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Room to move: Plasticity in early auditory information 
processing and auditory learning in schizophrenia revealed by 
acute pharmacological challenge

Neal R. Swerdlow, Savita G. Bhakta, and Gregory A. Light
Department of Psychiatry, UCSD School of Medicine, 9500 Gilman Dr., La Jolla, CA 92093-0804

Abstract

Many patients with chronic psychotic disorders including schizophrenia (SZ) maintain meaningful 

levels of plasticity (i.e., capacity for change) within neurocognition-relevant brain mechanisms, as 

evidenced by gains in neurocognition and function after interventions such as targeted cognitive 

training. However, like many clinical features of these disorders, therapeutic responses in SZ are 

heterogeneous, and prospectively identifying treatment-sensitive individuals and individualized 

treatment modalities remains an unmet challenge. We propose that available plasticity in 

neurocognition-relevant brain mechanisms in individual SZ patients can be detected by gains in 

laboratory measures of early auditory information processing (EAIP) and auditory learning after a 

single challenge-dose of a pharmacologic agent; here, we present supportive data for this strategy 

with the non-competitive NMDA antagonist, memantine, and the psychostimulant, amphetamine. 

We describe a novel therapeutic model where this “challenge dose” strategy is used to 

prospectively identify a sensitive cohort of patients, and in these patients, a therapeutic response is 

elicited by pairing drug-enhanced EAIP and auditory learning with auditory-based targeted 

cognitive training.
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1.1 Introduction

Schizophrenia (SZ) is a severe brain disorder affecting 1% of the world population. Its cost 

to society is well documented (Rice 2009), as are stories of lifelong suffering among SZ 

patients and their families. Almost 60 years after the introduction of drugs designed to target 

its symptoms, antipsychotics (APs) are at best modestly effective, and the neurobiological 

targets of these medications are not firmly anchored in a mechanistic understanding of the 

biology of this disorder.

While APs blunt severe acute psychotic symptoms, they may not have a meaningful impact 

on real-life function (Keefe et al. 2007, 2016; Leucht et al. 2009; Lieberman et al. 2005). 

Evidence that daily function in SZ is closely linked to neurocognition (Green 1996) has 

stimulated efforts to develop procognitive agents as adjuncts to APs; these efforts have 

largely yielded negative results (cf. Barch 2010, 2011; Buchanan et al. 2007; Goff et al. 

1996, 1999, 2007, 2008; Green 2007). Importantly, procognitive trials generally suffer from 

two important weaknesses. First, they are not conducted in the context of cognitive 
interventions (cf. Barch 2010). Simply adding a putative procognitive drug to a daily AP 

regimen may not provide a sensitive test of its activity: drugs that enhance specific domains 

of neurocognition, e.g. working memory, might not yield clinical benefits unless paired with 

interventions that access those domains, i.e. utilize/place demands on working memory. This 

is precisely the rationale for the use of pro-extinction drugs to enhance clinical benefits of 

cognitive and behavioral interventions for anxiety disorders (Choi et al. 2010; Norberg et al. 

2008; Ressler et al. 2004). Second, SZ is heterogeneous, and pro-cognitive trials in SZ suffer 

from the absence of biomarkers that identify “sensitive” clinical subgroups.

A key consideration in the development of pro-cognitive agents for SZ is the degree to 

which neural function underlying neurocognition retains its plasticity (i.e. capacity for 

change) in this disorder, and may therefore be a rational target for therapeutics. If plasticity 

of cognition-relevant circuitry is limited due, for example, to inherent flaws in circuit 

connectivity resulting from significant errors in neuronal migration or synaptic connectivity, 

this might argue against a viable therapeutic target. No drug will likely unscramble circuit 

design flaws imparted two decades earlier, which form the foundation of neurocognitive 

impairments. If, on the other hand, intact plasticity can be identified prospectively, this 

might indicate sensitivity for positive change, given an appropriate intervention. Because SZ 

is heterogeneous in presentation and presumably in its underlying pathophysiology, it is very 

likely that the amount of retained meaningful plasticity will differ greatly across patients, 

and across brain circuitries that are impacted by their illnesses. Thus, a means to 

prospectively identify retained plasticity (“room to move”) among individual SZ patients, 

within cognition-relevant brain mechanisms, could serve as a critically important biomarker 

for stratifying patients into groups that are more vs. less likely to show neurocognitive gains 

in response to a therapeutic intervention. Implicit in this model is that the therapeutic target 

would be healthy brain mechanisms that have retained a degree of plasticity; by contrast, 

attempts to “correct” brain function that is disrupted based on presumed neurodevelopmental 

pathology in schizophrenia have met with little success, despite efforts spanning almost 60 

years.
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1.2 Using Drugs to Identify Plasticity in Cognition-relevant Brain Substrates 

in Schizophrenia

One way to identify intact plasticity within cognition-relevant brain mechanisms is to 

“challenge” those mechanisms pharmacologically, while monitoring informative laboratory 

measures of cognition-relevant brain events. The use of a drug challenge to identify 

enriched, sensitive subgroups of patients parallels the common use of a “test dose” to predict 

clinical benefit from interventions ranging from hormones (Biller 2007) to anti-Parkinsonian 

therapies (Hughes et al. 1990) to bronchodilators (Fruchter and Yigla 2009); it is an 

established way to acutely probe the brain for healthy biological mechanisms that might be 

leveraged in the service of therapeutics.

Which laboratory measures might be most informative for identifying plasticity within 

cognition-relevant brain mechanisms? One suggestion came from our studies of 

neurophysiological endophenotypes, conducted by the Consortium on the Genetics of 

Schizophrenia (COGS). Using structural equation modeling (SEM) in 1415 SZ patients, the 

COGS group (Thomas et al. 2017) reported that measures of early auditory information 

processing (EAIP) had a direct (mediating) effect on cognition (p<0.001), that cognition had 

a direct effect on negative symptoms (p<0.001), and that both cognition (p<0.001) and 

negative symptoms (p<0.001) had direct effects on functional outcome. Overall, EAIP had a 

fully mediated effect on functional outcome, engaging general rather than modality 

(auditory)-specific cognition. One measure of EAIP in this study was mismatch negativity 

(MMN), a phenomenon described elsewhere in this Special Issue as the negative event-

related potential (ERP) that is automatically elicited in response to a deviant sound within 

the context of repetitive, identical sounds. Explicitly, this model predicts that a 1 μV change 

in the MMN EAIP response complex will result in improvements of d=0.78 for cognition 

and d=0.28 for psychosocial functioning. While the time-course for such cognitive and 

functional changes in relation to increased EAIP is not known (see below, Fig. 4), these 

findings nonetheless suggest that interventions that reliably enhance measures of EAIP in SZ 

patients would be rational targets for therapeutic development.

To determine whether measures of EAIP retained plasticity in SZ patients, we also examined 

changes in EAIP after an acute drug challenge. Memantine (MEM) is an uncompetitive 

NMDA receptor antagonist with low-affinity but rapid blocking and unblocking ability. It 

has little impact on basal NMDA transmission; this distinguishes it mechanistically from 

other NMDA antagonists (Lipton 2006). It has positive effects on cognitive measures in both 

healthy animals and a range of human and animal models for dementia, depression, ischemia 

and neuroinflammation (Kim et al. 2010; Ma et al. 2015). MEM enhances hippocampal 

long-term potentiation (LTP), and reverses an experimentally-induced loss of LTP (Ma et al. 

2015); it also alters excitation/inhibition (E/I) dynamics in frontal circuitry implicated in 

models of SZ neuropathology (Smith et al. 2011) and associated with MMN and cognitive 

deficits in SZ (Rowland et al. 2015). Of most relevance to the present topic, acute MEM 

increased MMN in healthy humans (Korostenskaja et al. 2007); in this particular study, 

MMN amplitude to frequency deviants increased 0.91 μV – enough to produce large effect-

size increases in cognition in these healthy subjects. Such drug effects in intact / healthy 
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brains support the therapeutic model proposed here, in which drugs target healthy rather than 

pathological brain circuitry.

2.1 Memantine and Early Auditory Information Processing

We studied the acute effects of MEM on measures of EAIP in chronic, antipsychotic (AP)-

medicated SZ patients. In addition to MMN, we measured prepulse inhibition of acoustic 

startle (PPI) and the auditory steady state response (ASSR). These three measures were 

chosen because they: 1) are neurophysiological measures of EAIP, i.e. of the brain’s 

automatic response to a simple sensory event proximal to, or independent of, a point at 

which it engages conscious or volitional processing; 2) are reliable, objective and 

quantitative; 3) consistently detect EAIP deficits in SZ patients; 4) reflect “automatic” vs. 

volitional processes and are relatively insensitive to motivational or effort-based artifact; 5) 

are suited to repeated testing in a cross-over design without significant order or “carry-over” 

effects, and 6) are each regulated by NMDA mechanisms, with at least some evidence for 

enhanced performance associated with NMDA blockade (Korostenskaja et al. 2007; 

Swerdlow et al. 2009; Hiyoshi et al. 2014). The study (Light et al. 2017; Swerdlow et al. 

2016) used a double-blind, placebo-controlled crossover comparison of placebo vs. MEM 

(10 and 20 mg po) in both SZ patients and healthy subjects (HS). Test days were separate by 

about 1 week. Details of the methods can be found in the original data reports (Light et al. 

2017; Swerdlow et al. 2016).

In brief, MEM significantly enhanced performance in each of these 3 measures of EAIP 

(Fig. 2). For PPI (Fig. 2A), the effects were more robust among patients than HS; for MMN 

(Fig. 2B), they were somewhat more robust among HS than patients, and for ASSR (Figs. 

2C, D), the effects were roughly comparable across groups. Compared to published findings 

of a 0.91 μV increase in MMN after 30 mg of MEM in HS (Korostenskaja et al. 2007), we 

detected a maximum increase of about 1.1 μV MMN after 20 mg of MEM in HS, but only a 

maximum increase of about 0.4 μV among SZ patients. Nonetheless, for each of the 3 EAIP 

measures, MEM “improved” performance levels, i.e. moved them in a direction associated 

with less pathology. Importantly, while in this group of patients there were significant 

deficits in MMN and ASSR, their PPI was quantitatively intact (consistent with the fact that 

all were AP-medicated, and almost all were taking 2nd-generation AP’s, which are known to 

normalize PPI (cf. Swerdlow et al. 2008)). Thus, MEM’s effects were not dependent on 

deficits in EAIP measures, and were not impacted by AP medication, also consistent with 

the possibility that MEM was acting on intact mechanisms that were performing at “normal 

levels”.

The only robust predictor of MEM “sensitivity” in these EAIP measures was patient age, 

which significantly predicted more sensitivity to the PPI-enhancing effects of MEM 

(p=0.005), but also significantly predicted less sensitivity to the MMN- (p<0.025) and 

ASSR-enhancing (coherence: p<0.005; power: p<0.0015) effects of MEM. While illness 

chronicity is often difficult to disentangle from subject age, each of the 4 relationships noted 

above were weakened when illness duration was substituted for age, such that only the 

negative relationships with MEM sensitivity on ASSR measures (p<0.045 and p<0.02) 

remained statistically significant.
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Most importantly, this study revealed that, among EAIP measures thought to mediate 

cognition and function in SZ patients, significant plasticity (i.e. capacity for change) could 

be identified via an acute “challenge” with MEM. Clearly, not every patient exhibited this 

evidence of plasticity (Figure 3), consistent with the heterogeneous neurobiology of this 

disorder. When identifying “sensitive” subgroups (Figure 1), such heterogeneity is expected, 

and criteria can be tested and empirically validated to identify the magnitude of MEM-

stimulated plasticity that predicts a sensitive treatment subgroup (Figure 3).

The expectation based on these findings is that, over time, in a sensitive subgroup identified 

based on the magnitude of increased EAIP after acute MEM challenge, MEM (or a 

mechanistically similar compound) should facilitate gains in neurocognition and function in 

AP-medicated schizophrenia patients. However, simply based on these findings, we 

absolutely would not expect severely ill schizophrenia patients to have an “awakening” of 

enhanced neurocognitive function based on EAIP gains after 1 pill of MEM. Nonetheless, 

we might reasonably expect that by positively engaging existing plasticity within systems 

responsible for EAIP, MEM will enhance the ability of these systems to benefit from 

exercises designed to train auditory-based cognitive processes. This (as of yet, untested) 

hypothesis is further discussed below.

2.2 Amphetamine and Auditory Learning in Targeted Cognitive Training

Because AP treatment largely fails to enhance function in SZ patients, alternative, non-

pharmacologic treatments for SZ have been the focus of intensive investigation. Cognitive, 

behavioral and social therapies modestly reduce symptoms and improve function in SZ 

(Demily and Frank, 2008; Klingberg et al. 2009; Lecardeur et al. 2009; McGurk et al. 2007; 

Medalia and Choi 2009; Tai and Turkington 2009), with sustained benefits in many cases 

lasting years (Eack et al. 2010; Granholm et al. 2007; McGurk et al. 2009). In Targeted 

Cognitive Training (TCT), SZ patients train on auditory processing tasks concomitant with 

domain-specific attention and working-memory operations; this “bottom-up” approach seeks 

to improve speed and accuracy of auditory information processing, to generate “upstream” 

gains in cognition and function. Immediately after 50h of TCT, SZ patients show large 

effect-size gains in global cognition (Fisher et al. 2009), but durable changes for some 

patients may require extended training (Fisher et al. 2010), functional gains are modest, and 

individual responses are quite variable: 45% of SZ patients fail to benefit (d ≤ 0.2) (Murthy 

et al. 2012) even after 100h of TCT (Fisher et al. 2010). Given this rate of “non-response” 

and modest functional gains, the costs and logistical impediments associated with getting 

severely ill SZ patients to complete 100h of TCT can be prohibitive.

We, and others, have asked whether drugs can enhance the impact of cognitive therapies in 

SZ. Strategies for the Pharmacologic Augmentation of Cognitive Therapy (PACT) 

(Swerdlow 2011) in SZ would not involve the development of “new antipsychotics”: while 

suppressing active psychosis with APs can generally benefit a cognitive intervention, it 

might be possible to identify drugs that more specifically, and perhaps synergistically, 

enhance the clinical benefits of cognitive therapies. The goal of such interventions would be 

to enhance basic neural mechanisms that mediate cognitive and functional gains resulting 

from cognitive therapies.
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Recent findings from our group (Perez et al. 2017) suggest that EAIP measures predict the 

amount of auditory learning by patients within a TCT session; it thus seems parsimonious to 

speculate that interventions that enhance EAIP should increase or accelerate learning, and 

hence clinical gains, from TCT. In a study of severely ill SZ patients, training-induced gains 

in auditory processing speed (APS) in the “sound Sweeps” auditory training paradigm – one 

component of the larger TCT suite – were significantly predicted by baseline (pre-training) 

MMN amplitude (r = 0.49; p<0.01).

The fact that patients are capable of perceptual “learning” as demonstrated by their enhanced 

APS in this Sound Sweeps paradigm by itself demonstrates some degree of plasticity; this 

plasticity is not limited to early sensory mechanisms, since therapeutic benefits of TCT 

generalize to several cognitive domains. Nonetheless, as noted above, clinical gains from 

TCT alone are only modest, and in a recent study, we asked whether APS learning could be 

enhanced pharmacologically. If so, this might demonstrate a mechanism by which plasticity 

could be potentiated in SZ patients, in a manner that – in theory – should increase or 

accelerate the clinical gains from TCT.

Because APS learning can be detected in a single session, it might be possible to detect the 

sensitivity to pharmacologically-enhanced TCT using a drug-challenge design, similar to 

that described above for MEM. We tested the effects of the psychostimulant, amphetamine 

(AMPH; 10 mg po), on APS learning in the Posit Science “Sound Sweeps” session, in both 

SZ patients and HS. Briefly, participants were presented with pairs of frequency-modulated 

sound “sweeps” and indicated whether they perceived each sweep as becoming higher or 

lower in pitch (Fisher et al. 2009). As in other studies of TCT, training was continuously 

adaptive: sweep duration, frequency range, and interstimulus interval (ISI) become shorter 

after correct responses, but longer after incorrect responses. To progress through training 

levels, participants must discriminate progressively shorter sound sweeps. Before and after 

each training session, participants completed a “baseline” APS assessment, which were used 

to generate standardized APS improvement scores for all participants. Detailed methods are 

found in (Swerdlow et al. 2017).

APS learning was significantly enhanced by AMPH vs. placebo, particularly (but not 

exclusively) in patients. Among patients, AMPH-induced increases in APS learning were 

positively associated with AMPH-enhanced Attention / Vigilance Domain scores on the 

MATRICS Cognitive Consensus Battery (r=0.34, p<0.05) (Swerdlow et al. 2017). 

Presumably, auditory learning mechanisms in SZ patients retain adequate plasticity such that 

stimulation of AMPH-sensitive mechanisms – neurochemical, neurocognitive (e.g. 

attention / vigilance), or both - are able to potentiate this learning. By comparing baseline 

(no pill) APS learning to post-pill APS learning, it was possible to demonstrate that patients 

retained their “extra” learning – the gains experienced during AMPH dosing – at least one 

week later. In other words, this AMPH-enhanced learning is not strictly “state-dependent”. 

Neither age nor illness chronicity were associated with AMPH-enhanced learning in these 

patients. Interestingly, the magnitude of the AMPH-enhanced learning was significantly 

correlated with measures of baseline EAIP (i.e., P3a latency; r=−0.43, p<0.05); AMPH 

effects on EAIP were not measured in this study.
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3.1 Discussion

The observations that early auditory information processing (EAIP): 1) mediates cognition 

and function in SZ, and 2) retains significant plasticity as demonstrated by increases after 

acute pharmacologic challenge, and 3) that this plasticity can take the form of enhanced and 

retained learning, has several implications for SZ therapeutics.

The most straightforward predictions from these observations are that EAIP is a rational 

“target” for SZ medications, that EAIP appear pharmacologically sensitive, and that under 

the right conditions, drug-enhanced EAIP might be expected to be associated with improved 

cognitive, clinical and functional outcome. However, the most important of these predictions 

– that drug-enhanced EAIP might, under the right conditions, have a positive therapeutic 

impact, has not yet been tested. In fact, the only evidence to-date from the studies described 

above is that - despite gains in EAIP after one pill of MEM in SZ patients - measures 240 

minutes post-pill detected a non-specific reduction in MATRICS Comprehensive Cognitive 

Battery (MCCB) performance among HS across all neurocognitive domains (Bhakta et al. 

2016). The disconnect between acute changes in EAIP, and those of MCCB performance, 

might suggest: 1) changes in EAIP are orthogonal to neurocognition (not consistent with 

Thomas et al. (2017)); 2) “off-target” effects of 20 mg of MEM (4X larger than a typical 

starting dose) are independent of EAIP mechanisms, similar to off-target effects after initial 

exposure to other psychotherapeutic agents (Amado-Boccara et al. 1992); 3) insensitivity of 

the MCCB to procognitive changes after acute drug challenges (consistent with its 

insensitivity to acute pro-attentional effects of amphetamine; Chou et al., 2013; Swerdlow et 

al. 2017; and counter to the intended purpose for developing the MCCB); or 4) there are 

intermediate steps in information processing, between enhanced EAIP, and “downstream” 

gains in more complex cognitive domains. In fact, the strong mediating effect of EAIP on 

cognition and function in 1400 SZ patients was detected at a single point in time, typically 

decades after the onset of illness. Thus, the relationships represented in these mediating 

effects evolved over long periods of time; these relationships (e.g. 1 μV increase in EAIP 

translating to a large (d=0.78) gain in cognition) do not in any way suggest that a change in 

EAIP will lead to an instantaneous improvement in cognition, i.e. an “awakening”.

Conceivably, gains at many intermediate steps between enhanced EAIP and neurocognition–

such as gains in the fidelity of an auditory signal, or gains in the amount of information 

capacity of that auditory signal – might occur with their own time constants (Figure 4); 

ultimately, when this enhanced processing capacity is matched with inputs that put demands 

on that capacity – such as might occur over 30–40 hours of TCT - these gains could augment 

the impact of TCT on neurocognition and function (Figure 4). This model, in which 

immediate changes in EAIP trigger a sequence of time-linked changes leading to an 

enhanced sensitivity to cognitive training, is both speculative and testable. No study has yet 

conducted the critical test to determine whether sensitivity to the acute EAIP-enhancing 

effects of MEM predict sensitivity to MEM-enhanced TCT performance or therapeutic 

impact. However, the evidence that EAIP predicts TCT gains, and that 30–40 h of TCT leads 

to cognitive and functional gains, provides a logical framework for such speculation.
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Two critical points deserve clarification. First, the plasticity (capacity for change) 

demonstrated by an acute drug response is likely to be mechanistically distinct from the type 

of “neuroplasticity” often described in learning paradigms such as TCT. There is no 

presumption (and in fact, we would view it as very unlikely) that the mechanism underlying 

acute MEM-induced gains in EAIP measures reflected LTP or other lasting shifts in cell 

function that are hypothesized to regulate TCT and its impact on neurocognition. Second, 

none of our findings to date suggest that gains in EAIP after acute MEM challenge reflect 

“compensatory” changes in schizophrenia patients. In fact, to a greater or lesser degree, each 

of these changes is also detected in healthy subjects. For this reason, our working (though 

not tested) hypothesis is that the gains in EAIP after MEM challenge in schizophrenia 

patients reflect the action of MEM on residual healthy brain mechanisms. Whether these 

apparent “intact” brain mechanisms, identified via MEM challenge, can be harnessed in the 

service of therapeutic gains is another question awaiting experimental evidence.

In contrast to the use of a MEM challenge to detect “room to move” in measures of EAIP, 

our findings with AMPH-enhanced APS learning reflect a different strategy for 

demonstrating pharmacologically-accessible therapeutic “plasticity” in schizophrenia 

patients. In this case, AMPH challenge is used to assess gains in the specific behavioral 

process (learning to detect auditory frequency modulation) presumed to be the basis for at 

least some of the therapeutic impact of TCT. This approach avoids any inference related to 

the potential functional impact of increased drug-enhanced EAIP measures, but does assume 

that enhanced “learning” within a TCT module will ultimately translate to greater 

therapeutic impact. This assumption is currently being tested.

Adding drugs to already complex regimens of medications in chronic psychosis patients is 

never without risks, and such risks might be of particular concern when the added drugs 

produce neurochemical changes – e.g. NMDA blockade (memantine) and enhanced 

dopaminergic release (amphetamine) – that are associated mechanistically with models for 

the genesis or exacerbation of psychosis. However, in AP-medicated SZ patients (total 

n>1000), published findings of clinical trials with memantine augmentation report excellent 

safety (cf. Kishi et al. 2017; Zheng et al. 2017). Psychostimulant use in AP-medicated SZ 

patients has been less studied; our studies with a single dose of amphetamine detected no 

adverse consequences, consistent with a literature documenting the safety, and symptomatic 

and neurocognitive benefits, of amphetamine in antipsychotic-mediated schizophrenia 

patients (cf. Swerdlow et al. 2017). For example, in a controlled trial (Lasser et al. 2013), 

AMPH (5.9–20.8 mg/d) was administered daily for up to 14 weeks to antipsychotic-

medicated schizophrenia patients, without increased adverse events either during treatment 

or upon withdrawal, and with evidence for some clinical gains. We also reported that SZ 

patients were less sensitive to autonomic activation after amphetamine, compared to HS 

(Swerdlow et al. 2017), consistent with findings from controlled trials (e.g. Modell & Hussar 

1965). Using cross-species models, we reported (Swerdlow et al. 2017) that the effects of 

amphetamine on sensorimotor gating in AP-medicated SZ patients were best explained by 

increased prefrontal D1 activation together with subcortical D2 blockade, a profile that 

might be expected to maximize cognitive gains and minimize clinical risk among these 

patients.
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Perhaps most importantly, the model proposed here to leverage drug-enhanced auditory 

plasticity in SZ patients would involve a very limited exposure to drug, since it would only 

be used during the course of TCT or other cognitive interventions. For example, in the case 

of amphetamine – which enhances TCT learning after a single pill – this might limit total 

drug exposure to 30–40 pills (1 per TCT session) over a 10-week period (approximately 15–

50% of the total exposure documented to be safe by Lasser et al. (2013)). Nonetheless, it 

remains clear that drugs can have a propensity for precipitating psychosis in vulnerable 

individuals, and that any PACT strategy must be pursued weighing both the risks and 

benefits of added drug exposure even in the context of careful oversight and clinical 

monitoring.

We provide two examples of acute drug-enhanced auditory processing, with MEM (MEM-

enhanced EAIP) and AMPH (AMPH-enhanced auditory frequency modulation learning). It 

is reasonable to consider whether other drugs might acutely enhance early auditory 

processing or learning, and thereby be candidate “pro-TCT” agents. To our knowledge, this 

possibility has not been tested with “sound sweeps” learning; in terms of EAIP measures, 

both MMN and ASSR are relatively insensitive to acute drug effects (with MEM being an 

exception to this rule, in both healthy subjects and schizophrenia patients (Korostenskaja et 

al., 2007; Swerdlow et al., 2016)). By contrast, PPI has been shown to be enhanced in 

healthy subjects by a number of drugs with different mechanisms, including atypical 

antipsychotics (Swerdlow et al., 2006; Vollenweider et al., 2006), amantadine (Swerdlow et 

al. 2002), ketamine (Duncan et al., 2001), nicotine (Hong et al., 2008) and MDMA 

(Vollenweider et al., 1999). We have reported that AMPH acutely enhances PPI in some 

subgroups of healthy individuals (Talledo et al. 2009) and in schizophrenia patients 

(Swerdlow et al. 2018). Clearly, the ability of a drug to enhance PPI in healthy subjects, 

absent other information, is not a sufficient basis to propose its utility in a PACT strategy.

In summary, we present evidence for the importance of EAIP in the mediation of cognition 

and function in SZ patients, and for available plasticity within EAIP systems to serve as a 

potential therapeutic target for pro-cognitive and TCT-enhancing interventions. The fact that 

substantial plasticity in EAIP in SZ patients is both experimentally demonstrable and 

augmented by available and well-tested drugs offers significant promise for new intervention 

models in SZ.
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Figure 1. 
Schematic showing the idealized impact of adding a biomarker to a heterogeneous 

population defined by a clinical phenotype to enhance the likelihood of treatment response. 

= treatment-sensitive patient.
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Figure 2. 
Effects of memantine on A: PPI; B: MMN; C, D: ASSR in HS and SZ patients. SZ patients 

and HS (n’s=42 & 42) were tested after placebo or memantine (20 mg p.o. shown here). 

Memantine significantly enhanced PPI (Swerdlow et al. 2016) (A; p<0.04 for 10–120 ms; 

p<0.01 for 60 ms), MMN (Swerdlow et al. 2016) (B; p<0.014; Duration; Pitch; Combined) 

and ASSR (Light et al. 2017) (C: Evoked Power, 40 Hz *p<0.025; D: Gamma Phase 

Locking (Coherence), *p<0.002). Figure modified and reproduced from Swerdlow et al. 

(2016) and Light et al. (2017).
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Figure 3. 
Distribution of mean values of memantine sensitivity (response after memantine minus 

response after placebo) for SZ subjects in the measures shown in Figure 2: MMN and ASSR 

(Gamma Band Power and Coherence) and PPI (Swerdlow et al. 2016; Light et al. 2017). 

Units are shown below each distribution. As a group, patients exhibited a significant increase 

in each EAIP measure after memantine, there was clear response heterogeneity. We propose 

to use this hetereogeneous EAIP response to acute drug challenge as evidence for available 

neuroplasticity within neurocognition-relevant brain mechanisms (EAIP), and hence as a 

biomarker to predict therapeutic sensitivity (example shown for PPI, based on a median split 

of MEM sensitivity).
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Figure 4. 
A model for how drug-induced gains in EAIP and “intermediate steps” (“Auditory Fidelity”) 

will enhance the therapeutic impact of TCT. We know that drugs can enhance EAIP (Light 

et al. 2017; Swerdlow et al. 2016), and that EAIP mediates neurocognition and function 

(Thomas et al. 2017). This “bottom-up” model predicts that increased auditory processing 

fidelity and auditory learning can be intermediate steps between drug-induced gains in EAIP, 

and augmented therapeutic effects of TCT. Each step in this model has a time constant, “τ”. 

For example we know that for memantine, τ1 ≈ 4h; we predict a tight physiological 

“coupling” of EAIP and auditory fidelity, i.e. a brief τ2. TCT enhances neurocognition and 

function after ≈ 40h of training, but we expect τ3 and τ4 to be shorter than this, if drug-

enhanced auditory fidelity and learning accelerate and amplify the benefits of TCT.
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