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Working memory is the ability to hold information “online” over a time delay in order
to perform a task. This kind of memory is encoded in the brain by persistent neural
activity that outlasts the presentation of a stimulus. Patients with schizophrenia perform
poorly in working memory tasks that require the brief memory of a target location in
space. This deficit indicates that persistent neural activity related to spatial locations may
be impaired in the disease. At the circuit level, many studies have shown that NMDA
receptors and the dopamine system are involved in both schizophrenia pathology and
working memory-related persistent activity. In this Hypothesis and Theory article, we
examine the possible connection between NMDA receptors, the dopamine system,
and schizophrenia-linked working memory deficits. In particular, we focus on the
dopamine breakdown product homocysteine (HCY), which is consistently elevated in
schizophrenia patients. Our previous studies have shown that HCY strongly reduces
the desensitization of NMDA currents. Here, we show that HCY likely affects NMDA
receptors in brain regions that support working memory; this is because these areas
favor dopamine breakdown over transport to clear dopamine from synapses. Finally,
within the context of two NMDA-based computational models of working memory, we
suggest a mechanism by which HCY could give rise to the working memory deficits
observed in schizophrenia patients.

Keywords: NMDA, dopamine, working memory, schizophrenia, homocysteine, persistent activity

INTRODUCTION

The purpose of this Hypothesis and Theory article is to lay groundwork for linking two findings that
are typically observed in subjects with schizophrenia: spatial working memory deficits and elevated
homocysteine (HCY) levels. We briefly explain these two findings, simultaneously illustrating their
possible relationship within a framework of dopaminergic physiology. We next present a theory
within the context of computational models of persistent neural activity through which HCY may
affect neural circuits that mediate spatial working memory. Finally, we suggest future experiments
based on our theory.
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FIGURE 1 | Two common findings in schizophrenia: working memory deficits and elevated homocysteine (HCY). (A) Performance of a schizophrenia, bipolar and
control cohort on a delayed saccade task. Subjects must remember the location of a target over a brief delay (5 or 30 s) and move their eyes to the remembered
location (reprinted with permission from Park and Holzman, 1992). Schizophrenia patients perform significantly worse than either bipolar or control cohorts. (B) The
amino acid HCY is consistently elevated in the blood of schizophrenia patients. Shown are the odds ratios and 95% confidence intervals for having schizophrenia
given a 5 wM increase in plasma total HCY. Eight total case-control studies were analyzed in this meta-analysis, showing the total increase in schizophrenia odds to
be 70% given a 5 uM increase in HCY (reprinted with permission from Muntjewerff et al., 2006).

TWO SEEMINGLY UNRELATED DEFICITS
OBSERVED IN SCHIZOPHRENIA

Schizophrenia patients frequently show deficits in spatial
working memory. When a subject with schizophrenia is asked
to remember a spatial location over a short delay of 5 or 30 s,
they perform significantly worse than both healthy controls
and cohorts with bipolar disorder (Figure 1A). The errors
schizophrenia patients make in this task tend to be perseverative,
meaning that their incorrect answers are correct answers from
previous trials (Park and Holzman, 1992). Moreover, the
incorrect answers given by patients are provided with high
confidence, suggesting there is a “false” memory trace in the
brain and not simply an inability to create memory traces (Mayer
and Park, 2012). This spatial working memory deficit has been
observed in many independent studies and is considered an
“endophenotype” of schizophrenia because it is also observed
in patients’ healthy first-degree relatives (Park et al, 1995;
Cannon et al., 2000; Gottesman and Gould, 2003; Pirkola et al.,
2005; Mayer and Park, 2012). These results suggest that there
may be a genetic contribution to working memory failure,
which resembles the partial genetic basis of schizophrenia itself
(e.g., Torrey et al., 1994).

The perseverative feature of answers during working memory
tasks appears to reflect a general tendency of schizophrenia
patients to perseverate in other tasks. For example, during
the Wisconsin Card Sorting Test, schizophrenia patients have
repeatedly shown to hold on to previously correct sorting
rules even when their currently implemented sorting scheme is
incorrect (for review see Crider, 1997). We and others (Goldman-
Rakic, 1999) suggest that these deficits stem from a defect in
persistent neural activity that encodes remembered locations
and sorting schemes. This idea will be addressed in more
physiological detail in later sections.

A seemingly unrelated characteristic of schizophrenia patients
is the presence of high levels of the amino acid HCY in the

blood (e.g., Regland et al., 1995; Levine et al., 2002; Goff et al.,
2004). Strikingly, a recent meta-analysis of the linkage between
high HCY and schizophrenia suggests that humans with a 5
pwmol/L higher than average concentration of HCY in their blood
are 70% more likely to have schizophrenia (Muntjewerff et al.,
2006; Figure 1B). Significantly elevated HCY levels have also
been observed in the cerebrospinal fluid of a large cohort of
schizophrenia patients (Regland, 2005; p < 0.04, n = 36).

High levels of HCY are also observed in other disorders
marked by cognitive deficits (e.g., hyperhomocysteinemia,
homocysteinuria, fibromyalgia); however, the mechanism by
which HCY is related to cognitive deficits and schizophrenia is
unknown. Granted, high HCY levels may be an epiphenomenon
of schizophrenia: heightened HCY may not induce symptoms
but could instead be a byproduct of an unknown dysregulated
process that occurs more often in patients. If this were
the case, however, it would be surprising that nutritional
strategies used to reduce levels of homocysteine have proven
to reduce schizophrenia symptoms and improve performance
of schizophrenia patients on the Wisconsin Card Sorting Test
(Levine et al., 2006).

HCY ARISES AFTER DOPAMINE RELEASE
IN SPECIFIC BRAIN REGIONS

HCY is a breakdown product of dopamine, providing a possible
inroad for HCY to affect neurons and synapses and, in turn,
induce cognitive deficits. However, there is an underappreciated
diversity with regards to the location and frequency by
which dopamine breakdown actually occurs in the brain. In
fact, dopamine reuptake into the presynaptic terminal by the
high-efficiency uptake enzyme Dopamine Transporter (DAT,
aka Slc6A3) occurs widely in the brain. Indeed, most dopamine
cell groups, including the midbrain ventral tegmental area (VTA)
and substantia nigra (SN), express DAT and recycle dopamine
for repeated use in their axons’ target zones (Ciliax et al., 1995).
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FIGURE 2 | Dopamine transporter (DAT) expression varies across the brain in terms of expression and localization on dopaminergic axons. Immunohistochemistry
for tyrosine hydroxylase (TH IHC), the enzyme required for making dopamine, was performed as a double stain with DAT or on a DAT-tdTomato transgenic mouse. In
the basal ganglia (BG), DAT and TH strongly overlap in terminals originating from the midbrain dopaminergic cell groups. The DAT in these BG terminals clusters in
presynaptic terminals that release dopamine (B, left, reprinted with permission from Sesack et al., 1998), indicating that dopamine reuptake is the main mode of
action after dopamine release in the BG. The superior colliculus (SC; C), on the other hand, receives TH+ axons that are DAT negative. SC axons in the
DAT-tdTomato mouse that stain positive for DAT do not actually contain TH. Dopamine axons in the SC arrive from the A13 cell group (D), which is labeled by
retrograde injections from the SC (Retrobeads = RB). A13 is a dopaminergic cell group in the zona incerta of the diencephalon that does not express DAT (D, top).
A subset of TH+ axons in the SC are noradrenergic from the locus coerelus (RBs also found in the LC: data not shown here, but shown in Bolton et al., 2015). Also
note that the DAT+ axons coming from the midbrain and terminating in the BG in (A) can be seen traversing the diencephalon in (D). Therefore, the two modes of

dopamine clearance (DAT+ and DAT—) can both be seen in this figure.

Superior Colliculus

DAT tdTom DAT IHC

In the highly dopamine-innervated basal ganglia (BG), for
example, transgenic DAT-tdTomato mice and a specific DAT
antibody completely overlap with tyrosine hydroxylase (TH)
expressing dopamine terminals emanating from the midbrain
(Figure 2A; Tritsch et al., 2012; Bolton et al.,, 2015). Electron
microscopy studies on the BG using immunogold show that these
dopamine terminals contain extremely dense packing of DAT at
the presynaptic terminal (Figure 2B; Sesack et al., 1998). This
high DAT expression and density at the synapse suggests that
dopamine recycling is the main mode of dopamine clearance
in the BG, which is supported by studies showing a very low
ratio of dopamine breakdown products to total dopamine in the
BG (1:23 ratio of 3-Methoxytyramine (3-MT):dopamine, Weller
et al., 1987).

Despite the prevalence of dopamine reuptake, many brain
regions instead utilize dopamine breakdown. At this opposite
end of the spectrum is the midbrain superior colliculus (SC),
also known as the optic tectum. The SC expresses a striking
mosaic pattern of dopamine receptors, with D1 receptors
localized to its superficial visual layers and D2 receptors enriched
in its multimodal motor layers (Bolton et al, 2015). The

dopamine terminals that activate these receptors originate from
the A13 cell group and do not express DAT (Figures 2C,D;
Bolton et al., 2015). Instead, dopamine breakdown via the
enzyme Catechol-O-MethylTranserase (COMT) is likely the
main mode of action in the SC, which is suggested by
the lack of DAT, the particularly high levels of COMT RNA
in the SC, the high level of COMT activity in SC explants,
and the ~1:1 ratio of COMT-generated breakdown products
to dopamine in the region (Bigl et al, 1974; Weller et al,
1987).

The prefrontal cortex (PFC) appears to be a hybrid of
the SC and BG in terms of DAT and COMT expression.
COMT activity and dopamine levels are similar between frontal
cortex and the SC (Bigl et al., 1974; Versteeg et al, 1976),
suggesting a similar level of dopamine breakdown. Nonetheless,
electron microscopy studies show that DAT is expressed in
dopamine axons in frontal cortex, but DAT proteins are not
localized to the synapse (Figure 2B; Sesack et al., 1998). Instead,
DAT is located away from the synapse on the axon shaft,
suggesting that dopamine is not immediately reuptaken into the
presynaptic terminal as in the BG. Overall, it appears that DAT
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and COMT cooperate in this region to clear and metabolize
dopamine respectively; the shaft location of DAT indicates that
it collects dopamine that has significantly diffused away from
synapses.

This continuum of DAT expression at the synapse, ranging
from no DAT whatsoever to dense presynaptic DAT, begs the
question of why there are multiple means of dopamine clearance
at synapses. Why in some brain regions is dopamine recycled
while in others it is broken down? We surmise that regions
that favor dopamine breakdown via COMT over presynaptic
recycling by DAT may utilize COMT-generated breakdown
products for ongoing synaptic function.

HOW DO COMT-GENERATED
BYPRODUCTS AFFECT SYNAPSES?

Although COMT generates multiple breakdown products that
are known to affect receptors in the brain (e.g., adenosine, 3-MT,
homovanillic acid (HVA)), we focus here on HCY due to its
association with schizophrenia.

HCY arises in the brain every time COMT inactivates
dopamine (Tunbridge et al.,, 2008; Figures 3A,B); this occurs
when COMT places a methyl group from methionine onto
a dopamine molecule (Figures 3A,B). Although there is
considerable debate over the cellular and subcellular location
of COMT (Schott et al., 2010; Chen et al,, 2011), live imaging
of COMT immunocytochemistry in cortical cultures suggests
an intracellular location of COMT in both neurons and glia
(Schott et al., 2010). HCY appears to only be released into the
extracellular space if COMT methylates dopamine in astrocytes,
as revealed by elegant culture experiments in Huang et al.
(2005). After astrocytic release, HCY is uptaken into neurons and
re-methylated via a folate-mediated pathway that requires the
enzyme Methyl-Tetrahydrofolate Reductase (MTHFR; Huang
et al., 2005; Tunbridge et al., 2008). In sum, the mode of action
in the brain that allows HCY to interact with synaptic receptors
begins with dopamine being uptaken into astrocytes (possibly via
PMAT: see Schott et al., 2010; Bolton et al., 2015). Dopamine is
then methylated by COMT inside the astrocyte, generating HCY
that is released back into the extracellular environment.

The synaptic concentration HCY reaches after release from
astrocytes is unknown. CSF levels of HCY in schizophrenia
can reach ~1 pM but deducing synaptic levels from CSF
concentrations is unreasonable considering that dopamine
reaches 1.6 mM at synapses after release, but is only at 40 nM
in CSF (Gjerris et al, 1987; Regland, 2005). Moreover, since
significant HCY production is only expected to occur in the
subset of dopamine termination zones that favor breakdown,
estimating synaptic concentrations in these specific regions from
global CSF seems even more unreliable and warrants further
investigation. We hypothesize that if HCY release is confined to
the small volume of a glutamatergic synapse, HCY levels could
reach similar concentrations to synaptic dopamine (~1 mM)
since each inactivated dopamine molecule should create one
HCY, and nearly all of the HCY produced in astrocytes is
eventually exported out of the cell (Garris et al., 1994; Huang
et al., 2005).

Until recently, the synaptic effects of HCY in the
extracellular space after dopamine breakdown were unclear.
One initial hint came from studies showing that HCY binds
the NMDA receptor and modulates NMDAR-dependent
long-term potentiation (Lipton et al, 1997; Christie et al,
2005, 2009). We followed up on these studies using patch
clamp electrophysiology in cultured neurons, HEK cells
transfected with NMDAR subunits, and neurons in brain
slices stimulated with caged glutamate. HCY was shown to
severely alter the activation and desensitization kinetics of
NMDARs depending on the GluN2 subtype composition
of the receptor (Figure 4; Bolton et al, 2013). Specifically,
at high concentrations (1 mM = 500 wM active L-isomer),
HCY attenuates peak amplitude of GluN2B-receptor currents
while augmenting the peak amplitude of GIluN2A-receptor
currents (Figure 4B). Critical to the theory presented in this
article, however, is the fact that regardless of the receptor
subtype, HCY strongly reduces desensitization of NMDARs
at low concentrations resembling the NMDAR-effective
dose of glutamate (100 pM = 50 pM active L-isomer,
Figure 4A).

The desensitization reducing role of HCY is very similar to
that already described for glycine, d-serine and spermine (Mayer
et al,, 1989; Lerma, 1992). Glycine, an ambient neurotransmitter,
acts as a co-agonist of the NMDAR, meaning that the receptor
will not open without glutamate and glycine co-binding.
However, the role of glycine is complex in that heightening
the concentration beyond the level required for activation
continually reduces desensitization of the NMDAR response
to prolonged agonist exposure (Mayer et al, 1989). HCY,
in fact, likely binds to the glycine site of the NMDAR to
enact its desensitization-reducing function: glycine saturation
of the NMDAR occludes the desensitization effects of HCY,
and DCKA, a specific glycine-site inhibitor, reduces the
desensitization preventing effects of HCY (Bolton et al,
2013). Ciritically, the glycine site is not believed to be
saturated by the pool of all glycine-site activators in the brain
(e.g., glycine, d-serine; Attwell et al, 1993; Bergeron et al,
1998; Roux and Supplisson, 2000; Chen et al.,, 2003; Martina
et al., 2003; Bolton et al,, 2013). We therefore suggest that
a previously unappreciated consequence of COMT-mediated
synaptic dopamine breakdown is the acute reduction of glycine-
dependent NMDAR desensitization by HCY.

DESENSITIZATION OF NMDARs AND
SYNAPTIC FUNCTION

Given that HCY strongly affects the desensitization of NMDAR
currents, it is critical to explore what role desensitization
may play in the brain. Desensitization of glutamate receptors
is thought to shape synaptic responses to prolonged input
and prevent calcium-induced toxicity during long-term agonist
exposure (Lukasiewicz et al., 1995; Stys et al., 2012). Continuous
bathing of receptors in agonist likely occurs in the brain
when sustained high frequency firing of a presynaptic neuron
induces repeated release of agonist into a synaptic cleft.
This type of high-frequency persistent firing for seconds-long
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FIGURE 3 | HCY arises after dopamine breakdown by Catechol-O-Methyltransferase (COMT). (A) HCY is generated when COMT methylates catecholamine
neurotransmitters, including dopamine, to initiate the breakdown process. Free HCY is then remethylated for future catecholamine methylations via a
folate-dependent process. The folate derivatives required for HCY methylation are produced by the enzyme Methyl-Tetrahydrofolate Reductase (MTHFR). (B) The
production of HCY has been shown to occur after dopamine methylation in astrocytes (Huang et al., 2005). Astrocytes then release HCY to the extracellular space,
where free HCY can interact with receptors on glutamatergic synapses. SAM, S-adenosyl-methionine; SAH, S-adenosyl-homocysteine.

periods occurs when animals engage in working memory tasks
(see Goldman-Rakic, 1996). In fact, persistent excitatory activity
is a fundamental form of neural dynamics across the animal
kingdom (see Major and Tank, 2004) and is thought to be
the neural basis of working memory. Persistent activity, in
particular, is thought to mediate memories of spatial locations
during the spatial working memory task that schizophrenia
patients tend to fail. In this task, a target in a specific region of
space is flashed for a moment and the subject must remember
the target location over a brief delay (Figure 5A). When
monkeys perform the task, neurons in the dorsolateral prefrontal
cortex (DL-PFC) and SC that encode the remembered location
remain active at high-frequency (~40 Hz) over the entire
delay period (Munoz and Wurtz, 1995; Goldman-Rakic, 1996;
Figure 5A).

The neural architecture that mediates this type of persistent
activity is an excitatory feedback loop whereby the spiking
of neurons activated by a stimulus is sustained by recurrent
collaterals in the absence of further input (Figure 5B, Lisman
et al., 1998; Seung et al, 2000; Wang, 2001). Critically,
recurrent excitatory loops created by collaterals exist both
in the DL-PFC and in the SC, and their activity is mediated
by NMDARs (Pettit et al,, 1999; Saito and Isa, 2003; Wang
et al, 2013). In fact, computational models of persistent
activity related to working memory posit that the long
time constant of decay (Seung et al, 2000) and magnesium
block (Lisman et al., 1998) of NMDARs make them ideal

candidates to mediate persistent activity (Figure 5B, see
Figure 5 legend for mechanism). Moreover, experimental
work on behaving monkeys has shown that persistent
activity related to spatial working memory is blockable by
specific GIuN2B and GluN2A NMDAR antagonists (Wang
et al.,, 2013). Further work on rodents has shown that rats
cannot perform spatial working memory tasks if dosed with
NMDAR antagonists (Aultman and Moghaddam, 2001). It
is therefore likely that NMDARs play a critical role in the
persistently active neural circuits mediating spatial working
memory, the precise task that schizophrenia patients fail.
Furthermore, intact dopamine signaling through D1 type
dopamine receptors appears to be important for maintaining
persistent activity in prefrontal cortical networks during
working memory tasks (Sawaguchi and Goldman-Rakic,
1994;  Goldman-Rakic, 1996), while blocking DI1-type
receptors in rodents impairs spatial working memory over
seconds long delays (Aultman and Moghaddam, 2001).
This means that dopamine signaling into persistently
active ensembles occurs during working memory tasks,
and that HCY production at these ensembles is a likely
consequence.

One caveat of models and theories of persistent activity is that
they ignore the severe desensitization of NMDARs that occurs
within hundreds of milliseconds of agonist exposure. Most
theoretical models of persistent activity rely on the continued
fidelity of constant NMDAR currents to drive persistently active
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FIGURE 4 | HCY reduces NMDA receptor desensitization. (A) Voltage
clamped neurons were maintained in 200 nM glycine. NMDA (100 M) was
applied for 2 s both with HCY and without HCY on the same neuron.
Increasing HCY concentrations decreased peak NMDAR current amplitude
and reduced desensitization dose dependently. Notice that HCY still strongly
reduced desensitization at one tenth of its maximal concentration

(100 uM = 50 uM active L-HCY isomer; for [HCY] = 100 uM, 250 uM, 1 mM,
N =7,5,10). (B) HCY reduced desensitization of all three NMDAR subtypes
transfected into HEK cells to make homogenous GIuN2 NMDAR populations.
The amplitude of GIUN2A responses to glutamate was enhanced by the
presence of HCY in a dose dependent manner. GIuN2B, similar to NMDARs in
young cultured neurons, showed dose dependent amplitude reduction by
HCY. GIuN2D showed no change in peak amplitude at any HCY concentration
[N for each [HCY] (100 pM = 50 uM L-HCY isomer, 250 uM = 125 uM L-HCY
isomer, 1 mM = 500 uM L-HCY isomer): GluN2A N = 4, 5, 17; GluN2B N = 5,
5,17 GIuN2D N = 6, 3, 8]. Reprinted from Bolton et al. (2013).

cells; however, NMDARs desensitize up to 90% after 1 s of
agonist exposure (see Figure 4 black control traces). This strong,
HCY-blockable desensitization is a feature of both GluN2A and
GluN2B type receptors, which are present in cortex and SC, and
are required for persistent activity during WM (van Zundert
et al, 2004; Wang et al., 2013). The fact that some crucial
neural modes like persistent activity require continued NMDAR
fidelity makes it interesting that the brain possesses mechanisms
that can overcome fast desensitization of NMDARs: namely,
the ability to place NMDAR desensitization reducing molecules
like glycine, d-serine, or HCY at synapses. We therefore posit
that breakdown of dopamine places HCY at synapses to reduce
NMDAR desensitization during high-frequency firing. This is
supported by the aforesaid facts that COMT is the main means
of dopamine clearance in the areas that support high-frequency

persistent activity: the SC and PFC. Meanwhile, areas like
the BG, which primarily utilize dopamine reuptake, are not
known to engage in persistent activity via excitatory feedback,
not to mention that the striatum is composed of mostly
GABAergic neurons (~95%) that are incapable of excitatory
feedback.

What might occur within persistent activity circuits if HCY
reaches pathological levels? We suggest above that low-level
HCY accumulation after dopamine release may be a required
feature of neural circuits that mediate working memory to reduce
NMDAR desensitization. NMDAR desensitization, however,
may be a built in way to prevent a sensitive neural architecture
like recurrent excitatory collaterals from runaway feedback
excitation. If HCY levels become pathologically high, NMDAR
desensitization will be fully prevented, which may sustain
persistent activity related to a correct answer past the current
trial. In this case, previous answers could potentially “bleed”
into future trials, which would result in perseverative answers.
Moreover, patients will respond confidently because there is an
actual false memory trace present instead of the absence of a
memory trace. This is the exact phenotype of a schizophrenia
patient when performing a spatial working memory task:
perseverative answers from previously correct trials that are
provided with confidence. Perseveration on previously correct
rules in the WCST could also come about in this manner.

INTEGRATION WITH PREVIOUS THEORY
AND FUTURE DIRECTIONS

General Schizophrenia Theory

The NMDAR hypofunction theory of schizophrenia has been
a prominent hypothesis of the disease and is based on the
fact that NMDAR antagonists like PCP and ketamine induce
disease symptoms in healthy individuals (for review see Javitt,
2010). HCY, as shown above, has the reverse effect of PCP
(i.e., it enhances current flow through NMDARs). We suggest
that repeated current enhancement of NMDARs via HCY could
induce NMDAR hypofunction via the homeostatic receptor
internalization that occurs with prolonged excessive activity
(as observed by Wang et al., 2000). This idea coalesces well
with the fact that obligatory NR1 subunits have been found
to be decreased by ~40% while NR1 mRNA is 60% decreased
in the postmortem PFC of schizophrenia patients (for meta-
analysis see Catts et al., 2016). Future experiments could address
whether chronic HCY elevation in the blood is correlated
with decreases in NMDA subunit expression over development.
Further developmental effects could be induced by HCY given
the critical role of NMDARs in LTP and LTD (Christie et al.,
2005, 2009). Indeed, chronic dysregulated synaptic plasticity has
been proposed as a mechanism for schizophrenia pathology (e.g.,
Sekar et al., 2016). Plasticity changes due to long-term NMDAR
current enhancement by HCY must be disentangled from its
acute effects on persistent activity in future studies.

Working Memory-Specific Theory
Numerous studies have postulated a direct role for dysregulated
dopamine signaling through the D1 receptor in working
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FIGURE 5 | Persistent neural activity mediating working memory is thought to be dependent on NMDA receptor containing feedback loops. (A) When a monkey is
tasked with remembering a spatial location in the short term, neurons in the SC respond to the initial presentation of the stimulus but remain active after the target
has disappeared. This is also consistently seen in the prefrontal cortex (PFC) during working memory tasks (for review see Goldman-Rakic, 1996). This type of
persistent neural activity, considered to be the basis for working memory, is mediated by NMDA receptor containing feedback circuits (B, Seung et al., 2000; Lisman
et al., 1998). In this schema, the two starred neurons’ receptive field is the target to be remembered, while the two un-starred neurons are responsive to other spatial
locations. When the starred cells are activated by initial sensory input, they depolarize and relieve the magnesium block in their feedback NMDA receptors. The
unstarred cells” NMDA receptors are still plugged with magnesium. Therefore, the starred cells can continue to fire by driving their own NMDA receptors, sustaining
persistent activity over a short delay due to the long-decaying NMDA receptors’ ability to integrate repetitive excitatory currents. This model does not account for the
fact that repeated stimulation of NMDA receptors induces desensitization (see Figure 4), which would prevent feedback circuits such as this one from sustaining

memory deficits (e.g., Goldman-Rakic, 1996, 1999). D1 binding
drugs affect both working memory performance (Sawaguchi
and Goldman-Rakic, 1994) and prefrontal persistent activity
(Williams and Goldman-Rakic, 1995; Sawaguchi, 2001).
Moreover, slice electrophysiology in the rodent PFC supports
a role for DI receptors in altering conductances that are
required for proper working memory function (Seamans et al.,
2001a,b). Based on these electrophysiological results, models
of D1-modulated persistent activity have recapitulated many
of the D1-related results observed in monkeys (Durstewitz and
Seamans, 2002). We therefore believe that the dopamine system
itself is likely critical for proper working memory function; our
theory only seeks to augment current hypothesis by providing
a second means of dopamine functionality during working
memory. In fact, we believe that a main role for dopamine
signaling in working memory supports our hypothesis because
dopamine breakdown and dopamine receptor activation should
be generally correlated in the PFC or SC. Our theory could
further serve to supplement previous investigations into how
COMT genotypes in humans affect working memory in normal
populations and in schizophrenia (e.g., Meyer-Lindenberg and
Weinberger, 2006; Durstewitz and Seamans, 2008). This will
be addressed in more detail below. Finally, we believe our
theory serves as a link between the aforesaid dopamine related
results in monkeys and the similar phenotypes observed in
monkeys dosed with NMDAR interacting drugs (Wang et al.,
2013).

We propose two lines of research that could specifically
address the working memory ideas put forth in this article.
Starting with human genetics, there are multiple common
polymorphisms in the genes that both produce (COMT
157Val/Met) and metabolize (MTHFR TT/CC) HCY. The
Val COMT polymorphism produces an enzyme that is
~40% more active in metabolizing dopamine than the Met

polymorphism (Chen et al., 2004). Similarly, the TT MTHFR
polymorphism metabolizes HCY at a significantly lower
rate than CC (Tunbridge et al, 2008). If an individual
possesses both hyperactive COMT and hypoactive MTHEFR,
their HCY levels are significantly raised compared to other
COMT/MTHER genotypes (Tunbridge et al., 2008). Moreover,
the polymorphisms of COMT and MTHFR that confer
heightened HCY are both linked to schizophrenia susceptibility,
with the slow HCY metabolizing TT MTHEFR conferring a 36%
enhanced risk of schizophrenia (Muntjewerff et al., 2006).
Interestingly, COMT and MTHFR polymorphisms that
enhance HCY levels combine to produce working memory
deficits in schizophrenia patients (Roffman et al, 2008).
However, the working memory task given to the patients is not
the same task that is typically associated with schizophrenia. We
therefore suggest systematically measuring human performance
on a well-established spatial working memory paradigm
described in Figure 5 and used widely by neuroscientists,
while genotyping for COMT and MTHER variants. An analysis
that examines these and other polymorphisms, levels of HCY,
working memory performance, and disease state of the individual
would go a long way towards uncovering not just whether
HCY is linked to working memory deficits, but whether these
deficits co-segregate with disease severity. We hypothesize that
there is likely a set-point of HCY where excitatory feedback
desensitization during WM is ideal. This level would prevent
perseverative errors due to previous answers while slowing
desensitization enough so that a modicum of NMDAR current
can properly mediate seconds-long feedback. Therefore, any
set of polymorphisms that either overly produce or overly
restrict HCY should be detrimental to working memory.
This is likely also the case for gene products that create or
metabolize other desensitization altering molecules like glycine
or d-serine (e.g., G72, DAAO). It would be especially interesting
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to study the recently created “humanized” mouse lines that
are homozygous for the human Val or Met allele of COMT.
Mice homozygous for the Val allele, which in humans confers
heightened HCY (Tunbridge et al., 2008), show poor working
memory relative to their homozygous Met littermates (Risbrough
etal., 2014).

Second, a systems neuroscience approach should be taken
to examine the role of HCY in working memory maintenance.
Working memory paradigms should be utilized that resemble
the tasks schizophrenia patients fail using model systems that
are more tractable than humans or monkeys (e.g., Felsen
and Mainen, 2012; Kopec et al., 2015). These model systems
should allow the simultaneous recording or imaging of whole
populations of neurons participating in persistent activity during
working memory. To this end, larval zebrafish offer a good model
system for this type of whole-microcircuit analysis considering
their amenability to whole-brain calcium imaging and in vivo
patch clamping (Ahrens et al., 2012; Grama and Engert, 2012).

It is already suspected that dopamine release is critical
to WM maintenance due to DA neuron activity patterns
and the effects of dopamine antagonists and agonists on
working memory performance. However, fluorescent probes or
electrophysiological methods indicating the presence of DA and
HCY in persistently active populations haven’t been employed in
the context of working memory (i.e., amperometry, two-photon
imaging; Sarkar et al, 2014). It is critical for this theory to
know that HCY is actually present and modulates NMDAR
function in the immediate aftermath of dopamine release in
recurrently active microcircuits. Probes that fluoresce when
binding HCY have been developed (Zhang et al., 2014) but
have never been tested in neurons. HCY uncaging has become
possible with the development of UV-activatable designer amino
acid molecules (Uprety et al., 2014). The effect of observed
and induced HCY on microcircuits engaging in persistent
activity should be assayed using detailed electrophysiology
studies aimed at recording HCY’s effect on synaptic currents
mediating persistent activity. This would go a long way towards

REFERENCES

Ahrens, M. B,, Li, J. M., Orger, M. B., Robson, D. N., Schier, A. F., Engert, F., et al.
(2012). Brain-wide neuronal dynamics during motor adaptation in zebrafish.
Nature 485, 471-477. doi: 10.1038/nature11057

Attwell, D., Barbour, B., and Szatkowski, M. (1993). Nonvesicular release
of neurotransmitter. Neuron 11, 401-407. doi: 10.1016/0896-6273(93)
90145-h

Aultman, J. M., and Moghaddam, B. (2001). Distinct contributions of
glutamate and dopamine receptors to temporal aspects of rodent working
memory using a clinically relevant task. Psychopharmacology 153, 353-364.
doi: 10.1007/s002130000590

Bergeron, R., Meyer, T. M., Coyle, J. T., and Greene, R. W. (1998). Modulation of
N-methyl- D-aspartate receptor function by glycine transport. Proc. Natl. Acad.
Sci. US A 95, 15730-15734. doi: 10.1073/pnas.95.26.15730

Bigl, V., Biesold, D., and Weisz, K. (1974). The influence of functional alteration on
monoamine oxidase and catechol-O-methyl transferase in the visual pathway
of rats. J. Neurochem. 22, 505-509. doi: 10.1111/j.1471-4159.1974.tb06885.x

Bolton, A. D., Murata, Y., Kirchner, R, Kim, S. Y., Young, A., Dang, T,
et al. (2015). A diencephalic dopamine source provides input to the superior
colliculus, where D1 and D2 receptors segregate to distinct functional zones.
Cell Rep. 13, 1003-1015. doi: 10.1016/j.celrep.2015.09.046

linking our results from direct agonist-application experiments
to the more realistic synaptic currents that are assumed to
be desensitizing in our model. Other dopamine breakdown
products (e.g., 3-MT, HVA) could also be examined for effects
in this manner. Further pursuing this line of research could
eventually link systems neuroscience to the clinical findings
uncovered above and provide a clearer picture into the role
of dopamine breakdown in schizophrenia. More broadly, the
systems neuroscience approach could explain why there is a
continuum of dopamine reuptake/breakdown in the brain and
how each brain area uses dopamine breakdown products for its
purposes.

AUTHOR CONTRIBUTIONS

MC-P supervised all graduate work by AB that lead to the
development of the presented theory. AB conceived the theory
and drafted the manuscript in consultation with MC-P. AB and
MC-P edited and revised the manuscript and approved the final
version.

FUNDING

This work was supported by National Eye Institute grant
5R01EY-014074-18 (MC-P), an NDSEG fellowship (AB), and an
NSF GRFP fellowship (AB).

ACKNOWLEDGMENTS

The authors would like to thank Martin Haesemeyer, Dost
Ongur, Hanna Zwaka, Yarden Katz and Sohee Park for valuable
input on the manuscript. Florian Engert, Cassandra Smith,
Sebastian Seung, Yasunobu Murata, Rory Kirchner, Kirsten
Bolton, Gerald Schneider and Sam Cooke all provided helpful
advice and input. Akira Yoshii deserves special thanks for
motivating this manuscript.

Bolton, A. D., Phillips, M. A., and Constantine-Paton, M. (2013). Homocysteine
reduces NMDAR desensitization and differentially modulates peak
amplitude of NMDAR currents, depending on GluN2 subunit composition.
J. Neurophysiol. 110, 1567-1582. doi: 10.1152/jn.00809.2012

Cannon, T. D., Huttunen, M. O., Lonngvist, J., Tuulio-Henriksson, A., Pirkola, T.,
Glahn, D., et al. (2000). The inheritance of neuropsychological dysfunction
in twins discordant for schizophrenia. Am. J. Hum. Genet. 67, 369-382.
doi: 10.1086/303006

Catts, V. S, Lai, Y. L., Weickert, C. S., Weickert, T. W., and Catts, S. V. (2016).
A quantitative review of the postmortem evidence for decreased cortical
N-methyl-d-aspartate receptor expression levels in schizophrenia: how can we
link molecular abnormalities to mismatch negativity deficits? Biol. Psychol. 116,
57-67. doi: 10.1016/j.biopsycho.2015.10.013

Chen, J., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M., Melhem, §S.,
et al. (2004). Functional analysis of genetic variation in catechol-O-
methyltransferase  (COMT): effects on mRNA, protein and enzyme
activity in postmortem human brain. Am. J. Hum. Genet. 75, 807-821.
doi: 10.1086/425589

Chen, L., Muhlhauser, M., and Yang, C. R. (2003). Glycine tranporter-1 blockade
potentiates NMDA-mediated responses in rat prefrontal cortical neurons
in vitro and in vivo. J. Neurophysiol. 89, 691-703. doi: 10.1152/jn.006
80.2002

Frontiers in Synaptic Neuroscience | www.frontiersin.org

June 2018 | Volume 10 | Article 16


https://doi.org/10.1038/nature11057
https://doi.org/10.1016/0896-6273(93)90145-h
https://doi.org/10.1016/0896-6273(93)90145-h
https://doi.org/10.1007/s002130000590
https://doi.org/10.1073/pnas.95.26.15730
https://doi.org/10.1111/j.1471-4159.1974.tb06885.x
https://doi.org/10.1016/j.celrep.2015.09.046
https://doi.org/10.1152/jn.00809.2012
https://doi.org/10.1086/303006
https://doi.org/10.1016/j.biopsycho.2015.10.013
https://doi.org/10.1086/425589
https://doi.org/10.1152/jn.00680.2002
https://doi.org/10.1152/jn.00680.2002
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Bolton and Constantine-Paton

Dopamine Breakdown in Working Memory

Chen, J., Song, J., Yuan, P, Tian, Q., Ji, Y., Ren-Patterson, R., et al.
(2011). Orientation and cellular distribution of membrane-bound catechol-
O-methyltransferase in cortical neurons implications for drug development.
J. Biol. Chem. 286, 34752-34760. doi: 10.1074/jbc.M111.262790

Christie, L. A., Riedel, G., Algaidi, S. A., Whalley, L. J., and Platt, B. (2005).
Enhanced hippocampal long-term potentiation in rats after chronic exposure
to homocysteine. Neurosci. Lett. 373, 119-124. doi: 10.1016/j.neulet.2004.
09.072

Christie, L. A., Riedel, G., and Platt, B. (2009). Bi-directional alterations of
LTP after acute homocysteine exposure. Behav. Brain Res. 205, 559-563.
doi: 10.1016/j.bbr.2009.07.010

Ciliax, B. ., Heilman, C., Demchyshyn, L. L., Pristupa, Z. B., Ince, E., Hersch, S. M.,
etal. (1995). The dopamine transporter: immunochemical characterization and
localization in brain. J. Neurosci. 15, 1714-1723. doi: 10.1523/jneurosci.15-03-
01714.1995

Crider, A. (1997). Perseveration in schizophrenia. Schizophr. Bull. 23, 63-74.
doi: 10.1093/schbul/23.1.63

Durstewitz, D., and Seamans, J. K. (2002). The computational role of
dopamine D1 receptors in working memory. Neural Netw. 15, 561-572.
doi: 10.1016/s0893-6080(02)00049-7

Durstewitz, D., and Seamans, J. K. (2008). The dual-state theory of prefrontal
cortex dopamine function with relevance to catechol-O-methyltransferase
genotypes and schizophrenia. Biol. Psychiatry 64, 739-749. doi: 10.1016/j.
biopsych.2008.05.015

Felsen, G., and Mainen, Z. F. (2012). Midbrain contributions to sensorimotor
decision making. J. Neurophysiol. 108, 135-147. doi: 10.1152/jn.011
81.2011

Garris, P. A., Ciolkowski, E. L., Pastore, P., and Wightman, R. M. (1994). Efflux
of dopamine from the synaptic cleft in the nucleus accumbens of the rat brain.
J. Neurosci. 14, 6084-6093. doi: 10.1523/jneurosci.14-10-06084.1994

Gjerris, A., Werdelin, L., Rafaelsen, O. J., Alling, C., and Christensen, N. J. (1987).
CSF dopamine increased in depression: CSF dopamine, noradrenaline and
their metabolites in depressed patients and in controls. J. Affect. Disord. 13,
279-286. doi: 10.1016/0165-0327(87)90048-6

Goff, D. C,, Bottiglieri, T., Arning, E., Shih, V., Freudenreich, O., Evins, A. E.,
et al. (2004). Folate, homocysteine and negative symptoms in schizophrenia.
Am. ]. Psychiatry 161, 1705-1708. doi: 10.1176/appi.ajp.161.9.1705

Goldman-Rakic, P. S. (1996). Regional and cellular fractionation of working
memory. Proc. Natl. Acad. Sci. U S A 93, 13473-13480. doi: 10.1073/pnas.93.
24.13473

Goldman-Rakic, P. S. (1999). The physiological approach: functional architecture
of working memory and disordered cognition in schizophrenia. Biol. Psychiatry
46, 650-661. doi: 10.1016/s0006-3223(99)00130-4

Gottesman, I. I, and Gould, T. D. (2003). The endophenotype concept in
psychiatry: etymology and strategic intentions. Am. J. Psychiatry 160, 636-645.
doi: 10.1176/appi.ajp.160.4.636

Grama, A., and Engert, F. (2012). Direction selectivity in the larval zebrafish
tectum is mediated by asymmetric inhibition. Front. Neural Circuits 6:59.
doi: 10.3389/fncir.2012.00059

Huang, G., Dragan, M., Freeman, D., and Wilson, J. X. (2005). Activation of
catechol-O-methyltransferase in astrocytes stimulates homocysteine synthesis
and export to neurons. Glia 51, 47-55. doi: 10.1002/glia.20185

Javitt, D. C. (2010). Glutamatergic theories of
Isr. ] Psychiatry Relat. Sci. 47, 4-16. Available
https://www.ncbi.nlm.nih.gov/pubmed/20686195

Kopec, C. D, Erlich, J. C., Brunton, B. W., Deisseroth, K., and Brody, C. D. (2015).
Cortical and subcortical contributions to short-term memory for orienting
movements. Neuron 88, 367-377. doi: 10.1016/j.neuron.2015.08.033

Lerma, J. (1992). Spermine regulates N-methyl-D-aspartate receptor
desensitization. Neuron 8, 343-352. doi: 10.1016/0896-6273(92)90300-3

Levine, J., Stahl, Z., Sela, B. A., Gavendo, S., Ruderman, V., and Belmaker, R. H.
(2002). Elevated homocysteine levels in young male patients with
schizophrenia. Am. J. Psychiatry 159, 1790-1792. doi: 10.1176/appi.ajp.
159.10.1790

Levine, J., Stahl, Z., Sela, B. A., Ruderman, V., Shumaico, O., Babushkin, I.,
et al. (2006). Homocysteine-reducing strategies improve symptoms in chronic
schizophrenic patients with hyperhomocysteinemia. Biol. Psychiatry 60,
265-269. doi: 10.1016/j.biopsych.2005.10.009

schizophrenia.
online at:

Lipton, S. A., Kim, W. K., Choi, Y. B., Kumar, S., D’Emilia, D. M., Rayudu, P. V.,
et al. (1997). Neurotoxicity associated with dual actions of homocysteine at the
N-methyl-D-aspartate receptor. Proc. Natl. Acad. Sci. U S A 94, 5923-5928.
doi: 10.1073/pnas.94.11.5923

Lisman, J. E., Fellous, J. M., and Wang, X. J. (1998). A role for NMDA-receptor
channels in working memory. Nat. Neurosci. 1, 273-275. doi: 10.1038/1086

Lukasiewicz, P. D., Lawrence, J. E., and Valentino, T. L. (1995). Desensitizing
glutamate receptors shape excitatory synaptic inputs to tiger salamander retinal
ganglion cells. J. Neurosci. 15, 6189-6199. doi: 10.1523/jneurosci.15-09-06
189.1995

Major, G., and Tank, D. (2004). Persistent neural activity: prevalence and
mechanisms. Curr. Opin. Neurobiol. 14, 675-684. doi: 10.1016/j.conb.2004.
10.017

Martina, M., Krasteniakov, N. V., and Bergeron, R. (2003). D-Serine differently
modulates NMDA receptor function in rat CAl hippocampal pyramidal
cells and interneurons. J. Physiol. 548, 411-423. doi: 10.1113/jphysiol.2002.
037127

Mayer, J. S., and Park, S. (2012). Working memory encoding and false memory
in schizophrenia and bipolar disorder in a spatial delayed response task.
J. Abnorm. Psychol. 121, 784-794. doi: 10.1037/a0028836

Mayer, M. L., Vyklicky, L., and Clements, J. (1989). Regulation of NMDA
receptor desensitization in mouse hippocampal neurons by glycine. Nature 338,
425-427. doi: 10.1038/338425a0

Meyer-Lindenberg, A., and Weinberger, D. R. (2006). Intermediate phenotypes
and genetic mechanisms of psychiatric disorders. Nat. Rev. Neurosci. 7,
818-827. doi: 10.1038/nrn1993

Munoz, D. P., and Wurtz, R. H. (1995). Saccade-related activity in monkey
superior colliculus. I. Characteristics of burst and buildup cells. J. Neurophysiol.
73,2313-2333. doi: 10.1152/jn.1995.73.6.2313

Muntjewerff, J. W., Kahn, R. S., Blom, H. J., and den Heijer, M. (2006).
Homocysteine, methylenetetrahydrofolate reductase and risk of schizophrenia:
a meta-analysis. Mol. Psychiatry 11, 143-149. doi: 10.1038/sj.mp.
4001746

Park, S., and Holzman, P. S. (1992). Schizophrenics show spatial working
memory deficits. Arch. Gen. Psychiatry 49, 975-982. doi: 10.1001/archpsyc.
1992.01820120063009

Park, S., Holzman, P. S., and Goldman-Rakic, P. S. (1995). Spatial working
memory deficits in the relatives of schizophrenic patients. Arch. Gen. Psychiatry
52, 821-828. doi: 10.1001/archpsyc.1995.03950220031007

Pettit, D. L., Helms, M. C., Lee, P., Augustine, G. J., and Hall, W. C. (1999).
Local excitatory circuits in the intermediate gray layer of the superior colliculus.
J. Neurophysiol. 81, 1424-1427. doi: 10.1152/jn.1999.81.3.1424

Pirkola, T., Tuulio-Henriksson, A., Glahn, D., Kiesepp4, T., Haukka, J., Kaprio, J.,
etal. (2005). Spatial working memory function in twins with schizophrenia and
bipolar disorder. Biol. Psychiatry 58, 930-936. doi: 10.1016/j.biopsych.2005.
05.041

Regland, B. (2005). Schizophrenia and single-carbon metabolism. Prog.
Neuropsychopharmacol. Biol. Psychiatry 29, 1124-1132. doi: 10.1016/j.
pnpbp.2005.06.023

Regland, B., Johansson, B. V., Grenfeldt, B., Hjelmgren, L. T., and Medhus, M.
(1995). Homocysteinemia is a common feature of schizophrenia. J. Neural
Transm. Gen. Sect. 100, 165-169. doi: 10.1007/bf01271539

Risbrough, V., Ji, B., Hauger, R., and Zhou, X. (2014). Generation and
characterization of humanized mice carrying COMT158 Met/Val alleles.
Neuropsychopharmacology 39, 1823-1832. doi: 10.1038/npp.2014.29

Roffman, J. L., Gollub, R. L., Calhoun, V. D., Wassink, T. H., Weiss, A. P., Ho, B. C.,
et al. (2008). MTHFR 677C — T genotype disrupts prefrontal function in
schizophrenia through an interaction with COMT 158Val — Met. Proc. Natl.
Acad. Sci. US A 105, 17573-17578. doi: 10.1073/pnas.0803727105

Roux, M. J., and Supplisson, S. (2000). Neuronal and glial glycine transporters
have different stoichiometries. Neuron 25, 373-383. doi: 10.1016/s0896-
6273(00)80901-0

Saito, Y., and Isa, T. (2003). Local excitatory network and NMDA receptor
activation generate a synchronous and bursting command from the superior
colliculus. J. Neurosci. 23, 5854-5864. doi: 10.1523/jneurosci.23-13-05854.2003

Sarkar, B., Banerjee, A., Das, A. K., Nag, S., Kaushalya, S. K., Tripathy, U,
et al. (2014). Label-free dopamine imaging in live rat brain slices. ACS Chem.
Neurosci. 5, 329-334. doi: 10.1021/cn5000138

Frontiers in Synaptic Neuroscience | www.frontiersin.org

June 2018 | Volume 10 | Article 16


https://doi.org/10.1074/jbc.M111.262790
https://doi.org/10.1016/j.neulet.2004.09.072
https://doi.org/10.1016/j.neulet.2004.09.072
https://doi.org/10.1016/j.bbr.2009.07.010
https://doi.org/10.1523/jneurosci.15-03-01714.1995
https://doi.org/10.1523/jneurosci.15-03-01714.1995
https://doi.org/10.1093/schbul/23.1.63
https://doi.org/10.1016/s0893-6080(02)00049-7
https://doi.org/10.1016/j.biopsych.2008.05.015
https://doi.org/10.1016/j.biopsych.2008.05.015
https://doi.org/10.1152/jn.01181.2011
https://doi.org/10.1152/jn.01181.2011
https://doi.org/10.1523/jneurosci.14-10-06084.1994
https://doi.org/10.1016/0165-0327(87)90048-6
https://doi.org/10.1176/appi.ajp.161.9.1705
https://doi.org/10.1073/pnas.93.24.13473
https://doi.org/10.1073/pnas.93.24.13473
https://doi.org/10.1016/s0006-3223(99)00130-4
https://doi.org/10.1176/appi.ajp.160.4.636
https://doi.org/10.3389/fncir.2012.00059
https://doi.org/10.1002/glia.20185
https://www.ncbi.nlm.nih.gov/pubmed/20686195
https://doi.org/10.1016/j.neuron.2015.08.033
https://doi.org/10.1016/0896-6273(92)90300-3
https://doi.org/10.1176/appi.ajp.159.10.1790
https://doi.org/10.1176/appi.ajp.159.10.1790
https://doi.org/10.1016/j.biopsych.2005.10.009
https://doi.org/10.1073/pnas.94.11.5923
https://doi.org/10.1038/1086
https://doi.org/10.1523/jneurosci.15-09-06189.1995
https://doi.org/10.1523/jneurosci.15-09-06189.1995
https://doi.org/10.1016/j.conb.2004.10.017
https://doi.org/10.1016/j.conb.2004.10.017
https://doi.org/10.1113/jphysiol.2002.037127
https://doi.org/10.1113/jphysiol.2002.037127
https://doi.org/10.1037/a0028836
https://doi.org/10.1038/338425a0
https://doi.org/10.1038/nrn1993
https://doi.org/10.1152/jn.1995.73.6.2313
https://doi.org/10.1038/sj.mp.4001746
https://doi.org/10.1038/sj.mp.4001746
https://doi.org/10.1001/archpsyc.1992.01820120063009
https://doi.org/10.1001/archpsyc.1992.01820120063009
https://doi.org/10.1001/archpsyc.1995.03950220031007
https://doi.org/10.1152/jn.1999.81.3.1424
https://doi.org/10.1016/j.biopsych.2005.05.041
https://doi.org/10.1016/j.biopsych.2005.05.041
https://doi.org/10.1016/j.pnpbp.2005.06.023
https://doi.org/10.1016/j.pnpbp.2005.06.023
https://doi.org/10.1007/bf01271539
https://doi.org/10.1038/npp.2014.29
https://doi.org/10.1073/pnas.0803727105
https://doi.org/10.1016/s0896-6273(00)80901-0
https://doi.org/10.1016/s0896-6273(00)80901-0
https://doi.org/10.1523/jneurosci.23-13-05854.2003
https://doi.org/10.1021/cn5000138
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Bolton and Constantine-Paton

Dopamine Breakdown in Working Memory

Sawaguchi, T. (2001). The effects of dopamine and its antagonists on directional
delay-period activity of prefrontal neurons in monkeys during an oculomotor
delayed-response task. Neurosci. Res. 41, 115-128. doi: 10.1016/s0168-
0102(01)00270-x

Sawaguchi, T., and Goldman-Rakic, P. S. (1994). The role of D1-dopamine
receptor in working memory: local injections of dopamine antagonists into
the prefrontal cortex of rhesus monkeys performing an oculomotor delayed-
response task. J. Neurophysiol. 71, 515-528. doi: 10.1152/jn.1994.71.2.515

Schott, B. H., Frischknecht, R., Debska-Vielhaber, G., John, N., Behnisch, G.,
Diizel, E., et al. (2010). Membrane-bound catechol-O-methyl transferase in
cortical neurons and glial cells is intracellularly oriented. Front. Psychiatry
1:142. doi: 10.3389/fpsyt.2010.00142

Seamans, J. K., Durstewitz, D., Christie, B. R., Stevens, C. F., and Sejnowski, T. J.
(2001a). Dopamine D1/D5 receptor modulation of excitatory synaptic inputs
to layer V prefrontal cortex neurons. Proc. Natl. Acad. Sci. U S A 98, 301-306.
doi: 10.1073/pnas.011518798

Seamans, J. K., Gorelova, N., Durstewitz, D., and Yang, C. R. (2001b).
Bidirectional dopamine modulation of GABAergic inhibition in prefrontal
cortical pyramidal neurons. J. Neurosci. 21, 3628-3638. doi: 10.1523/jneurosci.
21-10-03628.2001

Sekar, A., Bialas, A. R., de Rivera, H., Davis, A., Hammond, T. R., Kamitaki, N.,
et al. (2016). Schizophrenia risk from complex variation of complement
component 4. Nature 530, 177-183. doi: 10.1038/nature16549

Sesack, S. R., Hawrylak, V. A., Matus, C., Guido, M. A., and Levey, A. . (1998).
Dopamine axon varicosities in the prelimbic division of the rat prefrontal
cortex exhibit sparse immunoreactivity for the dopamine transporter.
J. Neurosci. 18, 2697-2708. doi: 10.1523/jneurosci.18-07-02697.1998

Seung, H.S., Lee, D. D., Reis, B. Y., and Tank, D. W. (2000). Stability of the memory
of eye position in a recurrent network of conductance-based model neurons.
Neuron 26, 259-271. doi: 10.1016/s0896-6273(00)81155-1

Stys, P. K., You, H., and Zamponi, G. W. (2012). Copper-dependent regulation of
NMDA receptors by cellular prion protein: implications for neurodegenerative
disorders. J. Physiol. 590, 1357-1368. doi: 10.1113/jphysiol.2011.225276

Torrey, E. F., Bowler, A. E., and Taylor, E. H. (1994). Schizophrenia and Manic-
Depressive Disorder: The Biological Roots of Mental Illness as Revealed by the
Landmark Study of Identical Twins. New York, NY: Basic Books.

Tritsch, N. X, Ding, J. B., and Sabatini, B. L. (2012). Dopaminergic neurons inhibit
striatal output through non-canonical release of GABA. Nature 490, 262-266.
doi: 10.1038/nature11466

Tunbridge, E. M., Harrison, P. J., Warden, D. R., Johnston, C., Refsum, H.,
and Smith, A. D. (2008). Polymorphisms in the catechol-O-methyltransferase
(COMT) gene influence plasma total homocysteine levels. Am. J. Med. Genet.
B Neuropsychiatr. Genet. 147B, 996-999. doi: 10.1002/ajmg.b.30700

Uprety, R., Luo, J., Liu, J., Naro, Y., Samanta, S., and Deiters, A. (2014).
Genetic encoding of caged cysteine and caged homocysteine in bacterial
and mammalian cells. Chembiochem 15, 1793-1799. doi: 10.1002/cbic.
201400073

van Zundert, B., Yoshii, A, and Constantine-Paton, M. (2004). Receptor
compartmental- ization and trafficking at glutamate synapses: a
developmental proposal. Trends Neurosci. 27, 428-437. doi: 10.1016/j.tins.2004.
05.010

Versteeg, D. H., Van der Gugten, J., De Jong, W., and Palkovits, M. (1976).
Regional concentrations of noradrenaline and dopamine in rat brain. Brain Res.
113, 563-574. doi: 10.1016/0006-8993(76)90057-3

Wang, X. J. (2001). Synaptic reverberation underlying mnemonic persistent
activity. Trends Neurosci. 24, 455-463. doi: 10.1016/s0166-2236(00)
01868-3

Wang, M., Yang, Y., Wang, C. J., Gamo, N. J,, Jin, L. E., Mazer, J. A, et al. (2013).
NMDA receptors subserve persistent neuronal firing during working memory
in dorsolateral prefrontal cortex. Neuron 77, 736-749. doi: 10.1016/j.neuron.
2012.12.032

Watt, A. J, van Rossum, M. C., MacLeod, K. M., Nelson, S. B, and
Turrigiano, G. G. (2000). Activity coregulates quantal AMPA and NMDA
currents at neocortical synapses. Neuron 26, 659-670. doi: 10.1016/S0896-
6273(00)81202-7

Weller, M. E., Rose, S., Jenner, P.,, and Marsden, C. D. (1987). In vitro
characterisation of dopamine receptors in the superior colliculus of the rat.
Neuropharmacology 26, 347-354. doi: 10.1016/0028-3908(87)90187-0

Williams, G. V., and Goldman-Rakic, P. S. (1995). Modulation of memory
fields by dopamine DI receptors in prefrontal cortex. Nature 376, 572-575.
doi: 10.1038/376572a0

Zhang, J., Jiang, X. D., Shao, X., Zhao, J., Su, Y., Xi, D., et al. (2014). A turn-on NIR
fluorescent probe for the detection of homocysteine over cysteine. RSC Adv. 4,
54080-54083. doi: 10.1039/c4ra08771b

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Bolton and Constantine-Paton. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Synaptic Neuroscience | www.frontiersin.org

10

June 2018 | Volume 10 | Article 16


https://doi.org/10.1016/s0168-0102(01)00270-x
https://doi.org/10.1016/s0168-0102(01)00270-x
https://doi.org/10.1152/jn.1994.71.2.515
https://doi.org/10.3389/fpsyt.2010.00142
https://doi.org/10.1073/pnas.011518798
https://doi.org/10.1523/jneurosci.21-10-03628.2001
https://doi.org/10.1523/jneurosci.21-10-03628.2001
https://doi.org/10.1038/nature16549
https://doi.org/10.1523/jneurosci.18-07-02697.1998
https://doi.org/10.1016/s0896-6273(00)81155-1
https://doi.org/10.1113/jphysiol.2011.225276
https://doi.org/10.1038/nature11466
https://doi.org/10.1002/ajmg.b.30700
https://doi.org/10.1002/cbic.201400073
https://doi.org/10.1002/cbic.201400073
https://doi.org/10.1016/j.tins.2004.05.010
https://doi.org/10.1016/j.tins.2004.05.010
https://doi.org/10.1016/0006-8993(76)90057-3
https://doi.org/10.1016/s0166-2236(00)01868-3
https://doi.org/10.1016/s0166-2236(00)01868-3
https://doi.org/10.1016/j.neuron.2012.12.032
https://doi.org/10.1016/j.neuron.2012.12.032
https://doi.org/10.1016/S0896-6273(00)81202-7
https://doi.org/10.1016/S0896-6273(00)81202-7
https://doi.org/10.1016/0028-3908(87)90187-0
https://doi.org/10.1038/376572a0
https://doi.org/10.1039/c4ra08771b
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

	Synaptic Effects of Dopamine Breakdown and Their Relation to Schizophrenia-Linked Working Memory Deficits
	INTRODUCTION
	TWO SEEMINGLY UNRELATED DEFICITS OBSERVED IN SCHIZOPHRENIA
	HCY ARISES AFTER DOPAMINE RELEASE IN SPECIFIC BRAIN REGIONS
	HOW DO COMT-GENERATED BYPRODUCTS AFFECT SYNAPSES?
	DESENSITIZATION OF NMDARs AND SYNAPTIC FUNCTION
	INTEGRATION WITH PREVIOUS THEORY AND FUTURE DIRECTIONS
	General Schizophrenia Theory
	Working Memory-Specific Theory

	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


