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Synapses are fundamental communication units in the brain, essential for meaningful
response to stimuli received from the environment. Abnormal synaptic communication
leads to mental disorders. My studies focus on Neuregulin3, a member of the Neuregulin
family. Single Nucleotide Polymorphisms (SNPs) within the NRG3 gene are associated
with schizophrenia in different populations. Analysis of postmortem human brain
samples of schizophrenia patients revealed abnormal levels of NRG3. However, unlike
its well-studied family member NRG1, NRG3’s role in synaptic transmission is not
understood. I studied how depletion of Nrg3 protein in the brain could affect synaptic
transmission. I measured the amplitude and the frequency of spontaneous as well as
miniature Excitatory Post Synaptic Currents (sEPSC and mEPSC, respectively) at
hippocampal CA1 neurons of GFAP::Cre;Nrg3f/f mice. I observed changes in synaptic
strength at excitatory synapses but not inhibitory synapses. I took advantage of our
conditional knockout mice to generate a cell specific knockout of Nrg3. Results
demonstrate that Nrg3 regulates synaptic transmission in a neuron-type-specific manner.
Further, electrophysiological analysis revealed that synaptic deficits may account for
changes in synaptic strength of GFAP::Cre;Nrg3f/f mice. Golgi as well as Electron
Microscopy was used to analyze spine number, synaptic vesicle density, and Post
Synaptic Density (PSD) structures. I observed no changes in PSD density, length or area,
however,

I

detected

structural

alterations

in

the

presynaptic

terminals

of

GFAP::Cre;Nrg3f/f mice. Biochemical studies did detect changes in synaptic protein

expression levels in GFAP::Cre;Nrg3f/f mice. Anxiety, cognitive as well as social related
behavioral paradigms are currently being tested in GFAP::Cre;Nrg3f/f mice.
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1. INTRODUCTION
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1.1. Statement of the Problem

Neuregulins are growth factor molecules that possess epidermal growth factor (EGF)-like
domains that signal through ErbB receptor tyrosine kinases (Mei and Nave, 2014).
Neuregulin3 belongs to a family of growth factors that include four individual genes
(NRG1-4).In this text that follows we refer to Neuregulin3 as follows: human geneNRG3, mouse gene- Nrg3, human protein- NRG3, mouse protein- Nrg3. Of the
Neuregulin family members, Nrg3 is highly expressed in the brain with a shorter
transcript detected in the testis (Zhang et al., 1997). However, there was no detectable
expression in other tissue.NRG1 and its cognate receptor ErbB4, are the best
characterized among family members in terms of function. The most well characterized
function of NRG1 is that it serves as a myelination signal in the peripheral nervous
system (Brinkmann et al., 2008; Michailov et al., 2004). In the CNS, NRG1 facilitates
GABA release through ErbB4 present on GABAergic interneurons (Chen et al., 2010;
Ting et al., 2011; Wen et al., 2010; Woo et al., 2007). Single nucleotide polymorphisms
(SNPs) within NRG1 as well as ErbB4 are strongly implicated in schizophrenia (Mei and
Nave, 2014). However, very little is known about the functions of Nrg3 in the brain.
Interestingly, the NRG3 gene belongs to the human 10q22-23 chromosomal region, a
region carrying SNPs associated with schizophrenia in genome wide studies. Fine
mapping analysis of the 10q22-23 region in schizophrenia identified significant genome
wide associations between delusion severity and polymorphisms in intron1 of NRG3
(rs10883866, rs10748842 and rs6584400) (Figure 2.). Furthermore, RNA expression
profiling in the prefrontal cortex of affected individuals revealed that NRG3 isoforms are
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pathologically increased in schizophrenia (Kao et al., 2010). Functional magnetic
imaging studies have shown an association of the possible effects of NRG3 genotype
(SNP rs10748842) on prefrontal cortical physiology during working memory tasks
involving human patients (Tost et al., 2014). Recent studies providing a brief exposure of
recombinant Nrg3-EGF peptide to postnatal mice have highlighted a possible
developmental role of Nrg3 affecting adult social and anxiolytic behaviors (Paterson and
Law, 2014). Behavioral studies on Nrg3 null mice have revealed a role for Nrg3 in
impulse behavior (Loos et al., 2014). All these functional outputs reflect biological
changes happening at the circuit level, however, none of these studies address the in vivo
biological function of Nrg3 on neurotransmission or synaptic plasticity. In this study, we
develop an in vivo conditional knockout strategy using the Cre-loxp system; thereby
allowing us manipulate Nrg3 expression in different cell types. This strategy allows us to
study the in vivo functions of Nrg3 on neural circuit formation and plasticity.

1.2. Statement of the Specific Aims
1.2.1. Aim 1. To determine tissue, cellular and subcellular Nrg3 enriched regions in
the brain.

Previous Studies have shown Nrg3 to be enriched in the brain, being highly expressed in
the embryonic as well as the adult brain (Zhang et al., 1997). However, the distribution of
Nrg3 in brain sub regions or within polarized neurons or the temporal expression pattern
in the brain remains undetermined. To address these issues, we determined Nrg3
expression in different tissues (i.e. heart, liver, lung, bone, and brain), cultured neurons
and glia, as well as subcellular fractions of brain tissue. We confirmed by expression
17

studies that Nrg3 is a brain-specific protein, at least in adult stages of mice development.
Culture experiments revealed that full length Nrg3 is predominantly expressed in cortical
neurons and undetectable in cortical glial cell lysates. A further characterization of Nrg3
in sub-cellular fractions reveals that Nrg3 is highly detectable in synaptosomes and more
specifically enriched in presynaptic terminals, with no expression in Post Synaptic
Density (PSD-95) fractions. This data lead us to hypothesize that Nrg3 plays a role in
presynaptic functions of pyramidal neurons, especially in regions of the cortex and
hippocampus in which Nrg3 is expressed.

1.2.2. Aim 2. To determine whether Nrg3 affects neuronal synaptic transmission in
the brain.
We found Nrg3 to be broadly expressed in different regions of the brain and specifically
enriched in neurons at presynaptic terminals. We next wanted to determine if Nrg3
present at synapses had any effect on synaptic transmission. To address this question, we
generated CNS-specific, conditional mutant mice (hGFAP::Cre; Nrg3f/f) (Zhou et al.,
2001). In further discussions these mice are referred to as GFAP-Nrg3f/f .Analyses of
GFAP-Nrg3f/f mutants revealed an increase in the frequency but not amplitude of
miniature as well as spontaneous Excitatory Postsynaptic Currents in whole cell patch
configuration of CA1 pyramidal neurons. This elevation in glutamate transmission was
attributed to increased release probability at presynaptic terminals. This phenotype of
increased glutamate transmission was confirmed in (NEX::Cre; Nrg3f/f) mice which
removes Nrg3 primarily from principle pyramidal neurons (Goebbels et al., 2006). These
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mice are referred to as NEX-Nrg3f/f. This suggests that knocking out Nrg3 primarily in
principle pyramidal neurons in the cortex and hippocampus is sufficient for increased
spontaneous glutamate transmission.

1.2.3. Aim 3. To test whether Nrg3 loss of function mice (GFAP-Nrg3f/f) that shows
presynaptic deficits, show schizophrenia-related behavioral deficits.
Since Nrg3 has been genetically implicated in schizophrenia (Kao et al., 2010; Wang et
al., 2008), we wanted to test whether Nrg3 mutant mice possessed behavioral traits that
are associated with well-established mice models of schizophrenia. Behavioral paradigms
such as PPI (Pre-pulse Inhibition) tests deficits in sensorimotor gating, which is a well
characterized schizophrenia relevant test. Examinations of GFAP-Nrg3f/f mice did not
reveal any significant changes in terms of Pre-Pulse Inhibition to stimuli of varying
intensities. Similarly, the open field and light-dark box tests, which are measures of
anxiety related behaviors, did not show any significant changes between the control and
mutant groups. However, we did observe a lower latency to generalized seizures (GS)
using PTZ, a well-established GABA (A) receptor antagonist (Pentylenetetrazol). This
data demonstrates that loss of Nrg3 might not be relevant for the schizophrenia
parameters tested above but might play a role in maintaining the excitation-inhibition
(E/I) balance in the brain.
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1.3. Review of Literature

1.3.1 Cell-cell communication in the brain
Neurons in the brain communicate with each other through intercellular junctions called
as synapses. These junctions have two parts: a presynapse (axon of a presynaptic cell)
and a post synapse (postsynaptic neuron). Information arriving in the form of action
potentials at the presynaptic terminal is transmitted to the postsynaptic cell via chemical
neurotransmitters. Neurotransmitters are stored/packaged in synaptic vesicles which are
located at presynaptic terminals. When action potentials arrive, Ca2+ channels situated at
the presynaptic terminal open, elevating intracellular presynaptic zone calcium
concentration to bring about calcium triggered synaptic vesicle exocytosis from the
presynaptic cell. Release of neurotransmitter from presynaptic terminals leads to
activation of postsynaptic receptors that leads to signal transduction to the neigbhouring
postsynaptic neurons. On binding to receptors on postsynaptic cells , ionotrophic
glutamate and NMDA receptors open to allow extracellular sodium and calcium ions to
enter the cell thereby depolarizing the cell. This depolarized post synaptic cell on
reaching its threshold, sends out action potentials to cells that it synapses on. Thus, the
predominant mode of communication in the CNS is by chemical neurotransmitters
passing on signals from one neuron to another. However, besides chemical synapses
there are also electrical synapses present in the brain. At electrical synapses, messages are
relayed by electric currents (i.e. ions) through gap junctions from one neuron to the
other.Our studies primarily focus on chemical synapses and how they signal in the brain.
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1.3.2 Types of synapses
Morphologically and functionally synapses can be broadly classified into two types

A) Asymmetric glutamatergic excitatory synapses
Morphologically, asymmetric synapses are precisely opposed pre and postsynaptic
membrane specializations that contain electron dense material on only the postsynaptic
membrane (Sheng and Kim, 2002). Morphological and functional specializations of the
post synaptic membrane called as the post synaptic density (PSD) are characteristic of
excitatory synapses (Gray, 1959; Kennedy, 2000; Siekevitz, 1985). Post synaptic density
structures are known to possess glutamate receptors, AMPA (α-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid) receptors and NMDA (N-Methyl-D-aspartic acid)
receptors that bind to glutamate neurotransmitters released from presynaptic cells. AMPA
and NMDA are ionotropic receptors that depolarize the post synaptic cell by allowing
sodium and calcium ions to enter the post synaptic cell. Accepted roles of the PSD are in
the apposition of pre and post synaptic membranes, clustering of post synaptic receptors,
and coupling activation of post synaptic receptors to biochemical signaling events.
Asymmetric glutamatergic synapses are made by excitatory pyramidal neurons synapsing
with each other and pyramidal neurons synapsing onto inhibitory neurons.
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B) Symmetric GABAergic synapses

These synapses show a slight electron dense thickening associated with the post synaptic
membrane called as symmetric type II synapses (Gray, 1959). GABA (A) receptors are
the cardinal neurotransmitter receptors of inhibitory synapses. These receptors interact
with Gephrin (post synaptic scaffold of inhibitory synapses) which is critical for glycine
receptor clustering but less important for GABA (A) receptor clustering (Prior et al.,
1992; Siddiqui and Craig, 2011). GABA released from presynaptic terminals binds to
GABA (A) receptors on the post synaptic cell to allow chlorine to enter the postsynaptic
cell, thereby depolarizing the postsynaptic cell. Symmetric GABAergic synapses are
made by inhibitory interneurons onto postsynaptic pyramidal neurons and onto inhibitory
interneurons itself.

1.3.3 Neuregulins

Neuregulins (NRGs) comprise a large family of growth factors involved in cell-cell
communication. Neuregulins are epidermal growth factor (EGF)-like proteins that
stimulate ErbB receptor tyrosine kinases. The Neuregulin family of genes has four
members: NRG1, NRG2, NRG3, and NRG4. The NRG1 proteins are thought to play
important roles in the nervous system, heart and breast development. Neuregulins and
their receptors, ErbB’s, have been identified as susceptibility genes for diseases like
schizophrenia (SZ) and bipolar disorders. Neuregulins-ERBB signaling is shown to
regulate the assembly of neural circuitry, myelination, neurotransmission, and synaptic
plasticity. NRG1 is a relatively well characterized gene in term of function within the
22

Neuregulin family. NRG1 is shown to participate in interneuron circuitry development in
the brain (Fazzari et al., 2010; Ting et al., 2011). In adult interneuron circuitry, NRG1
promotes GABA release from (Woo et al., 2007) interneurons (Chen et al., 2010; Wen et
al., 2010). Within the peripheral nervous system, NRG1 by interactions with ErbB2ErbB3 on Schwann cells is important for peripheral nerve myelination (Birchmeier and
Nave, 2008; Brinkmann et al., 2008). However, very little is known about the biological
functions of NRG 2, 3 and 4.This project focuses on better understanding the functions of
Nrg3 at a synaptic level in the brain.

1.3.3.1 Neuregulin3

A) Discovery- Isolation and Characterization
NRG3 is a gene belonging to the human 10q22-23 locus. NRG3 was identified by
isolating a c-DNA clone that was predicted to encode a polypeptide bearing 62% amino
acid identity to amino acids 232-316 of human heregulin-ß1. Amino acid comparisons
between NRG3 and other NRG family members revealed little sequence identity (i.e.
23% and 19% sequence identity to Sensory and Motor neuron derived factor (SMDF) and
Heregulin -β1). The domain structure of NRG3 is unique for most part with the epidermal
growth factor (EGF)-like domain being the only common domain between the NRGs
(31% identity compared with the ß1 EGF like domain and 39% identity with the EGF
like domain of NRG2, suggesting that NRG3 is not alternatively spliced from NRG1)
(Figure 1.). Interestingly, the extracellular domain of NRG3 is devoid of Immunoglobulin
(Ig) like or Kringle domains characteristic of NRG1 Family members (Figure 1.).
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However NRG3 contains unique Alanine /glycine rich segments and a mucin like
Serine/Threonine rich region at the N terminus. The Serine/Threonine rich region
contains abundant sites for O-linked glycosylation but none for N-linked glycosylation.
Murine and human NRG3 are highly homologous in terms of amino acid sequence (i.e.
93% identical in amino acid structure) (Figure 1.). Their respective molecular weights are
77,370 (720 amino acids) and 77,901 (713 amino acids) Dalton, respectively.

B) Expression
In adult, Nrg3 is expressed in the brain (longer 4.4 kb transcript) as well as the testis
(shorter 1.9 kb transcript). An analysis of Nrg3 expression in the brain reveals high
expression in most brain regions (i.e. deep cerebellar nuclei, vestibular nuclei, cerebral
cortex, piriform cortex, anterior olfactory nucleus, medial habenula, hippocampus,
hypothalamus and thalamus) except in the corpus callosum. Nrg3 mRNA was enriched in
the CNS as early as embryonic stage 13 (E13). At E16, Nrg3 was detectable and
expressed in brain, spinal cord, trigeminal, vestibular-cochlear and spinal ganglia.
Regions of the telencephalon containing differentiating cells-the cortical plate- displayed
an intense Nrg3 signal, however underlying regions containing proliferating/migrating
cells showed weak expression (Zhang et al., 1997).
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C) Receptor
ErbB4 is the sole ErbB receptor identified to date for NRG3 (Zhang et al., 1997). ErbB4
is widely expressed in the mouse brain. ErbB4 levels are highest in the cortex and
amygdala. ErbB4 positive cells in the cortex, hippocampus, basal ganglia and amygdala
were also positive for GABA, both in neonatal as well as adult mice (Bean et al., 2014).
On interneurons, ErbB4 is expressed primarily in regions on which excitatory synapses
form on interneurons. ErbB4 is also present on the terminals of Parvalbumin positive
basket and chandelier interneurons (Neddens and Buonanno, 2010; Neddens et al., 2011;
Vullhorst et al., 2009). Interestingly, there are populations of non-GABAergic ErbB4
cells in many subcortical regions like thalamus, hypothalamus, midbrain and hindbrain.
One of the main functions of ErbB4 is to promote GABA release (Woo et al., 2007). In
development, ErbB4 is critical for the formation and assembly of GABAergic circuitry
including interneuron migration (Flames et al., 2004), axon and dendritic development
(Krivosheya et al., 2008; Pedrique and Fazzari, 2010) as well as excitatory synapse
formation on GABA neurons (Ting et al., 2011). NRG1/ErbB4 signaling is also thought
to regulate many stages of glutamatergic circuit assembly including radial migration of
pyramidal neurons (Anton et al., 1997; Lan et al., 2008; Soriano et al., 1997), neurite
development and formation of excitatory synapses (Barros et al., 2009). GWAS and
genetic association studies have shown many ERBB4 SNPs to be associated with
Schizophrenia (Nicodemus et al., 2010) (Silberberg et al., 2006). Genome wide copy
number analysis has identified partial deletions of the Erbb4 kinase domain in
schizophrenia patients. ErbB4 transcripts, as well as protein, are higher in the prefrontal
cortex of Schizophrenia patients. Certain ErbB4 isoforms in particular are overexpressed
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in postmortem dorso-lateral PFC associated with Schizophrenia, notably the isoform with
the JMa domain (that contains a proteolytic site) and the CYT-1 domain (that contains the
sole binding site for PI3K) (Silberberg et al., 2006) .In my project, we will try to
understand whether Nrg3 functions are dependent or independent of ErbB4.

NRG1 (640 aa - 70.3 kd)
N-TER

IG

EGF

TM

C TER

S/T

EGF

TM

C TER

NRG3 (695 aa - 77.9 kd)

Aligned
residues
123

Unaligned
residues
N(167)
C(361)

Segments Coverage Identities Mismatches Gaps
1

17.2%

31.7%

71

3

Figure 1. Domain structure of NRG1 & NRG3
NRG3 has an epidermal growth factor (EGF)-like domain and transmembrane (TM)
domain that is common between NRG1 and NRG3 (i.e. Coverage 17.2% of NRG3). The
EGF and TM domains are the only two domains that align together (123 residues aligned residues) between NRG1 and NRG3 that have an identity of 31.7% (i.e. identities
in box) with 71 mismatches and 3 gaps within these 123 residues. NRG3 has a unique Nterminal hydrophobic stretch of 20 amino acids (black) along with a serine-threonine
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(S/T) rich domain (red). The C-terminal domain of NRG3 is unique as compared with
NRG1 (13 % identity).

1.3.3.2 Functions of Neuregulin3
Little is known about the functions of Nrg3 in brain development. Previous studies have
shown that transient overexposure of Nrg3 during early postnatal development impacts
selective behaviors in adulthood (Paterson and Law, 2014). NRG3 injections unlike
NRG1 had no effect on sensorimotor gating; however they did display anxiety like
phenotypes and deficits in social behaviors. In terms of social novelty preference (time
spent with the novel mouse), vehicle-treated mice spent more time in the chamber
containing the novel mouse than NRG3-treated mice. Other studies have shown that Nrg3
specifically in the medial prefrontal cortex regulates impulsive action (Loos et al., 2014).
Viral overexpression studies of NRG3 in the mPFC increased impulsivity. However,
Nrg3 loss of function mutations decreased this impulsive behavior. Hugo Cabedo et al.,
2006, identified a novel neural-specific splicing isoform of the human Neuregulin3 gene.
Interestingly, human fetal brain NRG3 (HFBNRG3) when applied on to primary
oligodendrocyte precursors that were serum starved for 48 hours showed a protective
survival effect.
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1.3.4 Schizophrenia

A) Introduction
Schizophrenia is a debilitating mental disorder that affects 1 percent of the population
worldwide. Schizophrenia affects equal number of men and women, but the onset of the
disease is later in women than in men. Schizophrenia is a disease with complex
symptoms. Every patient presents a unique spectrum of symptoms. However, symptoms
can be broadly classified into positive and negative symptoms. Positive symptoms
generally include hallucinations (i.e. voices that converse with or about the patient) and
delusions that are often paranoid. Negative symptoms include flattened effect, loss of
sense of pleasure, social withdrawal and loss of will or drive (Schultz et al., 2007).

B) Treatment
Over the past half century, three basic classes of medications have been developed to
treat

schizophrenia:

conventional

(typical),

atypical

and

dopamine

agonist

antipsychotics). Each class of antipsychotics has unique mechanisms but principally act
on dopamine systems (i.e. Dopamine receptors) (Miyamoto et al., 2005). First generation
or typical antipsychotics principally act by blocking dopamine neurotransmission while
second generation atypical antipsychotics block dopamine while also affect the levels of
serotonin. Many of the second generation drugs (i.e. atypical and dopamine agonists) are
believed to offer advantages over first generation agents in the treatment of
schizophrenia. However, the pharmacological properties that confer the different
therapeutic effects have remained elusive and certain side effects still impact patient
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health and quality of life. The search for novel non-dopaminergic antipsychotic drugs has
not been successful to date, though many strategies have been pursued based on various
pathophysiological hypotheses. Consequently, there is an urgent need for more effective
and better tolerated antipsychotic agents based on new molecular targets.

C) Schizophrenia research
Developing reliable, predictive animal models for complex psychiatric disorders, such as
schizophrenia, is essential to increase our understanding of the neurobiological basis of
the disorder. These models would serve as good model systems for the development of
novel drugs with improved therapeutic efficacy. Animal models of schizophrenia can be
broadly classified into four major types: developmental, drug-induced, lesion or genetic
manipulation (Jones et al., 2011). More recently, work has begun to identify specific
rodent behavioral tasks with translational relevance to specific cognitive domains
affected in schizophrenia. Tests such as pre-pulse inhibition (PPI) and anxiety based tests
like elevated plus maze; light dark box and open field are routinely used in animals to
model certain symptoms in schizophrenia. Interestingly, mice in which Neuregulin genes
or pathways are targeted show behavioral characteristics associated with schizophrenia
symptoms, thereby serving as good mouse models of schizophrenia. Interestingly,
studying these models at the neural level has revealed novel molecular mechanism that
can be used as targets in schizophrenia. Probing into the neurobiological cause of the
disease in Neuregulin mutant animals has revealed the GABAergic circuit to be crucial in
regulation of schizophrenia related behaviors. Experimental manipulations of the
GABAergic circuit in these animal models have effectively attenuated behaviors
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associated with schizophrenia (Yin et al., 2013a). Since Nrg3 is a schizophrenia candidate
gene from single nucleotide polymorphism studies, in our studies we focused on
enhancing our understanding of the neural mechanisms involved in the pathophysiology
of the disease along with assessing behavioral outputs relevant to schizophrenia.

D) Neuregulin 3 and Schizophrenia
The 10q22 locus was initially shown in Ashkenazi Jewish families from genome wide
linkage scans to be associated with schizophrenia (Fallin et al., 2003). Similarly, genome
wide scans of Han Chinese schizophrenia families from Taiwan confirmed linkage to
10q22.3. A Han Chinese population was studied for Nine SNP’s from Intron 1 to Exon 9
of the Nrg3 gene. In case-control samples two SNPs (rs1937970 and rs 677221) showed
significant genotypic and allelic association with schizophrenia with rs 677221-C being
the major risk allele. Studies replicating the above findings showed genome wide
significance with delusion severity and polymorphisms in intron 1 of NRG3 (rs
10883866, rs 10748842, rs6584400) (Figure 2). Replication studies of these SNP’s in
three hundred and fifty families with affected offspring’s revealed an increased risk for
Schizophrenia. Furthermore, RNA expression profiling of NRG3 isoforms in the cortex
of 400 individuals revealed that NRG3 is developmentally regulated and pathologically
increased in schizophrenia (e.g. class I and class IV). Interestingly, rs10748842 lie within
a DNA ultra-conserved element and homeodomain and strongly predict the brain
expression of NRG3 isoforms (Kao et al., 2010). Segregation of schizophrenia patients
into two groups, CD-cognitive deficits and CS-spared cognition, revealed that NRG3 is a
susceptibility gene in schizophrenia with florid delusions and relatively spared cognition.
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rs 6584400 and rs 10883866 were associated with degraded stimulus continuous
performance task in which risk alleles were associated with better than average
performance in patients and worse performance in control. This data suggests that NRG3
could be possibly playing a role in attentional processes for perceptual sensitivity and
vigilance, which are opposite to affects in affected individuals and healthy controls. One
study tried to understand the effects of Nrg3 genotype on human prefrontal cortex
physiology. This study carried out a functional characterization between rs10748842 and
PFC physiology measured by functional magnetic resonance imaging of human working
memory performance (Figure 2.). The T allele of NRG3 rs10748842 has been associated
with illness risk, altered cognitive function and expression of a novel splice isoform in
the prefrontal cortex (Figure 2.). Increased activation in brains of healthy control siblings
and decreased activation in patients revealed that rs10748842 results in complex
modulation of brain physiology which does not fit the simple inefficiency model of risk
association in DLPFC. This suggests that other mechanisms may be involved (Tost et al.,
2014). However, the mechanism by which Nrg3 is involved in schizophrenia at a
molecular, neural as well as behavioral level is largely unknown. The focus of this project
is to enhance understanding of the functions of NRG3 at the level of circuits, so as to gain
a clearer understanding of the same.
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NRG3 Chr 10q22; Size 1112 kb, SNP number : 22.6 k

Figure 2. Single nucleotide polymorphisms (SNPs) in NRG3 associated with
psychiatric disorders

A) Chromosome location, size, and the total number of SNPs within NRG3 are described.
Each circle represents a case study. Colors indicate intronic or exonic SNPs with or
without functional association. For NRG3, three SNPs within the first intronic region
(rs10883866, rs10748842, rs6584400) are significantly associated with schizophrenia
with a florid delusion subtype (one red and two blue oval dots). Of these three,
rs10748842 (red) is the most significantly associated SNP with schizophrenia (Genome
wide association studies - GWAS).

1.3.5 Neuregulin3 in shaping glutamatergic circuits
Since diseases like Autism and Schizophrenia recently have recently been shown to be
neurodevelopmental diseases, formation of circuitry and communication between cells is
crucial for proper CNS functioning. The glutamatergic circuit consists of asymmetric
excitatory synapses between pyramidal neurons. Communications in these circuits can be
broken down into different current components and modes of neurotransmitter release.
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1.3.5.1 Types of presynaptic release

A) Miniature end plate potentials (quantal nature of neurotransmitter release)
Definition:
In the absence of stimulation, single quantal release of neurotransmitter causing only a
slight depolarization of the presynaptic membrane is called as miniature end-plate
potentials (MEPP). The following are characteristics of miniature end plate potentials:
1) Randomly occurring without any temporal restrictions
2) Small in amplitude (0.5mV in amplitude)
3) Show the same sharp rise and slow decay characteristics of large amplitude signals
4) Take place in an all or none manner like action potentials
5) Each miniature end plate potential is formed due to the fusion of a synaptic vesicle.
6) Highly localized involving only a small area of the presynaptic axonal surface

Significance and functions:
Miniature end plate potentials are not restricted to particular synapses and are conserved
throughout the animal kingdom. Certain aspects of miniature release in terms of quantal
release efficacy and packaging failure (i.e. insufficient accumulation of transmitter by
individual vesicles) has been associated with certain peripheral neuromuscular
syndromes. In CNS, statistical fluctuations and uncertainties are inevitably associated
with the quantal nature of transmitter release. However, evidence of its implications in
organizing (i.e. strengthening or weakening of circuits) in the CNS is tenuous. Decreased
fluctuations indicate a greater efficacy of the afferent impulse, either due to a large
number of packets being discharged from the terminal or a smaller number being released
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with a higher probability. In pathways subject to frequent use one would assume that
quantal fluctuations would become unimportant because of the involvement of a large
number of synaptic transfer sites. However, in other cases, prolonged activity would be
associated with quantal recruitment wherein an increase in the number of packages is
delivered per impulse (B. Katz., 1970) (Fatt and Katz, 1952). Predictability of release
follows the statistical rules of poissons distribution. Thus, during development and
training the predictability of synaptic performance is thought to increase while opposite
trends are thought to occur in certain forms of pathological and degenerative
impairments. Since Nrg3 is expressed early in development, we wanted to study whether
Nrg3 affected the development of glutamatergic synapses by recording miniature
excitatory and inhibitory post synaptic currents in Nrg3 conditional knockout mice.

B) Synchronous release
One of the hallmarks of neuronal communication is speed of synaptic transmission. In
synchronous release, voltage gated calcium channels open briefly giving rise to a local
increase in calcium concentration (Borst and Sakmann, 1996; Katz and Miledi, 1965;
Sabatini and Regehr, 1996). Calcium then binds with calcium sensor, Synaptotagmin, to
induce fusion of synaptic vesicles with the plasma membrane. Vesicles fuse with the
plasma membrane with great speed (less than a millisecond), leading to fast release of
neurotransmitter (Chen and Regehr, 1999; Llinas et al., 1981). For this to be achieved,
calcium channels must be open briefly on action potential depolarization of presynaptic
terminals and be deactivated and closed very quickly following action potential
repolarization. Synchronous release is driven by local increases in calcium concentrations
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near the open calcium channels with time courses that closely approximate the time
course of the calcium currents. Prolongation of action potential repolarization in turn
prolongs calcium entry and reduces synchrony of calcium release. For synchronous
release, the molecular machinery must have fast kinetics that allows fusion to occur very
rapidly in the presence of calcium and terminate quickly when the levels of calcium drop.
Synchronous release requires SNARE complexes and sec1/Munc18 proteins(S/M) for
fusion of the vesicles with the presynaptic membrane. The predominant snares are
Syntaxin-1 and SNAP 25 on the presynaptic membrane and Synaptobrevin 2 on the
synaptic vesicles (Hanson et al., 1997; Sutton et al., 1998; Weber et al., 1998). The
zippering of the alpha helical SNAREs generates a release of energy which mediates the
fusion of membranes leading to synaptic vesicle exocytosis (Dulubova et al., 2007;
Gerber et al., 2008).

C) Spontaneous release
Spontaneous release is neurotransmitter release in the absence of artificial evoked
stimulation. These currents are termed spontaneous post synaptic currents (sPSC).
Synaptic currents measured in the absence of tetradotoxin (TTX) are obtained from two
components, one being spontaneous vesicle fusion and the other is fusion driven by
spontaneous firing of presynaptic neurons. The average quantal size is thought to provide
a measure of average number of receptors in the post synaptic density, while the average
event frequency is often thought to be a product of the number of release sites. In the
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current study, we investigated whether removal of Nrg3 from mouse brain cells had an
effect on spontaneous release.

Significance and functions of spontaneous release:
The difference between release rates of transient evoked action potentials (103 s-1) and
spontaneous release (<10-3 s-1) is greater than 106. Thus, the synapse effectively limits
action potential independent exocytosis of synaptic vesicles. It is therefore reasonable to
hypothesize that spontaneous release may simply reflect imperfect suppression and that
for many types of synapse it might not have a function. However, there are many
functions of spontaneous release that are applicable in certain contexts. Basal
extracellular levels of neurotransmitter generated from the summed spontaneous quantal
release from many different inputs onto a neuron can regulate the tonic activation of high
affinity receptors that regulate the excitability of neurons (Farrant and Nusser, 2005;
Kombian et al., 2000). Action potentials in small interneurons could be elicited by
individual spontaneous quanta (Carter and Regehr, 2002). Spontaneous release has also
been implicated in long term forms of synaptic plasticity and synapse stabilization.
Disruption of spontaneous release for minutes at drosophila NMJs leads to the release of
a retrograde signal that induces a presynaptic form of homeostatic plasticity (Frank et al.,
2006). Disruption of spontaneous release over longer periods of time in terms of hours
leads to homeostatic regulation of inhibitory synapses in the hippocampus.
Mechanistically, this homeostatic regulation happens through the activation of
postsynaptic metabotropic receptors thereby activating the release of endocannabinoids
and activation of cannabinoid receptors (Zhang et al., 2009). Spontaneous release of
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vesicular glutamate is also shown to act as a trophic factor to prevent the loss of dendritic
spines by activating AMPA receptors (McKinney et al., 1999). Spontaneous release has
also been shown to restrict diffusion of GluR1 AMPA receptors at active synapses
thereby regulating the number and the type of AMPA receptors at the synapse (Ehlers et
al., 2007). It has also been shown to adjust synaptic strength by regulating protein
synthesis. Spontaneous release in cultured hippocampal pyramidal cells activates
NMDAR’s and tonically suppresses local protein synthesis in dendrites (Sutton et al.,
2006; Sutton and Schuman, 2006; Sutton et al., 2004). Blockade of NMDA receptors for
several hours’ results in an increase in surface AMPA receptors but it takes ten times as
long to produce similar synaptic changes if evoked activity is eliminated by
pharmacological blockers of spiking (Kozorovitskiy et al., 2012). Thus, preventing
activation of NMDAR’s by both spontaneous and evoked release is much more potent
than preventing only evoked release. This suggests that spontaneous release may regulate
homeostatic plasticity and local protein synthesis in dendrites. These influences of
spontaneous currents are surprising given that NMDA receptor activation is prevented by
the magnesium block and that the frequency of spontaneous release is low.

Role of Synaptotagmin as a calcium sensor in spontaneous release
The molecular machinery that is involved in spontaneous release may be the same or
different from that of evoked release. It is interesting to determine whether calcium
dependent spontaneous release is produced by local elevations of calcium or by
increasing bulk cytosolic calcium levels. One question was whether Synaptotagmin could
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drive spontaneous release at a typical rate at resting calcium levels. Theoretical
calculations suggest that at resting calcium levels spontaneous release is almost
negligible for a carrier with higher cooperativity (n = 5), but may be more applicable for
calcium sensors that bind one or two calcium ions (Lou et al., 2005; Sun et al., 2007).
Many synapses contain a specialized calcium sensor suited to mediating spontaneous
release driven by modest increases in cytosolic calcium. However, it is possible that
spontaneous release could also be mediated by high local levels of calcium near calcium
permeable channels mediated by Syt1 or Syt2. Thus; these findings establish in many
cases that spontaneous release is calcium sensitive. There is a possibility that an increase
in local calcium concentration at the presynaptic terminal due to the opening of a few
calcium channels stochastically could drive release.
The rate of calcium local –driven vesicle fusion depends on
1) The distance of calcium channels form the docked vesicles
2) Number of calcium channels near the docked vesicle
3) Potential of the presynaptic bouton
4) Number of calcium channel openings per channel

Calcium channel opening at very low rates is sufficient to drive spontaneous vesicle
release (i.e. the observed rate of 1 event every 1000sec). Since the resting membrane
potential governs the opening of voltage gated calcium channels and the opening of
Cav2.2 and Cav2.1 calcium channels near the resting membrane potential of cells is not
well characterized, it could be a possibility that opening of these channels could
contribute to spontaneous release. In our studies we wanted to investigate whether Nrg3
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could regulate molecular changes in these sensors (i.e.Synaptotagmin) that could lead to
increased sensitivity to calcium thereby regulating release. In the current study, we
investigated different modes of glutamatergic presynaptic release (i.e. miniature,
spontaneous and evoked current) and their possible regulation with or without Nrg3.
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2. MATERIALS AND METHODS
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2.1. Generation of Mice
Nrg3f/f (C57BL) mice were crossed with GFAP::Cre (FVB/J) or NEX::Cre (FVB/J) mice
(Goebbels et al., 2006). All mice were housed in a room at 24°C in a 12 hr light/dark
cycle with access to food and water ad libitum. PCR-based genotyping was performed on
genomic DNA isolated from the tail or cortex. The following primers were used:
GFAP::Cre, forward primer ACTCCTTCATAAAGCCCTCG and reverse primer
ATCACTCGTTGCATCGACCG; floxed Nrg3 allele, forward primer AGATGCCAG
TGTCTCTTG and Nrg3 reverse primer GGAGCTTGGCATCAAGAAG; wild-type Nex
cre allele, forward primer GAGTCCTGGAATCAGTCTTTTTC and reverse primer
CCGCATAACCAGTGAAACAG. Experimental procedures were approved by the
Institutional Animal Care and Use Committee of Georgia Regents University.

2.2. Western blotting
Western blotting was performed as described previously (Shen et al., 2013; Yin et al.,
2013a). RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 50 mM
NaF) containing 1% sodium deoxycholate, 1% SDS, 1 mM PMSF, 1 mM Na3VO4, 1 mM
DTT and protease inhibitor cocktail was used to homogenize brain tissue. We centrifuged
samples at 12,000 x g for 20 minutes at 4°C to remove debris. Lysates (~ 50 g of
protein) were resolved by SDS-PAGE and transferred to nitrocellulose membranes (BioRad). Nitrocellulose membranes were blocked at room temperature in Tris-buffered
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saline (TBS) containing 0.1% Tween and 5% skim milk for 1 hour. Primary antibody was
incubated with the blocked membranes overnight at 4°C, and then for 1 hour at room
temperature in HRP-coupled secondary antibody (Thermo Scientific). Membranes were
incubated with enhanced chemiluminescence substrate (E3012, Denville Scientific), and
immunoreactive bands were captured on HyBlot CL films (Denville Scientific). The
following dilutions of primary antibodies were used: rabbit anti-NRG3 (1:500, sc-67002,
Santa-Cruz), mouse anti-GFAP (1:500, MAB 360, Chemicon), mouse anti--tubulin
(1:5000, sc-23948, Santa Cruz), mouse anti-Tuj (1:5000, MMS-435P, Covance), and
mouse anti--actin (1:1000, A1978, Sigma). For cases in which membranes had to be
probed for phosphorylated and non-phosphorylated forms of the same protein,
membranes were incubated in a stripping buffer containing 100mM β-Mercaptoethanol,
2% SDS, and 62.5mM Tris HCl (pH 6.8) for 30 minutes at 55oC. After stripping,
membranes were washed thoroughly, blocked and probed with primary and secondary
antibodies as mentioned above.

2.3. Cell cultures
For neuron culture experiments, neurons were obtained from E18 pups in timed pregnant
E18 Sprague-Dawley rats or from Nrg3f/f or GFAP-Nrg3f/f E18 pups from pregnant mice.
Briefly, pups were anesthetized and brains were harvested. Cortices or hippocampi were
dissected out from mice of respective genotypes, minced and subjected to 0.05 % trypsin
for 30 minutes. After 30 mins trypsin, the tissue was removed and washed with
DMEM+10% FBS. Cells were then passed through a 100 μm strainer and plated and
cultured in the Neurobasal medium (21103-049, Gibco, Carlsbad, CA) supplemented
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with 1X B27 (17504-044, Gibco), 600 μM L-Glutamine (25-005-CI, Cellgro, Lawrence,
KS) and 1X penicillin-streptomycin (30-003-CI, Cellgro). For low density culture, 2.5 ×
104 cells were seeded on a glass coverslip (1.8 cm in diameter, 12-545-84, Fisher
Scientific, Suwanee, GA) coated for 12 hours with 1μg/ml poly-L-lysine (P2636, Sigma,
St. Louis, MO). Twice a week, half of the medium was replaced by freshly-prepared
medium. For high density culture, 2 × 106 cells were seeded in a 60-mm well plate or 35mm dish coated with 1μg/ml poly-L-lysine for 12 hr. Half volume of medium was
replaced every other day with freshly-prepared medium. For glial cell cultures, the typsin
dissociated cells were plated in DMEM+10% FBS and allowed to grow for 10-12 days
till the plate was covered with cells. To obtain astrocyte cultures, the culture dishes were
shaken at 100 rpm to detach the overlying oligodendrocyte and microglial cells. The
remaining cells at the bottom of the dish were replated and grown for experiments.

2.4. Immunostaining in dissociated neurons
Neurons were fixed with 4% ice-cold paraformaldehyde for 5 min at room temperature.
After being washed twice with 1X PBS, neurons were then permeabilized by 1X PBS
with 0.3% Triton and 3% goat serum for 5 min at room temperature. Neurons were then
blocked with 10 % BSA and incubated with primary antibodies in 1X PBS with 0.3%
Triton and 3% goat serum for 1 day at 4°C. Neurons were rinsed three times with 1X
PBS, 5 min each, and incubated with secondary antibodies in 1X PBS with 0.3% Triton
and 3% goat serum for 2 hours at room temperature. After washing three times with 1X
PBS, 5 min each, neurons were covered with Vectashield mounting medium (H-1000,
Vector Laboratories, Burlingame, CA). Images were obtained by confocal scanning
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microscopy (Zeiss LSM 10 Meta). For a given sample, 10–15 images, taken at 0.5 μm
intervals, were collapsed to generate a projected image.
Transfection of HEK293 cells
HEK293 cells were transfected using PEI (polyethyleneIimine reagent). Briefly, for a 10
cm dish, 10ug of DNA was added in an Eppendorf tube. Likewise 4ul (10x stock) of PEI
was added in a separate Eppendorf tube. The DNA solution was added dropwise to the
PEI solution and incubated together for 15 minutes. After the formation of an opaque
precipitate in the tube, the mixture was added to cells in serum free medium for 4-6
hours. The medium was then changed to DMEM+10% FBS+1% penicillin.

2.5. Immunostaining
Immunostaining was performed as described previously (Yin et al., 2013a). 4% PFA was
used to transcardially perfuse mice after perfusion of Phosphate buffered saline(PBS)and
tissues were fixed in 4% PFA at 4°C for 12 hours. Fixed brains were incubated in 15%
sucrose in PBS overnight and then again overnight in 30% sucrose. OCT medium
(Sakura) was used to embed cryopreserved brains and sectioned to yield 40-m thick
floating coronal slices. Slices were permeabilized with 0.3% Triton X-100 (Sigma) and
then blocked in blocking solution containing 5% BSA (Sigma) in PBS, and incubated
with primary antibodies at 4°C overnight. PBS containing 0.3% Triton X-100 was used
to prepare Primary antibodies. Primary antibodies were prepared in 5 % BSA in the
following dilutions: mouse anti-NeuN (1:500, MAB377, Millipore), mouse anti-GFAP
(1:500, MAB360, Chemicon), Mouse mAb# 4019 (Tau 46-CST),Anti-Map2(ab5392).
Slices were washed thrice in PBS for 5 minutes each and then incubated with Alexa 59444

conjugated goat anti-rabbit IgG (1:1000, A-11012, Invitrogen) and Alexa 488-conjugated
goat anti-mouse IgG (1:1000, A-11029, Invitrogen) and incubated for 1 hour at room
temperature. Slices were washed three times in PBS, 5 minutes each and mounted on
Superfrost Plus Glass slides (Ted Pella) with VectaShield mounting medium with DAPI
(H-1200, Vector laboratories).

2.6. Electrophysiological recording
Hippocampal slices were prepared as described previously (Colbert, 2006). Briefly,
ketamine/xylazine (Sigma, 43 mg/kg, respectively, intraperitoneally) were used to
anesthetize mice (5- weeks-old, male). Brains were quickly removed and artificial
cerebrospinal fluid (ACSF) containing (in mM): 250 glycerol, 19 KCl, 10 MgSO4, 0.2
CaCl2, 1.3 NaH2PO4, 26 NaHCO3, and glucose was used to chill the brain. Using a VT1000S vibratome (Leica, Germany), coronal hippocampal slices (300 µm) were cut in
ice-cold modified ACSF. These slices were then transferred to a storage 4 chamber
containing regular ACSF (in mM) (126 NaCl, 3 KCl, 1 MgSO4, 2 5 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, and 10 glucose) at 34°C for 30 min and at room temperature
(25±1 °C) for an additional 1 h before recording. 95% O2 / 5% CO2 (vol/vol) were used
to saturate all solutions. The recording chamber was super fused (29 ml/min) with ACSF
at 32-34 °C in which slices were placed for recording. Whole-cell patch-clamp recording
from CA1 pyramidal neurons were visualized with infrared optics using an upright
microscope equipped with a 40x water-immersion lens (Axioskop 2 Plus, Zeiss) and
infrared-sensitive CCD camera (C2400-75, Hamamatsu). A micropipette puller (P-97,
Sutter instrument) was used to pull pipettes. Pipettes were pulled with a resistance of 3-5
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MΩ. Multi-Clamp 700B amplifier and 1440A digitizer (Molecular Device) were used to
make recordings. For spontaneous EPSC (sEPSC) recording, pyramidal neurons were
held at -70 mV in the presence of 20 μM BMI, with the pipette solution containing (in
mM): 125 Cs-methanesulfonate, 5 CsCl, 10 Hepes, 0.2 EGTA, 1 19 MgCl2, 4 Mg-ATP,
0.3 Na-GTP, 10 phosphocreatine and 5 QX314 (pH 7.40, 20 285 mOsm). Miniature
EPSCs (mEPSCs) were recorded the same as sEPSC, with the exception of TTX being
added in the bath solution. Spontaneous IPSCs (sIPSCs) were recorded at -70mV in the
presence of 20 μM CNQX and 100μM DL-AP5, with the pipette solution containing (in
mM): 140 CsCl, 10 Hepes, 0.2 EGTA, 1 MgCl2, 4 28 Mg-ATP, 0.3 Na-GTP, 10
phosphocreatine and 5 QX314 (pH 7.40, 285 mOsm). EPSCs were evoked by stimulating
SC-CA1 pathway at holding potential of -70 mV in the presence of 20 μM BMI for
paired-pulse ratios recording. Interval of paired stimulations was set at 25, 50, 100, 200
and 300 milliseconds respectively. Value of ratios was defined as [(p2 / p1] × 100, 2
where p1 and p2 are the amplitude of the EPSCs evoked by the first and second pulse,
respectively. For MK-801 block assay, pyramidal neurons in the CA1 of hippocampus
were clamped at +40 mV. 0.1 Hz presynaptic stimulation in the presence of 20 μM
CNQX and 20 μM BMI were used to record evoked NMDAR-mediated EPSCs. Prior to
evoking and recording EPSCs for 20 min, slices were treated with 40 μM MK801 for 5
min. EPSC amplitudes were normalized to the first EPSC, and fitted with singleexponential functions to calculate decay constants (τ, in number of stimuli). For minimal
stimulation recording, CA1 pyramidal neurons were clamped at -70 mV. EPSCs were
evoked by stimulating the SC-CA1 pathway (0.067 Hz) with ACSF-filled glass pipettes.
Stimulus intensity was adjusted to fulfill the following four criteria: 1) little or no
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variation in EPSC latency 2) all or none synaptic events were generated 3) complete
failure to evoke EPSCs by 10-20% reduction in stimulus intensity, and 4) no change in
mean size or shape of EPSCs by a small change in stimulus intensity. Responses that did
not meet these criteria were rejected. In all experiments, series resistance was controlled
below 20 MΩ and not compsated. Cells would be rejected if membrane potentials were
more positive than -60 mV; or if series resistance fluctuated more than 20% of initial
values. All recordings were done at 32-34 °C. Data were filtered at 1 kHz and sampled at
10 kHz.

2.7. Behavioral analysis
Mice were handled by investigators for three days before any behavioral test. Locomotor
activity was measured as described previously. Mice were placed in a chamber (50 x 50 x
10 cm). Movement in the chamber was monitored for 30 min using an overhead camera
and tracking software ( EthoVision, Noldus). The center 25 x 25 cm region was
artificially defined as the center region and the frequency and duration spent in the center
region was recorded. In the light/dark box test, mice were placed in the dark chamber (20
x 15 x 23 cm) that was connected with the light chamber (30 x 20 x 23 cm) through an
open door (7 x 5 cm), and recorded for 10 min. The time mice spent in the light box,
number of entries and latency to first entry to the light box were quantified by the
computational software. Some mice were injected with PTZ (intraperitoneally, 50 mg kg1) as previously described and observed for the latency till the onset of generalized
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convulsive seizures (GS). If GS was not observed in 20 min, 20 min were scored.
Genotypes of mice in all behavior tests were blinded to investigators.

2.8. Statistical Analysis
Statistical analyses were performed using Graph Pad prism software. One-way ANOVA
was used in analyses Nrg3 expression at different time points and in different brain
regions followed by Bonferroni multiple comparison test. Two-tailed student’s t-test was
used to compare data from two groups. Data are expressed as mean ± SEM. Differences
among groups were considered significant if P < 0.05.
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3. RESULTS
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3.1. Nrg3 is a brain-specific protein with a predominant postnatal
expression pattern

In the human brain, Nrg1 is shown to be prominently expressed in pyramidal neurons,
Purkinje cells, several brain stem nuclei and white matter neurons (Law et al., 2004).
Abnormal expression of Neuregulin transcripts in particular brain circuits are thought to
be involved in the pathophysiology of Schizophrenia (Harrison and Law, 2006; Kao et
al., 2010; Law, 2003; Law et al., 2006). Since Nrg3 is a gene implicated in
Schizophrenia, Autism and Attention Deficit Hyperactivity Disorder (ADHD), we
wanted to investigate the spatial and temporal expression pattern of Nrg3 in mouse brain.
Western blotting analysis indicates Nrg3 expression only in brain tissue, but not in liver,
heart, bone or muscle, being especially high in cortical brain tissue (Figure 3.A). Nrg3 is
broadly expressed in various brain sub-regions, with higher expression levels detected by
western blotting in the cortex and midbrain, but also expressed in Hippocampus,
Olfactory bulb, Hindbrain and Cerebellum (Figure 3.B). Quantification on the right
shows an increase in Nrg3 protein levels in Cortex and Midbrain structures as compared
with levels in the Olfactory Bulb (increase in a factor of 2.29 and 3.28 respectively, as
compared to Olfactory bulb). Levels of Nrg3 in the Hippocampus, Hindbrain and
Cerebellum are not different from olfactory bulb. In order to understand whether Nrg3
may play any development roles in the brain, we wanted to investigate the development
expression profile of Nrg3 in the mouse brain. Nrg3 is detectable as early as E14
(Embryonic), increases in expression levels at postnatal days P1, P10 and then reduces in
expression at P22, P45 and P90 development stages (Figure 4.A). Nrg3 protein levels at
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postnatal day P10 and P16 are increased by a factor of 2.2 and 2.9 respectively, when
compared to P1. Unlike Nrg1, which is expressed both in neurons as well as in glial cells,
the cell type specific expression pattern of Nrg3 is not determined (Adlkofer and Lai,
2000). In order to investigate the cell type specific expression pattern of Nrg3, we
cultured both neurons and astrocytes from E18 pup brains. Neuronal cultures were kept
between 90-95% purity by the addition of Arabinoside-C that selectively inhibits
astrocyte proliferation. Astrocytes were put through one passage before plating into
dishes used for experiments. Nrg3 was highly detectable in cultured cortical neuronal cell
lysates at DIV14 (days-in-vitro), but below detectable levels in cultured cortical glial cell
lysates (Figure 4.B). Purity of the cultured neuronal and astrocyte preparations were
verified and confirmed by probing the same blots with antibody against GFAP (Glial
Fibrillary Acid Protein) and Tuj1 (Neuronal Specific Tubulin) respectively (Figure 4.B).
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Figure 3. Nrg3 is specifically expressed in the brain with high expression in the Cortex
and Midbrain

A) Nrg3 expression is detectable (~77 kilo Dalton) in the adult mouse brain tissue (P60)
lysates by western blotting using Nrg3 SC-67002 antibody directed against the
extracellular EGF domain. Nrg3 was specifically enriched in cortical tissue, but was not
detected in lysates from Liver, Heart, Bone or Muscle. 50 ug of total protein lysates was
used for western blotting (n = 3 mice).

B) Nrg3 expression detectable at higher levels in Cortical and Midbrain lysates and to a
lesser extent in lysates of Olfactory bulb, Hippocampus, Hindbrain and Cerebellum. 50ug
of total protein lysates were used for western blotting. Data are shown as mean + SEM
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and analyzed by one way ANOVA with Bonferroni multiple comparison test; Regions F
(5,12) = 41.46, P < 0.0001; n = 3 mice (Olfactory bulb vs Cortex, t = 6.013, p < 0.05;
Olfactory bulb vs Hippocampus, t = 0.4575, p > 0.05; Olfactory bulb vs Midbrain, t =
10.53, p < 0.05; Olfactory bulb vs Hindbrain, t = 2.552, p > 0.05; Olfactory bulb vs
Cerebellum, t = 1.102, p > 0.05).
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Figure 4. Nrg3 expression peaks in initial postnatal development and then reduces at
later development stages. Nrg3 is expressed only in neurons.
A) Nrg3 developmental expression is characterized by a distinct increase in expression at
postnatal day p10 and p16. Western blotting analysis indicates that Nrg3 was detectable
as early as E14, increased in expression level in the second postnatal week, P10 - P16 and
then decreased again between P22 and P90. Data are shown as mean + SEM and
analyzed by one way ANOVA with Bonferroni multiple comparison test ( F = 139.4, P <
0.0001; n = 3 mice; E14 vs P1, t = 5.883, p < 0.05; E14 vs P10, t = 15.91, p < 0.05; E14
vs P16, t = 21.12, p < 0.05 ; E14 vs P22, t = 6.214, p < 0.05 ; E14 vs P45, t = 2.531, p >
0.05; E14 vs P90, t = 1.302, p > 0.05). 50ug of total protein lysates was used for western
blotting (n = 3 mice).
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B) Nrg3 is detectable only in cultured neuronal lysates cultured in vitro till DIV (days-invitro) 14. Nrg3 is not detectable in primary cultured astrocyte lysates. Glial fibrillary
acidic protein (GFAP) and TUJ1 (Neuronal specific class III β-tubulin) are used as purity
markers for astrocyte and neuronal lysates respectively. The experiments were replicated
in three independent cultures of astrocytes and neurons.
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3.2. Generation and validation of Nrg3 conditional mutant mice

We generated a targeted Nrg3 allele by inserting two lox p sites, on either side of exon 2
of the Nrg3 gene (Figure 5.A). We generated mice that have Nrg3 knocked out in the
brain by crossing Nrg3f/f mice with hGFAPcre mice. hGFAPcre mice express Cre in all
neural progenitor cells as early as E13.5, being expressed in all forebrain neurons and
astrocytes but not in Purkinje cells of the Cerebellum or epithelium of the Choroid Plexus
(Zhuo et al., 2001).Hereafter, we refer to these mice expressing hGFAPcre as GFAPNrg3f/f and the control group not expressing hGFAPcre as Nrg3f/f. Excision of exon 2 of
the Nrg3 gene leads to generation of a stop codon in the mRNA which possibly degrades
through non-sense mediated decay. To determine whether Nrg3 protein expression is
faithfully knocked out in all neural progenitors expressing hGFAPcre, we used western
blotting of whole brain lysates. We used an antibody specific for the extracellular EGF
domain (SC-67002) to determine the expression levels of Nrg3 from brain lysates (Kao et
al., 2010). Incubation of western blot membranes containing brain lysates with SC-67002
antibody reveals a protein band around 77 kilo Dalton, the band that corresponds to the
theoretical molecular weight of Nrg3. This band is reduced in intensity or remains
undetectable in GFAP-Nrg3f/f mutant mice (Figure 5.B, C). Western blotting of whole
brain lysates revealed a reduction in Nrg3 protein in brains of GFAP-Nrg3f/f mice (Figure
5.B). Nrg3 protein is reduced by 64.8% compared to control littermates (Nrg3f/f) as
shown in quantification on the right. The residual amount of Nrg3 protein in GFAPNrg3f/f mice might be due to Cre not being expressed in all cells (i.e. the cerebellum and
in the epithelium of the Choroid Plexus). Due to the low levels of Nrg3 persisting in
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GFAP-Nrg3f/f mice, we wanted to test whether Nrg3 is reduced to lower levels in
neuronal populations of GFAP-Nrg3f/f mice. In order to do this, we cultured neurons from
E18 (Embryonic) Nrg3f/f and GFAP-Nrg3f/f pups and subjected the neuronal lysates at
DIV (days-in-vitro) 14 to western blotting. Nrg3 is reduced to almost undetectable levels
in cultured neurons from GFAP-NRG3f/f mice (Figure 5.C).This confirms that hGFAPcre
is expressed in most neural precursors going on to form neurons in the forebrain (Zhuo et
al., 2001). Thus, these observations demonstrate that GFAP-Nrg3f/f mice can be used as
an in vivo model to study the loss of functions of Nrg3 protein in the brain, especially in
neurons.
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Figure 5. Nrg3 protein is reduced in total brain and neuronal lysates of GFAP-Nrg3 f/f
mice
A) Schematic showing the generation of Nrg3f/f mice.Two loxp sites are added on either
side of exon 2. By crossing with FLP mice, the frt sites recombine to delete the neomycin
cassette giving rise to the Nrg3 loxp allele. Presence of Cre brings about recombination
of loxp sites thereby deleting exon 2. Crossing with mice expressing hGFAPcre, having
cre expressed in all neural precursors as early as E13.5, with mice possessing the floxed
allele of Nrg3 (i.e. Nrgf/f ) ensures exon two deletion specifically in the brain.Deleting
exon 2 eliminates all isoforms of Nrg3.
B) Western blot of total brain lysates showing reduction in Nrg3 protein in GFAP-Nrg3f/f
mice as compared to Nrg3f/f mice. Data is plotted as Mean ± SEM (p = 0.0032; p < 0.01;
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Nrg3f/f = 1.030 ± 0.09626; GFAP-Nrg3f/f = 0.3520 ± 0.04644; n = 3 mice/group,
postnatal day 60). α- tubulin is used as the loading control (~55 kilodalton).

C) Embryonic pups were gentoyped (E18) ,seperated into Nrg3f/f and GFAP-Nrg3f/f
groups and cultured till DIV14. Nrg3 protein is undetectable from cortical and
hippocampal mixed cultured neuronal lysates from GFAP-Nrg3f/f mice.This demonstrates
that Nrg3 protein is effectively eliminated from both cortical as well as hippocampal
neurons of GFAP-Nrg3f/f mice. Protein expression was measured from three independent
cultures.
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3.3. Characterization of Nrg3 conditional mutant mice

Since we detected the expression of Nrg3 as early as E14.5 (Figure 4.A), we wanted to
determine if reduction of Nrg3 had any developmental effects in GFAP-Nrg3f/f mice. In
order to test this, we first assessed the global structure of the brain in terms of
morphology and structural detail. An analysis of brain and body weights at postnatal day
60 revealed no change between Nrg3f/f and GFAP-Nrg3f/f mice (Figure 6.A, B). (Brain
weight: p = 0.2635, p > 0.05; Body weight: p = 0.2405, p > 0.05) (Figure 6.A,B).In terms
of gross anatomical structures, Nissl staining in coronal sections at three distinct positions
from Bregma showed no morphological deficits in formation of cortex or hippocampus
(Figure 7.A). A closer inspection of cortical layer formation (Figure 7.B- A,B,C,D) and
hippocampal sub regions (CA1) (Figure 7.B-A,E) revealed similar lamination in both
Nrg3f/f and GFAP-Nrg3f/f mice (Figure 7.B). In addition to gross cortical structure and
lamination, we counted for neuronal densities in different layers of the cortex to
determine if layer specific density is affected in GFAP-NRG3f/f mice. NeuN was used as a
maker to label neurons. NeuN staining in combination with DAPI show no changes in
densities of neurons within the six layers of the somatosensory cortex. Total cell counts
per 100um2 were analyzed. (Layer I p = 0.6204, p > 0.05; Layer II/III p = 0.6539, p >
0.05; Layer IV p = 0.0934, p > 0.05; Layer V p = 0.7066; p > 0.05; Layer VI p = 0.2701,
p > 0.05) (Figure 8.A). We next wanted to determine if early development of neurons was
affected in GFAP-Nrg3f/f mutant mice. We cultured neurons from E18 pups of both
genotypes. Neurons were cultured in vitro till DIV5 and then fixed for analysis of axonal
sprouting and initial dendritic arborization. Axon length and dendritic outgrowth was
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assessed by Tau (axonal marker) and Map2 (dendritic marker) staining. No change in
axon length (p = 0.0808, p > 0.05) (Figure 9.A) and dendritic outgrowth (p = 0.8383; p >
0.05) (Figure 9.B) was observed in GFAP-Nrg3f/f neurons. Previous studies have shown
that Neuregulins play a role in regulating spine dynamics on pyramidal neurons mediated
by ErbB4 present on interneurons (Yin et al., 2013b). We wanted to test whether Nrg3
expressed at a high level early in development (i.e. P10 - P16) could possibly affect spine
formation and morphogenesis (Figure 10. A-B). We analyzed in vivo spines of CA1 basal
dendrites using Golgi-cox method. Analysis of hippocampal basal dendrites shows no
difference in total spine density of hippocampal neurons (p > 0.05) (Figure 10.A). Thus,
these observations demonstrate that gross structural aspects like neuronal migration and
positioning as well as neuronal early development proceeds normally in GFAP- Nrg3f/f
mutant mice.
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Figure 6. No change in brain and body weight of GFAP-Nrg3f/f mice
A) Representative brain images from Nrg3f/f and GFAP-Nrg3f/f mice (postnatal day 60).
Brain weight in grams(g) between Nrg3f/f and GFAP-Nrg3f/f mice were similar (p =
0.2635; n.s. p > 0.05; Nrg3f/f = 0.3993 ± 0.01304; GFAP-Nrg3f/f = 0.4230 ± .01509; n = 7
Nrg3f/f; n = 8 GFAP-Nrg3f/f).
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B) Representative images from Nrg3f/f and GFAP-Nrg3f/f mice (postnatal day 45-60). No
change in body weight in grams(g) between Nrg3f/f and GFAP-Nrg3f/f groups (p = 0.2405;
n.s. p > 0.05; Nrg3f/f = 26.15 ±0.8120; GFAP-Nrg3f/f = 24.37 ±0.1.201; n = 8).
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Figure 7. Nissl staining shows no change in gross structural morphology of GFAPNrg3f/f mice
A) Three representative Nissl staining images of coronal sections of brains of Nrg3f/f and
GFAP-Nrg3f/f mice. Representative images were picked from Nrg3f/f and GFAP-Nrg3f/f
mice at fixed distances from Bregma (Prefrontal cortex, Dorsal and Ventral
hippocampus). No major gross anatomical defects were seen in GFAP-Nrg3f/f mutant
mice with regard to cortical and hippocampal morphology (Scale bar: 100 um).

B) Nissl staining of cortical and hippocampal CA3 regions in Nrg3f/f and GFAP-Nrg3f/f
mice. Nissl analysis in brain cortical sub regions reveals no change in cell densities
between Nrg3f/f and GFAP-Nrg3f/f mice. [(A: Cortex (5x), B: Somatosensory Cortex
(10x), C, D: layer III-IV (40X-60X), E: 40X hippocampal CA1 area (scale bar 100um)].
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Figure 8. No change in NeuN positive cells (neuronal density) in the cortex
A) No change in cell densities was seen between neurons in layers I-VI between Nrg3f/f
and GFAP-Nrg3f/f groups. Cells were counted in 100 µm2 bins in different cortical layers.
Neuronal densities in the somatosensory cortex were examined using NeuN staining
which specifically labels Neurons.

Images were counterstained with DAPI.

Representative images were taken from postnatal day 60 mice of both groups. DAPI was
used as a counterstain. Neuronal layers in the cortex were arbitrarily determined based on
the differences in cell densities and distance from the pial surface (Scale bar : 50 um)
Unpaired t-test was used to determine significant changes in cell densities in layers.
(Layer I p = 0.6204; n.s. p > 0.05; Nrg3f/f = 10.25 ± 0.5658; GFAP-Nrg3f/f = 9.667 ±
0.6072; Layer II/III p = 0.6539; n.s. p > 0.05; Nrg3f/f = 58.58 ± 1.873; GFAP-Nrg3f/f =
59.83 ± 2.014, ; Layer IV p = 0.0934; n.s. p > 0.05; Nrg3f/f = 42.58 ± 1.583; GFAPNrg3f/f = 46.75 ± 1.772; Layer V p = 0.7066; n.s. p > 0.05; Nrg3f/f = 43.83 ± 1.278;
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GFAP-Nrg3f/f = 43.08 ± 1.495; Layer VI p = 0.2701; n.s. p > 0.05; Nrg3f/f = 57.08 ±
2.347; GFAP-Nrg3f/f = 53.08 ±2.644, n = 12 , 4 slices/mice, 3 mice/genotype).
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Figure 9. Similar axonal and dendritic lengths of invitro cultured neurons early in
neuronal development
A) Axonal length is unchanged between Nrg3f/f and GFAP-Nrg3f/f cultured neurons at
DIV-5. Unpaired t-test was used to determine significant changes between the two groups
(t = 1.786, p = 0.0808; n.s. p > 0.05; Nrg3f/f = 420.3 ± 39.98; GFAP-Nrg3f/f = 316.3 ±
40.70; n = 27 Nrg3f/f; n = 20 GFAP-Nrg3f/f). Axons in both cultures are labelled using αTau which specifically labels axons and not dendrites. This shows that early axonal
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growth in terms of structural length is not affected in the GFAP-Nrg3f/f mice. (Scale bar:
100 pixels)

B) No change in dendritic length between Nrg3f/f and GFAP-Nrg3f/f cultured neurons at
DIV 5. Unpaired t-test was used to determine significant changes between the two groups
(t = 0.2051, p = 0.8383; n.s. p > 0.05; Nrg3f/f = 611.6 ± 40.82; GFAP-Nrg3f/f = 599.3 ±
44.27; n = 29 Nrg3f/f; n = 28 GFAP-Nrg3f/f). Dendrites in both cultures were labelled
using MAP2 which specifically labels dendrites. (Scale bar: 100 pixels)
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Figure 10. Similar spine density at basal dendrites of hippocampal neurons in mice
A) Representative Golgi images of basal dendrites of CA1 pyramidal neurons. Images
were taken 150-300 μm away for the cell body towards the dentate gyrus. Golgi staining
of hippocampal slices reveals similar densities of spines at basal dendrites of CA1
pyramidal neurons (p = 0.2461; p > 0.05; Nrg3f/f = 1.239 ± 0.08182; GFAP-Nrg3f/f =
1.125 ± 0.04644; n = 3 mice/group; total dendritic length counted Nrg3f/f = 547 μm;
GFAP-Nrg3f/f = 564 μm). Spines were counted in 10 μm segments on secondary and
tertiary dendrites (Scale bar: 5 μm). The following four types of spines were included in
the analysis: Mushroom, Stubby, Filapodia and Thin.

69

3.4. Increase in spontaneous glutamate transmission in neurons in
absence of Nrg3

Neuregulin 3 is a schizophrenia candidate gene (Kao et al., 2010; Wang et al., 2008).
Since one of the well

accepted models of schizophrenia is hypofunctioning of the

glutamatergic system, we wanted to test whether loss of Nrg3 in the brain leads to deficits
in glutamatergic transmission (Itokawa and Yoshikawa, 2003). To test this hypothesis,we
used whole cell patch clamp recording of CA1 pyramidal neurons in both Nrg3f/f and
GFAP-Nrg3f/f mice. Cells were voltage clamped at -70mV and bicuculline was added in
the bath to block GABA currents. Cells were recorderd at time points 5,8 and 10 minutes
after rupturing the membrane. Only neurons that did not fluctuate in their input resistance
(Ra values) by >20% were used for analysis. Interestingly,GFAP-cre mutant slices
showed an increase in frequency of spontaneous currents (sEPSC-Spontaneous
Excitatory Post Synaptic Currents). A representative trace of a 20 sec sEPSC recording
from Nrg3f/f and GFAP-Nrg3f/f CA1 pyramidal neurons is shown in Figure 11.A (Scale
bar: X axis: 1s, Y axis: 20 pA). An increase by 82.83% was observed in GFAP-Nrg3f/f
neurons from hippocampal slices (p < 0.01, Nrg3f/f = 0.3846 ± 0.06732 (mean ± SEM);
GFAP-Nrg3f/f = 0.7077 ± 0.09052) (Figure 12.B). However, there was no change in
sEPSC amplitudes in GFAP-Nrg3f/f neurons (p > 0.05; Nrg3f/f = 18.74 ± 0.7643; GFAPNrg3f/f = 17.47 ± 0.9545) (Figure 11.C). Cumulative frequency distribution plots of
amplitudes as well as inter-event intervals of sEPSC are shown in figure 11.B and figure
12.A respectively. Thus, unexpectedly, we saw an increase in spontaneous glutamate
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transmission, which was against our initial hypothesis of glutamate hypofunction.
However, interpretations of an increase in frequency of spontaneous glutamate currents
can be complicated. Some studies have shown that circuitry changes in early conditional
knockouts or null models could cause a non-specific increase in spontaneous
glutamatergic currents in particular parts of circuits to adapt to preexisting changes
(Kozorovitskiy et al., 2012). Likewise, changes in development and functions of other
cell types (e.g. astrocytes, microglia etc.) could give rise to this increase in spontaneous
frequency. We circumvented these problems by isolating pure hippocampal neuronal
cultures from E18 pregnant mice. Neuronal cultures of Nrg3f/f and GFAP-Nrg3f/f neurons
were cultured invitro for 14 days, a time where mature synapses are established in
cultures. Cells were voltage clamped at -70mV. Cells were recorderd at time points 5,8
and 10 minutes after rupturing the membrane. Only neurons that did not fluctuate in their
input resistance (Ra values) by >20% were used for analysis. In keeping with an increase
in spontaneous frequency from slices, we saw a similar increase in the frequency of
spontaneous currents in hippocampal neuronal cultures. Representative traces of sEPSC
recorded from cultured hippocampal neurons (Nrg3f/f-Blue, GFAP-Nrg3f/f-Red; scale bar:
2s,10 pA) (Figure 13.A). Freqeuncy of spontaneous currents in the neuron culture system
were increased by 56.43 % (p = 0.0107; p < 0.05; Nrg3f/f = 4.788 ± 0.04998; GFAPNrg3f/f = 7.490 ± 0.7873) (Figure 14.B). Likewise, there was no change in amplitude of
these currents (p = 0.1246, p > 0.05; Nrg3f/f = 23.15 ± 1.104; GFAP-Nrg3f/f = 27.70 ±
2.695) (Figure 13.C). Cumulative frequency distribution plots of amplitudes as well as
inter-event intervals of sEPSC from cultured hippocampal neurons are shown in figure
13.B and figure 14.A respectively. This data suggests that the increase in frequency is
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based on perturbations at the neuronal level. The increase is more direct and may not be
related to circuitry changes. Since many factors can affect the spontaneous release of
glutamate from neurons (i.e excitability etc), we wanted to investigate if the increases
were due to changes at the level of individual synapses. This was done by measuring
miniature Excitatory Post Synaptic Currents (mEPSC) in hippocampal CA1 neurons.
Inorder to test this,along with bicuculline, we added TTX to the bath to block action
potential generated release. Interestingly, we also detected an increase in the frequency of
miniature excitatory postsynaptic currents (mEPSCs), but not in amplitudes. The
frequency of miniature excitatory postsynaptic currents was increased by 90.5 %, (p <
0.01; Nrg3f/f = 0.4140 ± 0.06118; GFAP-Nrg3f/f = 0.7889 ± 0.1039) (Figure 16.B).
Representative traces of mEPSCs are shown in figure 15.A (Nrg3f/f- Blue, GFAP-Nrg3f/fRed; scale bar: 2s,10 pA). However,there was no change in the amplitudes of mEPSC
currents. Frequency distribution plots of amplitudes and of interevent intervals are shown
in Figure 15.B and Figure 16.A respectively. This data suggests that Nrg3 may play a
direct role in inhibiting spontaneous and miniature glutamate transmission at excitatory
synapses.
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Figure 11. No change in amplitudes of spontaneous Excitatory Post Synaptic Currents
(sEPSCs) of GFAP-Nrg3f/f CA1 neurons from hippocampal slices
A) Representative 20 sec traces of sEPSC in Nrg3f/f (blue) and GFAP-Nrg3f/f (red)
neurons. Scale bar (1s, 20 pA) .Recordings were done in whole cell patch configuration
from hippocampal slices.

B) Cumulative probability plots of amplitudes in Nrg3f/f (blue) and GFAP-Nrg3f/f (red)
neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze the significance
between these two cumulative groups. No significant difference in cumulative amplitudes
was determined by the K-S test (2-tailed p = 0.4614; p > 0.05; K-S Z score = 0.8526.
Nrg3f/f = 337; GFAP-Nrg3f/f = 597 data points).

C) No change in the amplitudes of sEPSC was seen in GFAP-Nrg3f/f hippocampal slices.
Unpaired t test was used for analysis of statistical significance. Data are plotted as Mean
± SEM (t = 1.041, p = 0.3082, p > 0.05; Nrg3f/f = 18.74 ± 0.7643; GFAP-Nrg3f/f = 17.47
±0.9545; n = 13 neurons).
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Figure 12. Increase in frequency of spontaneous Excitatory Post Synaptic Currents
(sEPSCs) of GFAP-Nrg3f/f CA1 neurons from hippocampal slices
A) Cumulative probability plots of inter-event frequency intervals in Nrg3f/f (blue) and
GFAP-Nrg3f/f (red) neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze
the significance between these two cumulative groups. p value below 0.001 was set to
determine significance between groups. Significant difference in cumulative inter-event
frequency intervals was determined by the K-S test (2-tailed p = 0.0006; p < 0.001; K-S
Z score = 2.0062, Nrg3f/f = 302; GFAP-Nrg3f/f = 576 data points).

B) A change in the frequency of sEPSC was seen in GFAP-Nrg3f/f neurons from
hippocampal slices. Unpaired t test was used for analysis of statistical significance. Data
are plotted as Mean ± SEM (t = 2.864; p = 0.0086; p < 0.01; Nrg3f/f = 0.3846 ± 0.06732;
GFAP-Nrg3f/f = 0.7077 ±0.09052; n = 13 neurons).
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Figure 13. No change in amplitudes of spontaneous Excitatory Post Synaptic Currents
(sEPSC) from GFAP-Nrg3f/f cultured hippocampal neurons
A) Representative 20 sec traces of spontaneous excitatory post synaptic currents (sEPSC)
in Nrg3f/f (blue) and GFAP-Nrg3f/f (red) neurons. Scale bar (2s,10 pA) .Recordings were
done in whole cell patch configuration from hippocampal cultured neurons.

B) Cumulative probability plots of amplitudes in Nrg3f/f (blue) and GFAP-Nrg3f/f (red)
neurons. Histograms representing the distribution plots are shown within the graphs on
the right. The K-S (Kolmogorov-Smirnov test) was used to analyze the significance
between these two cumulative groups. No significant difference in cumulative amplitudes
was determined by the K-S test (2-tailed; p > 0.001; K-S Z score = 8.2222. Nrg3f/f =
2526; GFAP-Nrg3f/f = 3657 data points).

C) No change in the amplitudes of sEPSC was seen in GFAP-Nrg3f/f cultured
hippocampal cultured neurons. t test was used for analysis of statistical significance (t =
1.642, p = 0.1246, p > 0.05; Nrg3f/f = 23.15 ± 1.104; GFAP-Nrg3f/f = 27.70 ± 2.695; n = 8
Nrg3f/f; n = 7 GFAP-Nrg3f/f neurons).
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Figure 14. Increase in the frequency of spontaneous Excitatory Post Synaptic Currents
(sEPSC) from GFAP-Nrg3f/f cultured hippocampal neurons
A) Cumulative probability plots of inter-event intervals in Nrg3f/f (blue) and GFAPNrg3f/f (red) neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze the
significance between these two cumulative groups. Significant difference in cumulative
inter-event frequency intervals was determined by the K-S test (2-tailed; p < 0.001; K-S
Z score = 8.1438 Nrg3f/f = 2518; GFAP-Nrg3f/f = 3649 data points).

B) A change in the frequency of spontaneous excitatory post synaptic currents (sEPSC)
was seen in GFAP-Nrg3f/f hippocampal cultured neurons.t test was used for analysis of
statistical significance (t = 2.977; p = 0.0107 ; p < 0.05; Nrg3f/f = 4.788 ± 0.04998;
GFAP-Nrg3f/f = 7.490 ±0.7873; n = 8 Nrg3f/f; n = 7 GFAP-Nrg3f/f neuron).
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Figure 15. No change in the amplitudes of miniature Excitatory Post Synaptic
Currents (mEPSCs) of GFAP-Nrg3f/f CA1 neurons from hippocampal slices
A) Representative 20 sec traces of miniature Excitatory Post Synaptic Currents (mEPSC)
in Nrg3f/f (blue) and GFAP-Nrg3f/f (red) neurons. Scale bar (2s, 10 pA) .Recordings were
done in whole cell patch configuration of neurons from hippocampal slices.

B) Cumulative probability plots of amplitudes in Nrg3f/f (blue) and GFAP-Nrg3f/f (red)
neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze the significance
between these two cumulative groups. No significant difference in cumulative amplitudes
was determined by the K-S test. (2-tailed; p > 0.001; K-S Z score = 2.9598. Nrg3f/f = 374;
GFAP-Nrg3f/f = 779 data points).

C) No change in the amplitudes of mEPSC of GFAP-Nrg3f/f neurons from hippocampal
slices. Unpaired t test was used for analysis of statistical significance. Data are plotted as
Mean ± SEM (t = 1.508, p > 0.5; Nrg3f/f = 18.38 ± 1.379; GFAP-Nrg3f/f = 21.07 ± 1.087;
n = 17 Nrg3f/f; n = 15 GFAP-Nrg3f/f neurons; 6 mice/group).
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Figure 16. Increase in frequency of miniature Excitatory Post Synaptic Currents
(mEPSCs) of GFAP-Nrg3f/f CA1 neurons from hippocampal slices
A) Cumulative probability plots of inter-event frequency intervals in Nrg3f/f (blue) and
GFAP-Nrg3f/f (red) neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze
the significance between these two cumulative groups. Significant difference in
cumulative inter-event frequency intervals was determined by the K-S test. (2-tailed; p <
0.001; K-S Z score = 4.1277 Nrg3f/f = 356; GFAP-Nrg3f/f = 750 data points).

B) Increase in frequency of miniature excitatory post synaptic currents (mEPSC) of
GFAP-Nrg3f/f neurons from hippocampal slices. Unpaired t test was used for analysis of
statistical significance. Data are plotted as Mean ± SEM (t = 7.477, n = 25 Nrg3f/f; n = 27
GFAP-Nrg3f/f neurons; 6 mice/group).
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3.5. Nrg3 loss in principal pyramidal neurons is responsible for an
increase in frequency of spontaneous glutamate currents

Even though our data shows that Nrg3 is highly expressed in neurons, evidence in terms
of which cell type is involved in increased glutamate release was lacking. We took
advantage of Nrg3f/f mice to answer these questions. We crossed Nrg3f/f mice with Nex
cre mice that were previously generated and characterized. The Nex cre is expressed
predominantly in the cortex and neocortex as early as E11.5. Using reporters, Cremediated recombination primarily marked pyramidal neurons, dentate gyrus mossy and
granule cells, but was absent from astrocytes, oligodendrocytes, interneurons and
proliferating neural precursors of the ventricular zone (Goebbels et al., 2006). Using this
approach we were able to remove Nrg3 specifically from principle pyramidal neurons in
the cortex and hippocampus. Western blotting of cortical and hippocampal lysates
confirmed the reduction of Nrg3 protein from mice expressing Nex cre (Figure 17.A).
Nrg3 protein was reduced by 58.5 % and 94.1% in heterzygous and homogygous mice
respectively. One way ANOVA analysis with bonferoni corrections were used to analyse
the respective three groups (F (2, 12) = 259.6, p < 0.001) (Figure 17.B). This data shows
that Nrg3 is predominantly expressed by pyramidal neurons in the cortex and
hippocampus and that Nex cre by recombining out exon 2 in Nrg3 gene efficiently
reduces Nrg3 protein level. We next wanted to determine whether reduced levels of Nrg3
in pyramidal neurons (i.e.NEX-Nrg3f/f) could account for increase in spontaneous
glutamate transmission observed in GFAP-Nrg3f/f mice. To this end, we carried out
electrophysiological recordings in slices of NEX-Nrg3f/f mice. sEPSC recording from
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NEX-Nrg3f/f mice showed an increase in frequency but not in amplitudes. The frequency
of sEPSC currents were increased by 79.9% in NEX-Nrg3f/f mice (p < 0.05; Nrg3f/f =
0.3233 ± 0.07048; NEX-Nrg3f/f = 0.5811 ± 0.08218) (Figure 19.C). However, there was
no change in amplitudes (p > 0.5; Nrg3f/f = 16.67 ± .05574; NEX-Nrg3f/f = 17.19 ±
0.7683) (Figure 18.C). Representative sEPSC traces from Nrg3f/f and NEX-Nrg3f/f mice
are depicted in blue and red respectively (Scale bar 1s, 20 pA) (Figure 18.A). Cumulative
frequency distribution plots of amplitudes as well as inter-event intervals of sEPSC are
shown in Figure 18.B and Figure 19.C respectively. This data shows that Nrg3 primarily
from principle pyramidal neurons accounts for increased glutamatergic transmission,
hinting at possible cell autonomous roles for Nrg3 in pyramidal neurons.
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Figure 17. Decrease in Nrg3 protein in Nex-Nrg3f/f mutant mice
A) Reduction in protein levels in Nrg3f/f mice crossed with NEX cre. Hippocampal and
cortical brain tissue were isolated from Nrg3f/f, NEX-Nrg3f/+ and NEX-Nrg3f/f mice. 50ug
of total brain protein was loaded. Nrg3 antibody specific for the extracellular domain (Sc67002) of Nrg3 was used to probe the blots. (n=3 animals/genotype).

B) Quantification reveals a dose dependent decrease in protein levels between Nrg3f/f vs
NEX-Nrg3f/+ vs NEX-Nrg3f/f. Data are plotted as Mean ± SEM. One way ANOVA
analysis with Bonferroni corrections was performed on the three genotypes (F (2, 12) =
259.6, p < 0.001; Nrg3f/f vs NEX-Nrg3f/+, t = 11.71, p < .001; Nrg3f/f vs NEX-Nrg3f/f t =
22.78, p < .001; NEX-Nrg3f/+ vs NEX-Nrg3f/f, t = 11.07, p < 0.001; n = 3 mice/group).
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Figure 18. No change in spontaneous Excitatory Post Synaptic (sEPSC) amplitudes in
Nex-Nrg3f/f mice
A) Representative 20 sec traces of Spontaneous Excitatory Post Synaptic Currents
(sEPSC) in Nrg3f/f (blue) and NEX-Nrg3f/f (red) neurons. Scale bar (1s, 20 pA)
.Recordings were done in whole cell patch configuration of neurons from hippocampal
slices.

B) Cumulative probability plots of amplitudes in Nrg3f/f (blue) and NEX-Nrg3f/f (red)
neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze the significance
between these two cumulative groups. No significant difference in cumulative amplitudes
was determined by the K-S test (2-tailed; p > 0.001; K-S Z score = 2.9598. Nrg3f/f = 374;
NEX-Nrg3f/f = 779 data points).

C) No change in the amplitudes of sEPSC of NEX-Nrg3f/f neurons from hippocampal
slices. Unpaired t test was used for analysis of statistical significance. Data are plotted as
Mean ± SEM (t = 0.5574, p > 0.5; Nrg3f/f = 16.67 ± 0.05574; NEX-Nrg3f/f = 17.19 ±
0.7683; n = 15 Nrg3f/f; n = 15 NEX-Nrg3f/f neurons; 4 mice/group).
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Figure 19. Increase in frequency of spontaneous Excitatory Post Synaptic Current
(sEPSC) amplitudes in Nex-Nrg3f/f mice
A) Cumulative probability plots of inter-event frequency intervals in Nrg3f/f (blue) and
NEX-Nrg3f/f (red) neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze the
significance between these two cumulative groups. Significant difference in cumulative
inter-event frequency intervals were determined by the K-S test (2-tailed; p < 0.001; K-S
Z score = 4.1277 Nrg3f/f = 356; NEX-Nrg3f/f = 750 data points).

B) Increase in frequency of spontaneous excitatory post synaptic currents (sEPSC) of
NEX-Nrg3f/f neurons from hippocampal slices. Unpaired t test was used for analysis of
statistical significance. Data are plotted as Mean ± SEM (t = 2.381, p < 0.05; Nrg3f/f =
0.3233 ± 0.07048; NEX-Nrg3f/f = 0.5811 ± 0.08218; n = 15 Nrg3f/f; n = 15 NEX-Nrg3f/f
neurons; 4 mice/group).
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3.6. Nrg3 is enriched at presynaptic terminals in cortical and
hippocampal neurons

Since we observed an increase in spontaneous and miniature frequency of glutamate
currents in GFAP-Nrg3f/f mice, we wanted to investigate whether this effect was due to
Nrg3 being localized and possibly having functions at synapses. We used a biochemical
approach in order to determine the localization of Nrg3. This approach consisted of using
a discontinous sucrose density method to fractionate the brain into different
subcompartments (i.e. Homogenate- total lysate; P2- membrane enriched fraction; S2cytoplasmic fraction; Syn- synaptosome; Pre- presynaptic; Post- postsynaptic). Briefly,
homogenates were centrifuged to obtain P2 and S2 fractions. The P2 fraction was
resuspended in 0.32 M sucrose solution and layered onto the top of a 0.8 M sucrose
layer. Centrifugation leads to the formation of three distinct layers. Removal of the
middle layer gave rise to the synaptosomal fraction. PSD fraction is the triton resistant
part of the synaptosomal fraction. The soluble part is the presynatic fraction. Cortices and
hippocampi from three different mice for both genotypes (i.e. Nrg3f/f and GFAP-Nrg3f/f)
was used as the starting material. 5% volume of each fraction was loaded onto SDSpolyacrylamide, keeping the ratio of each fraction loaded to the starting material constant.
Synaptophysin and PSD-95 were used as markers to establish the purity of fractions and
note any contamination in fractions. Our presynaptic and post synaptic fractions were
clearly devoid of PSD-95 and synaptophysin, respectively, thus establishing the purity of
these fractions. Presynaptic fractions would mainly contain synaptic vesicles and parts of
the presynatic membrane along with all the release machinary involved in synaptic
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vesicle exocytosis, while post synaptic fractions would contain PSD-95 and all structural
as well as functional components. Experiments done in triplicate showed Nrg3 to be
specifically enriched in presynaptic fractions and to not be detectable in post synaptic
fractions (Figure 20.A). Thus, from fractionation data, Nrg3 is present on membranes in
neurons (present in P2 fractions). Nrg3 is excluded from S2 fractions and is shown to be
present in synaptosomal fractions being specifically enriched at presynaptic terminal
membranes. Similar experiments using GFAP-Nrg3f/f mice showed that Nrg3 is reduced
in all fractions, including the presynaptic fractions. Actin was used as the loading control.
This was an unexpected finding showing enrichment of a growth factor (i.e.Nrg3)
specifically in presynaptic fractions. Thus, Nrg3 localized at presynaptic terminals could
possibly contribute to suppression of spontaneous glutamate release from presynaptic
terminals.
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Figure 20. Nrg3 is specifically enriched at presynaptic terminals
Nrg3 was specifically enriched in presynaptic terminal fractions in subcellular
fractionation experiments. However, Nrg3 was undetectable in post synaptic fractions in
same preparations. Nrg3 was also detected in P2 (purified membrane) and in (SYN)
Synaptosomal fractions. Fractionation experiments were done using a discontinuous
sucrose density gradient by collecting different separated layers. A fixed ratio of volume
was loaded for each fraction of the total starting volume (i.e. 5 percent of each fraction).
Purity of fractions was analyzed by using different pre and post synaptic markers.
Synaptophysin, a presynaptic marker was present in P2, S2 (cytoplasm), SYN and
specifically enriched in presynaptic fractions but not present in post synaptic density
fractions. PSD95, a post synaptic density marker was present in P2, SYN and specifically
enriched in the post synaptic density fractions but not present in presynaptic fractions.
Actin was used as a control for amount of protein loaded in fractions. Reduction in Nrg3
levels was seen in each fraction for GFAP-NRG3f/f mice. Experiments were done in
triplicate.
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3.7. Increase in synaptic vesicle density at GFAP-Nrg3f/f mutant
presynaptic terminals

Since Nrg3 was localized to presynaptic terminals and we detected functional changes in
terms of increased gllutamate transmission, we wanted to investigate whether synapses
that lack Nrg3 have any anatomical changes at the presynaptic terminal. We used electron
micrographs of synapses made at basal dendrites in the CA1 region to carry out these
studies (Figure 21,22.A, Scale bar = 0.5 µm). Electron microscopy analysis revealed no
change in the density (p = 0.078, p > 0.05) (Figure 21.B), length (p = 0.9878, p > 0.05)
(Figure 21.C) or area (p = 0.7064, p > 0.05) (Figure 21.D) of PSD (post synaptic density)
at assymetric excitatory synapses. However, we did observe an increase in synaptic
vesicle density at presynaptic nerve terminals at excitatory assymetric synapses. We
observed an increase in synaptic vesicle density by 25.23 % at GFAP-Nrg3f/f presynaptic
terminals (P < 0.001, Nrg3f/f = 6.959 ± 0.2154; GFAP-Nrg3f/f = 8.715 ± 0.2135) (Figure
22.B). Analysis of morphological characteristics of vesicles revealed no changes in either
average size (P > 0.05) or circularity (P > 0.05) of synaptic vesicles (Figure 22.C,D).
Three GFAP-Nrg3f/f and three Nrg3f/f mice were used for EM studies.
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Figure 21. No change in density, length and area of asymmetric excitatory synapses in
GFAP-Nrg3f/fmice.

A) Representative electron micrograph image of Nrg3

f/f

and GFAP-Nrg3f/f mice. Images

show synaptic detail from which quantifiable parameters were analyzed using image J.
Only synapses that had visible electron dense structures (taken as post synaptic densities)
along with adjacent presynaptic terminals with clearly visible vesicles were counted in
EM analysis (Scale bar 0.5 μm).Arrows are used to depict excitatory electron dense
structures known as post synaptic densities.
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B) No change in density of asymmetric excitatory synapses in electron micrographs from
GFAP-Nrg3f/f mice. Images were taken 200-300 μm away from the CA1 cell body region
towards the dentate gyrus. Unpaired t test was used to analyze the data. Data are shown
as Mean ± SEM (PSD density, t = 0.2372, p > 0.05, Nrg3f/f = 0.2396 ± 0.01516; GFAPNrg3f/f = 0.2350 ± 0.01181, n = 36 Nrg3f/f, n = 48 GFAP-Nrg3f/f, N = 48 synapses, n = 3
mice/group).
C) No change in length of asymmetric excitatory synapses in electron micrographs from
GFAP-Nrg3f/f mice. Images were taken 200-300 μm away from the CA1 cell body region
towards the dentate gyrus. Unpaired t test was used to analyze the data. Data are shown
as Mean ± SEM (PSD length, t = 0.01534, p > 0.05, Nrg3f/f = 0.2581 ± 0.01048; GFAPNrg3f/f = 0.2584 ± 0.01120, n = 80 Nrg3f/f, n = 95 GFAP-Nrg3f/f synapses, n = 3
mice/group).

D) No change in area of asymmetric excitatory synapses in electron micrographs from
GFAP-Nrg3f/f mice. Images were taken 200-300 μm away from the CA1 cell body region
towards the dentate gyrus. Unpaired t test was used to analyze the data. Data are shown
as Mean ± SEM. (PSD area, t = 0.3773, p > 0.05, Nrg3f/f = 0.007902 ± 0.0005806;
GFAP-Nrg3f/f = 0.008247 ±0.0006727, n = 71 Nrg3f/f, n = 89 GFAP-Nrg3f/f synapses, n =
3 mice/group).
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Figure 22. Increase in synaptic vesicle density at presynaptic nerve terminals of GFAPNrg3f/f mutants
A) Representative electron micrograph image in Nrg3f/f and GFAP-Nrg3f/f mice. Enlarged
image shows synaptic detail from which quantifiable parameters were analyzed using
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image J. Only synapses that had visible electron dense structures (taken as post synaptic
densities) along with adjacent presynaptic terminals with clearly visible vesicles were
counted in EM (Scale bar 500, 200 nm).

B) Increase in synaptic vesicle density at synapses in GFAP-Nrg3f/f mice. Total number
of vesicles was calculated per 0.04 μm2.The area counted was just above the presynaptic
membrane opposite post synaptic densities seen under Electron micrographs. Increase in
synaptic vesicle density between Nrg3f/f and GFAP-Nrg3f/f mice. Unpaired t test was used
to analyze the data. Data are shown as Mean ± SEM (P < .001, Nrg3f/f = 6.959 ± 0.2154;
GFAP-Nrg3f/f = 8.715 ± 0.2135; n = 148 Nrg3f/f, n = 151 GFAP-Nrg3f/f neurons, n = 3
mice/group).

C) No change in Synaptic vesicle average size in GFAP-Nrg3f/f mice. Unpaired t test was
used to analyze the data. Data are shown as Mean ± SEM (P > 0.05, Nrg3f/f = 38.66 ±
0.6137; GFAP-Nrg3f/f = 37.04 ± 0.6925; n = 21 Nrg3f/f, n = 15 GFAP-Nrg3f/f neurons, n =
3 mice/group).

D) No change in Synaptic vesicle circularity in GFAP-Nrg3f/f mice. Unpaired t test was
used to analyze the data. Data are shown as Mean ± SEM (P > 0.05, Nrg3f/f = 0.8985 ±
0.0044; GFAP-Nrg3f/f = 0.9015 ± 0.005910; n = 22 Nrg3f/f, n = 16 GFAP-Nrg3f/f, n = 3
mice /group).
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3.8. Higher release probability from presynaptic terminals of GFAPNrg3f/f mutants

Since we found Nrg3 to be specifically enriched in presynaptic terminals, we wanted to
determine if Nrg3 has any functional role to play at presynaptic terminals. Since,we
observed an increase in miniature and spontaneous frequency in GFAP-Nrg3f/f mice, our
hypothesis was that presynaptic terminals that do not have Nrg3 have an increase in
release probability. Thus,we performed electrophysiological paradigms that test for
presynaptic release probability. We tested these parameters in hippocampal slices at
CA3-CA1 schaffer collateral axons synapsing on CA1 pyramidal neurons. Amplitudes of
evoked release were measured by whole cell patch clamp recording on CA1 pyramidal
neurons clamped at -70 mV. The GFAP-Nrg3f/f mice that showed a presynaptic reduction
in Nrg3 protein (Figure 20.A) served as a perfect in vivo model inorder to test these
presynaptic parameters. Paired pulse ratio has been used to characterize presynaptic
release probability at synapses (Schulz et al., 1994). Briefly, two stimuli of equal
intensity with varying interstimulus intervals (i.e. 25,50,100,200,300 ms) were delivered
to CA3-CA1 schaffer collateral axons synapsing on CA1 pyramidal neurons. The ratio
recorded is the amplitude of the second stimulus to amplitude of the first stimulus. The
higher the ratio, the lower the release probability while lower ratios signify higher release
probabilities. Interestingly, using this approach, we observed a lower release probability
at GFAP-Nrg3f/f schaffer collateral axon presynaptic terminals at interstimulus intervals
of 25 and 50 milliseconds (Figure 23.B,C). The ratios at 100 ms were not significantly
different (Figure 23.D). The presynaptic release probability was reduced by 38.41 and
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28.3 % at 25 and 50 milliseconds respectively (25 ms, p < 0.001, Nrg3f/f = 2.473 ±
0.1627; GFAP-Nrg3f/f = 1.523 ± 0.1228; 50 ms, p < 0.01, Nrg3f/f = 1.914 ± 0.1909;
GFAP-Nrg3f/f = 1.372 ± 0.0750). Representative 50 millisecond inter-stimulus pair pulse
ratio traces are shown for Nrg3f/f (blue) and GFAP-Nrg3f/f (red) (Figure 23 A). Thus, from
pair pulse ratio analyses presynaptic terminals from GFAP-Nrg3f/f mice have a significant
increase in release probability at presynaptic terminals. Another method to test
presynaptic release probabilty is the indirect MK801 method. In this method, after
stimulation of NMDA receptors by presynaptic glutamate, open activated receptors are
blocked by MK801. Thus, after reaching a initial baseline value of amplitudes, MK801 is
added into the bath and the rate of decay of NMDA current is measured. Glutamate from
presynaptic terminals are released by stimuli given to schaffer collateral axons (0.05 Hz-1
stimulus every 20 sec). The higher the slope value the faster the decay of NMDA receptor
mediated currents. In GFAP-Nrg3f/f mutants, we see a faster rate of decay of NMDA
currents. Representative traces of decay of NMDA current for both Nrg3f/f and GFAPNrg3f/f mice are shown in blue and red respectively for all 120 delivered stimuli (Figure
24.A,B). Quantification plotting stimulus number showed a reduced stimulus number in
GFAP-Nrg3f/f mutants to reach 0.365 of its initial starting NMDA amplitude. We
observed a decrease of 32.62 % in stimulus number needed to reach the 0.365 point
decrease in NMDA receptor currents in GFAP-Nrg3f/f mice (P < 0.001, Nrg3f/f = 28.80 ±
1.158; GFAP-Nrg3f/f = 19.40 ± 0.7483) (Figure 24.C). We also used the minimal
stimulation paradigm to check the release probability at individual or a few schaffer
collateral presynaptic terminals. In this paradigm, axons in slices are stimulated with a
very low magnitude stimulation such that only a few axons in the bundle respond to the
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stimulation. We record in whole cell patch configuration on the post-synaptic CA1
neuron. Thus,signals obtained beyond a stipulated fixed threshold are considered as
successes and signals that fall below threshold or that are not formed are considered as
failures. We see an increase in

the success ratio in Nrg3f/f axon terminals (Figure

25.A,B). The success ratio is increased by 37.06% in GFAP-Nrg3f/f mutant mice (P >
0.05, Nrg3f/f = 0.2833 ± 0.03283; GFAP-Nrg3f/f = 0.3883 ± 0.07824; n = 3 neurons).
Representative traces show an increase in the number of successes that are obtained from
minimal stimulations of GFAP-Nrg3f/f axons as compared to Nrg3f/f axons (Blue:
Nrg3f/f;Red: GFAP-Nrg3f/f; scale bar: 5 ms,10 pA) (Figure 25.A). Thus, this data
demonstrates that Nrg3 at presynaptic terminals contributes to regulate release probability
at presynaptic terminals.
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Figure 23. Decrease in Paired Pulse Ratio (PPR) showing an increase in presynaptic
release probability in GFAP-Nrg3f/f mice
A) A representative trace of pair pulse stimulation showing peak amplitudes upon
stimulation in Nrg3f/f (blue) and GFAP-Nrg3f/f (Red) with 50 millisecond inter-interval
pulses.In pair-pulse paradigm, two stimuli of equal magnitude are given at different
intervals in time. Schaffer collateral axons (CA2-CA1) were stimulated in both controls
as well as mutant slices. Whole cell patch recording were done on CA1 neurons by
holding the membrane potential at -70mV in voltage clamp mode. The ratio is defined as
the value of the peak amplitude of the second pulse as compared to the first pulse. The
higher the pair pulse stimulation value, the lower the probability of release.

B) A decrease in Pair Pulse Ratio at 25 intervals pulses in milliseconds in GFAP-f/f mice.
Unpaired t test was used to analyze the data. Data are shown as Mean ± SEM (p < 0.001,
Nrg3f/f = 2.473 ± 0.1627; GFAP-Nrg3f/f = 1.523 ± 0.1228; n = 42 Nrg3f/f, n = 41 GFAPNrg3f/f neurons, n = 6 mice/group).
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C) A decrease in Pair Pulse Ratio at 50 milliseconds interval pulses in GFAP-Nrg3f/f
mice. Unpaired t test was used to analyze the data. Data are shown as Mean ± SEM (p <
0.01, Nrg3f/f = 1.914 ± 0.1909; GFAP-Nrg3f/f = 1.372 ± 0.0750; n = 20 Nrg3f/f, n = 20
GFAP-Nrg3f/f neurons, n = 6 mice/group).

D) No change in Pair Pulse Ratio at 100 milliseconds interval pulses in GFAP-Nrg3f/f
mice. Unpaired t test was used to analyze the data. Data are shown as Mean ± SEM (p >
0.05, Nrg3f/f = 1.315 ± 0.1251; GFAP-Nrg3f/f = 1.402 ± 0.08937; n = 20 Nrg3f/f, n = 20
GFAP-Nrg3f/f neurons, n = 6 mice/group).
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Figure 24. Mk801 analysis shows an increase in the rate of decay of NMDA current
A) Representative plot showing the rate of decay of NMDA current in Nrg3f/f
hippocampal slices. AMPA and GABA currents were blocked by CNQX and BMI
respectively. Baseline amplitudes were maintained around 200pA before the addition of
MK801. After stable baseline amplitudes were obtained, MK801 was added in the bath
solution followed by 120 stimulations. Stimulations were carried out at a frequency of
0.05 Hz.

B) Representative plot showing an increase in the rate of decay of NMDA currents in
GFAP-Nrg3f/f hippocampal slices. AMPA and GABA currents were blocked by CNQX
and BMI respectively. Baseline amplitudes were maintained around 200pA before the
addition of MK801. After stable baseline amplitudes were obtained, MK801 was added
in the bath solution followed by 120 stimulations. Stimulations were carried out at a
frequency of 0.05 Hz. A higher rate of decrease (larger slope) was observed in GFAPNrg3f/f mice.
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C) A reduction in the stimulus number is seen in GFAP-Nrg3f/f mice which indicate a
faster reduction in NMDA currents. Unpaired t test was used to analyze the data. Data are
shown as Mean ± SEM (t = 6.819, P < 0.001, Nrg3f/f = 26.39 ± 2.465; GFAP-Nrg3f/f =
18.12 ± 1.266; n = 9 Nrg3f/f, n = 9 GFAP-Nrg3f/f, n = 3 mice/group). The tau value is
plotted for the two different groups. The tau value is the stimulus number at which
NMDA current reduces to 0.365 of its initial starting value. Thus, more receptors are in
the open configuration in GFAP-Nrg3f/f mice due to increased presynaptic release and
therefore more are bound by MK801.
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Figure 25. Increase in the success probability from minimal stimulations in
hippocampal slices of GFAP-Nrg3f/f mice
A) Representative traces of minimal stimulations from Nrg3f/f and GFAP-Nrg3f/f neurons.
In minimal stimulations, the lowest possible intensity stimulus is used to evoke a positive
current from the post synaptic cell. Ideally, a few axons are stimulated to release
neurotransmitter onto the post synaptic cell. The probability of release of
neurotransmitter from a given axon is measured.

B) Increase in the success probability from minimal stimulations in GFAP-Nrg3f/f mice. .
Unpaired t test was used to analyze the data. Data are shown as Mean ± SEM. (t = 1.238,
P > 0.05, Nrg3f/f = 0.2833 ± .03283; GFAP-Nrg3f/f = 0.3883 ± 0.07824; n = 3 Nrg3f/f, n =
3 GFAP-Nrg3f/f neurons, n = 4 mice/group).
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3.9. Increase in the protein levels of SV2, Synaptotagmin and Munc13 in
presynaptic fractions

Since, Nrg3 was localized preferentially to presynaptic terminals and that removal of
Nrg3 increased presynaptic release probability, we wanted to investigate the possible
molecular changes that accounted for this increase in release probability in Nrg3 mutant
neurons. We took a biochemical approach to identify presynaptic molecules that were
changed in expression in presynaptic fractions as well as in total protein levels. As used
before, discontinuous sucrose density gradients were used to purify pre and post synaptic
compartments. We initially blotted for different presynaptic components in hippocampal
lysates to determine total protein levels. We saw an increase in total protein levels of
Synaptotagmin, Munc13 but no change in the levels of Neurexin, Synapsin, SV2 and
Syntaxin (Figure 26.A). Thus, the next experiment was to determine whether this
increase in Synaptotagmin and Munc13 were due to local/regional increases or rather
global increases in total protein levels. Interestingly, we found that the levels of
Synaptotagmin, Munc13 and SV2 were increased in presynaptic fractions (Figure 26.B).
This shows that an increase of proteins in presynaptic fractions could possibly account
for increase in the total protein levels in GFAP-Nrg3f/f hippocampal lysates. Additionally,
we found no changes in post synaptic glutamate receptor levels, GluR1 (AMPA) or
NR2B (NMDA) receptors in post synaptic fractions (Figure 26.C). Thus, increase in
Synaptotagmin (calcium sensor for synchronous release) could account for more fusion
in the presence of local increases in calcium levels (i.e. contributing in miniature as well
as spontaneous increase in glutamate) while increases in Munc13 could account for more

100

synaptic vesicle priming thereby further increasing synaptic vesicle release probability.
Thus, removal of Nrg3 from presynaptic terminals causes an increase in molecular
components of the presynaptic terminals that possibly facilitate functional changes
related to increased release probability in GFAP-Nrg3f/f mice.
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Figure 26. Increase in Synaptotagmin, Munc13 and SV2 in presynaptic fractions
A) Total hippocampal protein lysates were immunoblotted for presynaptic molecules. An
increase in the total protein levels of Synaptotagmin and Munc13 in GFAP-Nrg3f/f
mutants was observed. However, there was no change in the levels of Neurexin,
Synapsin, SV2 and Syntaxin. ß- Actin was used as the loading control.

B) Presynaptic fractions showed an increase in Synaptotagmin, Munc13 and SV2.
Presynaptic fractions were obtained using sucrose density gradients. α-Tubulin was used
as a loading control for presynaptic fractions. Experiments were replicated three
independent times for validation.
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C) No change in protein levels of GluR1 (glutamate receptor) and NR2B (NMDA
receptor) in post synaptic fractions. ß-Actin was used as the loading control.
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3.10. No change in miniature GABA currents or evoked GABA release
under Nrg3 treatment

Previous literature has demonstrated Nrg3 to be a specific ligand for ErbB4, shown to be
present on interneurons (Zhang et al., 1997). We therefore wanted to test whether Nrg3
has any effect on inhibitory circuit development or differentiation in GFAP-Nrg3f/f mice.
We took advantage of electrophysiological recordings to measure miniature GABA
currents in the CNS. Miniature inhibitory post synaptic currents were measured at CA1
pyramidal neurons in whole cell patch configuration. Cells were clamped at -70 mV and
TTX (Tetradotoxin), CNQX (AMPA receptor blocker) and AP5 (NMDA receptor
blocker) were added into the bath for recording. No change in the amplitude (Figure
27.C) or the frequency (Figure 28.B) of miniature Inhibitory Post Synaptic Currents
(mIPSCs) was observed in GFAP-Nrg3f/f slices. Representative traces of mIPSCs of
GFAP-Nrg3f/f (red) and Nrg3 (blue) are depicted in Figure 27.A. Cumulative probability
plots similarly show no change in the distribution of amplitudes (Figure 27.A) and
frequencies (Figure 28.A) in slices between Nrg3f/f and GFAP-Nrg3f/f genotypes.
Canonically, Neuregulins signal through ErbB4. Here we wanted to test whether
recombinant Nrg3 activates ErbB4 in vitro using HEK293 cells transfected with
ErbB4.We found that Nrg3 activates ErBb4 at concentrations as little as 0.1 nM and
reaches saturation levels at 5 nM concentrations (Figure 29.A). Thus, we chose the 5 nM
concentration of Nrg3 for future studies. Since in our studies Nrg3 phosphorylates ErbB4
in vitro, we wanted to test whether like Nrg1, Nrg3 possibly functions in GABA release
from inhibitory neurons. We put 5 nM Nrg3 on slices and recorded evoked GABA
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current from CA1 pyramidal neurons. No effect was seen at 5 nM concentrations in slices
on evoked GABA amplitudes (Figure 30.B). Representative evoked GABA traces are
shown in Figure 30.A (Control trace: Grey;5 nM trace: Red). Thus, this data shows that
Nrg3 reduction in vivo has no effect on miniature GABA release from inhibitory neurons.
Furthermore, applied soluble Nrg3 has no effect on evoked GABA release from slices.

105

GFAP-Nrg3f/f

1.0
0.8

Nrg3f/f

0.6

GFAP-Nrg3f/f

0.4
0.2
0.0

20

40
60
Amplitude (pA)

80

mIPSC amplitude (pA)

Nrg3f/f

C

B
Cumulative probability

A

20
15

10
5
0

Figure 27. No change in miniature Inhibitory Postsynaptic Current (mIPSC) current
amplitude in GFAP-Nrg3f/f mice
A) Representative 20 sec traces of miniature inhibitory post synaptic currents (mIPSC) in
Nrg3f/f (blue) and GFAP-Nrg3f/f (red) neurons. Scale bar (1s, 20 pA) .Recordings were
done in whole cell patch configuration of CA1 neurons from hippocampal slices.

B) Cumulative probability plots of mIPSC amplitudes in Nrg3f/f (blue) and GFAP-Nrg3f/f
(red) neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze the significance
between these two cumulative groups. No change in cumulative amplitudes was
determined by the K-S test. (2-tailed; p = 0.3626; p > 0.05; K-S Z score = 0.9223 Nrg3f/f
= 1379; GFAP-Nrg3f/f = 1378 data points)

C) No change in amplitudes (pA) of mIPSC was seen in GFAP-Nrg3f/f mice.t test was
used for analysis of statistical significance (p = 0.0949; p > 0.05; Nrg3f/f = 15.89 ±
0.4611; GFAP-Nrg3f/f = 14.74 ±0.4642; n = 11 neurons)
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Figure 28. No change in miniature Inhibitory Postsynaptic Current (mIPSC)
frequency in GFAP-Nrg3f/f mice
A) Cumulative probability plots of inter-event frequency intervals in Nrg3f/f (blue) and
GFAP-Nrg3f/f (red) neurons. The K-S (Kolmogorov-Smirnov test) was used to analyze
the significance between these two cumulative groups. No change in cumulative
frequency was determined by the K-S test. (2-tailed; p > 0.05; K-S Z score = 3.5627
Nrg3f/f = 2155; GFAP-Nrg3f/f = 2513 data points)

B) No change in frequency (Hz) of mIPSC was seen in GFAP-Nrg3f/f mice.t test was used
for analysis of statistical significance (p = 0.6624; p > 0.05; Nrg3f/f = 3.283 ± 0.3389;
GFAP-Nrg3f/f = 3.603 ±0.6160; n = 11 neurons)
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Figure 29. Soluble Nrg3 phosphorylates ErbB4 in Hek293 cells
A) Blot showing the different concentrations of Nrg3 treatment on ErbB4
phosphorylation levels. As for the control dish, 10nM BSA was applied to the dish. For
these assays, HEK293 cells were transfected with ErbB4 and then re-seeded in culture
dishes for respective treatments. The following concentrations of recombinant soluble
Nrg3-EGF domain were used: 0.1, .5, and 1,5,10 nM. Blots were probed for ErbB4, pErbB4 and actin. Concentrations as low as 0.1 nM Nrg3-EGF were shown to
phosphorylate ErbB4 with stable saturation of phosphorylation levels at 5nM.

108

B
Baseline

Nrg3 (5nM)

eIPSC AMPLITUDE

A

1.5

1.0

0.5

0.0

100 pA

50 ms

Figure 30. Soluble NRG3 has no effect on evoked Inhibitory Post Synaptic Currents
(eIPSCs) in wild type slices
A) A shows representative traces of evoked eIPSC (evoked Inhibitory Post Synaptic
Current) from control vs Nrg3 treated wild type hippocampal slices.5 nM of Nrg3 was
used in the bath for treatment of hippocampal slices. Normalized data plot on the right
reveal no change in eIPSC amplitude between the two groups (p = 0.8069; p > 0.05; n = 5
neurons). The recordings were done in whole cell patch configuration on CA1 pyramidal
neurons.
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3.11. Analysis of prepulse inhibition and anxiety related paradigms
revealed no changes in GFAP-Nrg3f/f mice
Since Nrg3 is a schizophrenia candidate gene, we wanted to test whether mutant mice
had any behavioral characteristics associated with well established schizophrenia relevant
behaviors. One of the most widely accepted and well characterized schizophrenia
relevant behavior is the Pre-pulse inhibition paradigm.

In this paradigm, a weak

prestimulus or prepulse is given in order to suppress the response to a subsequent
startling stimulus (Graham, 1975). The startle response is defined as an unconditioned
response to a startle stimulus (Braff and Geyer, 1990; Braff et al., 2001; Cadenhead et
al., 1993). Problems with underlying inhibitory mechanisms in neuronal circuits are
thought to reflect an impairment in this paradigm. In our analysis, GFAP-Nrg3f/f mutant
mice showed no change in startle response (P = 0.8528, P > 0.05) (Figure 33.A). There
was also no change in percentage prepulse inhibition in GFAP-Nrg3f/f mice (P = 0.9625,
P > 0.05) (Figure 33.B). Since anxiety disorders and symptoms are comorbid with
diseases like schizophrenia, we wanted to test anxiety like behaviors in GFAP-Nrg3f/f
mice. We used the light-dark box and open field to test for anxiety related behaviors. We
observed no changes in either the latency to dark (P > 0.05, Nrg3f/f = 13.64 ± 2.247;
GFAP-Nrg3f/f = 15.30 ± 2.427) (Figure 31.A) or the time spent in either the light ( P >
0.05, Nrg3f/f = 112.2 ± 11.15; GFAP-Nrg3f/f = 117.5 ± 12.67) (Figure 31.B) or the dark
zone ( P > 0.05, Nrg3f/f = 457.1 ± 14.94; GFAP-Nrg3f/f = 462.8 ± 14.19) (Figure 31.C).
Similarly, in the open field tests we did not see any changes in the time GFAP-Nrg3f/f
mice spent in the center of the box (P > 0.05, Nrg3f/f = 112.2 ± 11.15; GFAP-Nrg3f/f =
117.5 ± 12.67) (Figure 32.B). The total activity levels between the two groups were also
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similar. The total distance travelled in the dark (P > 0.05, Nrg3f/f = 1253 ± 72.59, GFAPNrg3f/f = 1345 ± 65.70) and in the light (P > 0.05, Nrg3f/f = 397.8 ± 34.00, GFAP-Nrg3f/f
= 436.6 ± 45.12) was similar in light dark tests (Figure 31.D) as well as the total distance
travelled in the open field tests (P > 0.05, Nrg3f/f = 9254 ± 586; GFAP-Nrg3f/f = 8747 ±
493.8) (Figure 32.A).
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Figure 31. No change in time spent in the lit zone in light-dark box
A) No change in latency to dark (sec) in GFAP-Nrg3f/f mutant mice. Unpaired t test was
used to analyze the data. Data are shown as Mean ± SEM. (t = 0.6218, P > 0.05, Nrg3f/f =
13.64 ±2.247; GFAP-Nrg3f/f = 15.30 ±2.427; n = 16 Nrg3f/f, n = 17 GFAP-Nrg3f/f)

B) No change in time spent in the light in GFAP-Nrg3f/f mutant mice. Unpaired t test was
used to analyze the data. Data are shown as Mean ± SEM. (t = 0.3100, P > 0.05, Nrg3f/f =
112.2 ±11.15; GFAP-Nrg3f/f = 117.5 ±12.67; n = 16 Nrg3f/f, n = 17 GFAP-Nrg3f/f)

C) No change in time spent in the dark in GFAP-Nrg3f/f mutant mice. Unpaired t test was
used to analyze the data. Data are shown as Mean ± SEM. (t = 0.2776, P > 0.05, Nrg3f/f =
457.1 ±14.94; GFAP-Nrg3f/f = 462.8 ±14.19; n = 16 Nrg3f/f, n = 17 GFAP-Nrg3f/f)

D) Similar distances travelled in the light and dark zones in GFAP-Nrg3f/f mice. Unpaired
t test was used to analyze the data. Data are shown as Mean ± SEM. (dark t = 0.9439, P >
0.05, Nrg3f/f =1253 ± 72.59, GFAP-Nrg3f/f = 1345 ± 65.70; light t = 0.5018, P >.05,
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Nrg3f/f =397.8 ± 34.00, GFAP-Nrg3f/f = 436.6 ± 45.12 n = 16 Nrg3f/f, n = 17 GFAPNrg3f/f)

113

B
250

10000
8000
6000

4000
2000
0

Time spent in center
(sec)

Total distance travelled
(cms)

A

200
150
100
50
0

Figure 32. No change in time spent in the center zone in open field boxes
A) No change in the total distance travelled in the open field arenas in GFAP-Nrg3f/f
mutants. Unpaired t test was used to analyze the data. Data are shown as Mean ± SEM. (t
= 0.6611, P >.05, Nrg3f/f =9254 ± 586; GFAP-Nrg3f/f = 8747 ± 493.8; n = 8 Nrg3f/f, n = 8
GFAP-Nrg3f/f)

B) No change in the total time spent in center of open field arenas in GFAP-Nrg3f/f
mutants. Unpaired t test was used to analyze the data. Data are shown as Mean ± SEM. (t
= 0.3100, P > 0.05, Nrg3f/f =112.2 ± 11.15; GFAP-Nrg3f/f = 117.5 ± 12.67; n = 16 Nrg3f/f,
n = 17 GFAP-Nrg3f/f)
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Figure 33. No change in Pre-pulse inhibition in GFAP-Nrg3f/f mice
A) No change in startle response in GFAP-Nrg3f/f mutants. Unpaired t test was used to
analyze the data. Data are shown as Mean ± SEM. (t = 0.8528, P > 0.05, Nrg3f/f = 157.8 ±
28.48; GFAP-Nrg3f/f = 165.7 ±30.90; n = 16 Nrg3f/f, n = 17 GFAP-Nrg3f/f)

B) No change in percentage of pre-pulse inhibition in GFAP-Nrg3f/f mutants. Unpaired t
test was used to analyze the data. Data are shown as Mean ± SEM. (t = 0.3100, P > 0.05,
Nrg3f/f = 112.2 ± 11.15; GFAP-Nrg3f/f = 117.5 ± 12.67; n = 16 Nrg3f/f, n = 17 GFAPNrg3f/f)
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3.12.
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(Pentylenetetrazole) induced seizures

Since we saw an increase in glutamatergic activity in GFAP-Nrg3f/f mice, we
hypothesized that these mice would have an increased susceptibility to seizures. In order
to test this hypothesis, we used the PTZ kindling model to induce seizures by means of
intraperitonial cavity injections of PTZ (Dhir, 2012). PTZ is a non-competitive GABA
antagonist. Thus by blocking GABA, PTZ measures the excitability of the central
nervous system. Injections of PTZ were intraperitoneally administered in Nrg3f/f and
GFAP-Nrg3f/f mice and the time taken for full blown GS seizures was measured. We
observed that latency to PTZ induced seizures were faster in GFAP-Nrg3f/f mice as
compared to Nrg3f/f mice (P < 0.001, Nrg3f/f =476.3 ± 38.63; GFAP-Nrg3f/f = 135.0 ±
16.88). Seizure latency was decreased by 71.7 percent in GFAP-Nrg3f/f mice (Figure
34.A).
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Figure 34. Latency to PTZ (GABA(A) receptor antagonist) induced seizures is
decreased in GFAP-Nrg3f/f mice
A) Decrease in latency to PTZ induced seizures in GFAP-Nrg3f/f mutants. Unpaired t test
was used to analyze the data. Data are shown as Mean ± SEM. (t =7.211, P < 0.001,
Nrg3f/f =476.3 ±38.63; GFAP-Nrg3f/f = 135.0 ±16.88; n = 8 Nrg3f/f, n = 6 GFAP-Nrg3f/f)
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4. DISCUSSION
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Our studies provide genetic evidence for the role of a growth factor molecule, Nrg3 in
presynaptic development and regulation of presynaptic glutamate release. First, loss of
Nrg3 increases spontaneous and miniature glutamate currents at hippocampal CA1
neurons. This phenotype was observed in GFAP-Nrg3f/f mice which express Cre in all
neural progenitor cells in the Central Nervous System. This phenotype was also
reproduced in NEX-Nrg3f/f mice which express Nrg3 in principle pyramidal neurons of
the Neocortex. Second, loss of Nrg3 from presynaptic terminals in GFAP-Nrg3f/f mice
increases presynaptic release probability as shown by Paired Pulse Facilitation (PPF),
Minimal Stimulations, and MK801 analysis. We also observed an increase in synaptic
vesicle density in presynaptic terminals of GFAP-Nrg3f/f mice. Third, biochemical
fractionation data reveal that Nrg3 is enriched at presynaptic terminals. These, data put
together demonstrate that Nrg3 is a presynaptic enriched molecule that regulates synaptic
vesicle density and presynaptic release probability at synapses.

4.1. Implications for Epilepsy

Neuregulin1-ErbB4 signaling has been implicated in Epilepsy (Tan et al., 2012).
However, previous studies show that the mechanisms are dependent on ErbB4 present on
GABAergic interneurons.Nrg1 regulates the excitability of fast spiking interneurons (Li
et al., 2012). Our studies show that mutant GFAP-Nrg3f/f mice show a decrease in latency
to seizure induced by PTZ (Pentylenetetrazole) (Figure 34.A). PTZ is a GABA(A)
receptor antagonist. Our work suggests that hyperactivity of the glutamatergic system
could account for the increased susceptibility to PTZ. Seizure latency was decreased by
71.7 percent in GFAP-Nrg3f/f mice (Figure 34.A). Thus, the increased susceptibility was
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probably due to increased pyramidal-pyramidal neuron activity in GFAP-Nrg3f/f mice
rather than interneuron-pyramidal neuron activity, since GABA(A) receptors were
blocked by PTZ, therefore possibly being independent of ErbB4. These findings open a
novel area of mechanisms related to Nrg3 within glutamatergic neurons that are
responsible for epilepsy in GFAP-Nrg3f/f mice, which is an unexpected finding within the
Neuregulin family, given the well-established and agreed GABA release model for
Neuregulins (Chen et al., 2010; Woo et al., 2007).

4.2. Neuregulin3 enrichment at presynaptic terminals

Our findings provide evidence for the first time for a growth factor like Nrg3 to be
enriched and localized to presynaptic active zone (Figure 20.). However, the mechanisms
by which Neuregulins traffic specifically to the presynaptic active zones in neurons
remains to be determined. It would be interesting to determine if Nrg3 is trafficked by
either intermolecular or intramolecular mechanism. Nrg3 has unique domains in its N
terminal as well as its C terminal regions (Figure 1.). In its N-terminal region, besides the
well characterized EGF domain, Nrg3 has an S/T rich domain and a hydrophobic Nterminal domain. In its cytoplasmic domain it has a di-leucine motif which is known to be
involved in protein-protein interactions. It would be interesting to determine which
domain of Neuregulin3 is involved in presynaptic targeting. There is also a possibility
that Nrg3 distributes randomly in dendrites as well as axons, but however is retained only
at presynaptic terminals and therefore is enriched at these locations. Neuregulin3 could
also be taken in a passive manner to the presynaptic active zone along with other
presynaptic specific cargo proteins. The exact spatial localization of Nrg3 at presynaptic
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terminals still remains to be determined.

4.3. Functional implications of increased miniature and spontaneous
release in GFAP- Nrg3f/f mice

In GFAP-Nrg3f/f mice we see an increase in both miniature as well as spontaneous release
(Figures 14.,16.). In the brain, increases in spontaneous glutamate release have many
functions. Increased glutamate release in brains of GFAP-Nrg3f/f mice could possibly
have the following effects:

1) Regulate the excitability of neurons (Farrant and Nusser, 2005; Kombian et al., 2000)
2) Elicit action potentials in small interneurons (Carter and Regehr, 2002)
3) Regulates long term forms of synaptic plasticity and synapse stabilization (Frank et
al., 2006; Zhang et al., 2009)
4) Disruption of spontaneous release at smaller time scales leads to presynaptic form of
homeostatic plasticity
5) Disruption of spontaneous release at larger time scales leads to homeostatic regulation
of inhibitory synapses in the hippocampus
6) Spontaneous vesicular glutamate acts as a trophic factor to prevent loss of dendritic
spines by activating AMPA receptors (McKinney et al., 1999).
7) Spontaneous release restricts diffusion of GluR1 AMPA receptors at active synapses
thereby regulating the number and the type of AMPA receptors at the synapse (Ehlers et
al., 2007)
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8) Spontaneous release adjusts synaptic strength by regulating protein synthesis.
9) Blockade of NMDA receptors for several hours results in an increase in surface
AMPA receptors, which takes ten times as long to produce the same effect when both
spontaneous and evoked release are blocked (Kozorovitskiy et al., 2012).

It would be interesting in further studies to determine how loss of Nrg3 affects the
excitability of neurons and synaptic plasticity. Lack of Nrg3 causes an increase in
spontaneous release thereby regulating local protein synthesis in dendrites that could lead
to changes in long term potentiation (LTP) or Long term depression (LTD) at synapses,
which is thought to be the molecular substrate of learning and memory (Luscher and
Malenka, 2012).

4.4. Nrg3 at presynaptic terminals regulates the levels of presynaptic
proteins

In our biochemical fractionation experiments we see an increase in the presynaptic
fraction levels of SV2, Synaptotagmin and Munc13 (Figure 26.B). We also see an
increase in the total levels of Synaptotagmin and Munc13 (Figure 26.A). However, the
mechanisms by which Nrg3 bring about these molecular changes remains to be
determined. The following could be possible mechanisms of Nrg3’s mode of action at
presynaptic terminals. First, Nrg3 might regulate the stability of presynaptic proteins
present at the presynaptic terminal either by direct binding or by recruiting specific E3
ubiquitin ligases to the presynaptic regions (Hegde, 2010). Second, Nrg3 might regulate
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the lipid content at presynaptic membranes thereby altering the stability and dynamics of
presynaptic proteins (Puchkov and Haucke, 2013). Third, Nrg3 might regulate the
positioning and location of synaptic vesicles within the axon by affecting either their rate
of biogenesis or their rate of degradation (Vaithianathan and Matthews, 2014). It is
unclear whether Nrg3 plays a structural or a functional role at presynaptic terminals.
However, by our studies we show that Nrg3 loss has functional impacts at the presynaptic
terminal in terms of increased release probability (Figure 23., 24., 25.) Interaction as well
as EM studies are required to study the role of Nrg3 at presynaptic terminals.

4.5. Removal of Nrg3 increases levels of Synaptotagmin at presynaptic
terminals-Implication for calcium sensitivity of release

The mechanism regulating spontaneous exocytosis remains poorly understood. Effects of
calcium on spontaneous release are debatable. Some studies show that spontaneous
release is enhanced in the presence of increased extracellular calcium (Vyleta and Smith,
2011). In these studies, however, chelation of intracellular calcium by BAPTA does not
affect the enhancement of spontaneous release. Previous studies have shown that
miniature as well as spontaneous release may be dependent on local calcium
concentrations within presynaptic terminals (Xu et al., 2009). In our studies we see an
increase in miniature as well as spontaneous currents in GFAP-Nrg3f/f mice. This data
demonstrates that even in the absence of activity, synaptic transmission is increased in
Nrg3-GFAPf/f mice (Figure 16.A,B). In our electron micrograph studies we observe an
increase in the total synaptic vesicle density at mutant synapses (Figure 22.). Also, the
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level of Synaptotagmin, which is the calcium sensor mediating fast synchronous release,
is increased in Nrg3f/f mice (Figure 26.). Thus, the close proximity of synaptic vesicles to
the presynaptic membrane and increased Synaptotagmin levels at presynaptic terminals
could contribute to the increased sensitivity to even moderate local changes of calcium at
presynaptic terminus (i.e. increase in calcium concentration in presynaptic terminals due
to stochastic opening of Voltage Gated Calcium Channels-VGCC). Further experiments
modulating local presynaptic calcium concentrations using chelators with faster kinetics
are required to address the issue of calcium sensitivity of increased spontaneous release
in GFAP-Nrg3f/f mice.

4.6. Removal of Nrg3 at presynaptic terminals-increase in synaptic
vesicle release probability under resting conditions

We show in GFAP-Nrg3f/f mutants an increase in release probability at glutamatergic
synapses using Paired Pulse Ratio (PPR), MK801and Minimal stimulations (Figure 23,
24., 25.). In our molecular studies at the presynaptic terminus we see an increase in
Synaptic Vesicle protein (SV2), at presynaptic terminals (Figure 26.B). Previous studies
show that SV2 regulates the size of the readily releasable pool and increases release
probability from presynaptic terminals of quiescent synapses (Xu and Bajjalieh, 2001).
SV2 is not involved in rate or decay of asynchronous release which is a calcium
dependent process and in steady state release. Removal of SV2 in cultured hippocampal
neurons affect low frequency synaptic transmission by priming morphologically docked
vesicles. Thus, since we show an increase in glutamate frequency in unstimulated
conditions, SV2 increases could possibly account for this increase in presynaptic release.
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Other related studies have shown that Complexin is a presynaptic protein that binds to
SNARE complexes serving as a molecular clamp that prevents uncontrolled vesicle
fusion (Hu et al., 2002; Tang et al., 2006; Yang et al., 2010). Mechanistically, Complexin
clamps spontaneous release by preventing full insertion of the Synaptobrevin SNARE
motif into the assembling SNARE complex. Removal of Complexin in drosophila NMJs
as well as cultured hippocampal neurons resulted in a dramatic increase in spontaneous
event frequency (Huntwork and Littleton, 2007). We therefore hypothesized that in Nrg3
mutants the levels of Complexin might be reduced in order for increased spontaneous
synaptic transmission. We show that the levels of Complexin in total cell lysates or at
presynaptic terminals are not decreased in GFAP-Nrg3f/f mutant mice (data not shown).
Thus, it could be possible that Nrg3 itself serves as an alternative clamping mechanism
for spontaneous fusion in certain contexts. In future studies, it would be interesting to test
whether Nrg3 could interact with any of the SNARE fusion machinery thereby regulating
vesicle fusion.

4.7. Nrg3 in regulating presynaptic vesicle density-implications for
release

Our work shows that in GFAP-Nrg3f/f mice in which Nrg3 is removed from neurons,
there is an increase in presynaptic vesicle density (Figure 22.). NT-3 (Neurotrophin3) and
BDNF are shown to regulate synaptic vesicle density, number of docked vesicles as well
as synapse number in chick tectal and hippocampal synapses respectively (Bamji et al.,
2006; Tyler and Pozzo-Miller, 2001; Wang et al., 2003). Like Nrg3, NT3 is a trophic
factor present at presynaptic terminals. It is not known whether Nrg3 either interacts with
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these molecules directly or within pathways that these molecules associate or regulate. In
Nrg3 mice; even though we see an increase in synaptic vesicle density there is no change
in synapse density in GFAP-Nrg3f/f mice (Figure 21., 22.). We have to determine whether
the increase in vesicle number is due to a larger reserve pool or a larger readily releasable
pool (RRP). It could be possible that Nrg3 shift the equilibrium more in favor of the RRP
as compared to the reserve pool to have increased release even in conditions without
stimulation. Alternative SNARE complexes are also shown to be involved preferably in
spontaneous release as compared to synchronous release. Vesicles loaded preferentially
with VTI1A (vesicle transport through interaction with t-SNAREs) was trafficked under
resting conditions and was enriched in vesicles that could be swiftly mobilized by small
increases in presynaptic calcium (Ramirez et al., 2012). It would be interesting to
determine whether Nrg3 either increases the protein levels of these alternate SNARE
complexes or these distinct vesicles tagged with non-canonical SNAREs (i.e.VAMP7,
VTI1A, VAMP4) specifically mediating spontaneous release.

4.8. Nrg3 functions: Glutamatergic vs GABAergic synapses- possible
ErbB4 independent mechanisms.

Our results are the first showing Nrg3’s role in regulating release probability at
glutamatergic presynaptic terminals. Previous works in our lab have demonstrated that
Nrg1 increases GABA release from interneurons by acting through ErbB4 (Chen et al.,
2010; Woo et al., 2007). Mechanistically, NRG1 is shown to increase the excitability of
interneurons by regulating potassium (KV1.1) or sodium channels (Janssen et al., 2012;
Li et al., 2012). However, our results are more specific for Glutamatergic synapses, since
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we do not detect any changes in transmission at GABAergic synapses (i.e. no change in
miniature inhibitory synaptic currents) (Figure 27.,28.). It would be interesting to
determine whether Nrg3 is expressed in GABAergic neurons. Nrg3 reductions from
principle pyramidal neurons using Nex-cre show an increase in the frequency of
spontaneous excitatory post synaptic currents (Figure 19.). This data suggests that Nrg3
in pyramidal neurons is important for increased glutamate transmission and may not be
through ErbB4 dependent mechanisms. Furthermore, our data shows that Nrg3 is
specifically enriched at presynaptic terminals (Figure 20.). Thus, it is possible that Nrg3
at presynaptic terminals regulates release probability within the same neuron and not
through mechanism involving other neurons. This idea is further supported by anatomical
and molecular changes taking place at excitatory-excitatory pyramidal neuron
presynaptic terminals (Figure 26.). To our knowledge, the increase in presynaptic
glutamate release phenotype seen in GFAP-Nrg3f/f mutant animals is not observed in
ErbB4 mutants. Decreased spine density on pyramidal neurons is observed when ErbB4
is removed from GABA neurons with no effects observed when ErbB4 is removed from
pyramidal neurons (Yin et al., 2013b). However, our studies show no changes in terms of
spine density at basal dendrites of hippocampal CA1 neurons in GFAP-Nrg3f/f pyramidal
neurons (Figure 10.). These results raise a strong possibility of Nrg3 acting independent
of ErbB4. Furthermore, treatment of Nrg3 which activated ErbB4 (Figure 29.) onto
hippocampal slices shows no change in evoked GABA release onto pyramidal neurons
which is a well characterized function of ErbB4 (Figure 30.).
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4.9. Neuregulin3’s effect: development vs acute

Nrg3 is highly expressed specifically in the brain and primarily restricted to pyramidal
neurons (Figure 3.A, Figure 4.B).Our data suggest that Nrg3 might play a role in
presynaptic development or maturation. First, Nrg3 expression is developmentally
regulated with a postnatal expression peak which subsides later on in development
(Figure 4.A). The expression peak of Nrg3 coincides with synapse formation and
presynaptic maturation in mice brains. Second, loss of Nrg3 early on in development
using GFAP-cre and NEX-cre brings about molecular changes at the presynaptic terminal
that may be responsible for the phenotype of increased glutamate release (Figure 26.A).
However, Nrg3 expression persists in adult brains and we cannot rule out the possibility
of Nrg3 having direct acute effects in adult brains (Figure 4.A). Furthermore, our
preliminary data in keeping with previous reports have shown Nrg3 to be a soluble factor
that could interact with ErbB4 or be a ligand for other unknown receptors .It would be
interesting to determine if this phenotype of increased glutamate current can be reversed
by adding soluble Nrg3 to mutant slices or cultured neurons.
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5. SUMMARY
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Proper functioning of the nervous system is essential for carrying out daily activities.
This functioning happens at the level of synapses in the brain. Malfunctioning or
disturbances at synaptic levels are responsible for brain related disorders such as
Attention deficit hyperactivity disorder (ADHD), Schizophrenia (SZ) and Autism. The
synapse is composed primarily of two components– a presynapse, and a postsynapse.
Regulated neurotransmitter release takes place from presynaptic terminals and the
chemical neurotransmitter signal is passed on to the neighboring post synaptic cell.
Neuregulin3 situated at presynaptic terminals plays a key role in regulated synaptic
transmission. Removal of Nrg3 from neurons (GFAP-Nrg3f/f, NEX-Nrg3f/f) results in an
increase in glutamatergic signaling between pyramidal neurons. Basal miniature as well
as spontaneous glutamate release is increased in neurons lacking Nrg3.Experimental
evidence suggests that the source of this increased release is determined to be
presynaptic, the region which is enriched for Nrg3. Removal of Nrg3 from presynaptic
terminals causes an increase in synaptic release probability, reflected as an increase in the
frequency of neurotransmitter quanta released. This increase is fueled by molecular and
anatomical changes taking place at the presynaptic active zone. Thus, Nrg3 may be
required for homeostatic signaling from the presynaptic terminal, without which there is a
disturbance in excitatory synaptic transmission, possibly leading to changes in the
excitation/inhibition balance in the brain. This hyper-excitable state in Nrg3 mutants
lowers seizure thresholds. Thus, these observations identify a novel role for Nrg3, a
growth factor, in suppressing glutamate release from presynaptic terminals of pyramidal
neurons.
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