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Abstract

Experience-dependent critical period plasticity has been extensively studied in the visual cortex.
Monocular deprivation during the critical period affects ocular dominance, limits visual
performance, and contributes to the pathological etiology of amblyopia. Neuregulin-1 (NRG1)
signaling through its tyrosine kinase receptor ErbB4 is essential for the normal development of the
nervous system, and has been linked to neuropsychiatric disorders such as schizophrenia. We
discovered recently that NRG1/ErbB4 signaling in PV neurons is critical for the initiation of
critical period visual cortical plasticity by controlling excitatory synaptic inputs onto PV neurons
and thus PV-cell mediated cortical inhibition that occurs following visual deprivation. Building on
this discovery, we review the existing literature of neuregulin signaling in developing and adult
cortex, and address the implication of NRG/ErbB4 signaling in visual cortical plasticity at the
cellular and circuit levels. NRG-directed research may lead to therapeutic approaches to reactivate
plasticity in the adult cortex.
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This image is associated with Figure 2 in Grieco et al. in this issue. It is an artistic rendition of
their image data illustrating enhanced local excitatory inputs to monocularly deprived PV neurons
(white circles) with bath applied NRG1. The eye-like overlay in black conveys that therapeutic
intervention of NRG1/ErbB4 signaling can be developed to help treat critical period-relevant
disorders such as amblyopia. The review article of Grieco et al. addresses a novel and critical role
of NRG1/ErbB4 in regulation of visual cortical critical period plasticity.
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Introduction

This article is in memory of Prof. Vivien A. Casagrande who was Xiangmin Xu’s graduate
school mentor at Vanderbilt University during 1998 — 2004. Prof. Casagrande passed away
on January 21, 2017 at the age of 74 at her home in Nashville, TN. She was a pioneer in
visual neuroscience and she made tremendous contributions to our understanding of early
visual area organization in primates in relation to the development and physiological
interplay between parallel visual information pathways. She cared deeply about teaching and
scientific training. As living memorials to Vivien, many of those she mentored continue
work as successful scientists. Her legacy profoundly influenced Xiangmin Xu’s career in a
lasting way. Not only did she teach Xiangmin to ask the right questions and to get the
answers, she also inspired him to do his work with determination and passion. Vivien’s work
established the organization principles of parallel visual pathways and functional modules in
early visual areas as outlined in her published papers (Casagrande, 1994; Xu et al., 2004;
Xu, Bosking, White, Fitzpatrick, & Casagrande, 2005; Xu et al., 2001). This provides an
important framework towards unraveling the details of the molecular and cellular basis of
functional plasticity. Following Prof. Casagrande’s scientific influence, Xiangmin Xu’s
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laboratory research continues a major focus on visual cortical development and functional
plasticity.

Experience alters brain circuits through neural plasticity mechanisms. Cortical networks can
adapt to sensory input over a range of timescales by adjusting excitatory and inhibitory
synaptic strength. Neural circuitry in the brain is strongly shaped by experience during
relatively short temporal postnatal windows called ‘critical periods'. Experience-dependent
critical period plasticity has been extensively studied in the visual cortex (Hensch, 2005;
Levelt & Hubener, 2012; Tropea, Van Wart, & Sur, 2009). Monocular deprivation during this
critical period affects ocular dominance, limits visual performance, and contributes to the
etiology of amblyopia. Although physiological aspects of visual cortical ocular dominance
plasticity (ODP) were described by the pioneering discoveries of Hubel and Wiesel more
than 50 years ago, our understanding of the underlying cellular locus and molecular
mechanisms has lagged (Levelt & Hubener, 2012).

We identified parvalbumin-expressing (PV) inhibitory neurons as the key initial locus for
critical period cortical plasticity (Kuhlman et al., 2013). PV neurons are rapidly inhibited by
visual deprivation via monocular eyelid suture during the critical period due to a decrease in
local excitatory circuit inputs onto these interneurons. This initial and transient reduction of
PV cell activity establishes the conditions necessary for the experience-dependent excitatory
cortical plasticity for ocular dominance. Previous studies identified neurotrophins,
extracellular matrix components, and synapse formation molecules as modulators of visual
cortical plasticity (Berardi, Pizzorusso, Ratto, & Maffei, 2003; Gu et al., 2013; Z. J. Huang
etal., 1999; Murase, Lantz, & Quinlan, 2017; Pizzorusso et al., 2002; Stephany, Ikrar,
Nguyen, Xu, & McGee, 2016; Sugiyama et al., 2008; Tropea et al., 2006). However, they do
not account for the translation of brief sensory deprivation into functional changes in circuit
connections. We discovered recently that neuregulin-1 (NRG1) signaling through its cognate
ErbB4 receptor is critical for the initiation of critical period visual cortical plasticity by
controlling excitatory synaptic inputs onto PV inhibitory interneurons (Sun et al., 2016).
NRGL1 is expressed widely in excitatory neurons, inhibitory interneurons and glial cells in
the visual cortex (Liu et al., 2011; Sun et al., 2016). A critical clue is that NRG1 expression
temporally correlates with the critical period (Fig. 1a-b) (Sun et al., 2016). ErbB4
expression is largely restricted to PV neurons and temporally extends beyond the critical
period (Fazzari et al., 2010; Sun et al., 2016; Yau, Wang, Lai, & Liu, 2003). Thus ErbB4
presents a tempting molecular target for controlling NRGL1 signaling during and beyond the
normal window of critical period plasticity (Fig. 1b); manipulation of ErbB4 signaling in PV
neurons may be sufficient to extend the ODP beyond the normal temporal boundary of the
critical period.

Within this context, we provide a topical review of neuregulin-directed molecular
mechanisms of cortical plasticity. In this article, we first summarize our progress in
understanding cell-type specific cellular circuits underlying cortical plasticity. We combine
this with the existing literature of neuregulin signaling in developing and adult cortex. We
then address the implication of NRG/ErbB4 in visual cortical plasticity at the cellular and
circuit levels. Lastly, we discuss outstanding questions and directions for further research

J Comp Neurol. Author manuscript; available in PMC 2020 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grieco et al. Page 4

that aim to establish a molecular switch role of NRG1/ErbB4 signaling for re-opening the
critical period window of plasticity.

Visual cortical plasticity and specific neuron types

Critical period plasticity in the visual cortex has been well-studied (Hensch, 2005).
Measurements of visual cortex responses were first made using “single unit” recordings in
cats and monkeys (Hubel, 1957; Hubel & Wiesel, 1968, 1970). These seminal experiments
showed that in young animals before the closure of the critical period, monocular
deprivation alters ocular dominance and results in an amblyopic phenotype. This provided
insight into the mechanisms of amblyopia and an animal model for the disease. Later it was
discovered that various species display analogous ocular dominance critical periods,
suggesting that in visual cortex this is an important and evolutionarily conserved
mechanism. For example, studies in mice show that they have a critical period of ocular
dominance, and that monocular deprivation during the critical period in mice recapitulates
the amblyopic phenotype (Gordon & Stryker, 1996).

The excitatory-inhibitory balance of neural circuits is important for cortical plasticity
(Hensch & Fagiolini, 2005). Cortical inhibition initiates and accelerates the opening of the
critical period (Fagiolini & Hensch, 2000). Some of the first findings underlying this concept
used benzodiazepine treatments, which increase GABAergic inhibition. This results in the
early opening of the critical period (Fagiolini & Hensch, 2000; Hensch et al., 1998).
However, it then appears that increased excitatory activity or decreased inhibitory activity
during the critical period allowed for increased cortical ODP. Treating mice with a glutamic
acid decarboxylase (GAD) inhibitor reduced cortical inhibition and increases ODP
(Harauzov et al., 2010). Similarly, housing mice in darkness before monocular deprivation
during the critical period results in increased ODP shifts and cortical excitation in the visual
cortex (Fagiolini, Pizzorusso, Berardi, Domenici, & Maffei, 1994; Morales, Choi, &
Kirkwood, 2002). Also, mice completely lacking GADG5, the enzyme that catalyzes GABA
production, do not display critical period ODP (Hensch et al., 1998). But treatment of these
mice with a benzodiazepine reconstitutes ODP, suggesting that cortical inhibition must first
be in place to open the critical period before increased excitation/inhibition ratios promote
plasticity (Fagiolini & Hensch, 2000). These findings suggest that inhibitory interneurons in
the visual cortex may be important for regulating the critical period and ODP.

There is a variety of inhibitory interneurons present in the mammalian cortex that comprise
about 10% of all cortical neurons (Callaway, 2016; Klausberger & Somogyi, 2008; Markram
et al., 2004). The three major, non-overlapping groups of interneurons in the visual cortex
express PV, somatostatin (SOM), or VIP (Xu, Roby, & Callaway, 2010); the predominant
sub-group in the visual cortex is the PV type (Gonchar & Burkhalter, 1997; Xu et al., 2010).
Most PV neurons are fast-spiking basket cells and are highly integrated into cortical circuits
(Freund & Katona, 2007). The main function of PV interneurons involves inhibiting
pyramidal neurons and maintaining the temporal window in which they integrate incoming
signals (Atallah, Bruns, Carandini, & Scanziani, 2012; Kuhlman, Lu, Lazarus, & Huang,
2010). It was recently discovered that PV interneurons regulate the visual critical period, and
are the initial locus for ODP (Kuhlman et al., 2013).
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Determining the molecular signaling related to PV interneuron regulation of the critical
period and cortical plasticity will be important for explaining the underlying processes of
cortical plasticity as well as for developing novel therapeutics. Progress has been made
towards identifying the signaling molecules responsible for regulating the critical period and
cortical plasticity. For example, precocious critical periods may be induced by neurotrophic
factor expression or by the disruption of perineural cell adhesion (Di Cristo et al., 2007;
Hanover, Huang, Tonegawa, & Stryker, 1999; Z. J. Huang et al., 1999; Wang, Feng, Liu,
Liu, & Cang, 2013). Critical period cortical plasticity may be regulated by BDNF and other
neurotrophins, OTX2, Histone deacetylases, neuromodulators, the degradation of perineural
cell adhesion nets and matrices, and by synaptic molecules (Gu et al., 2013; Hanover et al.,
1999; Z. J. Huang et al., 1999; Kaneko & Stryker, 2017; Mardinly et al., 2016; Morishita,
Miwa, Heintz, & Hensch, 2010; Pizzorusso et al., 2002; Pizzorusso et al., 2006; Putignano et
al., 2007; Silingardi, Scali, Belluomini, & Pizzorusso, 2010; Sugiyama et al., 2008; Sur,
Nagakura, Chen, & Sugihara, 2013; Tropea et al., 2006; Wang et al., 2013). The maturation
of perineural nets and extracellular matrix proteins that surround PV neurons, as well as the
maturation of myelination in the cortex, occurs on a similar timeline as the critical period
(Berardi, Pizzorusso, & Maffei, 2004; Carulli et al., 2010; McGee, Yang, Fischer, Daw, &
Strittmatter, 2005; Pizzorusso et al., 2002). While these molecular signaling components
may help developmentally set the stage, recent findings show that the initiation of critical
period ODP is regulated by PV interneuron NRG1-ErbB4 signaling.

The NRG/ErbB molecular family and their modulation of neural circuits

How could NRG1-ErbB4 signaling and the greater NRG-ErbB molecular families regulate
cortical plasticity? NRG ligands and ErbBs receptor tyrosine kinases are widely expressed in
the brain. The NRG genes encode multiple splicing isoforms, and most are expressed as
transmembrane proteins. These subsequently can undergo proteolytic processing to release a
ligand ectodomain containing an EGF-like structure (Kamezaki et al., 2016). The EGF-like
domain is required for receptor binding and is sufficient to elicit ErbB receptor dimerization,
tyrosine phosphorylation and the activation of downstream signaling pathways. There are six
known NRGs (NRG1, 2, 3, 4, 5 and 6). NRG1, 2, 3 and 4 are known to be able to activate
ErbB1, 2, 3 and 4. There are excellent detailed reviews on NRG/ErbB signaling available for
further reading (Birchmeier, 2009; Britsch, 2007; Buonanno & Fischbach, 2001; Buonanno
et al., 2008; Corfas, Roy, & Buxbaum, 2004; Esper, Pankonin, & Loeb, 2006; Falls, 2003;
Fischbach, 2007; Gassmann & Lemke, 1997; lwakura & Nawa, 2013; Mei & Nave, 2014;
Mei & Xiong, 2008; Rico & Marin, 2011; Talmage, 2008).

NRG1 is the best studied NRG. It was identified first for its ability to induce acetycholine
receptor (AChR) activity and synapse formation at neuromuscular junctions (Falls, Rosen,
Corfas, Lane, & Fischbach, 1993; Sandrock et al., 1997). Although NRGL1 can bind ErbB1,
ErbB2 and ErbB3 receptors, only ErbB4 is then activated as a tyrosine-kinase following
NRG1 binding. ErbB1 and ErbB2 cannot bind NRG1 alone, but do so when forming
heterodimers with ErbB4 (Tzahar et al., 1996). ErbB3 can bind NRG1, but its homodimers
are signaling inactive (Guy, Platko, Cantley, Cerione, & Carraway, 1994). In the brain ErbB4
is the most abundant of all ErbBs and represents the major NRG receptor (Bernstein et al.,
2006; Fox & Kornblum, 2005; Gerecke, Wyss, Karavanova, Buonanno, & Carroll, 2001,
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Neddens & Buonanno, 2011; Steiner, Blum, Kitai, & Fedi, 1999). ErbB4 signaling activates
PI3K-AKT, Ras-MAPK and JAK-SRC pathways (lwakura & Nawa, 2013). Previous studies
have focused on ErbB4’s involvement in NRG signaling in hippocampal and prefrontal
cortical circuitry. ErbB4 is primarily expressed in interneurons in the brain, as in situ and
immunfluorescence methods have co-localized ErbB4 expression to interneurons (Bean et
al., 2014; Buonanno, 2010; Fox & Kornblum, 2005; Longart, Chatani-Hinze, Gonzalez,
Vullhorst, & Buonanno, 2007; Vullhorst et al., 2009; Woo et al., 2007). ErbB4 is also highly
expressed in PV interneurons (Abe, Namba, Kato, Iwakura, & Nawa, 2011; Chen et al.,
2010; Fazzari et al., 2010; Neddens & Buonanno, 2010; Tan et al., 2011; Wen et al., 2010;
Yau et al., 2003). At the ultrastructural level, ErbB4 co-localizes with the PSD95 synaptic
marker and is expressed primarily on the dendrites of interneurons (Fazzari et al., 2010;
Garcia, Vasudevan, & Buonanno, 2000; Y. Z. Huang et al., 2000; Krivosheya et al., 2008;
Longart et al., 2007; L. Ma et al., 2003; Vullhorst et al., 2009). Thus, ErbB4 on post-
excitatory synaptic dendrites of PV interneurons may regulate synaptic input activity of
these neurons. Long-term potentiation (LTP) studies in hippocampus have helped to develop
the role of NRG-ErbB4 signaling in neural circuit activity regulation. NRG1 inhibits LTP
(Bjarnadottir et al., 2007; Y. Z. Huang et al., 2000; Kwon, Longart, Vullhorst, Hoffman, &
Buonanno, 2005; Pitcher et al., 2011; Tamura, Kawata, Hamaguchi, Ishikawa, & Shiosaka,
2012). This effect is ErbB4 dependent (Chen et al., 2010; Y. Z. Huang et al., 2000; L. Ma et
al., 2003; Pitcher, Beggs, Woo, Mei, & Salter, 2008; Shamir et al., 2012). Further, in ErbB4
KO mice, LTP is enhanced (Lu et al., 2014; Pitcher et al., 2008). However, neither acute
application of NRG1 nor deleting NRG1 or ErbB4 influences basal levels of synaptic
activity in hippocampus (Bjarnadottir et al., 2007; Y. Z. Huang et al., 2000; lyengar & Mott,
2008; Kwon et al., 2005; Pitcher et al., 2008), which suggest that NRG1 signaling actions
are dependent on neural activity states (i.e., LTP stimulation versus basal synaptic activity).
In addition, PV interneuron ErbB4 signaling has broader implications on animal behavior.
NRG1 and ErbB4 have been genetically identified in humans as schizophrenia "at-risk"
genes (Banerjee, Macdonald, Borgmann-Winter, & Hahn, 2010). Ablation of ErbB4 in PV
neurons leads to impairment of contextual fear conditioning, increased general locomotor
activity, impairment of social behavior, and deficits in pre-pulse inhibition and working
memory (Chen et al., 2010; Del Pino et al., 2013; Shamir et al., 2012; Wen et al., 2010).

NRG1/ErbB4, PV neurons and critical period plasticity

Our recently published work in NMeuron (Sun et al., 2016) establishes that NRG1 signaling in
PV neurons is a critical component regulating visual critical period plasticity. We examined
developmental expression and experience-dependent regulation of NRG1/ErbB4 signaling in
mouse visual cortex (Fig. 1, 2). PV neurons show strong ErbB4 expression during the
critical period of mouse visual development. PV neurons have stronger and more
concentrated NRG1/ErbB4 expression than surrounding cells as revealed by
immunostaining; this distinguishes them from surrounding putative excitatory neurons (Fig.
1c). The co-expression of the ligand NRG1 and its receptor ErbB4 in PV neurons (Fig. 1c—
d) may allow these neurons to regulate their synaptic plasticity in cell autonomous manner.
Indeed, brief monocular deprivation during the critical period quickly decreases NRG1/
ErbB4 signaling in PV neurons (Fig. 2 a—c, j), causing downregulation of excitatory inputs
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to PV neurons in visual cortex (Fig. 2g—i, k). We measured the connectivity strength and
laminar distribution of presynaptic excitatory inputs onto L2/3 PV neurons in brain slices
taken from binocular visual cortex of critical period mice (P27-P30) using laser scanning
photo stimulation (LSPS) via glutamate uncaging (Xu et al., 2016)(Fig. 2d). The LSPS
approach is effective for detailed local circuit mapping. Exogenous NRG1 rapidly restores
excitatory inputs onto deprived PV cells through downstream PKC-dependent activation and
AMPA receptor exocytosis, thus enhancing PV neuronal inhibition to excitatory neurons.
Further, we show that NRGL1 regulates PV neuronal activity in a state-dependent manner. In
contrast to the finding that bath NRG1 rapidly increases the amplitude of excitatory synaptic
input to 1-2 day deprived PV cells, NRG1 does not significantly modulate local excitatory
synaptic inputs to PV neurons in binocular V1 of normal, non-lid sutured mice (Fig. 2e—f,
k). This suggests that NRG1 signaling is sufficiently high to maintain synaptic input to
normal PV neurons during the critical period.

We examined further if NRG1 modulates PV neuron-mediated postsynaptic responsiveness
in excitatory neurons or the strength of PV inhibitory output connections to excitatory
neurons by optogenetically evoking PV inhibitory inputs to pyramidal neurons. The
experiments were performed in brain slices with Cre-directed channelrhodopsin-2 (ChR2)
expression in PV neurons that synapse on pyramidal neurons. Direct inhibitory connections
to pyramidal neurons were mapped by ChR2 photoactivation of somatic spiking of
presynaptic PV inhibitory neurons. Bath NRG1 application does not modulate PV specific
inhibition to L2/3 pyramidal cells. Thus the circuit basis of NRG1-enhanced cortical
inhibition in deprived cortex is localized specifically to enhance excitatory drive to deprived
PV neurons, rather than general modulation of PV inhibitory synaptic connections to
pyramidal cells.

We have investigated the function of NRG1/ErbB4 signaling in ocular dominance plasticity
in vivo. As illustrated in our model (Fig. 3a), we reason that down-regulation of NRG1
signaling following visual deprivation reduces excitatory inputs to PV neurons and
subsequent inhibition onto excitatory neurons. Considering that enhancing inhibition
prevents ocular dominance plasticity during the critical period (Kuhlman et al., 2013; W. P.
Ma, Li, & Tao, 2013), we tested the hypothesis that enhancing NRG1/ErbB4 signaling in the
cortex through systemic NRG1 administration suppresses ODP (Fig. 3b). To measure this
plasticity, we determined the strength of eye-specific visual responses before and after four
days of monocular deprivation using intrinsic signal optical imaging. In support of our
hypothesis, the enhancement of NRGL1 signaling strongly reduces ODP. To further test the
role of ErbB4 signaling in ODP, we performed imaging experiments before and after four
days of monocular deprivation (without NRG1 treatment) using the PV-Cre; ErbB4flX/flx
mice, and found that critical period plasticity is impaired in these animals with PV specific
ablation of ErbB4 receptors. Taken together, our study defines a novel and critical role of
NRG1/ErbB4 in regulating visual critical period plasticity.

In a closely related but independent study, Gu et al. (2016) asked if modulation of NRG1/
ErbB4 signaling in PV interneurons could allow for the regulation of ODP in adult visual
cortex. They recapitulated some of the findings of Sun et al. (2016), as it was reported that
during the critical period NRG1 blocks ODP and induces an early closure of the critical
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period. Gu et al. (2016) then used pharmacology approaches to examine the relationship of
NRG1-ErbB4 signaling and adult cortical plasticity. ODP can be partially reinstated by dark
exposure in adult mice (Eaton, Sheehan, & Quinlan, 2016; Kloska et al., 2007; Montey &
Quinlan, 2011). In adult mice dark exposure decreases PV interneuron activity, increases
pyramidal activity, and induces ODP. NRGL1 treatment, however, blocks all of these effects
in adult mice exposed to the dark, suggesting ErbB4 signaling controls adult visual cortical
plasticity as well as during the critical period (Gu et al., 2016). The ErbB inhibitor
PD158780 reduces the activity of PV interneurons and the increases the activity of
pyramidal neurons in the visual cortex. This ErbB antagonism also facilitates ocular
dominance plasticity in adult mice exposed to brief monocular deprivation. Altogether, these
two important studies (Gu et al., 2016; Sun et al., 2016) support the implication of NRG1/
ErbB4 signaling in visual cortical plasticity during the critical period and in adulthood.

Outstanding questions and future directions

Despite the progress made in understanding NRG1/ErbB4 signaling in visual cortical
plasticity, outstanding questions remain. First, there are multiple cellular NRG1 sources.
How NRG1 is processed and released in the central nervous system remains unclear. In the
peripheral nervous system, NRG1 is mainly produced by neurons while ErbB receptors are
expressed in signal-recipient cells such as Schwann cells and skeletal muscle cells; NRG1-
ErbB signaling mostly mediates cell-cell interaction in a paracrine or juxtacrine manner
(Kamezaki et al., 2016; Vullhorst, Ahmad, Karavanova, Keating, & Buonanno, 2017).
However, the strong expression of both the ligand NRG1 and its receptor ErbB4 in PV
neurons suggests potential autocrine regulation of NRG1/ErbB4 signaling in PV neurons.
Our on-going studies intend to use new genetic tagging and manipulation (Kamezaki et al.,
2016; Yin et al., 2013) to identify the source of PV neuron NRGL1 in the context of visual
cortical plasticity.

NRG1, which is present in PV interneurons as well as in excitatory neurons in visual cortex,
decreases after the closure of the critical period, whereas ErbB4 expression on PV
interneurons remains high even into adulthood (Sun et al., 2016). This suggests the
possibility that there may be other neuregulins which signal through ErbB4 receptors to
regulate PV neuron activity in adult cortex (Fig. 1b). This is supported by the finding that
ErbB inhibition on PV interneurons in adult mice facilitates ODP (Gu et al., 2016).
Similarly, ErbB4 forms heterodimers with other ErbBs which receive cross-talk from other
neuregulins (Iwakura & Nawa, 2013; Mei & Nave, 2014). Thus, future studies should
identify NRG/ErbB expression in specific cell types in visual cortex during the critical
period and in adulthood to further address molecular components of the NRG directed
signaling.

Considering the multiple cellular sources of NRGs, this raises interesting questions of
whether and how molecular signaling with NRGs from different cellular sources might
differentially regulate synaptic connections of PV inhibitory interneurons and excitatory
neurons in response to short versus prolonged visual deprivation. A relatively small
proportion of VIP cells are immunopositive for ErbB4, and there is virtually no co-
localization between SOM and ErbB4 (Sun et al., 2016). However, transplantation of
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embryonic SOM+ interneurons can indeed drive cortical plasticity (Tang, Stryker, Alvarez-
Buylla, & Espinosa, 2014); PV neurons can be inhibited by SOM-expressing interneurons
and VIP preferentially inhibit somatostatin positive (SST) cells (Fu et al., 2014; Jiang et al.,
2015; Pakan et al., 2016; Pfeffer, Xue, He, Huang, & Scanziani, 2013). These findings
indicate that in addition to our understanding of PV interneuron mediated plasticity, it is
important to examine whether and how NRG1 influences circuit development and function
of non-PV neuron types. Further, our preliminary data indicate that compared with 1 day
monocularly deprived PV neurons, 6—7 day deprived PV cells have recovered from a loss of
excitatory circuit inputs. Thus, it appears that after the initial reduction of PV responses via
NRG1 signaling down-regulation, this compensatory change has to be cooperatively
engaged for ocular dominance plasticity to be consolidated following prolonged deprivation.
This occurs likely by a cascade of signals that links excitatory drive to inhibitory neurons,
inhibitory drive to excitatory neurons and eye-specific drive to synapses. NRG-ErbB
signaling has properties that makes it a strong candidate for coordinating such diverse
components of plasticity. In this regard, functional mapping approaches including ex vivo
LSPS and /n vivo multi-photon calcium imaging can be combined to test the hypothesis that
NRG1/ErbB4 signaling is required for restoration of their excitatory inputs in visual cortex
of prolonged deprivation. Mouse genetic approaches can be employed to selectively
downregulate NRG1/ErbB4 expression in specific cell types in deprived cortex. While these
are complex questions, we have the tools (Sun et al., 2016) and the scientific framework to
address them.

NRG-directed research may lead to therapeutic approaches that robustly reactivate plasticity
in the adult cortex. Since neurodevelopmental disorders such as schizophrenia and autism
appear to result from brain developmental defects that occur during defined postnatal
windows, the linkage of NRG1 signaling to critical periods may provide important new
insights into the pathology of these neurodevelopmental disorders. This raises the interesting
possibility that PV neuronal dysfunction, and late adolescent and early adult onset of
schizophrenia may be temporally contingent on NRG1/ErbB4 signaling defects in the
relevant brain regions. Further understanding of NRG signaling in shaping cortical
development and therapeutic interventions targeting NRG1 may be exploited to treat
amblyopia and other neurodevelopmental disorders. In summary, we dedicate this article to
the memory of Prof. Vivien A. Casagrande. As an ongoing living memorial honoring Vivien,
we and others in the field will continue to study molecular, cellular and circuit mechanisms
that drive cortical plasticity and promote the development of novel therapeutic strategies to
treat human diseases caused by critical period disorders.
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Figure 1. NRG1 and ErbB4 expression in PV neuronsis developmentally regulated
a, The developmental times for mouse eye opening; before, during and after the critical

period (CP) for ocular dominance plasticity (Smith & Trachtenberg, 2007). b, A summary
diagram for NRG1, other NRGs and ErbB4 and PV expression levels in mouse visual cortex
L2/3 from PO to P56 compared with the critical period for ocular dominance plasticity. The
diagram is constructed based on our immunostaining data (Sun et al., 2016), in situ gene
hybridization data from the Allen Brain Atlas, and other published data (Anton et al., 2004;
Liu etal., 2011; Longart, Liu, Karavanova, & Buonanno, 2004; Woo et al., 2007). c,
Representative confocal images of PV expression (red) and NRG1 immunolabeling (green)
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in PV-Cre; Ai9 mouse sections of postnatal day (P) P28 (dual overlap in larger upper panel,
detailed single label images in smaller lower panels). d, Representative confocal images of
PV expression (red) and ErbB4 immunolabeling (green) in PV-Cre; Ai9 mouse sections at
P28. For both (c) and (d), the arrows indicate PV cells (red) and their corresponding NRG1/
ErbB4 immunolabeling (green). Scale bar = 100 um. e, A bar graph shows that the average
strength of NRG1 expression in PV cells varies across P17, P28 and P40, and peaks at P28.
The NRGL staining intensity at different age groups was normalized to the staining intensity
of P40 in the staining series. PV cell measurements were obtained from 5 different mice for
each age group. **, p <0.01 (Non-parametric one-way ANOVA Kruskal Wallis test,
followed by Mann-Whitney U tests). f, A bar graph shows the average ErbB4 expression
strength across P14-19, P28 and P40. The ErbB4 staining intensity of PV neurons at
different age groups (n =5, 3 and 3 mice, respectively) was normalized to the staining
intensity of P40 in the staining series. There appears to be a trend for decreased ErbB4
expression in older ages, but does not reach statistical significance (Kruskal Wallis test, p =
0.07). The figure is modified from published data figures in Sun et al. (2016) with
permission from the Cell Press.
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Figure 2. Monocular deprivation rapidly down regulatesNRG1 in PV neurons of visual cortex
during thecritical period and exogenous NRG1 rapidly restores excitatory synaptic input onto
these deprived PV neurons

a—c, Immunochemical analysis of NRG1 signaling. Representative images of NRG1
immunostaining are shown for (a) PV neurons in the PV-Cre; Ai9 mouse at postnatal day 28,
(b) after 1 day of monocular deprivation (1d MD), and (c) after 1d MD with NRG1
injections [3 times (3x) daily, 0.5 pg NRG1 per mouse]. The image panels are contrast
enhanced for the display, but not for quantitative analysis. The arrows indicate tdTomato+
PV cells (red) and their corresponding immunolabel (green). Scale bar = 20 um. d,
Schematic of laser scanning photostimulation (LSPS) mapping of local synaptic connections
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to individually recorded PV neurons in V1 slices. e-f, Acute bath application of NRG1 (5
nM) does not significantly modulate local excitatory synaptic inputs and glutamate mediated
excitability of normal PV neurons in non-deprived binocular V1 of control mice. Group-
averaged, excitatory input maps of L2/3 PV cells (n = 13 cells) are shown for before (e) and
during bath NRGL1 (20 minutes after NRG1 application) (F). White circles represent
individual PV neurons. The color scale (e) codes integrated excitatory input strength (blue =
low, red = high) and applies to all other maps. The spatial scale beneath (e) indicates 200
um. PV neurons in mice with 1-2 days of monocular lid suture show dramatically lower
excitatory synaptic inputs compared to controls (g, n = 10 cells). However, excitatory inputs
to PV neurons in these deprived mice are restored to levels above that of controls by acute
bath application of NRGL1 (h). This restoration is eliminated by washout of bath NRGL1 (i).
J-K, quantitative data summaries. A bar graph in (j) shows that the average NRG1
immunostaining signal in L2/3 PV cells significantly differs following 1 d MD but does not
differ between control and 1 d MD + NRGL1. PV cell measurements in (j) were obtained
from 4-6 different mice for each condition. **, p < 0.01 (Kruskal Wallis test, followed by
Mann-Whitney U tests). On average, 1d MD PV cells express significantly less NRG1
signal (67.9%) relative to normal control; PV cells of 1d MD occluded by NRGL1 injections
express similar levels of NRG1 signal relative to control. k, Summary data of average total
synaptic input strength measured for L2/3 PV neurons under the specified conditions (d—i).
*** pn < 0.001. These data demonstrates how activity-dependent NRG1 signaling and
sensory experience interacts to rapidly shape functional circuit connections in the cortex.
The figure is modified from published data figures in Sun et al. (2016) with permission from
the Cell Press.
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Figure 3. Schematic of our model of ocular dominance plasticity regulation by NRG1/ErbB4

signaling in PV neurons

a, Down-regulation of NRG signaling following monocular deprivation (MD) reduces
excitatory inputs onto PV neurons and subsequent inhibition onto excitatory neurons. The
decrease of cortical inhibition is the necessary first step in ocular dominance plasticity
(ODP) initiation. b, Elevated NRG in the cortex enhances excitatory inputs to PV neurons
during MD, which occludes the MD-induced reduction of cortical inhibition and suppresses
ODP during the normal critical period. While NRG1-ErbB4 signaling is predominant in
juvenile critical period plasticity, other NRGs (particularly NRG3) signaling may also be
implicated in cortical plasticity in adulthood. The schematic is modified from Sun et al.

(2016) with permission from the Cell Press.
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