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Sensorimotor gating of the startle reflex: what we said 25 years
ago, what has happened since then, and what comes next

Neal R Swerdlow?, David L Braffl2, and Mark A Geyerl.2

1Department of Psychiatry, University of California San Diego School of Medicine, La Jolla, CA,
USA

2Research Service, VA San Diego Healthcare System, San Diego, CA, USA

Abstract

Our 1992 paper, “The neural substrates of sensorimotor gating of the startle reflex: a review of
recent findings and their implications’, reviewed a series of (then) new and preliminary findings
from cross-species studies of prepulse inhibition of the startle reflex, and commented on their
implications. At the time that the report was composed, PubMed listed about 40 citations for
studies using the search term “prepulse inhibition’. In the ensuing 25 years, the field has added
about 2700 such reports, reflecting the substantial growth in interest in prepulse inhibition and its
utility across a number of different experimental applications. The 30th anniversary of the Journal
of Psychopharmacology provides an opportunity to comment briefly on what was described in that
1992 report, how the field has progressed in the subsequent decades, and the paths forward for
studies of prepulse inhibition and its use as an operational measure of sensorimotor gating. Among
these future paths, we highlight the use of prepulse inhibition as: an endophenotype for genomic
studies, and a biomarker for healthy brain circuitry, which may predict sensitivity to
psychotherapeutics. Our 1992 report was highly speculative and based on paper-thin empirical
data, yet viewed in a certain light, it appears to have contained a basic roadmap for a journey
spanning the next 25 years of prepulse inhibition research... and ‘what a long, strange trip it’s
been’.
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Introduction

As part of this issue marking the occasion of the 30th anniversary of the Journal of
Psychopharmacology, we were invited to comment on our 1992 publication, ‘The neural
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substrates of sensorimotor gating of the startle reflex: a review of recent findings and their
implications’ (Swerdlow et al., 1992b) — on its importance to the field, and on how the field
has developed over the past quarter century. With this opportunity, we now revisit the
content of that 1992 report, and the three major themes developed within it, including: (a)
the concept that sensory, motor or cognitive ‘gating’ might be a “‘domain of function’ that is
impaired across neuropsychiatric disorders that otherwise had been viewed as categorically
distinct clinical entities — including schizophrenia, obsessive compulsive disorder (OCD),
Tourette syndrome (TS), and Huntington’s disease (HD), among others; (b) evidence that an
operational measure of sensorimotor gating — prepulse inhibition (PPI) — could be
demonstrated in cross-species studies to be regulated by specific neurochemical and
anatomical substrates within the limbic cortex, striatum and pallidum, and the pontine
tegmentum (limbic ‘CSPP’ circuitry); and (c) the observation that this limbic—motor
circuitry appeared to be relevant to disorders characterized by impaired sensory, motor or
cognitive ‘gating’. Next, we review the PPI literature that has emerged subsequent to our
1992 publication, and identified areas of convergence and divergence between the
perspectives and predictions raised in our report and the findings and directions of the PPI-
relevant science that has taken place in these 25 years. Three introductory observations
provide relevant context for this ‘review and update’ process.

First, our 1992 review described a substantial amount of unpublished data, from studies ‘in
progress’. In fact, at the time that this review was composed, the published neuropsychiatric
literature related to PPI totaled about 40 papers, many of which addressed topics that were
not directly related to the thematic focus of our review — i.e. brain mechanisms and
neuropsychiatric disorders. Thus, much of the experimental ‘evidence’ described in our
review — which spanned human and rodent studies, with complex pharmacological and
neural circuit-based manipulations — was very preliminary. How we were able to publish a
‘review’ with so much speculation, based on very preliminary data, remains somewhat
mysterious to us. But it happened nonetheless, and we are happy to attribute this fact to the
wisdom and foresight of the editorial leadership of this journal.

Second, since the submission of our 1992 review, the PPI literature has added approximately
2700 new PubMed articles (Figure 1), at a rate that accelerated in the five years after the
publication of this review, and that has remained robust and increasing at a linear pace since
that time. Many of these subsequent publications address topics that are thematically related
to those described in our 1992 paper, while others address areas that were unanticipated at
the time of our report — particularly those related to the genetic regulation of PPI, reflecting
the genetic and molecular ‘revolution’ in the neurosciences that has transpired over the past
25 years. We can only comment selectively on this extensive literature; more comprehensive
reviews can be found elsewhere (e.g. Powell, 2010; Powell and Geyer, 2002; Powell et al.,
2009, 2012; Swerdlow et al., 2008).

Third, it is impossible to try to credit any single report as the “first’ or ‘original’ source of
specific ideas or conceptualizations in our field, but our 1992 review — like many reports that
we have written in the ensuing decades — took great care in its introductory sections to
acknowledge the formative studies of the startle reflex and the ‘primary startle circuit’,
conducted and reported by Michael Davis and colleagues in the 1970s and early 1980s (see

J Psychopharmacol. Author manuscript; available in PMC 2018 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swerdlow et al.

Page 3

Davis, 1984). While our 1992 focus on PPI, its regulation by the basal forebrain, and the
broader relevance of deficient gating mechanisms to human brain disorders, represented a
departure from the literature of that day, it was only possible to make such conceptual
advances because of the solid foundational work from Davis and colleagues, related to the
neurophysiology of mammalian startle. With this foundation as a ‘leaping point’, the wild
speculation within our 1992 review can mostly be assigned to three broad themes.

Theme 1: PPI is impaired across categorically distinct neuropsychiatric

disorders

While it is now clear that PPI deficits are not clinically specific, the real catalyst behind the
intense investigation of PPl came from the initial reports of PPI deficits in schizophrenia
patients, from studies conducted in the laboratory of Enoch Callaway (Braff et al., 1978).
Our review presented data both from this original 1978 report, and also from the second
report of PPI deficits in schizophrenia patients, which was published contemporaneously
with our review (Braff et al., 1992). Findings of deficient PPI in schizophrenia spectrum
patients have since been replicated in almost 40 reports in the literature (cf. Swerdlow et al.,
2014), despite the emergence and nearly ubiquitous use of PPI-enhancing antipsychotics
during the ensuing decades — a clinical reality that makes PPI deficits more difficult to detect
and quantify (e.g. Kumari et al., 1999; Weike et al., 2000).

Our 1992 review, however, made the new suggestion that a loss of automatic inhibitory
mechanisms might underlie symptoms not only in schizophrenia, but also in other brain
disorders, such as those characterized by intrusive thoughts and images (e.g. OCD),
sensations (e.g. TS) and movements (e.g. HD). We speculated that such deficient inhibition
might be accompanied by reduced levels of PPI. The basis for such speculation, also
developed in our review, was the evolving evidence for the role of limbic cortico-striato-
pallidothalamic (CSPT) circuitry in both the regulation of PPI, and in the pathophysiology
of these other brain disorders (e.g. Swerdlow and Koob, 1987). At the time of the 1992
review, our only ‘hard” evidence for PPI deficits in patient groups came from patients with
schizophrenia, although our 1992 paper also included unpublished and nascent PPI data
from just nine HD patients.

Over the ensuing decades, a number of studies have tested our speculation of PPI deficits
across multiple brain disorders and confirmed that — in addition to the reduction of PPl in
schizophrenia populations, PPI is also impaired in cohorts of patients with OCD (Ahmari et
al., 2012; Hoenig et al., 2005; Kohl et al., 2015; Swerdlow et al., 1993b), TS (Buse et al.,
2016; Castellan Baldan et al., 2014; Castellanos et al., 1996; Swerdlow et al., 2001b;
Zebardast et al., 2013), and HD (Munoz et al., 2003; Swerdlow et al., 1995; Valls-Solé et al.,
2004). In addition, PPI deficits have been identified in other patient populations, including
individuals with nocturnal enuresis (Ornitz et al., 1992), Asperger’s syndrome (Howlin and
Murphy, 2002; McAlonan et al., 2002), 22g11 syndrome (Sobin et al., 2005), Kleinfelter
syndrome (van Rijn et al., 2011), fragile-X syndrome (Frankland et al., 2004; Renoux et al.,
2014; Yuhas et al., 2011), and blepharospasm (Gomez-Wong et al., 1998). Some of these
studies have used PPI as a quantitative phenotype to understand better the genetics (e.g.
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Castellan Baldan et al., 2014; Greenwood et al., 2012, 2013), neuropathology (e.g.
McAlonan et al., 2002), and treatment (e.g. Kohl et al., 2015) of these disorders, often
engaging a range of cross-species models of PP1 in the process (e.g. Angelov et al., 2014;
Baldan Ramsey et al., 2011; Brooks et al., 2012; Carter et al., 1999; Shilling et al., 2008).
The role of psychotropic medications and other demographic and clinical variables in some
of these clinical phenotypes has also been tested in many reports (e.g. Ahmari et al., 2012;
Swerdlow et al., 2006).

As these advances in the PPI literature were emerging, the fact that PPI deficits were being
identified in so many different brain disorders was viewed by some as ‘problematic’
evidence that reduced PPI was ‘non-specific’ for a particular clinical diagnosis. In fact, what
has become clear via a preponderance of evidence is that PP1 is regulated by descending
forebrain circuitry, and — as discussed below — disturbances throughout this circuitry
accompany a wide range of diagnostically diverse psychiatric disorders — something that
was proposed well before our 1992 review (e.g. Swerdlow and Koob, 1987). However, it is
also critical to note that PPI (and presumably its underlying neural regulation) appears to
remain relatively intact, or at least functional, in a number of other serious brain disorders,
including attention deficit disorder (ADHD; Castellanos et al., 1996; Conzelmann et al.,
2010; Feifel et al., 2009; Hanlon et al., 2012; Ornitz et al., 1992, 1999), high functioning
autism (Kohl et al. 2014), bipolar disorder (in euthymic states; Barrett et al., 2005; Carroll et
al., 2007; but see Sanchez-Morla et al., 2016), and major depressive disorder (Ludewig and
Ludewig, 2003; Perry et al., 2004; Quednow et al., 2006), while evidence from chronic
substance use disorders is mixed and likely to be substance specific (e.g. Quednow et al.,
2004; Schellekens et al., 2012). We assume that other ‘negative’ findings of intact PP in
other patient groups have gone unreported.

Theme 2: Limbic CSPP circuitry regulates PPI

Prior to our 1992 review, a handful of studies had investigated the neural regulation of PPI
(e.g. Groves et al., 1974). A focus on the role of the ventral striatum/nucleus accumbens
(NAC) emerged from evidence that startle inhibition by pulsating tactile tail pressure was
eliminated after NAC ablation (Sorenson and Swerdlow 1982). This focus on the NAC has
been substantiated by numerous subsequent reports, and 30+ years later, the NAC remains a
crucial structure in current models for the regulation and dys-regulation of PPI (e.g.
Bikovsky et al., 2016; Ma and Leung, 2016; Vadnie et al., 2016). But a key concept
introduced by our 1992 review was that of a regulation of PPI by inter-connected CSPT
circuitry — of which the NAC was one component — and which accessed pontine startle
circuitry via descending efferent projections from the ventral pallidum into the
pedunculopontine nucleus (PPTg; hence cortico-striato-pallidopontine, or ‘CSPP’ circuitry);
it was this latter structure, we proposed, that served to transmit the regulatory ‘tone’
established within the forebrain circuit to the primary startle circuit, and thereby alter the
inhibitory impact of the lead stimulus (prepulse) on the startle reflex. As with our
speculation about PPI in human brain disorders, this speculation about neural circuitry was
based on thin “circuit-level’ evidence, consisting of a few published reports (Caine et al.,
1991, 1992; Swerdlow et al., 1986, 1990a, 1990b, 1990c), and some unpublished data
described in this 1992 review (e.g. 10 rats with PPTg lesions).
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Over the subsequent decades, compelling evidence for CSPP and related circuit involvement
in the regulation of PPI has come through many different levels of experimental
manipulations, as reviewed elsewhere (e.g. Swerdlow et al., 2001a, 2008). Elegant scientific
strategies have added cellular — (e.g. Ma and Leung, 2016; Takahashi et al., 2007) and
molecular (e.g. Culm et al., 2004) levels of resolution to PPI circuit models. Space
constraints preclude a full review of this extensive literature. Nevertheless, we will comment
on three points.

First, the apparent overlap in the neural substrates regulating PP1 with those implicated in
the pathophysiology of human brain disorders is part of the support for the etiological
validity of animal models for impaired PPI in these disorders, and has been used in an
iterative cross-species strategy. In this strategy, PPI changes after neural circuit
manipulations in laboratory animals have been used to develop and then test hypotheses
about specific circuit disturbances in patients (e.g. Kumari et al., 2003), and in some cases,
circuit-based therapeutics are being modeled based on PPI deficits in rats (e.g. Angelov et
al., 2014; Ma and Leung, 2014). Often, when substrates have been demonstrated to regulate
PPI in rodents, the fact that PPI is deficient in patients has been used as the basis for
justifying a fine grain analysis of those substrates in rats, in terms of their anatomical,
neurochemical, and molecular properties. In turn, information about the detailed
characteristics of this circuitry derived from studies in rodents has been used to support,
develop, or test hypotheses regarding the nature of neural circuit disturbances in human
brain disorders (e.g. Hines et al., 2013; Miller et al., 2010). This iterative process of cross-
species translation follows a bench-to-bedside model that is espoused across our field, and
which is made feasible in the case of PPI based on the closely analogous, if not homologous,
aspects of the experimental paradigm across mammalian species.

Second, much of the focus of the neural circuit-based translational models of PPI has been
on the regulation of PPI by brain dopamine systems, and the potential utility of this neural
mechanism in predictive models for antipsychotic medications. The focus on the PPI-
regulatory role of NAC dopaminergic systems (Swerdlow et al., 1986) and dopamine activity
more broadly (Mansbach et al., 1988) was initially motivated by the prevailing hypothesis of
a causative role of dopamine hyperfunction in the etiology of schizophrenia. The finding that
PPI was disrupted in rodents by dopamine agonists (Mansbach et al., 1988; Swerdlow et al.,
1986) was applied in a manner prescribed for animal models of that era, by assessing the
ability of this pharmacological effect to predict the antipsychotic potential and potency of
established and novel compounds (cf. Mansbach et al., 1988; Swerdlow and Geyer, 1993a,
1993b; Swerdlow et al., 1991, 1994). This approach differed from pre-existing predictive
models, such as apomorphine-induced canine emesis (Janssen and Niemegeers, 1959),
primarily because the behavior being measured (PPI) as a predictive index was very similar,
if not homologous, across species. Our 1992 review included a partial listing of
antipsychotics and (largely unpublished) data supporting the ability of these antipsychotics
to prevent the apomorphine-induced disruption of PPI in Sprague—Dawley rats, and showed
their relative clinical potency in schizophrenia (see Table 1 in Swerdlow et al., 1992b).
These data were expanded and reported soon thereafter (Swerdlow et al., 1994), showing an
expanded list of known antipsychotic compounds that prevented the PPI-disruptive effects of
apomorphine, with their potency in this assay correlating highly (/#=0.99) with their clinical
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antipsychotic potency. This compelling relationship was a catalyst for the use of PPI within
a model with predictive validity, and led to the identification or validation of compounds
with novel antipsychotic properties (e.g. ICI 204,636 (quetiapine; Swerdlow et al., 1994)).

This predictive model was expanded significantly by the observation that putative
antipsychotics with novel chemical properties were distinguished by their ability to block the
PPI-disruptive effects of NMDA antagonists (Bakshi et al., 1994; Johansson et al., 1994)
coupled with the inability of most typical antipsychotics to prevent these effects of NMDA
antagonists (Keith et al., 1991). Indeed, the prevailing wisdom of the 1990s was that the
ability to prevent the PPI-disruptive effects of NMDA antagonists such as phencyclidine and
ketamine might predict properties unique to ‘atypical’ or second generation antipsychotics
(SGAPs), and thereby identify agents that would be both more clinically effective and better
tolerated than first generation antipsychotics. Over time, this approach ran into some
experimental and clinical headwind. First, the ability to prevent NMDA antagonist-induced
PPI deficits was not always specific to SGAPs (e.g. chlorpromazine blocks the PPI-
disruptive effects of ketamine (Swerdlow et al., 1998)) or particularly sensitive to SGAPs
(e.g. several studies reported either marginal or no ability of clozapine to prevent the PPI-
disruptive effects of phencyclidine in rats). Second, and more importantly, clinical
experience revealed that the benefits of SGAPs over older, first generation antipsychotics
were not robust, and in fact SGAPs carried a new and non-trivial list of adverse properties.
Thus, while the predictive validity of these PPI models for antipsychotics was further
extended in many informative ways as reviewed previously (e.g. Geyer et al., 2001;
Swerdlow et al., 2008), they ultimately must be seen in the more humbling context of the
clinical reality that antipsychotics of any generation are not well tolerated, and have palpable
but limited ability to enhance real world function and improve the quality of life of
schizophrenia patients (e.g. Lieberman et al., 2005).

A third comment on the ‘PPI-regulatory neural circuit’ introduced in this 1992 review, is that
the proposed ‘circuit’ was based on studies conducted largely in rats. Among the most
dramatic and influential shifts in preclinical studies of PPI to emerge in the ensuing decades
has been the preponderance of studies conducted in other species — particularly mice —
driven largely by the utility of mice for studies with molecular and genetic levels of analysis
(e.g. Francis et al., 2003). While the neurochemical and neuroanatomical substrates of PP in
rats translated broadly to studies in mice (e.g. the involvement of forebrain monoamine and
NMDA systems, the hippocampus and ventral forebrain, etc.), it became evident early in
studies of ‘mouse PPI’ that finer grain analyses revealed distinctions and even opposite roles
for specific receptor subtypes and circuit elements in the regulation of PPI across these two
rodent species (cf. Geyer et al., 2002). In particular, convergent pharmacological and genetic
assessments of the influences of dopamine receptor subtypes on PPl demonstrated
substantial differences between rats and mice (Ralph-Williams et al., 2002; 2003). Hence,
caution is warranted before extrapolating to mice the well-validated rat PPl model using
dopamine agonists to identify antipsychotic treatments.

The biology (and particularly the genetics) of mouse PPI has evolved into a complex and
powerful science beyond the scope of this review, but two points deserve comment: (a) the
fact that the neurochemical regulation of PPI differed even among rats from different genetic
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backgrounds was recognized as early as 1990 (Rigdon, 1990), has in some cases been
tracked down to its underlying molecular and neural circuit substrates (e.g. Palmer et al.,
2000; Qu et al., 2009; Shilling et al., 2008; Swerdlow et al., 2011), and is recapitulated
among mice with different genetic backgrounds (e.g. Ralph and Caine, 2005, 2007); (b) the
fact that some aspects of the neural regulation of PPI can differ between two strains of mice
or rats presents daunting challenges when trying to extrapolate findings from rodents to
humans (Dulawa et al., 2000).

At the same time, the fact that some PPI-regulatory neural mechanisms are conserved across
species, from zebrafish (in whom PPI is disrupted by apomorphine and restored by
antipsychotics; Burgess and Granato, 2007), mice, rats, guinea pigs (Sipes and Geyer, 1996;
Vaillancort and Boksa, 2000), pigs (Lind et al., 2004), lower primates (Linn et al., 2003) and
higher primates (Talledo et al., 2009), continues to make PPl an appealing measure for
cross-species analyses of neural circuit connectivity.

Theme 3: PPI-regulatory circuitry is relevant to disorders characterized by

impaired sensory, motor or cognitive ‘gating’

The third area of speculation within our 1992 ‘review’ was that the neural substrates of PPI
are relevant to disorders of impaired sensory, cognitive or motor ‘gating’. Implicit in this
concept is the notion that PPI might be useful as a ‘read-out’” of CSPP function and
dysfunction, and thus could be used to guide the development of interventions for these
brain disorders (Figure 2). Over the past 25 years, this concept has, on occasion, been
misinterpreted to suggest that deficient PPI ‘causes’ clinical symptoms, to which our
standard response is that no patient, to our knowledge, has ever complained that their startle
is not inhibited enough by prepulses.

Rather, we have viewed PPI as a convenient pontine ‘portal” from which to observe
descending forebrain activity that, in addition to regulating PPI, may be relevant to the
clinical syndromes associated with a group of disorders. We specifically proposed this
notion in our 1992 review, in a section entitled, ‘Are these substrates relevant to disorders of
deficient cognitive and sensorimotor gating?’ The information applied towards this question
in the ensuing decades has taken a bidirectional route, from ‘bedside’ — for example,
neuroimaging studies of OCD (Schwartz et al., 1996) and neuropathological studies of
schizophrenia (Lewis et al., 2005) and TS (Kataoka et al., 2010) — to ‘bench’, and from
‘bench’ — for example, neurodevelopmental models of schizophrenia (Lipska et al., 1995),
kindling models of temporal lobe epilepsy (TLE; Wolf et al., 2016) and gene ‘knock-out’
models of TS (Castellan Baldan et al., 2014) — to bedside.

The clinical evidence for CSPP and CSPT dysfunction in psychiatric disorders is now
extensive, and since our original hypothesis paper in 1987 (Swerdlow and Koob, 1987), has
been reviewed numerous times (e.g. most recently by Gunaydin and Kreitzer, 2016). We will
touch briefly on the findings that have since flowed from the ‘benchside’, supporting the
hypothesis that this ‘gating circuitry’ is relevant to human brain disorders.

J Psychopharmacol. Author manuscript; available in PMC 2018 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swerdlow et al.

Page 8

Because the first (and for some years, the only) evidence for human PPI deficits came from
studies in schizophrenia patients, early neural circuit manipulation in animal studies of PPI
focused on substrates implicated in this disorder, for example, forebrain dopamine
mechanisms (Sorenson and Swerdlow, 1982; Swerdlow et al., 1986). Starting in the early
1990s, this focus expanded to include the prefrontal cortex (PFC) and mesial temporal lobe
regions, in addition to ventral pallidum and thalamic structures, that figure prominently in
models of schizophrenia neuropathology (cf. Swerdlow et al., 1992a, 1992b; 2001a, 2001b;
2008; Rohleder et al., 2014). The apparent overlap in the neural substrates regulating PPI,
with those implicated in the pathophysiology of schizophrenia, supported the etiological
validity of animal models for impaired PPI in schizophrenia; this etiological validity is
strengthened by the fact that experimental manipulations in rodents that are thought to
model some of the suspected pathogenic insults responsible for schizophrenia also produce
adult rodents with deficient PPI.

For example, in schizophrenia patients, the integrity of the hippocampal-PFC connection is
disrupted, and the level of this deficiency predicts both neurocognitive and functional
impairment (e.g. Hanlon et al., 2012). Lesions of the ventral hippocampus (VH) in neonatal
rats recreate a number of deficits associated with schizophrenia (Lipska et al., 1993; Marquis
et al., 2006; cf. O’Donnell, 2012), including deficient PPI (Daenen et al., 2003; Le Pen and
Moreau, 2002; Le Pen et al., 2003; Lipska et al., 1995; Swerdlow et al., 2012). The use of
deficient PPI as a validating ‘phenotype’ in this model has been expanded to several
different early developmental insults of the mesial temporal lobe that produce PPI deficits in
adulthood, including immune/inflammatory activation of the VH (e.g. Ribeiro et al., 2013;
Zhu et al., 2014a), neonatal pilocarpine-induced seizures (Labbate et al., 2014), cell-type-
specific inhibition of the VH (Nguyen et al., 2014) and neonatal lesions of the basolateral
amygdala (Vazquez-Roque et al., 2012).

Other in utero or neonatal manipulations also produce PPI deficits in adult rats, including
social isolation rearing (Geyer et al., 1993), methylazoxymethanol exposure (Le Pen et al.,
2006), and neonatal administration of NMDA antagonists (Uehara et al., 2010). Presumably,
the failure to develop normal levels of PPI in these developmental models could reflect many
different underlying mechanisms. In some cases, the expression of PPI deficits induced by
these early developmental manipulations can be blocked by acute treatments during
adulthood, using antipsychotics (e.g. clozapine; Ribeiro et al., 2013), putative
neuroprotective agents (e.g. minocycline; Zhu et al. 2014b) and glycinergic agents (Le Pen
etal., 2003).

While the past 25 years has produced substantial ‘bidirectional” support that PPI-regulatory
circuitry is relevant to disorders such as schizophrenia, OCD, TS, TLE and others, it has also
yielded clear evidence that the absolute level of PPI does not suggest either the presence or
absence of pathology in this circuitry. Thus, among healthy humans, there is a wide range of
basal levels of PPI; conversely, PPI can be ‘normalized’ in severely ill schizophrenia patients
by SGAPs, which clearly do not substantially ‘normalize’ their clinical state or CSPP
dysfunction. Perhaps the clearest evidence that reduced PPI suggests neither circuit nor
clinical dysfunction comes from findings of sex differences (Swerdlow et al., 1993a) and
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menstrual cyclicity (Jovanovic et al., 2004; Kask et al., 2008; Swerdlow et al., 1997) of PPI
in healthy humans.

Future directions?

Predicting the future directions for PPI research in 1992 — when PPI science was largely a
‘tabula rasa’ — was a lot easier than it is today, with the myriad directions that this field has
taken. Perhaps it would be safest to claim, as Professor Marvel told Dorothy in The Wizard
of Oz, ‘That’s it — the crystal’s gone dark’. Twenty-five years after our 1992 review, there
are reasons to be less sanguine about the utility of PPI as a tool to understand the neural
circuit disturbance in psychopathology.

First, it has become clear over the past 25 years that the neuropathology of many brain
disorders — and schizophrenia is a prime example — is widely distributed throughout different
levels of CSPT circuitry, and highly heterogeneous across patients (see Swerdlow, 2011).
Even a high resolution ‘pontine portal’ cannot provide the level of anatomical resolution
needed to generate an orderly map of such variable and dispersed neural disturbances.
Second, specifically because PPI is regulated by circuitry that — in its essence — defines
much of what constitutes the complex, variable and individualized features of human
consciousness, studies over the past 25 years have shown that PPI is very sensitive to a long
list of “individualizing’ factors, even within healthy populations. These factors include
subject demographics (age, sex, race), state-defining normal physiological variables
(reproductive hormones, stress, fatigue, resting blink rate), substance use (smoking), more
complex variables such as personality, and a long list of experimental parameters and
conditions that require substantial oversight (reviewed in Swerdlow et al., 2008). Even with
the strictest inclusion/exclusion criteria for clinically impaired and healthy comparison
populations, using PPI to characterize circuitry differences between these populations —
particularly in an era with increasingly sophisticated and accessible neurophysiological and
brain imaging tools — may not be the best use of this reflex measure.

On the other hand, there are many new uses of PPI that are indirectly related to its
underlying neural circuitry, which we did not anticipate at the time of our 1992 paper, and
which may represent future ‘growth areas’ for this science. First, PPI has had increasing use
as an ‘endophenotype’ to identify risk genes and polygenic risk load in clinical populations
(especially schizophrenia, e.g. Greenwood et al., 2012, 2013), and — in concert with other
quantitative physiological and neurocognitive measures — it may ultimately serve this role
for disorders other than schizophrenia.

Second, there is increasing evidence that PPI — perhaps as a marker of ‘intact” CSPT
resources in clinical populations — may be useful as a biomarker predicting clinical response
to therapies ranging from cognitive behavioral therapy (Kumari et al., 2012) to stimulants
(Swerdlow et al., 2013, 2016). We have written previously that ‘biomarkers of spared
function’ rather than ‘bio-markers of disease’ can be the strongest predictors of a positive
therapeutic response to various clinical interventions (Light and Swerdlow, 2015). In a
simple model, ‘healthier’ (higher) levels of PPI, for example, suggest the integrity of CSPT
circuitry that can serve as a neural resource for neuroplasticity-based gains and their
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augmentation by medications. Ironically, the strategy of targeting healthy neural/
psychological resources in order to correct disease-based deficits has been a longstanding
tenet of interventions ranging from psychodynamic psychotherapy to stroke rehabilitation,
yet it departs significantly from the failed strategy of trying to use drugs to ‘undo’ the
neuropathology of schizophrenia that has dominated the past 60 years of schizophrenia
psychopharmacology. Perhaps measures of ‘healthy” CSPT function, such as PPI, will serve
more prominent roles as predictive biomarkers in future treatment models for brain
disorders.

Conclusion

The PPI literature has grown dramatically since the publication of our 1992 review, adding
about one new PPI-related paper every 3.25 days during this time. Our review focused on the
inter-relationships between: (a) disorders characterized by deficiencies within a domain of
automatic inhibitory ‘gating’ processes; (b) PPI deficits among patients with these disorders;
and (c) a limbic CSPP circuitry that we proposed might regulate PPI in rodents and humans,
and might be central to the pathophysiology of ‘gating’ disorders in humans. Our
speculation was based on very thin empirical data, but within those faint, tentative pencil
strokes seems to have been a reasonable hint of the complex portrait that has emerged from
25 years of intensive investigation across our field. How to use this now mature body of
empirical science to actualize its goal — to relieve suffering in individuals afflicted with
mental illness — remains a major unanswered challenge for our field.
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Schematic relationship of limbic cortico-striato-pallidopontine (CSPP) pathology, deficient
prepulse inhibition (PPI) and clinical syndromes of impaired sensory, cognitive or motor

‘gating’.
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