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Abstract

Neuregulins (NRGs) are protein ligands that impact neural development and circuit function. 

NRGs signal through the ErbB receptor tyrosine kinase family. NRG1/ErbB4 signaling in 

parvalbumin-expressing (PV) inhibitory interneurons is critical for visual cortical plasticity. There 

are multiple types of NRGs and ErbBs that can potentially contribute to visual cortical plasticity at 

different developmental stages. Thus, it is important to understand the normal developmental 

expression profiles of NRGs and ErbBs in specific neuron types in the visual cortex, and to study 

whether and how their expression changes in PV inhibitory neurons and excitatory neurons track 

with sensory perturbation. Cell type specific translating ribosome affinity purification (TRAP) and 

qPCR was used to compare mRNA expression of nrg1,2,3,4 and erbB1,2,3,4 in PV and excitatory 

neurons in visual cortex. We show that the expression of nrg1 and nrg3 decreases in PV neurons at 

the critical period peak, postnatal day 28 (P28) after monocular deprivation and dark rearing, and 

in the adult cortex (at P104) after 2-week long dark exposure. In contrast, nrg1 expression by 

excitatory neurons is unchanged at P28 and P104 following sensory deprivation, whereas nrg3 
expression by excitatory neurons shows changes depending on the age and the mode of sensory 

deprivation. ErbB4 expression in PV neurons remains consistently high and does not appear to 

change in response to sensory deprivation. These data provide new important details of cell type 

specific NRG/ErbB expression in the visual cortex and support that NRG1/ErbB4 signaling is 

implicated in both critical period and adult visual cortical plasticity.

Address all manuscript correspondence to: Dr. Xiangmin Xu, Department of Anatomy and Neurobiology, School of Medicine, 
University of California, Irvine, CA, 92697-1275, Tel: 949.824.0040, xiangmix@uci.edu.
Author contributions: S.F.G., A.M., and G.W. performed experiments. S.F.G., C.L., T.C.H., and X.X. analyzed the data and wrote the 
paper. S.F.G., T.C.H. and X.X. designed the research and wrote the paper.

Data Availability Statement
The data that support the findings of this study are available from the corresponding author upon reasonable request.

Statement of conflict of interests
All authors disclose no conflict of interests for this work.

HHS Public Access
Author manuscript
J Comp Neurol. Author manuscript; available in PMC 2021 February 15.

Published in final edited form as:
J Comp Neurol. 2020 February 15; 528(3): 419–432. doi:10.1002/cne.24762.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Graphical Abstract

There are several neuregulins and ErbBs that may contribute to, visual cortical plasticity during 

the ‘critical period’ or during adulthood. Herein, it is determined that sensory deprivation results in 

downregulation of nrg1 expression in PV, cells and results in changes in nrg3 expression in way 

that depends on the type of deprivation.

Keywords

NRG1; ErbB4; parvalbumin; visual cortex; sensory deprivation; plasticity; RRID:AB_10000345; 
RRID:AB_477652; RRID:AB_634551

1. Introduction

Neural circuit plasticity is a feature of learning, memory and many other cognitive 

processes. During developmental “critical periods”, neural circuitry can be profoundly 

shaped by sensory experience (Hensch, 2005). The critical period for visual cortical 

plasticity is a time restricted developmental window when ocular dominance is highly 

plastic to sensory input (Hubel and Wiesel, 1970). During the critical period in mice (P18-

P32), just brief monocular deprivation can induce ocular dominance plasticity (Gordon and 

Stryker, 1996). Dark rearing animals can prolong the critical period (Fagiolini et al., 1994; 

Hensch, 2004). Further, adult plasticity beyond the critical period in the visual cortex can be 

reactivated by dark exposure (Hensch and Quinlan, 2018). Monocular deprivation, dark 

rearing and dark exposure are robust experimental manipulations that modulate critical 

visual cortical plasticity.
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Neuregulins are a family of EGF domain-containing receptor ligands that are expressed in 

the nervous system, among which Neuregulin1 (NRG1) is best characterized. It was recently 

discovered that NRG1/ErbB4 signaling in PV inhibitory interneurons is critical for the 

initiation of visual cortical plasticity by controlling excitatory synaptic inputs onto PV 

neurons and thus PV cell mediated cortical disinhibition that occurs following visual 

deprivation (Grieco et al., 2019; Gu et al., 2016; Sun et al., 2016). However, there are 

multiple types of NRGs and ErbBs known to be involved in the development and function of 

the nervous system. Some may potentially have differential contributions to visual cortical 

plasticity.

NRG3 is expressed very strongly throughout the cortex during development and adulthood 

(Anton et al., 2004; Bartolini et al., 2017; Li et al., 2012; Longart et al., 2004; Loos et al., 

2014; Rahman et al., 2019; Zhang et al., 1997). Alternatively, NRG2 and NRG4 are present 

in adult cortex, but not at very high levels (Anton et al., 2004; Longart et al., 2004; Paramo 

et al., 2018; Yan et al., 2018). NRG3 is a ligand for ErbB4 but has a lower affinity for ErbB4 

than does NRG1 (Hobbs et al., 2002; Jones et al., 1999; Zhang et al., 1997). Both NRG2 and 

NRG4 are ligands for the ErbB4 receptor, but their relative affinities in vivo are unclear 

(Carraway et al., 1997; Harari et al., 1999). NRG3 is thought to be expressed presynaptically 

from excitatory neuron axons that synapse onto ErbB4 expressing dendrites of PV 

interneurons in order to stabilize the synapse (Bartolini et al., 2017; Muller et al., 2018; 

Rahman et al., 2019; Vullhorst et al., 2017). Supporting this interaction are the findings that 

both NRG3 and ErbB4 mutant mice have increased gamma oscillations (Del Pino et al., 

2013; Muller et al., 2018). NRG2 is thought to accumulate postsynaptically on the proximal 

dendrites of ErbB4 expressing dendrites of PV interneurons to act in an autocrine manner 

(Lee et al., 2015; Vullhorst et al., 2017; Vullhorst et al., 2015). As NRGs have multiple 

sources and express as membrane-bound versus cleaved extracellular pools, it is of interest 

to determine how these different sources regulate visual plasticity.

Therefore, to further understand the implications of NRG/ErbB in visual cortical plasticity, 

we have performed a detailed analysis of nrg1,2,3,4 and erbB1,2,3,4 mRNA expression from 

PV inhibitory neurons and excitatory neurons in the visual cortex at the critical period age 

(P28), younger adult age (P56) and older adult age (P104). Using the translating ribosome 

affinity purification (TRAP) strategy, translating polyribosomes (polysomes) from specific 

cell types are tagged and then captured and used for purification of PV- or Excitatory-

specific mRNAs (Zhou et al., 2013). We cross PV-Cre mice to fsTRAP mice to facilitate PV 

neuron specific mRNA expression analysis, and we cross EMX1-Cre mice to fsTRAP mice 

to facilitate excitatory neuron specific mRNA expression analysis (Gorski et al., 2002; 

Hippenmeyer et al., 2005; Sun et al., 2016). To test the effects of changes in sensory input 

that alter developmental and physiological outcomes during and after the critical period of 

visual cortical plasticity, we compared nrg1,2,3,4 and erbB1,2,3,4 mRNA expression in 

visual cortex in normal versus monocularly deprived mice at P28; normal versus dark reared 

mice at P28; and normal versus dark exposed adult mice at P104. Our data provide new 

important information of the cell specific expression of nrg1,2,3,4 and erbB1,2,3,4 mRNA in 

visual cortex development and their functional relevance to the regulation of critical period 

and adult cortical plasticity.
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2. Materials and Methods

Animals

All experimental procedures and protocols were approved by the Institutional Animal Care 

and Use Committee of the University of California, Irvine. To enable PV-specific labeling 

and mRNA expression analysis, PV-ires-Cre mice (Jackson Laboratory, stock #017320) 

were crossed to fsTRAP mice (Zhou et al., 2013)(Jackson Laboratory, stock #022367) to 

generate PV-Cre+/−; fsTRAP mice, in which translating polyribosomes of PV cells are 

tagged with EGFP from the GFP-L10 transgene. To enable excitatory neuron labeling and 

mRNA expression analysis, Emx1-Cre mice (Jackson Laboratory, stock #005628) were 

crossed to fsTRAP mice to generate Emx1-Cre+/−; fsTRAP mice. EMX1 is predominantly 

expressed in cortical excitatory neurons with some expression in glial cells (Gorski et al., 

2002). For all experiments mice were hemizygous for both transgenes. The animals (2–5 

mice per cage) were housed in a vivarium room with a 12-h light/dark cycle (except for 

sensory deprivation experiments) with access to food and water ad libitum.

Mice were randomly assigned to either control or sensory deprivation groups. For monocular 

deprivation (MD) experiments (Kuhlman et al., 2013; Sun et al., 2016), at P27 one eye was 

sutured shut. One day later at P28, the contralateral V1 was harvested for mRNA extraction. 

For dark experiments sensory deprivation was performed in a vivarium room on a 24-h dark 

cycle within which mice were kept in a light-tight (0 Lux) ventilated box. For the dark 

rearing experiments, at P5 mice either continued developing under normal 12-h light/dark 

cycle conditions, or were housed in complete darkness until P28 (Gianfranceschi et al., 

2003; Iwai et al., 2003). At P28 control and dark reared mice were sacrificed and V1 tissue 

was harvested for mRNA extraction. For dark exposure experiments, at P90 mice either 

continued aging under normal 12-h light/dark cycle conditions, or were housed in complete 

darkness until P104 (Erchova et al., 2017; Murase et al., 2017; Stodieck et al., 2014). At 

P104 control and dark exposed mice were sacrificed and V1 tissue was harvested for mRNA 

extraction. For PV-Cre; fsTRAP experiments, both cortices (V1) (except for MD 

experiments where only contralateral V1 was harvested from 10 miced to generate an n=1) 

from 5 mice were pooled together to generate each sample before mRNA extraction. For 

Emx1-Cre; fsTRAP experiments both cortices (V1) (except for MD experiments where only 

contralateral V1 was harvested) from 2 mice were pooled for each sample before mRNA 

extraction. ~350 fsTRAP mice were used to complete these studies.

Immunohistochemistry

For immunochemical staining experiments, animals were first deeply anesthetized with 

Uthasol (sodium pentobarbital, 100 mg/kg, i.p.) and were then perfused transcardially with 

5mL of 1X phosphate buffered saline (PBS, pH 7.3–7.4), followed by 20 mL 1X PBS 

containing 4% paraformaldehyde (PFA) and phosphatase inhibitor (PhosSTOP, 1 tablet for 

20 ml, Roche, Switzerland). Brains were removed and maintained in 4% PFA for 24 hours, 

and then transferred to 30% sucrose in 1X PBS for 24 hours. Then, using a freezing 

microtome (Leica SM2010R, Germany), coronal sections of the brain were taken at a 30 uM 

thickness. Mouse V1 coronal sections from bregma −3.40 to −3.80 mm were used for 

immunohistochemical staining and analysis.
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Free floating sections were rinsed 5 times with 1X PBS, and incubated in a blocking 

solution for 1 hour at room temperature on a shaker. The blocking solution contained 5% 

normal donkey serum and 0.25% Triton X in 1X PBS. Sections were then incubated with the 

primary antibody diluted in blocking solution for 36 hours at 4 °C (Sun et al., 2016; Xu et 

al., 2010). After incubation with the primary antibody, brain sections were rinsed thoroughly 

with 1X PBS, and then incubated with the secondary antibody diluted in blocking solution 

for 2 hours at room temperature. After the secondary antibody was rinsed off, sections were 

counterstained with 10 µM 4’−6-diamidino-2- phenylindole (DAPI; Sigma-Aldrich, St. 

Louis, MO) for 5 minutes to help distinguish cortical laminar structure and neuronal nuclei. 

Lastly, sections were rinsed and then mounted on microscope slides. Sections were cover-

slipped with Vectashield mounting medium (H-1000, Vector, Burlingame, CA). To identify 

PV positive neurons in PV-Cre; fsTRAP mice, the primary goat anti-PV antibody (PVG-213, 

Swant, Switzerland; RRID:AB_10000345; 1:1000) and a Cy3-conjugated donkey anti-goat 

antibody (Jackson ImmunoResearch, 1:200) were used. To identify GABA positive neurons 

in Emx1-Cre; fsTRAP mice, the primary rabbit anti-GABA antibody (A2052, 

SigmaAldrich; RRID:AB_477652; 1:1000) and a Cy3-conjugated donkey anti-rabbit 

antibody (Jackson ImmunoResearch, 1:200) were used. To identify CamkIIa positive 

neurons in Emx1-Cre; fsTRAP mice, the primary rabbit anti-CamkIIa antibody (sc-9035, 

Santa Cruz; RRID:AB_634551; 1:1000) and a Cy3-conjugated donkey anti-rabbit antibody 

(Jackson ImmunoResearch, 1:200) were used.

Immunostained sections were examined, and 10X and 40X image stacks were acquired 

using a confocal microscope (LSM 780, Carl Zeiss Microscopy,Germany). Image tiles, 

overlaying, maximum projections, and subset z-stack selections were performed using the 

Zeiss image processing software. For fluorescent imaging, all sections of a staining series 

were acquired using the same settings (laser power, pinhole size, line scans), and data 

images were digitally processed identically.

Translating Ribosome Affinity Purification (TRAP)

Purification of polysomally bound mRNA from visual cortical lysate was performed as 

described with modifications (Zhou et al., 2013). Briefly, visual cortex was dissected in ice-

cold ACSF (in mM: 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 

and 10 glucose). Pooled visual cortex from two to five mice was grinded to powder on dry 

ice, followed with sonication for 5 seconds in ice-cold lysis buffer [20 mM HEPES (pH 7.4), 

150 mM KCl, 5 mM MgCl2, 0.5 mM dithiothreitol, 100 μg/ml cycloheximide (Sigma-

Aldrich), protease inhibitors (Roche) and 40 U/mL recombinant RNase inhibitor (Promega, 

Madison, WI)]. Homogenates were centrifuged for 10 minutes at 2,000x g, 4 °C, to pellet 

nuclei and large cell debris, and NP40 (Invitrogen, Carlsbad, CA) and DHPC (Avanti Polar 

Lipids, Alabaster, Alabama) were added to the supernatant at final concentrations of 1% 

(vol/vol) and 30 mM, respectively. After incubation on ice for 5 minutes, the lysate was 

centrifuged for 10 minutes at 20,000x g to pellet insoluble material. Two mouse monoclonal 

anti-GFP antibodies, Htz-GFP19C8 and Htz-GFP19F7 (50 μg each, Memorial Sloan-

Kettering Monoclonal Antibody Facility, New York, NY) were added to bind to 375 μL 

protein G Dynal magnetic beads (Invitrogen). Alternatively, 300 μL of the streptavidin 

Myone T1 dynabeads were binding to 120 μL 1 μg/μL biotinylated protein L first, then 
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followed with two mouse monoclonal anti-GFP antibodies incubation. After being washed 

twice with the polysome extraction buffer, the beads were then added to the cell lysate 

supernatant, and the mixture was incubated at 4 °C with end over end rotation for 30 

minutes. The beads were subsequently collected on a magnetic rack and washed four times 

with high salt polysome wash buffer [20 mM HEPES (pH 7.4), 350 mM KCl, 5 mM MgCl2, 

1% NP-40, 0.5 mM dithiothreitol and 100 μg/mL cycloheximide]. RNA was eluted from the 

beads by incubating beads in RLT buffer (Rneasy Micro Kit, Qiagen, Venlo, Netherlands) 

with β-mercaptoethanol (10 μL/mL) for 5 minutes at room temperature. Eluted RNA was 

purified using RNeasy Micro Kit (Qiagen) per the manufacturer’s instructions including in-

column DNase digestion. Immunoprecipitated RNA yield for each sample was 

approximately 20 ng/μL.

Quantitative Real-Time Polymerse Chain Reaction (qPCR)

Purified RNA (30ng) was converted to cDNA using Superscript® III reverse transcriptase 

(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s 

instructions. Quantitative changes in cDNA levels were determined by real-time PCR using 

the Power SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), using 

primers at a concentration of 500nM. Primers were for mouse nrg1–4, erbB1–4, and for the 

endogenous control gapdh. PCR was carried out for 2 min 50 °C, 5 min 95 °C, 40 cycles (15 

seconds for 95°C, 30 seconds for 50°C), followed by a melt curve. Technical triplicates were 

used. All results were analyzed using the ddCt method with gapdh as an endogenous control, 

along with normalization to PV P28 nrg1 expression, as indicated by a horizontal mark y-

axis, so that all panels (b, c, d and e) within each figure could be compared (Livak and 

Schmittgen, 2001). Cycling and quantitation were performed on a ViiA™ 7 Real-Time PCR 

System instrument (Thermo Fisher Scientific, Waltham, MA, USA) using the ViiA 7 

software v1.2. The following primers were used: NRG1-F 

GCAAGTGCCCAAATGAGTTTAC; NRG1-R GCTCCTCCGCTTCCATAAAT; NRG2-F 

GAGAGGTGGGTGAGAAGCAG; NRG2-R CGAATATCACGACTCCGGTT; NRG3-F 

GCATCCAGCACAAAGTCTGA; NRG3-R GTGCTTGATAGGCTGGCTTC; NRG4-F 

CAGACCAAGAGTCCAGCACA; NRG4-R AATACCAGTTTCCGCACAGG; ErbB1-F 

GCTGGTGTTGCTGACCGCG; ErbB1-R GGGTGAGCCTGTTACTTGTGCC; ErbB2-F 

GCAAGCACTGTCTGCCATGC; ErbB2-R GGGCACAAGCCTCACACTGG; ErbB3-F 

CGAGATGGGCAACTCTCAGGC; ErbB3-R AGGTTACCCATGACCACCTCACAC; 

ErbB4-F CATGGCCTTCCAACATGACTCTGG; ErbB4-R 

GGCAGTGATTTTCTGTGGGTCCC; GAPDH-F TGCCAACATCACCATTGTTGA; 

GAPDH-R TGCCAACATCACCATTGTTGA.

Statistical Analysis

All data are reported as mean ± SEM. When comparing two independent groups, normally 

distributed data were analyzed using a Student’s t test. In the case data were not normally 

distributed, a Mann-Whitney U test was used. In the case more than two groups were 

compared and data were normally distributed, an ANOVA was performed and followed by 

post hoc comparisons when justified. In other cases, a non-parametric one-way ANOVA 

Kruskal Wallis test was used and followed by comparisons with Mann-Whitney U tests. A p 

value (%0.05) was considered statistically significant.
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For TRAP experiments sample size n was defined as n=1 for PV-Cre; fsTRAP when both 

V1 cortices from 5 animals were pooled. For Emx1-Cre; fsTRAP an n=1 was defined as 

both V1 cortices from 2 animals pooled together. In the case of quantitative 

immunochemical analysis ‘n’ was defined as cell or group number.

Results

Characterization of PV-Cre; fsTRAP and Emx1-Cre; fsTRAP Mice

In order to determine how the expression of nrg1,2,3,4 and erbB1,2,3,4 mRNA by PV or 

excitatory cells is modulated following visual deprivation, we determined their gene 

expression in a cell specific manner using the translating ribosome affinity purification 

(TRAP) strategy (Zhou et al., 2013). fsTRAP mice were crossed with mice that either 

express Cre recombinase with PV inhibitory cell specificity (PV-Cre; fsTRAP, 

(Hippenmeyer et al., 2005), or with excitatory neuron cell specificity (Emx1-Cre; fsTRAP, 

(Gorski et al., 2002). This strategy allows for the isolation of cell specific mRNAs bound to 

translating ribosomes tagged with EGFP (Figure 1a). In PV-Cre; fsTRAP mice, the fsTRAP-

EGFP transgene is expressed in a PV cell specific manner at P28 (Figure 1b). Nearly all 

genetically labeled PV cells are strongly immunopositive for PV, reciprocally, no PV 

immunopositive cells lack genetic labeling (Figure 1c,f,g). In Emx1-Cre; fsTRAP mice, the 

fsTRAP-EGFP transgene expression is excluded from inhibitory neurons, and colocalized 

with excitatory neurons, as nearly none of the genetically labeled Emx1+ cells are 

immunopositive for GABA at P28 (Figure 1d,f,h), and almost all are immunopositive for 

CamkIIa (Figure 1e,f,i). Therefore, the PV-Cre; fsTRAP and Emx1-Cre; fsTRAP mice were 

used for subsequent experimentation.

Normal NRG and ErbB Expression in PV Inhibitory Interneurons and Excitatory Neurons 
through the Critical Period and into Adulthood

Although NRG1/ErbB4 has been implicated in visual cortical plasticity, NRG/ErbB 

signaling has significant crosstalk (Mei and Nave, 2014). To map temporal expression of this 

signaling family, we measured the expression of nrg1,2,3,4 and erbB1,2,3,4 mRNA by PV or 

excitatory cells in visual cortex using qPCR during the critical period and into adulthood 

(Figure 2a). Results are relative to P28 PV cell specific nrg1 expression for each Figure, as 

indicated by a horizontal tick mark on the y-axis, allowing for comparisons between panels 

within each Figure. For example expression levels in Figure 2b,c,d and e can be compared.

We find that nrg1 expression in PV interneurons decreases after peak expression during the 

critical period from P28 to P104 (Figure 2b). Between p28 to p56, nrg1 shows a 76% 

reduction in expression, and between P28 to P104, it remains lower at a 56% reduction in 

expression (Figure 2b). In contrast, nrg3 expression by PV interneurons increases 

significantly by 109% from P28 to P104, and by this assay appears to show higher 

expression than nrg1 (Figure 2b). NRG3 also signals through the ErbB4 receptor, but the 

nature of this adult NRG3/ErbB4 signaling is not well understood, and NRG3 has a much 

lower affinity for ErbB4 than NRG1 (Hobbs et al., 2002; Jones et al., 1999; Zhang et al., 

1997), which could differentially influence signaling. NRG3 has been reported to be 

expressed by inhibitory and PV interneurons (Muller et al., 2018; Rahman et al., 2019). 
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Neither nrg2 nor nrg4 expression by PV cells is strong, and do not change between P28 to 

P104 (Figure 2b).

While PV interneurons in the visual cortex express ErbB4 at high levels (Grieco et al., 2019; 

Gu et al., 2016; Sun et al., 2016), expression of the other ErbBs should be examined also. To 

test if ErbB4 forms heterodimers with other ErbBs allowing for NRG signaling (Mei and 

Nave, 2014) in PV neurons, the expression of four erbB family members were measured at 

P28, P56 and P104. PV cells express erbB4 at very high levels compared to excitatory 

neurons, as described in previous reports, and thus validated the specificity of fsTRAP 

expression. erbB4 is expressed at levels ~50 fold higher than the other ErbBs in PV or 

excitatory neurons (Figure 2c,e). Note that some expression of erbBs (in particular erbB4) in 

Emx1-Cre; fsTRAP may result from Emx1-expressing glial cells as Emx1-lineage cells 

contain cortical excitatory neurons and some glia (but not GABAergic neurons) (Gorski et 

al., 2002).

Although NRG1 immunoreactivity in visual cortex is detected in excitatory cells in the 

mouse visual cortex, it is still unclear whether excitatory neurons express other NRGs, since 

they are transmembrane proteins that are cleaved prior to extracellular binding of ErbBs, and 

are thus capable of diffusion post cleavage (Mei and Nave, 2014; Vullhorst et al., 2017). We 

measured age-dependent nrg1,2,3,4 mRNA expression by qPCR in excitatory neurons. The 

expression of nrg3 increases by 72% in excitatory neurons from P28 to P104, similar to the 

age-dependent increase in nrg3 expression in PV neurons, and nrg3 is expressed at higher 

levels than the other NRGs in excitatory neurons (Figure 2d). In contrast, no significant 

changes with age are observed for nrg1,2 or 4 (Figure 2d), which suggests potential adult 

specific roles for NRG3.

Since NRGs signal through the ErbBs, we determined age-dependent erbB1,2,3,4 mRNA 

expression in excitatory neurons. Both erbB1 and erbB3 expression, show significant age-

related reductions in excitatory neurons (Figure 2e). The expression of erbB1 is reduced by 

74% between P28 to P104 (Figure 2e). The expression of erbB3 shows monotonic age-

related reduction, with expression reduced by 69% between P28 to P56 and by 89% between 

P28 to P104. The expression of erbB2 and erbB4 remain relatively low and unchanged with 

age (Figure 2e). Of the ErbBs, both ErbB3 and ErbB4 bind the NRGs as homodimers, but 

ErbB1 and ErbB2 can also form heterodimers with ErbB3 or ErbB4 (Riese et al., 1995). 

ErbB2 functions mainly as a heterodimer forming partner for the other ErbBs (Graus-Porta 

et al., 1997). Expression of all the ErbBs has been reported in the cortex through 

development and into adulthood, and there is some evidence supporting that ErbB1 and 

ErbB3 levels may drop in adulthood (Fox and Kornblum, 2005). These findings reveal the 

cell specific regulation of nrg1,2,3,4, particularly nrg1 and nrg3, and erbB expression, in 

visual cortex during development and into adulthood (Figure 2, Table 1a,b,c).

NRG and ErbB Expression by PV and Excitatory Neurons after Monocular Deprivation 
during the Developmental Critical Period

Considering the possibility that NRG/ErbB signaling may exhibit cell specific plastic 

changes in expression following sensory deprivation, we measured the expression of 

nrg1,2,3,4 and erbB1,2,3,4 mRNA by qPCR during the critical period in PV and excitatory 
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neurons in contralateral visual cortex after 1 day of monocular deprivation (MD)(Figure 3a). 

Brief MD during the critical period can induce aspects of visual cortical plasticity (Espinosa 

and Stryker, 2012). In fact, MD for only 1 day can significantly reduce the activity of PV 

interneurons, and reduce PV NRG1/ErbB4 signaling (Kuhlman et al., 2013; Sun et al., 

2016). For controls, we compared expression from the left cortices (right eyes were sutured 

in the MD group) of age-matched non-deprived animals co-processed at the same times 

(Figure 3a).

Nrg1 expression in PV visual cortical neurons drops significantly by 54% after monocular 

deprivation for 1 day (P27-P28) relative to non-deprived animals (Figure 3b). These results 

are in qualitative agreement with earlier findings of reduced nrg1 expression by PV cells 

after monocular deprivation (Sun et al., 2016). Strikingly, there is also an acute 65% 

reduction in nrg3 expression in PV cells immediately following monocular deprivation 

(Figure 3b). The expression of erbB1,2,3 are significantly upregulated in PV neurons after 

monocular deprivation, although they express at very low levels compared to erbB4, which 

remains stable and unchanged following monocular deprivation (Figure 3c).

In excitatory cells, monocular deprivation also decreases nrg3 expression significantly by 

45% compared to normal animals (Figure 3d). In contrast, no other changes in expression of 

the other nrgs or erbBs are observed in excitatory neurons following acute monocular 

deprivation (Figure 3d–e).

NRG and ErbB Expression by PV and Excitatory Neurons after Dark Rearing during the 
Developmental Critical Period

Deprivation of visual sensory experience by dark rearing (DR) animals can postpone closure 

of the critical period (Fagiolini et al., 1994; Gianfranceschi et al., 2003; Hensch, 2004; Iwai 

et al., 2003). To test changes in the expression of nrg1,2,3,4 and erbB1,2,3,4 mRNA 

associated with critical period regulation and potential plasticity evoked by dark rearing, we 

measured expression of these genes in PV versus excitatory neurons in visual cortex using 

qPCR following normal versus dark rearing in critical period aged animals at P28 (Figure 

4a).

After dark rearing animals to an age (P28), an age that approaches the closure of the critical 

period (~P32), nrg1 expression by PV cells in visual cortex drops significantly by 83% 

(Figure 4b) in dark reared mice compared to normally reared mice. Peak expression of 

NRG1 on PV cells was previously found to occur at ~P28 after normal rearing – this peak 

appears to signal the onset of the critical period closure (Sun et al., 2016). Thus, decreased 

nrg1 expression after dark rearing may functionally reflect a delay of the critical period 

closure that extends visual cortical plasticity to later ages. Dark rearing also evokes a 35% 

reduction in nrg3 expression in PV neurons (Figure 4b). In contrast to dark rearing evoked 

changes in nrg1 and nrg3 mRNAs, there are no other significant changes for any of the other 

nrgs or erbBs mRNAs for PV or excitatory cells after dark rearing (Figure 4b–e). nrg2 and 

nrg4 mRNA expression in PV neurons remain low following either normal or dark rearing 

(Figure 4b); and erbB1,2,3 expression in PV neurons remain low following either normal or 

dark rearing (Figure 4c). erbB4 mRNA expression in PV neurons remains consistently high 

following either normal or dark rearing (Figure 4c). The reduction in nrg1 and nrg3 
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expression by PV cells after dark rearing may represent the early critical period conditions 

when NRG1 levels are still low, before approaching the closure of the critical period for 

visual cortical plasticity (Grieco et al., 2019; Sun et al., 2016).

NRG and ErbB Expression by PV and Excitatory Neurons after Dark Exposure during 
Adulthood

As noted above, although the critical period is normally confined to postnatal development, 

dark exposure during adulthood can reset aspects of adult visual cortex to what is observed 

with juveniles during the critical period (He et al., 2007; Hensch and Quinlan, 2018). To test 

changes in the expression of nrg1,2,3,4 and erbB1,2,3,4 mRNA in response to dark 

exposure, we measured mRNA expression of these genes using qPCR after 2 weeks of dark 

exposure in adult animals in PV versus excitatory cells in visual cortex (Figure 5a)(Erchova 

et al., 2017; Murase et al., 2017; Stodieck et al., 2014). After dark exposing adult animals 

for 2 weeks (P90-P104), nrg1 mRNA expression from visual cortical PV neurons drops 

significantly by 63% in dark exposed animals compared to normal animals (Figure 5b). This 

suggests that adult dark exposures can evoke PV neuron nrg1 mRNA expression changes 

similar to juvenile visual cortex during deprivation induced ocular dominance plasticity 

during the critical period.

Nrg3 mRNA expression by PV cells in visual cortex is significantly reduced by 53% 

following adult dark exposure compared to normal animals (Figure 5b). In contrast, adult 

dark exposures significantly increases nrg3 mRNA expression in excitatory cells by 65% 

compared to normal animals (Figure 5d). No other adult dark exposure changes in mRNA 

expression of the other nrgs or erbBs are observed in either PV or excitatory neurons (Figure 

5b–e).

Discussion

Although we and others found that NRG1/ErbB4 signaling by PV interneurons regulates 

visual cortical ocular dominance plasticity (Grieco et al., 2019; Gu et al., 2016; Sun et al., 

2016), the present work addresses outstanding questions about the details of NRG1/ErbB4 

signaling by PV interneurons and excitatory neurons and their involvement in critical period 

and adult cortical plasticity (Figure 6a–b). Since NRG1 immunoreactivity on PV and 

excitatory neurons drops significantly following the critical period, and ErbB4 expression by 

PV neurons remains high into adulthood, it is unclear what ErbB4 ligand is functionally 

important for adult plasticity. We find that although nrg1 mRNA expression normally drops 

after the critical period in PV cells but not excitatory neurons, nrg1 mRNA expression still 

retains the dynamic capacity to be downregulated in PV neurons with adult sensory 

manipulations (dark exposure) that induce adult cortical plasticity (Figure 6c–e). This 

suggests that NRG1 may have the potential to act via PV ErbB4 in regulating visual cortical 

plasticity during adulthood.

The cellular source of functional NRG1 is still unclear. Since NRG1 is cleaved 

extracellularly, allowing for its release and diffusion in the extracellular space, localizing 

NRG1’s cellular source using immunochemical methods is difficult (Vullhorst et al., 2017). 

Using immunostaining, Sun et al., 2016 determined that NRG1 immunoreactivity is present 
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at roughly equal levels in PV interneurons and excitatory neurons. Using the TRAP 

technique, nrg1 mRNA is more abundant in PV cells than excitatory neurons. With 

monocular deprivation during the critical period, NRG1 immunoreactivity in PV neurons 

decreases but remains unchanged in excitatory neurons. Consistently, nrg1 mRNA decreases 

in PV neurons after monocular deprivation, but nrg1 mRNA changes in excitatory neurons 

was not reported (Sun et al., 2016). In the present study, we determined that during the 

critical period, monocular deprivation evokes decreased nrg1 mRNA expression in PV but 

not in excitatory neurons. In addition, sensory deprivation during the critical period by dark 

rearing mice also reduces nrg1 mRNA expression in PV cells but not in excitatory neurons. 

Therefore, changes in NRG1 immunoreactivity in PV neurons evoked by sensory 

deprivation are likely consistent with reductions in PV neuron nrg1 mRNA expression. 

These findings provide support for the hypothesis that NRG1/ErbB4 signaling in PV 

interneurons is regulated in an autocrine fashion and is modulated by sensory input.

One intriguing question raised by these findings are the results that both during the critical 

period and adulthood, sensory deprivation induces reductions in nrg1 expression by PV 

neurons (Figure 6c–e). The timing of nrg1 expression downregulation by PV neurons 

coinciding with ages past the normal timing of the closing of the visual critical period is also 

very interesting. These observations support two levels of control of a single mechanism. 

One potential explanation is that with changes in visual cortical activity during sensory 

deprivation, PV nrg1 expression is reduced in a joint activity-dependent and cell-

autonomous feedback mechanism (Eilam et al., 1998; Ozaki et al., 2004). On a larger scale, 

the PV nrg1 expression apex during the critical period and subsequent reduction is also 

supported by a joint activity-dependent and cell-autonomous feedback mechanism. 

Increased PV nrg1 expression may be driven by activity in the visual cortex during synaptic 

competition in the critical period. After cortical inhibition is established with the closure of 

the critical period PV nrg1 expression may then decrease, similar to the response to sensory 

deprivation. Since PV nrg1 expression after the critical period is reduced, this suggests that 

post-critical period activity changes in the circuits surrounding PV neurons trigger PV nrg1 
baseline expression to move to a new reduced level (Figure 6e). The maturation of visual 

ocular dominance may itself be the trigger for the developmental decrease in nrg1 as 

changes in excitatory-inhibitory balance influence NRG1’s optimum levels (Agarwal et al., 

2014).

NRG3 is a paralog of NRG1 and binds ErbB4 (Zhang et al., 1997). However, NRG3 has a 

lower affinity for ErbB4 than does NRG1 (Hobbs et al., 2002; Jones et al., 1999). 

Importantly, expression of nrg1 and nrg3 diverge with aging. While nrg1 expression 

decreases with age, nrg3 expression increases after the critical period (Figure 6e). NRG3 

interacts with the ErbB4 receptor by juxtacrine signaling from excitatory neuron axons 

(Vullhorst et al., 2017). Therefore, nrg3 expression from excitatory neurons may 

functionally complement reductions in NRG1 signaling, by maintaining excitatory inputs to 

PV neurons, as animals age past the critical period. The situation is complicated by variable 

changes in nrg3 expression patterns from excitatory neurons that depend on what type of 

sensory deprivation is experienced. Whereas nrg1 expression from PV neurons is 

consistently reduced with deprivation, nrg3 expression changes with excitatory neurons, 

depends heavily on the type of sensory deprivation (Figure 6c–e) However, unlike nrg1 and 
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nrg3 expression, neither nrg2 nor nrg4 expression are modulated with age and or by juvenile 

or adult sensory deprivation. While this does not exclude them from potential roles in 

sensory cortical development or plasticity, their relative lack of change suggests that they 

have lesser priority for future investigations.

Though nrg1 and nrg3 expression is heavily modulated with age and sensory deprivation, the 

expression of their receptor, erbB4, is unchanged. In the brain, ErbB4 is the most abundant 

of all ErbBs, and represents the major receptor for NRGs (Bernstein et al., 2006; Fox and 

Kornblum, 2005; Gerecke et al., 2001; Neddens and Buonanno, 2011; Steiner et al., 1999). 

ErbB4 is primarily expressed by PV interneurons at their dendrites (Chen et al., 2010; 

Fazzari et al., 2010; Lu et al., 2014; Neddens and Buonanno, 2010; Tan et al., 2011; 

Vullhorst et al., 2009; Wen et al., 2010; Yau et al., 2003). Robust erbB4 expression by PV 

cells across different ages and sensory manipulations suggests, 1) maintaining ErbB4 

signaling is important for PV neurons, and 2) the modulation of ErbB4 signaling is mostly 

done at the level of the ligand (Figure 6 c–d). In addition, since erbB4 expression in PV 

neurons is very high compared to erbB1–3 expression, it is likely that ErbB4 signaling by 

PV interneurons is mostly done through ErbB4 homodimer binding of ligands. The 

expression of erbB1 and erbB3 do show age related developmental decreases in excitatory 

neurons, making them potential candidates for further physiological investigation.

nrg1 expression by PV interneurons is reduced by visual deprivation, either during or after 

the critical period. This response may function to weaken excitatory inputs to PV inhibitory 

interneurons, thus increasing visual cortical responsiveness to stimulate cortical plasticity 

(Figure 6b). However, after the closure of the visual critical period, nrg1 expression by PV 

interneurons is reduced, suggesting that this visual cortical niche of PV cells under normal 

sensory conditions changes. Interestingly, after the critical period, nrg3 expression increases 

in excitatory neurons. Since NRG3 can signal through ErbB4 by juxtacrine interactions 

(Figure 6 c–d), and is likely the most abundant NRG in visual cortex, increases in nrg3 
expression by excitatory neurons could drive reductions in PV nrg1 expression. However, 

the functional role of PV expressed NRG3 is unclear, thus it is not included in the model 

proposed in Figure 6. Given the potential interplay/cooperation of NRG1 and NRG3 in 

controlling visual cortex development and plasticity, future studies will need to address this 

relationship, potentially by using cell type specific NRG1 or NRG3 overexpression or 

ablation. These findings could elucidate the underlying causal relationship between NRG1 

and NRG3 cell type specific expression, and the mechanisms differentiating critical period 

versus adult visual cortical plasticity.
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Figure 1. Characterization of PV and Excitatory Neuron Cell Specific fsTRAP Mice
(a) Schematic of the translating ribosome affinity purification (TRAP) strategy (Zhou et al., 

2013). Using PV-Cre; fsTRAP or Emx1-Cre; fsTRAP mice, translating polyribosomes 

(polysomes) from PV or Excitatory neurons (green cells) are EGFP tagged by the EGFP-

L10a transgene. Lysis of all cells in the PV-Cre; fsTRAP or Emx1-Cre; fsTRAP cortex 

releases both tagged and non-tagged polysomes. Only the tagged polysomes are captured on 

an anti-EGFP affinity matrix and used for purification of PV or Excitatory specific mRNAs. 

(b) PV and excitatory neurons are harvested from the visual cortices of PV-Cre; fsTRAP or 

Emx1-Cre; fsTRAP mice at P28. (c) Representative confocal images of genetically labeled 

PV cells (green), PV immunolabeling (red) and their overlay in layer I-VI of mouse V1 PV-

Cre; fsTRAP mice; Scale bar = 100 µm. The white box indicates the region of V1 digitally 

magnified; Scale bar = 25 µm. Nearly all genetically labeled PV cells are strongly 

immunopositive for PV. (d) Representative confocal images of genetically labeled excitatory 
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cells (green), GABA immunolabeling (red) and their overlay in layer I-VI of mouse V1 in 

Emx1-Cre; fsTRAP mice; Scale bar = 100 µm. The white boxes indicate the region of V1 

digitally magnified; Scale bar = 25 µm. Arrowheads indicate GABA immunopositive cells. 

Nearly all genetically labeled excitatory cells were immunonegative for GABA. (e) 

Representative confocal images of genetically labeled excitatory cells (green) and CamkIIa 

immunolabeling (red) from layer II-III of mouse V1 in Emx1-Cre; fsTRAP mice; Scale bar 

= 25 µm. Nearly all CamkIIa immunonegative cells were also fsTRAP-EGFP negative 

(arrowheads). (f) Summary of the quantification of genetic and immunolabeling co-

localization. (g) All immunopositive PV expressing cells were genetically labeled PV cells 

across all cortical layers in mouse V1. Overall, there was a trend that 94% ± 3% (mean ± 

SEM)(not significantly decreased) of all PV-Cre; fsTRAP cells across all the cortical layers 

are immunopositive for PV. A potential reason is lower detection sensitivity of antibody 

staining compared with genetic fsTRAP reporter. Another explanation is related to our 

quantification of robustly stained PV neurons. The quantification is based on the counts of 

373 genetically labeled PV cells pooled from 2 sections of 4 different mice. (h) Overall, 1% 

± .06% (mean ± SEM) of all Emx1-Cre; fsTRAP cells across all the cortical layers are 

immunopositive for GABA. The quantification is based on the counts of 3134 genetically 

labeled excitatory cells and 505 GABA+ cells pooled from 2 sections of 4 different mice. (I) 

Overall, there was a trend that 95% ± 2% (mean ± SEM)(not significantly reduced) of all 

Emx1-Cre; fsTRAP cells across all the cortical layers are immunopositive for CamkIIa. The 

quantification is based on the counts of 2458 genetically labeled excitatory cells pooled from 

2 sections of 3 different mice. In (f-i), data represent means ± SEM.
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Figure 2. NRG and ErbB Expression by PV and Excitatory Neurons through the Critical Period 
and into Adulthood
(a) Schematic of the experimental timeline for harvesting visual cortices from PV-Cre; 

fsTRAP and Emx1-Cre; fsTRAP mice. Mice used for analysis were sacrificed during the 

critical period at P28, during young adulthood at P56, and during adulthood at P104. (b) PV 

cell specific (PV-Cre; fsTRAP) mRNA expression levels of nrg1,2,3,4 mRNA from visual 

cortices of P28, P56 and P104 mice (n=5–10; (p28)=10, (p56)=5, (p104)=7; n=1 is 5 mice 

for PV cell specific data; (b-c) represents 25–50 mice per age group). (c) PV cell specific 

mRNA expression levels of erbB1,2,3,4 from visual cortices of P28, P56 and P104 mice 

(n=5–10; (p28)=10, (p56)=5, (p104)=7). (d) Excitatory cell specific (Emx1-Cre; fsTRAP) 

mRNA expression levels of nrg1,2,3,4 mRNA from visual cortices of P28, P56 and P104 

mice (n=5–10; (p28)=10, (p56=6), (p104)=5; n=1 is 2 mice for excitatory cell specific data; 

(d-e) represents 10–20 mice per age group). (e) Excitatory cell specific mRNA expression 

levels of erbB1,2,3,4 mRNA from visual cortices of P28, P56 and P104 mice (n=5–10; 

(p28)=10, (p56)=6, (p104)=5). Closed bars=PV cells; Open bars=excitatory cells; all results 

are analyzed using the ddCt method with gapdh as an endogenous control, along with 

normalization to PV P28 nrg1 expression, as indicated by a horizontal mark on the y-axis, so 

that all panels (b, c, d and e) within this figure can be compared. Data represent means ± 

SEM, *p<0.05. For a summary of statistically significant comparisons see Table 1 (a,b,c).
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Figure 3. NRG and ErbB Expression by PV and Excitatory Neurons after Monocular 
Deprivation during the Developmental Critical Period
(a) Schematic of the experimental timeline for monocular deprivation in PV-Cre; fsTRAP 

and Emx1-Cre; fsTRAP mice and harvesting contralateral visual cortex. Littermates were 

either reared under normal lighting conditions until P28 or monocularly deprived from P27 

to P28. (b) PV cell specific mRNA expression levels of nrg1,2,3,4 from visual cortices of 

P28 mice either without deprivation (ND) or after monocular deprivation (MD)(n=5–6; 

ND=6, MD=5; n=1 is 10 mice for PV cell specific data; (b-c) represents 50–60 mice per 

group). (c) PV cell specific mRNA expression levels of erbB1,2,3,4 mRNA from visual 

cortices of P28 mice either without deprivation or after monocular deprivation (n=5–6; 

ND=6, MD=5). (d) Excitatory cell specific mRNA expression levels of nrg1,2,3,4 mRNA 

from visual cortices of P28 mice either without deprivation or after monocular deprivation 

(n=5–6; ND=5, MD=6; n=1 is 4 mice for excitatory cell specific data; (d-e) represents 20–24 

mice per group). (e) Excitatory cell specific mRNA expression levels of erbB1,2,3,4 mRNA 
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from visual cortices of P28 mice either without deprivation or after monocular deprivation 

(n=5–6; ND=5, MD=6). Closed bars=PV cells; Open bars=excitatory cells; all results are 

analyzed using the ddCt method with gapdh as an endogenous control, along with 

normalization to PV P28 nrg1 expression, as indicated by a horizontal mark on the yaxis, so 

that all panels (b, c, d and e) within this figure can be compared. Data represent means ± 

SEM, *p<0.05.
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Figure 4. NRG and ErbB Expression by PV and Excitatory Neurons after Dark Rearing during 
the Developmental Critical Period
(a) Schematic of the experimental timeline for dark rearing PV-Cre; fsTRAP and Emx1-Cre; 

fsTRAP mice and harvesting visual cortices. Littermates were either reared under normal 

lighting conditions until P28 or reared in complete darkness from P5 to P28. (b) PV cell 

specific mRNA expression levels of nrg1,2,3,4 mRNA from visual cortices of P28 mice 

either reared normally (NR) or dark reared (DR)(n=5–6; NR=5, DR=6; n=1 is 5 mice for PV 

cell specific data; (b-c) represents 25–30 mice per rearing group). (c) PV cell specific 

mRNA expression levels of erbB1,2,3,4 from visual cortices of P28 mice either reared 

normally or dark reared (n=5–6; NR=5, DR=6). (d) Excitatory cell specific mRNA 

expression levels of nrg1,2,3,4 mRNA from visual cortices of P28 mice either reared 

normally or dark reared (n=5–7; NR=5, DR=7; n=1 is 2 mice for excitatory cell specific 

data; (d-e) represents 10–14 mice per rearing group). (e) Excitatory cell specific mRNA 

expression levels of erbB1,2,3,4 from visual cortices of P28 mice either reared normally or 
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dark reared (n=5–7; NR=5, DR=7). Closed bars=PV cells; Open bars=excitatory cells; all 

results are analyzed using the ddCt method with gapdh as an endogenous control, along with 

normalization to PV P28 nrg1 expression, as indicated by a horizontal mark on the yaxis, so 

that all panels (b, c, d and e) within this figure can be compared. Data represent means ± 

SEM, *p<0.05.
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Figure 5. NRG and ErbB Expression by PV and Excitatory Neurons after Dark Exposure during 
Adulthood
(a) Schematic of the experimental timeline for dark exposing PV-Cre; fsTRAP and Emx1-

Cre; fsTRAP mice and harvesting visual cortices. Littermates either remained under normal 

lighting conditions until P104 or were exposed to complete darkness from P90 to P104. (b) 

PV cell specific mRNA expression levels of nrg1,2,3,4 from visual cortices of P104 mice 

either exposed to normal lighting exposure (NE) or dark exposed (DE)(n=6–7; NE=7, 

DE=6; n=1 is 5 mice for PV cell specific data; (b-c) represents 30–35 mice per exposure 

group). (c) PV cell specific mRNA expression levels of erbB1,2,3,4 mRNA from visual 

cortices of P104 mice either exposed to normal lighting or dark exposed (n=6–7; NE=7. 

DE=6). (d) Excitatory cell specific mRNA expression levels of nrg1,2,3,4 mRNA from 

visual cortices of P104 mice either exposed to normal lighting or dark exposed (n=5–6; 

NE=5, DE=6; n=1 is 2 mice for excitatory cell specific data; (d-e) represents 10–12 mice per 

exposure group). (e) Excitatory cell specific mRNA expression levels of erbB1,2,3,4 mRNA 
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from visual cortices of P104 mice either exposed to normal lighting or dark exposed (n=5–6; 

NE=5, DE=6). Closed bars=PV cells; Open bars=excitatory cells; all results are analyzed 

using the ddCt method with gapdh as an endogenous control, along with normalization to 

PV P28 nrg1 expression, as indicated by a horizontal mark on the yaxis, so that all panels (b, 

c, d and e) within this figure can be compared. Data represent means ± SEM, *p<0.05.
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Figure 6. Schematic summary of NRG/ErbB4 signaling by PV interneurons and excitatory 
neurons and their implications in visual cortical plasticity.
(a) Diagram depicting mouse visual cortex and the associated input from the eyes. (b) A 

diagram depicting the neural circuit where excitatory inputs from visual cortex layer 4/5 

(L4/5) synapse onto PV interneurons in L2/3 (black arrow). PV inhibitory interneurons then 

synapse onto primary visual L2/3 excitatory pyramidal neurons. (c) A diagram depicting the 

synapse in B (black arrow). The incoming presynaptic inputs from L4/5 synapse onto a L2/3 

PV neuron. Under normal circumstances, NRG1 is expressed, processed, and released from 

PV neurons in an autonomous manner to bind ErbB4 containing receptors to maintain 

synaptic strength and inhibition in the cortex. (d) After sensory deprivation, NRG1 levels 

and ErbB4 signaling (black crosses) are decreased, resulting in weakened synaptic strength 

and cortical disinhibition. NRG3 levels may depend on the type of sensory deprivation and 

other cues (age, length/type of deprivation). (e) Model depicting the activities of NRG1 

(green) in PV interneurons or NRG3 (maroon) in excitatory neurons before and after the 
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critical period. With sensory deprivation (blue ticks) NRG1 levels decrease (green arrows), 

whereas NRG3 levels (maroon arrows) depend on the manipulation. After the critical period 

(dotted vertical black line), PV NRG1 levels are decreased (green curve), whereas NRG3 

levels (maroon curve) in excitatory neurons are increased with age.
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Table 1.

NRG and ErbB Expression by PV and Excitatory Neurons through the Critical Period and into Adulthood

a. PV Interneurons: NRG1,2,3,4 at p28, p56 and p104

Subject Comparison Value ± SEM Value ± SEM Significance Level

 NRG1
 ***p<.0005

 p28 vs p56  p28= 1 ± .097  p56= .24 ± .038  **p=.002

 p28 vs p104  p28= 1 ± .097  p104= .44 ± .064  ***p=.0004

 NRG3
 **p=.0072  p28 vs p104  p28= 1.56 ± .201  p104= 3.24 ± .23  **p=.003

 NRG1–4 (p28)
 ***p<.0001

 NRG1 vs NRG4  NRG1= 1 ± .097  NRG4= .24 ± .11  ***p=.0006

 NRG2 vs NRG3  NRG2= .35 ± .069  NRG3= 1.56 ± .20  ***p<.0001

 NRG3 vs NRG4  NRG3= 1.56 ± .20  NRG4= .24 ± .11  ***p<.0001

 NRG1–4 (p56)
 *p=.024  NRG3 vs NRG4  NRG3= 2.26 ± .26  NRG4= .14 ± .05  *p=.029

 NRG1–4 (p104)
 ***p<.0003

 NRG1 vs NRG4  NRG1= .44 ± .064  NRG4= .13 ± .073  **p=.007

 NRG2 vs NRG3  NRG2= .24 ± .020  NRG3= 3.24 ± .23  **p=.0025

 NRG3 vs NRG4  NRG3= 3.24 ± .23  NRG4= .13 ± .073  **p=.0025

b. Excitatory Neurons: NRG1,2,3,4 at p28, p56 and p104

Subject Comparison Value ± SEM Value ± SEM Significance Level

NRG3
**p=.0054 p28 vs p104 p28= .40 ± .03 p104= .67 ± .07 **p=0.0027

NRG4
*p=.048 p56 vs p104 p56= .09 ± .03 p104= .03 ± .01 *p=.030

NRG1–4 (p28)
***p<.0001

NRG1 vs NRG2 NRG1= .12 ± .01 NRG2= .04 ± .01 ***p<.0001

NRG2 vs NRG3 NRG2= .04 ± .01 NRG3= .39 ± .03 ***p<.0001

NRG3 vs NRG4 NRG3= .39 ± .03 NRG4= .06 ± .02 ***p<.0001

NRG1–4 (p56)
***p<.0006

NRG2 vs NRG3 NRG2= .04 ± .01 NRG3= .58 ± .05 **p=.0022

NRG3 vs NRG4 NRG3= .58 ± .05 NRG4= .09 ± .03 **p=.0022

NRG1–4 (p104)
***p<.0009

NRG2 vs NRG3 NRG2= .04 ± .001 NRG3= .67 ± .07 **p=.0079

NRG3 vs NRG4 NRG3= .67 ± .07 NRG4= .03 ± .01 **p=.0079

c. Excitatory Neurons: ErbB1,2,3,4 at p28, p56 and p104

Subject Comparison Value ± SEM Value ± SEM  Significance Level

ErbB1
***p=.0009

p28 vs p56 p28= .73 ± .08 p56= .22 ± .06 ***p=.001

p28 vs p104 p28= .73 ± .08 p104= .19 ± .06 ***p=.0007

ErbB3
**p=.0012

p28 vs p56 p28= 1.13 ± .16 p56= .35 ± .09 **p=.0016

p28 vs p104 p28= 1.13 ± .16 p104= .12 ± .01 ***p=.001

ErbB1–4 (p28)
***p<.0001

ErbB1 vs ErbB2 ErbB1= .73 ± .08 ErbB2= .21 ± .05 ***p<.0001

ErbB1 vs ErbB4 ErbB1= .73 ± .08 ErbB4= .19 ± .03 ***p<.0001

ErbB2 vs ErbB3 ErbB2= .21 ± .05 ErbB3= 1.13 ± .16 ***p<.0001

ErbB3 vs ErbB4 ErbB3= 1.13 ± .16 ErbB4= .19 ± .03 ***p<.0001

ErbB1–4 (p104)
**p<.0059

ErbB2 vs ErbB4 ErbB2= .10 ± .02 ErbB4= .36 ± .05 *p=.0159
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c. Excitatory Neurons: ErbB1,2,3,4 at p28, p56 and p104

Subject Comparison Value ± SEM Value ± SEM  Significance Level

ErbB3 vs ErbB4 ErbB3= .12 ± .01 ErbB4= .36 ± .05 **p=.0079

*Note that for Table 1 (a,b,c) the results (p-values) of one-way ANOVA Kruskal Wallis tests are listed in the Subject columns. The results of Mann-
Whitney U tests for individual comparisons are listed in the Significance Level columns. A p-value of <%0.05 was considered statistically 
significant, and all significant results are shown*
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