pyramidal neurons with
similar spatial tuning and GABAergic interneurons that inhibit neurons with dissimilar spatial
tuning. A threshold of NMDAR activity is thought to be necessary to generate recurrent
excitation to represent stimuli over delay periods. However, beyond this threshold, lateral
inhibition from GABAergic interneurons and modulation from acetylcholine and dopamine is
thought to sculpt network activity to refine the specifics of mental representation (Arnsten et al.,
2012). Consistent with the role of NMDARSs in generating the recurrent firing of dIPFC networks
that is the "weakest link" of working memory function, NMDAR antagonists have been shown to
suppress firing of dIPFC delay cells in monkeys performing spatial working memory tasks and
thus to impair performance (Wang et al., 2013). Given convergent evidence that NMDAR

signaling is impaired in schizophrenia, improved working memory in schizophrenia patients who
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received DCS in the current study suggests that DCS ameliorated deficits in signaling at the
NMDAR, possibly resulting in restored recurrent excitation in dIPFC working memory circuits.
While one prior study found beneficial effects of DCS on working memory in
schizophrenia (Goff, Tsai, Manoach, & Coyle, 1995), several found no effects of DCS on
working memory (Goff et al., 1999; Evins, Amico, Posever, Toker, & Goff, 2002; Goff et al.,
2005; Goff et al., 2008; Buchanan et al., 2007; Cain et al., 2014; Duncan et al., 2004),.
Differences in patient sample or DCS administration schedule may account for the differential
effect of DCS in the current study. For example, the majority of prior studies used older and
more chronic patient samples, used a lower dose of 50 mg DCS, and assessed working memory
after 2-8 weeks of daily or weekly DCS dosing. Patients in the current study were relatively
young and high-functioning, had relatively low symptom levels, and were administered a single
dose of 100 mg DCS. It is unclear which of these differences might account for the benefits of
DCS on working memory in the current study. However, it is notable that beneficial effects of
DCS on the n-back only reached significance after patients who performed around or below
chance were excluded from analyses. This suggests that positive effects of DCS were initially
washed out by inclusion of patients who had difficulty understanding task instructions or
engaging in the task. For prior studies that included more chronic and low-functioning patients
with schizophrenia, this may have weakened power to detect beneficial effects of DCS.
Additionally, multiple studies assessing the effects of DCS on cognition in rodents found that
beneficial effects of DCS following a single dose did not persist with chronic dosing
(Quartermain, Mower, Rafferty, Herting, & Lanthorn, 1994; Parnas, Weber, & Richardson,
2005; Mickley et al., 2012). This suggests that regulatory phenomena occur with prolonged DCS

administration leading to desensitization of the NMDAR complex to effects of DCS; this could
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also account for prior negative findings of DCS on working memory. Clarifying the effects of
increasing NMDAR signaling following single dose DCS may be a more fruitful first step for
probing the neurobiology of cognitive deficits in schizophrenia and identifying potential
therapeutics than clinical trials involving chronic dosing of DCS. Taken together, our finding
that increasing NMDAR signaling using acute DCS enhanced both baseline C1 amplitude and
working memory performance in patients with schizophrenia is consistent with evidence that
NMDAR signaling is impaired in schizophrenia, and suggests that enhancing NMDAR signaling
may partially restore cognitive processes that are closely linked to changes in electrical signaling

across the NMDAR.

Effects of DCS on Experience-Dependent Plasticity in Schizophrenia

In contrast to the effects of DCS on working memory in patients with schizophrenia,
DCS showed no effects on electrophysiological or learning measures of experience-dependent
plasticity. Potentiation of VEPs following HFVS is thought to reflect NMDAR-dependent LTP at
visual cortex synapses (Clapp et al., 2006). Relatedly, the WPT and IIT are incremental learning
tasks in which encoding of stimulus-outcome contingencies is thought to be mediated by
NMDAR-dependent LTP at cortico-striatal synapses (Yin & Knowlton, 2006; Kreitzer &
Malenka, 2008). Consistent with NMDAR-dependent mechanisms of plasticity on these
measures, in our prior study among healthy control participants, increasing NMDAR signaling
using DCS enhanced potentiation of the C1 and P2 VEP components following HFvS and
enhanced performance on the WPT and IIT learning tasks. In the current study of schizophrenia
patients, controlling for antipsychotic dose, sex, age, and 1Q did not alter the effects of DCS, nor

did excluding patients who continued to perform near or below chance by the last block of 80
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trials for each learning task. Given that the current sample of schizophrenia patients were
relatively high-functioning, had low levels of positive and negative symptoms, and that DCS
improved working memory performance in the same patients, it is unlikely that confounding
effects such as lack of motivation, inattention, or difficulty understanding the tasks accounts for
this lack of effect of DCS on experience-dependent plasticity. To our knowledge, no other
studies have directly tested the hypothesis that DCS would enhance experience-dependent
plasticity in patients with schizophrenia. Several studies found minimal effects of DCS on brief
neuropsychological tests of short-term verbal or spatial learning such as on the California Verbal
Learning Test (Goff et al., 2005), the Hopkins Verbal Learning Test (Goff et al., 2008; Cain et
al., 2014), the Auditory Verbal Learning Test (Buchanan et al., 2007) and the Brief Visuospatial
Memory Test (Buchanan et al., 2007). However, a minority of studies found benefits of DCS in
patients with schizophrenia on select learning measures. Thus, one study found reduced
delusional severity in patients when DCS was combined with a first cognitive-behavioral therapy
(CBT) training session to generate alternative explanations for neutral social scenarios (Gottlieb
etal., 2011). An additional study found that DCS improved performance on an auditory
discrimination task on which patients were trained over 8 weeks (Cain et al., 2014). We cannot
rule out that patients would have showed benefits of DCS over a longer period of practice with
stimuli and feedback on the WPT or IIT. However, it is notable that DCS enhanced C1 amplitude
and working memory in the same patients and enhanced plasticity in healthy adults on the same
tasks over the same period of practice with stimuli. The lack of effect of DCS in patients with
schizophrenia on any measure of plasticity in the current study suggests that increased electrical
signaling at the NMDAR may not have been translated into the intracellular signaling cascades

and structural synaptic changes that underlie experience-dependent plasticity.
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Abnormalities in the Broader NMDAR Complex in Schizophrenia May Explain the Lack
of Effect of DCS on Experience-Dependent Plasticity

Recent developments in the neurobiology of schizophrenia implicating abnormalities in
the broader glutamatergic postsynaptic density in which NMDARs are embedded may explain
the weak effects of DCS on experience-dependent plasticity in the current study. Thus,
glutamatergic synapses are localized to dendritic spines and are characterized by an electron-
thick structure beneath the plasma membrane, called the postsynaptic density (PSD). PSDs are
intracellularly organized multiprotein complexes comprised of several hundred proteins that
physically link the membrane-bound NMDAR to kinases, phosphatases and downstream
signaling proteins (Rao & Finkbeiner, 2007). Abundant scaffold proteins assemble and hold the
complex together by binding to membrane-bound receptors, cell adhesion molecules, signaling
enzymes, and actin cytoskeletal elements. Insertion or removal of AMPARS from synapses is
thought to underlie the expression of changes in synaptic strength associated with LTP and LTD,
respectively. Rises in intracellular Ca?* mediated by NMDAR channel activation regulates these
changes by triggering the intracellular signaling cascades that lead to protein synthesis and
AMPAR trafficking to the membrane (see Fig.18 for summary depiction; Derkach, Oh, Guire, &
Soderling, 2007). The expression of experience-dependent plasticity is therefore critically
dependent on not only the integrity of the NMDAR but also the integrity of these intracellular
signaling pathways and the broader machinery of the synapse.

Recent large scale genomic studies indicate that schizophrenia is associated with alleles
both intrinsic to the NMDAR and alleles affecting the broader PSD in which NMDARS are

embedded (Hall, Trent, Thomas, O'Donovan, & Owen, 2015). For example, a genome-wide
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association study of over 36,000 schizophrenia patients and 100,000 controls found that
schizophrenia was associated with common genetic variants involved in both NMDAR
neurotransmission and the machinery of the broader PSD, including variants for GRIN2A which
encodes the NR2A NMDAR subunit, SRR which encodes the enzyme that catalyzes L-serine to
create the NMDAR co-agonist D-serine, NLGN4X which encodes neuroligins that are involved
the formation of glutamatergic synapses, and CNKSR2 which encodes a scaffold protein
involved in coupling signal transduction to cytoskeletal remodelling in the PSD (PGC-SCZ,
2014). Additional large scale genomic studies (i.e. 600-2500 patients) found that rare and de
novo genetic mutations associated with schizophrenia disproportionately affected genes involved
in the broader NMDAR signaling complex. Mutations were found in genes encoding the
membrane-associated guanylate kinases (MAGUK) family of scaffold proteins involved in
trafficking and clustering glutamate receptors at the PSD, the activity-regulated cytoskeleton-
associated protein (ARC) which localizes to NMDAR-activated synaptic sites and is central to
synaptic remodeling and long-term maintenance of synaptic changes, and those involved in actin
filament bundle assembly, which is a dynamic process involved in regulating structural changes
that support experience-dependent plasticity in dendrites (Fromer et al., 2014; Purcell et al.,
2014; Kirov et al., 2012).

Consistent with genetic risk for schizophrenia involving mutations affecting the broader
PSD, post-mortem brain studies indicate that both the NMDAR itself and the broader NMDAR-
associated signaling complex are abnormal in schizophrenia. Post-mortem studies repeatedly
found altered mRNA expression of various NMDAR subunits in schizophrenia, including the
NR1, NR2A, NR2C and NR3A subunits (Sokolov, 1998; Beneyto & Meador-Woodruff, 2008;

Mueller & Meador-Woodruff, 2004; Meador-Woodruff, Clinton, Beneyto, McCullumsmith,
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2003; Dracheva et al., 2001). In addition, multiple NMDAR-associated proteins were found to
have altered expression or phosphorylation in schizophrenia including PSD-95, a member of the
MAGUK family of PSD scaffold proteins, NF-L, a PSD molecule that binds to the NMDAR and
maintains the stability of NMDARSs in the PSD by binding cytoskeletal actin filaments in
dendritic spines, and SynGAP, a PSD protein that interacts with the NMDAR and regulates
downstream signaling (Funk, Rumbaugh, Harotunian, McCullumsmith, & Meador-Woodruff,
2009; Ohnuma et al., 2000; Dracheva et al., 2001; Funk, McCullumsmith, Haroutunian, &
Meador-Woodruff, 2012). Indeed, a recent unbiased proteomic study of the PSD revealed that
143 out of over 700 PSD proteins showed differential expression in schizophrenia, with
NMDAR-interacting proteins showing the most notable alterations in schizophrenia compared to
healthy brains (Focking et al., 2015).

Thus, accumulating genomic and post-mortem brain findings implicate broad alterations
to the PSD in schizophrenia. If a breakdown in NMDAR signaling occurs in the broader cellular
machinery that is coupled to NMDARS, increasing the probability of NMDAR channel opening
and open time using the partial agonist DCS would be insufficient to ameliorate deficits in
experience-dependent plasticity in schizophrenia. This may explain why DCS had limited effects
on measures of experience-dependent plasticity in the current study of schizophrenia patients,
despite the capacity of DCS to enhance experience-dependent plasticity using the same measures
in healthy control participants, and the capacity of DCS to enhance baseline neural transmission

and working memory performance in the same sample of schizophrenia patients.

Limitations
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There are several limitations to the current study that should be noted. First, the 100 mg
DCS dose could have been sub-optimal for augmenting experience-dependent plasticity in
schizophrenia patients. The current dose of DCS improved working memory in the same patient
sample and was selected to match that used in our parallel study of healthy participants in which
DCS augmented experience-dependent plasticity. DCS at 100 mg has been shown to have
beneficial effects on learning and cognition in other studies of healthy individuals (Nitsche et al.,
2004; Kuriyama, Honma, Koyama, Kim, 2011), and in individuals with anxiety disorders
(Wilhelm et al., 2008) and Alzheimer's disease (Tsai, Falk, Gunther, & Coyle, 1999), as well as
on negative symptoms in patients with schizophrenia (van Berckel et al., 1996). Nevertheless, we
cannot rule out that a different dose of DCS would have yielded different effects on experience-
dependent plasticity. Second, the majority of patients in the current study were on psychotropic
medication, which could potentially interact with effects of DCS on NMDAR signaling. Most
prior studies of DCS in schizophrenia involved patients who were taking anti-psychotics,
including those showing some beneficial effects of DCS on learning or negative symptoms (Cain
et al., 2014; Goff et al., 2008; Gottlieb et al., 2011). Further, controlling for antipsychotic dose
did not alter the effects of DCS in the current study. Given that anti-depressant medication has
been suggested to alter the efficacy of DCS (Andersson et al., 2015), we also re-analyzed the
data excluding patients on anti-depressants; no change in effects of DCS were detected.
However, it is possible that different effects of DCS on experience-dependent plasticity would
have been found on a sample of un-medicated patients. Third, due to programming error, there
were slight variations in the number of trials and probability structure of cue combinations that
patients were presented with on the WPT. However, the number of trials per cue combination

was similar between schizophrenia patients who received DCS versus placebo. While this

53



additional variance could have obscured our ability to detect effects of DCS on the WPT, it is
notable that when healthy control data was restricted to the first 240 trials to parallel that in the
current study, beneficial effects of DCS were still evident. Given that DCS did not enhance
performance on the IIT and or potentiation following HFvS on the EEG LTP task, it is unlikely
that the variation in cue combination trials on the WPT accounts for the lack of effect of DCS on
this measure. Finally, it is possible that beneficial effects of DCS might have emerged from a
larger study of patients or if cognitive training had occurred over a more extended period of time.
We assessed effects of DCS on the VEP response across approximately two hours in the current
study, and learning tasks each involved 240 trials. The number of trials per cognitive task was
selected to balance potential fatigue in patients while ensuring that testing covered the period of
time in which control participants showed the largest effects of DCS on incremental learning.
We cannot rule out the possibility that effects of DCS would have emerged later in training on
the incremental learning tasks. However, overall, these results suggest that effects of DCS on
experience-dependent plasticity are much weaker in patients with schizophrenia than among

healthy control participants.

Summary and Future Directions

In summary, we found that acute DCS administration enhanced neural responsivity and
working memory in patients with schizophrenia without enhancing learning or
electrophysiological measures of experience-dependent plasticity. Thus, patients receiving DCS
showed enhanced amplitude of the C1 VEP component across assessments and improved
performance on the 2-back condition of the working memory task relative to patients who

received placebo. These results need to be replicated in a larger sample of patients and effects of
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acute and chronic DCS on broader aspects of symptomatology and cognition need to be
investigated before any practical applications of DCS can be realized. Nevertheless, the current
findings offer encouraging support for using NMDAR agonists to target deficits in working
memory and baseline neural transmission in patients with schizophrenia. Conversely, there were
no differences between schizophrenia patients who received DCS versus Placebo on VEP
potentiation following HFvS or on performance on the WPT or HIT learning tasks. The lack of
effect of DCS on experience-dependent plasticity in schizophrenia contrasts with our prior
findings in healthy participants in which DCS enhanced potentiation of the VEP following HFVS
and enhanced acquisition the WPT and IIT incremental learning tasks. As a partial agonist at the
glycine co-agonist site of the NMDAR, DCS augments NMDAR signaling by increasing channel
open time and open probability. Sufficient NMDAR channel opening is necessary to generate the
recurrent excitation in dIPFC circuits that represents stimuli over delay periods during working
memory. However, in other regions of healthy brains, influx of Ca** ions following NMDAR
channel opening also triggers intracellular signaling cascades that lead to protein synthesis,
AMPAR insertion into the membrane, and ultimately increased synaptic strength between
neurons encoding important inputs and outputs. The current dissociation of effects of DCS on
working memory versus experience-dependent plasticity in patients with schizophrenia suggests
a breakdown in the cellular machinery that allows increased NMDAR channel opening to be
translated into increases in synaptic strength. This is consistent with growing evidence from
genomic and post-mortem brain studies indicating that the integrity of the broader PSD complex
in which NDMARs are embedded is compromised in schizophrenia. Interventions that capitalize
on compensatory mechanisms that are intact in schizophrenia may offer a more effective route

for countering deficits in experience-dependent plasticity in schizophrenia. Alternatively, given
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patient-to-patient heterogeneity in the NMDAR-associated proteins affected by risk alleles in
schizophrenia, identifying protein pathways that compromise the integrity of the NMDAR
signaling complex on an individual patient basis and using patient-specific interventions to
restore these pathways may offer a powerful route for intervention. The current results highlight
the importance of considering how different biophysical properties of the NMDAR contribute to
cognitive deficits in schizophrenia in distinct ways and suggest that effective therapeutics for
cognitive deficits may require greater specificity of targets based on a clearer understanding of

the neurobiology of individual cognitive deficits in schizophrenia.
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Table 1. Probability Structure of the Weather Prediction Task. Probability of sun and mean

number of trials out of 240 total trials on the Weather Prediction Task for each cue combination

for the Placebo and DCS group. For each cue combination, each card could be present (1) or

absent (0). Grey rows indicate cue combinations that predicted sun and rain equally and were

therefore excluded from analyses.

Combination

Cue

Probability of Sun|| Combination

Placebo (min-max)

DCS (min-max)

Mean Trials | | Combination

Placebo (min-max)

DCS (min-max)

O 00 N O U1 b W N P

I = Sy
2 W N L O

P P P O O O O FP P P kP O O O|N

O O P P O O Fr P OO Fr Fr»r O|lw

P R P PP B PRP OOOOGO OO oOOoOI| M

0.862 (0.806-0.947)
0.312 (0.200-0.429)
0.745 (0.588-0.941)
0.681 (0.563-0.769)
0.748 (0.632-0.850)
0.498 (0.222-0.667)
0.499 (0.286-0.750)
0.126 (0.061-0.195)
0.520 (0.250-0.667)
0.156 (0.063-0.241)
1.00 (1.00-1.00)
0.460 (0.200- 0.667)
0.484 (0.267-0.600)
0.310 (0.182-0.417)

0.867 (0.794-0.919)
0.321(0.100-0.417)
0.726 (0.652-0.824)
0.669 (0.563-0.889)
0.733 (0.625-0.875)
0.468 (0.143-0.778)
0.480 (0.250-0.667)
0.120 (0.056-0.176)
0.504 (0.222-0.875)
0.148 (0.086-0.206)
1.00 (1.00-1.00)
0.477 (0.273-0.833)
0.528 (0.167-0.778)
0.339 (0.167-0.500)

35.789 (29-44)
14.421 (10-19)
18.895 (15-22)
)
)

_— o~ o~ —~

14.737 (11-20
19.211 (13-23
8.632 (3-11)
9.526 (7-14)
38.789 (33-46)
9.737 (8-13)
31.684 (26-39)
4.947 (1-7)
11.000 (6-19)
10.684 (7-17)
13.632 (10-18)

33.696 (28-40)
14.174 (10-19)
19.217 (14-24)
15.000 (9-19)
18.696 (14-22)
9.957 (6-20)
10.435 (8-14)
37.391 (27-45)
9.087 (5-11)
32.870 (24-39)
4.913 (1-7)
10.261 (6-20)
9.609 (6-14)
14.696 (11-20)

57



Table 2. Demographic and Clinical Characteristics of Placebo and DCS Groups.

Placebo (n=21) DCS (n = 24)
Age (SD) 28.14 (6.62) 26.88 (6.58)
Sex 5F/16 M 3F/21 M
WASI (SD) 103.95 (13.64) 101.79 (16.74)
BPRS Thinking Disturbance (SD) 5.81(3.40) 5.21(2.98)
BPRS Withdrawal-Retardation (SD) 6.14 (3.86) 6.76 (3.50)

BPRS Total (SD)

Chlorpromazine Equivalence (mg)
Antidepressant (n)
Antipsychotic-free (n)
Schizophrenia (n)

Schizoaffective (n)
Schizophreniform (n)

40.52 (10.87)
229.89 (133.11)

5
3
16
3
2

40.75 (12.80)
224.05 (170.74)
8
3
17
3
4
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Figure 1. LTP Task. (A) Standard circle black and white checkerboard stimulus presented at .83
Hz during visual evoked potential (VEP) assessment blocks and at ~8.87 Hz during high-

frequency visual stimulation (HFvS). (B) Time course of the long-term potentiation (LTP)

paradigm.
e B rVisuaI ff
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Figure 2. Weather Prediction Task. Two example Weather Prediction Task (WPT) trials.

Rain or Sun?

Trial 1:

i Cue Combination with
i Outcome Feedback (1 s)

Trial 2:
Cue Combination (up to 5 s)

Cue Combination with
; i Outcome Feedback (1 s)
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Figure 3. Example Information Integration Categories (reproduced from Spiering & Ashby,
2008). Example categories of circular sine-wave gratings for an information—integration

category-learning task. The diagonal line is the category boundary.

Orientation

Bar Width
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Figure 4. Information Integration Task and N-back Task. (A) Two example Information
Integration task (1IT) trials and (B) two example trials for the 1-back condition of the n-back
task. The 11T and n-back task were identical in stimuli, trial structure, and feedback such that the
only difference participants experienced was whether they were asked to learn about the stimuli
(i.e. for the I1T) or recall whether stimuli were in the same location on the screen as recently

shown stimuli (i.e. for the n-back).

Same as 1 trial ago?

Trial 1: Trial 1:
Stimulus + Response (up to 3 s) Stimulus + Response (up to 3 s)

| Audio Feedback (0.5 s) | Audio Feedback (0.5's)
i + Delay (1.5 ) ; i + Delay (1.5 5)

‘Same as 1 frial ago?

Trial 2: %///// Trial 2:

Stimulus + Response (up to 3 s) Stimulus + Response (up to 3 s)

N N

Audio Feedback (0.5 s)  Audio Feedback (0.5 s)
: + Delay (155) i + Delay (1.55)
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Figure 5. LTP Task Visual Evoked Potentials. (A) Grand average visual evoked potentials
(VEPs) elicited by the standard checkerboard stimulus in Oz for Placebo (left panel) and DCS
(right panel) schizophrenia patients across VEP assessment blocks. The VEP included a
prominent negative component, C1, as well as a positive component, P2. (B) Scalp topography
of C1 and P2 for Placebo (top panel) and DCS (bottom panel) patients across VEP assessment

blocks.
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Figure 6. C1 Amplitude. Mean + SE C1 amplitude across VEP assessment blocks for
schizophrenia patients who received Placebo or DCS. *C1 amplitude was enhanced across
baseline and post-HFvS assessment blocks in patients who received DCS compared to patients

who received Placebo, p = .03.
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Figure 7. P2 Amplitude. Mean + SE P2 amplitude across VEP assessment blocks for

schizophrenia patients who received Placebo or DCS.
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Figure 8. C1-P2 Peak-to-Peak Amplitude. Mean + SE C1-P2 peak-to-peak amplitude across VEP

assessment blocks for schizophrenia patients who received Placebo or DCS.
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Figure 9. C1 Plasticity. Mean + SE C1 amplitude change from baseline following HFvS for

schizophrenia patients who received Placebo or DCS.
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Figure 10. P2 Plasticity. Mean + SE P2 amplitude change from baseline following HFvS for

schizophrenia patients who received Placebo or DCS.
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Figure 11. C1-P2 Plasticity. Mean = SE C1-P2 peak-to-peak amplitude change from baseline

following HFVS for schizophrenia patients who received Placebo or DCS.
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Figure 12. Weather Prediction Task Accuracy. Mean + SE percent correct responses per 80-trial

blocks of the Weather Prediction Task (WPT) for schizophrenia patients who received Placebo

or DCS.
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Figure 13. Information Integration Task Accuracy. Mean + SE percent correct responses per 80-
trial blocks of the Information Integration Task (11T) for schizophrenia patients show received

Placebo or DCS.
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Figure 14. N-Back Task Accuracy. Mean = SE percent correct responses per 80-trial blocks for
the 0-back (0B), 1-back (1B), and 2-back (2B) conditions for schizophrenia patients who

performed above chance and received Placebo or DCS. *Patients who received DCS performed
significantly better than patients who received Placebo during the 2-back condition. Inset figure

presents mean + SE percent correct responses when all schizophrenia patients were included.
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Figure 15. Cognitive Task Reaction Times. Mean = SE reaction time per 80-trial blocks for
schizophrenia patients who received Placebo and DCS for the (A) Weather Prediction Task

(WPT), (B) Information Integration Task (11T), and (C) n-back task.

1300

1250 + — Placebo
——DCS

1200 -

1150 -

1100 -

WPT Reaction Time (ms)

1050 -

1000 . . — .

1150 -
1100 -
1050 -
1000 -
950 -
900 -
850 -
800 -
750 - . .

—1+Placebo
——DCS

[IT Reaction Time (ms)

73



1200

@ 1100
1000
900
800
700
600
500

N-Back Reaction Time (ms

—{1—Placebo
—e—DCS

0-Back

1-Back
Block

2-Back

74



Figure 16. Effect Sizes by Study Population. Cohen's d effect size with 95% confidence interval
for effect of DCS in schizophrenia patients (SZ) and healthy control (HC) participants on each
outcome measure. Effect sizes for 1-back and 2-back performance are shown for participants

who performance above chance. *Significant effect of DCS in SZ. TSignificant effect of DCS in

HC.
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Figure 17. Schizophrenia Comparisons to Healthy Controls on C1 and N-Back. (A) Baseline C1
Amplitude for healthy control (HC) participants who received Placebo and schizophrenia
patients (SZ) who received Placebo and DCS. *SZ-Placebo showed significantly reduced C1
amplitude relative to HC-Placebo, p = .025 and SZ-DCS, p =.049. (B) Percent correct responses
on the 2-back condition of the n-back task among healthy control (HC) participants who received
Placebo and schizophrenia patients (SZ) who received Placebo and DCS. *SZ-Placebo showed

impaired 2-back performance relative to HC-Placebo, p =.001, and SZ-DCS, p = .045.
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Figure 18. Mechanisms of Experience-Dependent Plasticity (reproduced from Derkach et al.,
2007). Stimulation of synaptic NMDA (N-methyl-D-aspartate) receptors (NMDARS) (for
example, long-term potentiation (LTP) induction) promotes Ca2+ influx that activates
calcium/calmodulin-dependent protein kinases (CaMKSs) and extracellular signal-related kinases
(ERKS) in dendritic spines. These kinases phosphorylate and activate translation factors (for
example, elFAE, 4E-BP1 and cytoplasmic polyadenylation element binding protein, CPEB) that
are required for the stabilization of local mMRNAs through their polyadenylation (for example,
CaMKII mRNA), and to initiate translation of mRNAs that have been selectively transported
into the dendrites and/or spines. This local protein synthesis provides a feedforward mechanism
to increase receptor numbers, receptor trafficking, levels of scaffolding and cytoskeleton proteins
that promote surface expression, and lateral diffusion and stabilization of AMPA ( -amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid)-type glutamate receptors (AMPARS) at
potentiated synapses. E-LTP, early phase LTP; PSD, postsynaptic density; TARPS,

transmembrane AMPAR regulatory proteins.
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Appendix A
Supplementary Table 1. Demographic characteristics of Healthy Control participants who

received Placebo and DCS.

n Age (SD) Sex WASI (SD)
Placebo 33 20.55(2.41) 19F/14M 120.42 (9.33)
DCS 32 20.59(2.69) 18F/14M 120.78 (8.23)
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Supplementary Figure 1. Mean + SE (A) C1, (B) P2, and (C) C1-P2 peak-to-peak amplitude
change from baseline for Healthy Control (HC) and Schizophrenia patients (SZ) who received

Placebo or DCS.
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Supplementary Figure 2. Mean £ SE percent correct responses per 80-trial blocks of the Weather
Prediction Task (WPT) for Healthy Control (HC) and Schizophrenia patients (SZ) who received

Placebo or DCS.
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Supplementary Figure 3. Mean £ SE percent correct responses per 80-trial blocks of the
Information Integration Task (I1T) for Healthy Control (HC) and Schizophrenia patients (SZ)

who received Placebo or DCS.
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Supplementary Figure 4. Mean £ SE percent correct responses per 80-trial blocks for the 0-back,
1-back, and 2-back conditions of the n-back task for Healthy Control (HC) and Schizophrenia

patients (SZ) who received Placebo or DCS.

100 -
[72]
3 95
c
3
3
s 90 - — [ - HC-Placebo
o
8 85 - — &—-HC-DCS
g
éT_; 80 - —{1— SZ-Placebo
S
D 75 - —e— SZ.DCS
=

70 T . )

0-Back 1-Back 2-Back
Block

84



References

Akbarian, S., Sucher, N. J., Bradley, D., Tafazzoli, A., Trinh, D., Hetrick, W. P., et al. (1996).
Selective alterations in gene expression for NMDAR subunits in prefrontal cortex of
schizophrenics. The Journal of Neuroscience, 16(1),19-30.

Andersson, E., Hedman, E., Enander, J., Djurfeldt, D. R., Ljotsson, B., Cervenka, S., et al.
(2015). d-Cycloserine vs Placebo as Adjunct to Cognitive Behavioral Therapy for
Obsessive-Compulsive Disorder and Interaction With Antidepressants: A Randomized
Clinical Trial. JAMA Psychiatry, 72(7), 659-667.

Asarnow, R. F., & MacCrimmon, D. J. (1978). Residual performance deficit in clinically
remitted schizophrenics: A marker of schizophrenia?. Journal of Abnormal Psychology,
87(6), 597-608.

Ashby, F. G., & Maddox W. T. (2005). Human category learning 2.0. Annual Review of
Psychology, 56, 149-178.

Ayalew, M., Le-Niculescu, H., Levey, D. F., Jain, N., Changala, B., Patel, S. D. et al., (2012).
Convergent functional genomics of schizophrenia: from comprehensive understanding to
genetic risk prediction. Molecular Psychiatry, 17(9), 887-905.

Bendikov, 1., Nadri, C., Amar, S., Panizzutti, R., De Miranda, J., Wolosker, H., et al. (2007). A
CSF and postmortem brain study of D-serine metabolic parameters in schizophrenia.
Schizophrenia Research, 90(1-3), 41-51.

Beneyto, M., & Meador-Woodruff, J. H. (2008). Lamina-specific abnormalities of NMDAR-
associated postsynaptic protein transcripts in the prefrontal cortex in schizophrenia and

bipolar disorder. Neuropsychopharmacology, 33, 2175-2186.

85



Buchanan, R., Javitt, D., Marder, S., Schooler, N., Gold, J., McMahon, R., et al., (2007). The
Cognitive and Negative Symptoms in Schizophrenia Trial (CONSIST): the efficacy of
glutamatergic agents for negative symptoms and cognitive impairments. American
Journal of Psychiatry, 164(10), 1593-1602.

Butler, P. D., Martinez, A., Foxe, J. J., Kim, D., Zemon, V., Silipo, G., et al. (2007). Subcortical
visual dysfunction in schizophrenia drives secondary cortical impairments. Brain, 130(2),
417-430.

Cain C. K., McCue M., Bello I., Creedon T., Tang D. I., Laska E., et al. (2014). D-Cycloserine
augmentation of cognitive remediation in schizophrenia. Schizophrenia Research, 153,
177-183.

Castro-Alamancos, M. A., Donoghue, J. P., & Connors, B. W., (1995) Different forms of
synaptic plasticity in somatosensory and motor areas of the neocortex. The Journal of
Neuroscience, 15(7), 5324-5333.

Cavus, |., Reinhart, R. M., Roach, B. J., Gueorguieva, R., Teyler, T. J., Clapp, W. C,, et al.,
(2012). Impaired visual cortical plasticity in schizophrenia. Biological Psychiatry, 71(6),
512-520.

Citri, A., & Malenka, R. C. (2008) Synaptic plasticity: multiple forms, functions, and
mechanisms. Neuropsychopharmacology, 33(1), 18-41.

Cooke, S. F., & Bear, M.F. (2010). Visual experience induces long-term potentiation in the
primary visual cortex. The Journal of Neuroscience, 30(48), 16304-16313.

Danivas, V., & Venkatasubramanian, G. (2013). Current perspectives on chlorpromazine
equivalents: Comparing apples and oranges!. Indian Journal of Psychiatry, 55(2), 207-

208.

86



Derkach, V. A., Oh, M. C., Guire, E. S., & Soderling, T. R. (2007). Regulatory mechanisms of
AMPA receptors in synaptic plasticity. Nature Reviews Neuroscience, 8(2), 101-113.

Di Russo, F., Martinez, A., Sereno, M. 1., Pitzalis, S., & Hillyard, S. A. (2002). Cortical sources
of the early components of the visual evoked potential. Human Brain Mapping, 15(2),
95-111.

Dracheva, S., Marras, S. A. E., Elhakem, S. L., Kramer, F. R., Davis, K. L., & Haroutunian, V.
(2001). N-methyl-D-Aspartic acid receptor expression in the dorsolateral prefrontal
cortex of elderly patients with schizophrenia. The American Journal of Psychiatry,
158(9), 1400-1410.

Dravid, S. M., Burger, P. B., Prakash, A., Geballe, M. T., Yadav, R., Le, P., et al. (2010).
Structural determinants of D-cycloserine efficacy at the NR1/NR2C NMDA receptors.
The Journal of Neuroscience, 30(7), 2741-2754.

Duncan, E. J., Szilagyi, S., Schwartz, M. P., Bugarski-Kirola, D., Kunzova, A., Negi, S., et al.,
(2004). Effects of D-cycloserine on negative symptoms in schizophrenia. Schizophrenia
Research, 71(2), 239-248.

Emamian, E. S., Karayiorgou, M., & Gogos, J. A. (2004). Decreased phosphorylation of
NMDAR type 1 at serine 897 in brains of patients with schizophrenia. The Journal of
Neuroscience, 24(7), 1561-1564.

Evins, A. E., Amico, E., Posever, T. A., Toker, R., & Goff, D. C. (2002). D-Cycloserine added to
risperidone in patients with primary negative symptoms of schizophrenia. Schizophrenia
Research, 56(1), 19-23.

Feldman, D. E. (2009) Synaptic mechanisms for plasticity in neocortex. Annual Review of

Neuroscience, 32, 33-55.

87



First M. B., Spitzer R. L., Gibbon M., & Williams, J. B. W. (1997). Structured Clinical Interview
for DSM-IV® Axis | Disorders - Clinician Version (SCID-CV). Washington, DC:
American Psychiatric Press.

Focking, M., Lopez, L. M., English, J. A., Dicker, P., Wolff, A., Brindley, E., et al. (2014).
Proteomic and genomic evidence implicates the postsynaptic density in schizophrenia.
Molecular Psychiatry, 20(4), 424-432.

Forbes, N. F., Carrick, L. A., Mcintosh, A. M., & Lawrie, S. M. (2009). Working memory in
schizophrenia: a meta-analysis. Psychological Medicine, 39(6), 889-905.

Forsyth, J. K., Bachman, P., Mathalon, D. M., Roach, B. J., & Asarnow, R. F. (2015).
Augmenting NMDA Receptor Signaling Boosts Experience-Dependent Plasticity in the
Adult Human Brain. Proceedings of the National Academy of Sciences, first published
online November 30, 2015.

Fromer, M., Pocklington, A. J., Kavanagh, D. H., Williams, H. J., Dwyer, S., Gormley, P., et al.
(2014). De novo mutations in schizophrenia implicate synaptic networks. Nature,
506(7487), 179-184.

Funk, A. J., McCullumsmith, R. E., Haroutunian, V., & Meador-Woodruff, J. H. (2012).
Abnormal activity of the MAPK-and cAMP-associated signaling pathways in frontal
cortical areas in postmortem brain in schizophrenia. Neuropsychopharmacology,37(4),
896-905.

Funk, A. J., Rumbaugh, G., Harotunian, V., McCullumsmith, R. E., & Meador-Woodruff, J. H.
(2009). Decreased expression of NMDA receptor-associated proteins in frontal cortex of

elderly patients with schizophrenia. Neuroreport, 20(11), 1019-1022.

88



Goff, D. C. (2012). D-cycloserine: an evolving role in learning and neuroplasticity in
schizophrenia. Schizophrenia Bulletin, 38, 936-941.

Goff, D. C., Cather, C., Gottlieb, J. D., Evins, A. E., Walsh, J., Raeke, L., et al. (2008). Once-
weekly D-cycloserine effects on negative symptoms and cognition in schizophrenia: an
exploratory study. Schizophrenia Research, 106(2), 320-327.

Goff, D. C., Herz, L., Posever, T., Shih, V., Tsai, G., Henderson, D. C., et al., (2005). A six-
month, placebo-controlled trial of D-cycloserine co-administered with conventional
antipsychotics in schizophrenia patients. Psychopharmacology, 179(1), 144-150.

Goff, D. C., Tsai, G., Manoach, D. S., & Coyle, J. T. (1995). Dose-finding trial of D-cycloserine
added to neuroleptics for negative symptoms in schizophrenia. American Journal of
Psychiatry, 152(8), 1213-1215.

Goff, D. C., Tsai, G., Levitt, J., Amico, E., Manoach, D., Schoenfeld, D. A, et al. (1999). A
placebo-controlled trial of D-cycloserine added to conventional neuroleptics in patients
with schizophrenia. Archives of General Psychiatry, 56(1), 21-27.

Gottlieb, J. D., Cather, C., Shanahan, M., Creedon, T., Macklin, E. A., & Goff, D. C. (2011). D-
cycloserine facilitation of cognitive behavioral therapy for delusions in schizophrenia.
Schizophrenia Research, 131(1), 69-74.

Gratton, G., Coles, M. G., & Donchin, E. (1983) A new method for off-line removal of ocular
artifact. Electroencephalography and Clinical Neurophysiology, 55(4), 468-484.

Green M. F., Kern R. S., & Heaton R. K. (2004). Longitudinal studies of cognition and
functional outcome in schizophrenia: implications for MATRICS. Schizophrenia

Research, 72, 41-51.

89



Green M. F., & Nuechterlein K. H. (1999). Should schizophrenia be treated as a neurocognitive
disorder?. Schizophrenia Research, 25, 309-318.

Hall, J., Trent, S., Thomas, K. L., O’Donovan, M. C., & Owen, M. J. (2015). Genetic risk for
schizophrenia: convergence on synaptic pathways involved in plasticity. Biological
Psychiatry, 77(1), 52-58.

Hardingham, G. E., & Bading, H. (2003). The Yin and Yang of NMDA receptor signalling.
Trends in Neurosciences, 26(2), 81-89.

Hashimoto, K., Engberg, G., Shimizu, E., Nordin, C., Lindstrom, L. H., & lyo, M. (2005).
Reduced D-serine to total serine ratio in the cerebrospinal fluid of drug naive
schizophrenic patients. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 29(5), 767-769.

Heaton, R. K., Gladsjo J. A., Palmer B. W., Kuck J., Marcotte T. D., & Jeste D. V. (2001).
Stability and course of neuropsychological deficits in schizophrenia. Archives of General
Psychiatry, 58, 24-32.

Henderson, G., Johnson, J. W., & Ascher, P. (1990). Competitive antagonists and partial agonists
at the glycine modulatory site of the mouse N-methyl-D-aspartate receptor. The Journal
of Physiology, 430, 189-212.

Horan, W. P., Green, M. F., Knowlton, B. J., Wynn, J. K., Mintz, J., & Nuechterlein, K. H.
(2008). Impaired implicit learning in schizophrenia. Neuropsychology, 22(5), 606-617.

Insel, T. R. (2010). Rethinking schizophrenia. Nature, 468, 187-193.

Ishimaru, M., Kurumaji, A., & Toru M. (1994). Increases in strychnine-insensitive glycine
binding sites in cerebral cortex of chronic schizophrenics: Evidence for glutamate

hypothesis. Biological Psychiatry, 35(2), 84-95.

90



Javitt, D. C. (2004). Glutamate receptors as therapeutic targets. Molecular Psychiatry, 9, 984-
979.

Javitt, D. C., & Zukin, S. R. (1991). Recent advances in the phencyclidine model of
schizophrenia. American Journal of Psychiatry, 148:1301-1308.

Johansen, J. P., Cain, C. K., Ostroff, L. E., & LeDoux, J. E (2011). Molecular mechanisms of
fear learning and memory. Cell, 147(3), 509-524.

Kantrowitz, J. T., & Javitt, D. C. (2010). N-methyl-D-aspartate (NMDA) receptor dysfunction or
dysregulation: The final common pathway on the road to schizophrenia?. Brain Research
Bulletin, 83, 108-121.

Kirk, I. J., McNair, N. A., Hamm, J. P., Clapp, W. C., Mathalon, D. H., Cavus, I., & Teyler, T. J.
(2010). Long-term potentiation (LTP) of human sensory-evoked potentials. Wiley
Interdisciplinary Reviews: Cognitive Science, 1(5), 766-773.

Kirov, G., Rees, E., Walters, J. T., Escott-Price, V., Georgieva, L., Richards, A. L., et al. (2014).
The penetrance of copy number variations for schizophrenia and developmental delay.
Biological Psychiatry, 75(5), 378-385.

Kirschstein, T., & Kohling, R. (2009). What is the Source of the EEG?. Clinical EEG and
Neuroscience, 40(3), 146-149.

Kreitzer, A. C., & Malenka, R. C. (2008) Striatal plasticity and basal ganglia circuit function.
Neuron, 60(4), 543-554.

Knowlton B. J., Squire L. R., & Gluck M. A. (1994). Probabilistic classification learning in
amnesia. Learning & Memory, 1, 106-120.

Kristiansen, L. V., Beneyto, M., Haroutunian, V., & Meador-Woodruff, J. H. (2006). Changes in

NMDA receptor subunits and interacting PSD proteins in dorsolateral prefrontal and

91



anterior cingulate cortex indicate abnormal regional expression in schizophrenia.
Molecular Psychiatry, 11(8), 737-747.

Krystal, J. H., Karper, L. P., Seibyl, J. P., Freeman, G. K., Delaney, R., Bremner, D., et al.
(1994). Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in
humans: Psychomimetic, perceptual, cognitive, and neuroendocrine responses. The
Archives of General Psychiatry, 51(3), 199-214.

Kuriyama, K., Honma, M., Koyama, S., & Kim, Y. (2011). D-cycloserine facilitates procedural
learning but not declarative learning in healthy humans: A randomized controlled trial of
the effect of d-cycloserine and valproic acid on overnight properties in the performance
of non-emotional memory tasks. Neurobiology of Learning and Memory, 95, 505-509.

Lee, J., & Park, S. (2005) Working memory impairments in schizophrenia: a meta-analysis.
Journal of abnormal psychology, 114(4), 599-611.

Lee Y. S., & Silva A. J. (2009). The molecular and cellular biology of enhanced cognition.
Nature Neuroscience Reviews, 10, 126-140.

Luby, E. D., Cohen, B. D., Rosenbaum, G., Gottlieb, J. S., & Kelley, R. (1959) Study of a new
schizophrenomimetic drug. Sernyl. Archives of Neurology and Psychiatry, 81:363-369.

Madeira, C., Freitas, M. E., Vargas-Lopes, C., Wolosker, H., & Panizzutti, R. (2008). Increased
brain D-amino acid oxidase (DAAOQ) activity in schizophrenia. Schizophrenia Research,
101, 76-83.

Meador-Woodruff, J. H., Clinton, S. M., Beneyto, M., & McCullumsmith, R. E. (2003).
Molecular abnormalities of the glutamate synapse in the thalamus in schizophrenia.

Annals of the New York Academy of Sciences, 1003(1), 75-93.

92



Mears, R. P., & Spencer, K. M. (2012) Electrophysiological assessment of auditory stimulus-
specific plasticity in schizophrenia. Biological Psychiatry, 71(6), 503-511.

Mickley, G. A., Remus, J. L., Ramos, L., Wilson, G. N., Biesan, O. R., & Ketchesin, K. D.
(2012). Acute, but not chronic, exposure to d-cycloserine facilitates extinction and
modulates spontaneous recovery of a conditioned taste aversion. Physiology & Behavior,
105(2), 417-427.

Morris, S. E., Heerey, E. A., Gold, J. M., & Holroyd, C. B. (2008). Learning-related changes in
brain activity following errors and performance feedback in schizophrenia. Schizophrenia
Research, 99(1), 274-285.

Mueller, H. T., Haroutunian, V., Davis, K. L., & Meador-Woodruff, J. H. (2004). Expression of
the ionotropic glutamate receptor subunits and NMDA receptor-associated intracellular
proteins in the substantia nigra in schizophrenia. Molecular Brain Research, 121(1), 60-
69.

Mueller, H. T., & Meador-Woodruff, J. H. (2004). NR3A NMDA receptor subunit mMRNA
expression in schizophrenia, depression and bipolar disorder. Schizophrenia Research,
71(2), 361-370.

Murray, G. K., Cheng, F., Clark, L., Barnett, J. H., Blackwell, A. D., Fletcher, P. C., et al.
(2008). Reinforcement and reversal learning in first-episode psychosis. Schizophrenia
Bulletin, 34(5), 848-855.

Nitsche, M. A., Jaussi, W., Liebetanz, D., Lang, N., Tergau, F., & Paulus, W. (2004).
Consolidation of human motor cortical neuroplasticity by D-cycloserine.

Neuropsychopharmacology, 29(8), 1573-1578.

93



Nudmamud-Thanoi, S., & Reynolds, G. P. (2004). The NR1 subunit of the glutamate/NMDA
receptor in the superior temporal cortex in schizophrenia and affective disorders.
Neuroscience Letters, 372(1), 173-177.

Ohnuma T., Hidemasa K., Arai H., Faull R. L. M., McKenna P. J., & Emson P. C. (2000). Gene
expression of PSD95 in prefrontal cortex and hippocampus in schizophrenia.
Neuroreport, 11(14), 3133-3137.

Overall, J. E., & Gorham, D. R. (1962). The brief psychiatric rating scale. Psychological
Reports, 10(3), 799-812.

Parnas, A. S., Weber, M., & Richardson, R. (2005). Effects of multiple exposures to D-
cycloserine on extinction of conditioned fear in rats. Neurobiology of Learning and
Memory, 83(3), 224-231.

Pedersen, A., Siegmund, A., Ohrmann, P., Rist, F., Rothermundt, M., Suslow, T., & Arolt, V.
(2008). Reduced implicit and explicit sequence learning in first-episode schizophrenia.
Neuropsychologia, 46(1):186-195.

Pilowsky, L. S., Bressan, R. A., Stone, J. M., Erlandsson, K., Mulligan, R. S., Krystal, J. H., et
al. (2006). First in vivo evidence of an NMDA receptor deficit in medication-free
schizophrenic patients. Molecular Psychiatry, 11, 118-119.

Purcell, S. M., Moran, J. L., Fromer, M., Ruderfer, D., Solovieff, N., Roussos, P., et al. (2014). A
polygenic burden of rare disruptive mutations in schizophrenia. Nature, 506(7487), 185-
190.

Purcell, S. M., Wray, N. R., Stone, J. L., Visscher, P. M., O'Donovan, M. C., Sullivan, P. F., et
al. (2009). Common polygenic variation contributes to risk of schizophrenia and bipolar

disorder. Nature, 460(7256), 748-752.

%94



Quartermain, D., Mower, J., Rafferty, M. F., Herting, R. L., & Lanthorn, T. H. (1994). Acute but
not chronic activation of the NMDA-coupled glycine receptor with D-cycloserine
facilitates learning and retention. European Journal of Pharmacology, 257(1), 7-12.

Rao, V. R., & Finkbeiner, S. (2007). NMDA and AMPA receptors: old channels, new tricks.
Trends in Neurosciences, 30(6), 284-291.

Roncone, R., Ventura, J., Impallomeni, M., Falloon, I. R. H., Morosini, P. L., Chiaravalle, E., et
al. (1999). Reliability of an Italian standardized and expanded Brief Psychiatric Rating
Scale (BPRS 4.0) in raters with high vs. low clinical experience. Acta Psychiatrica
Scandinavica, 100(3), 229-236.

Schechter, 1., Butler, P. D., Zemon, V. M., Revheim, N., Saperstein, A. M., Jalbrzikowski, M., et
al. (2005). Impairments in generation of early-stage transient visual evoked potentials to
magno-and parvocellular-selective stimuli in schizophrenia. Clinical Neurophysiology,
116(9), 2204-2215.

Schizophrenia Working Group of the Psychiatric Genomics Consortium. (2014). Biological
insights from 108 schizophrenia-associated genetic loci. Nature, 511(7510), 421-427.

Siegert, R. J., Weatherall, M., & Bell, E. M. (2008). Is implicit sequence learning impaired in
schizophrenia? A meta-analysis. Brain and Cognition, 67(3), 351-359.

Sokolov, B. P. (1998). Expression of NMDAR1, GluR1, GIuR7, and KAlglutamate receptor
MRNASs is decreased in frontal cortex of "neuroleptic-free” schizophrenics: Evidence of
reversible up-regulation by typical neuroleptics. Journal of Neurochemistry, 71(6), 2454-
2464.

Spiering, B. J., & Ashby, F. G. (2008). Response processes in information—integration category

learning. Neurobiology of Learning and Memory, 90(2), 330-338.

95



Teyler, T. J., Hamm, J. P., Clapp, W. C., Johnson, B. W., Corballis, M. C., & Kirk, 1. J. (2005).
Long-term potentiation of human visual evoked responses. European Journal of
Neuroscience, 21(7), 2045-2050.

Toyooka, K., Iritani, S., Makifuchi, T., Shirakawa, O., Kitamura, N., Maeda, K., et al. (2002).
Selective reduction of a PDZ protein, SAP-87, in the prefrontal cortex of patients with
chronic schizophrenia. Journal of Neurochemistry, 83(4), 797-806.

Tsai, G. E., Falk, W. E., Gunther, J., & Coyle, J. T. (1999). Improved cognition in Alzheimer’s
Disease with short-term d-cycloserine treatment. American Journal of Psychiatry, 156,
467-469.

Van Berckel, B. N., Hijman, R., van der Linden, J. A., Westenberg, H. G., van Ree, J. M., &
Kahn, R. S. (1996). Efficacy and tolerance of D-cycloserine in drug-free schizophrenic
patients. Biological Psychiatry, 40(12):1298-1300.

Vargas-Caballero, M., & Robinson, H. P. (2004). Fast and slow voltage-dependent dynamics of
magnesium block in the NMDA receptor: the asymmetric trapping block model. The
Journal of Neuroscience, 24(27), 6171-6180.

Ventura, J., Green, M. F., Shaner, A., & Liberman, R. P. (1993). Training and quality assurance
with the Brief Psychiatric Rating Scale:" the drift busters.”. International Journal of
Methods in Psychiatric Research, 3(40, 221-244.

Ventura, J., Nuechterlein, K. H., Subotnik, K. L., Gutkind, D., & Gilbert, E. A. (2000). Symptom
dimensions in recent-onset schizophrenia and mania: a principal component analysis of
the 24-item Brief Psychiatric Rating Scale. Psychiatry Research, 97(2), 129-135.

Verrall, L., Burnet, P. W., Betts, J. F., & Harrison, P. J. (2010). The neurobiology of D-amino

acid oxidase and its involvement in schizophrenia. Molecular Psychiatry, 15(2), 122-137.

96



Vinogradov, S., Fisher, M., & de Villers-Sidani, E. (2012) Cognitive training for impaired neural
systems in neuropsychiatric illness. Neuropsychopharmacology, 37(1), 43-76.

Wagshal, D., Knowlton, B. J., Cohen, J. R., Poldrack, R. A., Bookheimer, S. Y., Bilder, R. M., et
al., (2012). Deficits in probabilistic classification learning and liability for schizophrenia.
Psychiatry Research, 200(2), 167-172.

Wagshal, D., Knowlton, B. J., Cohen, J. R., Poldrack, R. A., Bookheimer, S. Y., Bilder, R. M., et
al. (2013). Impaired automatization of a cognitive skill in first-degree relatives of patients
with schizophrenia. Psychiatry Research, 215(2), 294-299.

Waldschmidt, J. G., & Ashby, F. G. (2011) Cortical and striatal contributions to automaticity in
information-integration categorization. Neuroimage, 56(3), 1791-1802.

Wechsler, D. (1999). Wechsler Abbreviated Scale of Intelligence (WASI). San Antonio, TX:
Harcourt Assessment.

Weickert, T. W., Terrazas, A., Bigelow, L. B., Malley, J. D., Hyde, T., Egan, M. F., et al.,
(2002). Habit and skill learning in schizophrenia: evidence of normal striatal processing
with abnormal cortical input. Learning & Memory, 9(6), 430-442.

Wilhelm, S., Buhlmann, U., Tolin, D. F., Meunier, S. A., Pearlson, G. D., Reese, H. E., et al.
(2008). Augmentation of behavior therapy with D-cycloserine for obsessive-compulsive
disorder. The American Journal of Psychiatry, 165(3), 335-341.

Yamada K., Ohnishi, T., Hashimoto, K., Ohba, H., lIwayama-Shigeno, Y., Toyoshima, M., et al.
(2005). Identification of multiple serine racemase (SRR) mRNA isoforms and genetic
analyses of SRR and DAO in schizophrenia and D-serine levels. Biological Psychiatry,

57(12), 1493-1503.

97



Yin, H. H., Mulcare, S. P., Hilario, M. R., Clouse, E., Holloway, T., Davis, M. 1., et al. (2009)
Dynamic reorganization of striatal circuits during the acquisition and consolidation of a
skill. Nature Neuroscience, 12(3), 333-341.

Yin H. H., & Knowlton, B. J. (2006) The role of the basal ganglia in habit formation. Nature
Reviews Neuroscience, 7(6), 464-476.

Yurgelun-Todd, D. A., Coyle, J. T., Gruber, S. A., Renshaw, P. F., Silveri, M. M., & Amico, E.,
(2005). Functional magnetic resonance imaging studies of schizophrenic patients during
word production: effects of D-cycloserine. Psychiatry Research: Neuroimaging, 138(1),
23-31.

Zito, K., & Scheuss, V. (2009). NMDA receptor function and physiological modulation.

Encyclopedia of Neuroscience, 6, 1157-1164.

98





