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ABSTRACT OF THE DISSERTATION

Mechanisms of inhibitory transmission at hippocampal synapses

By Quynh Anh Nguyen

Doctor of Philosophy in Neuroscience

University of California, San Francisco, 2017

The human brain contains billions of individual cells called neurons which are
responsible for controlling all functions from breathing to complex thought. These neurons
communicate with each other via the synapse, locations where signals from the presynaptic
cell are relayed to the postsynaptic cell. Depending on the type of cell transmitting the
signal and the receptors activated on the cell receiving the signal, each instance of
communication either relays an excitatory or inhibitory response to increase or decrease
the firing of the postsynaptic cell respectively. Each cell receives both excitatory and
inhibitory connections from multiple different neurons. Cells that transmit inhibitory
signals are much more diverse than the cells that transmit excitatory signals. Adding to this
complexity is the vast diversity of proteins expressed at the synapse of inhibitory
connections, varying from the composition of the receptors receiving the signal to the
presence of multiple transsynaptic adhesion molecules stabilizing and mediating the line
of communication. Recent advances have given us the molecular tools in which to probe
the function of these proteins overall and with respect to particular connections they may
be involved in. Here, I examine the function of two isoforms of the neuroligin family of
cell adhesion molecules at inhibitory synapses. I find that one isoform, neuroligin 3, is
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unable to function at the inhibitory synapse without the presence of the other isoform,
neuroligin 2, and that this difference could be attributed to a domain within the extracellular
region. | also show that neuroligin 2 can function in both a gephyrin-dependent and
gephyrin-independent manner and identify key residues mediating these interactions. I also
characterize an autism-associated mutation in the neuroligin 4X isoform and show that it
prevents the function of this neuroligin at excitatory synapses by blocking its
phosphorylation by PKC. Lastly, I utilize CRISPR/Cas9 technology and optogenetic
methods to characterize the function of the different f subunit isoforms of the GABAA
receptor in inhibitory transmission. I find that a functional GABAA receptor requires the 3
subunit and that knockout of the B3 subunit in particular significantly impairs inhibitory

transmission coming from PV but not SOM interneurons.
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CHAPTER 1:

General Introduction



“As long as our brain is a mystery, the universe, the reflection of the structure of
the brain will also be a mystery.”

— Santiago Ramoén y Cajal

More than a century ago a Spanish scientist by the name of Santiago Ramon y Cajal
peered through his microscope and saw with amazing clarity the organization of the
nervous system as being comprised of billions of separate cells. His sketches of what he
observed remain, to this day, used as examples showcasing neural anatomy and neuronal
diversity. His observations became the basis for the neuron doctrine, a central tenant of
modern neuroscience which states that the nervous system is comprised of individual brain
cells. These individual cells communicate with one another through a synapse, a structure
that enables one neuron, the presynaptic neuron, to pass an electrical or chemical signal to
another neuron, the postsynaptic neuron. The precise, coordinated assembly of the
interfaces between cells enabling their communication involves the function of multiple
different types of molecules. The various molecules expressed at each synapse determine
the properties of that synapse, and there are many different types of synapses mediating

communication to each cell.



The most common mechanism for neuronal signaling is via the chemical synapse.
Here, an action potential travels down the axon of the presynaptic cell to the presynaptic
terminal where it enables depolarization of the membrane and the opening of channels that
are permeable to calcium ions. This local increase in calcium activates calcium-sensitive
proteins located on vesicles containing neurotransmitters and leads to the fusion of these
vesicles with the membrane of the presynaptic cell. This fusion event causes the
neurotransmitters to be released outside of the cell where they then diffuse across the
narrow space between the pre- and postsynaptic cell and eventually bind to receptors
located on the postsynaptic cell. Activation of these receptors leads to the opening of ion
channels in the postsynaptic membrane which in turn change the electrical potential of the

postsynaptic cell.

The type of signal propagated through these synapses are determined by the specific
molecules involved. The majority of fast, excitatory synaptic transmission in the brain
occurs at glutamatergic synapses where synaptic vesicles filled with glutamate are released
and bind to ionotropic glutamate receptors which causes depolarization of the postsynaptic
neuron and propagation of the signal. Conversely, the majority of inhibitory synaptic
transmission occurs at GABAergic synapses where synaptic vesicles filled with the
neurotransmitter gamma-aminobutyric acid (GABA) are released and bind to GABA
receptors which cause hyperpolarization of the postsynaptic neuron and prevents
propagation of the signal. Each neuron receives multiple excitatory and inhibitory inputs.
The precise coordination and integration of excitatory and inhibitory signals enable the

emergence of network activity and complex function in the brain.



Establishing the synapse: The role of cell adhesion molecules

Before a synapse can perform its function in mediating neuronal communication, it
has to first be formed and established. A central question is what determines the formation
of an excitatory versus an inhibitory synapse. In addition, after it is formed what enables

the maintenance of that synapse and its changes throughout development?

Cell adhesion molecules have a critical role in coordinating the precise
specialization of either an excitatory and inhibitory synapse. In particular, an extensively
studied type of cell adhesion molecule, the Neuroligin (NLGN) family of proteins, has been
shown to be essential for proper synapse formation and development (Bemben et al.,
2015b). Neuroligins come in multiple different isoforms: NLGN1, NLGN2, NLGN3, and
NLGN4. NLGNTI is thought to mostly be at excitatory synapses (Song et al., 1999),
NLGN?2 is thought to be mostly at inhibitory synapses (Varoqueaux et al., 2004), and
NLGN3 and NLGN4 are thought to be at both inhibitory and excitatory synapses (Budreck

and Scheiffele, 2007; Graf et al., 2004; Hoon et al., 2011).

The critical role of neuroligins for proper synaptic development was shown by
characterizing mice deficient in NLGN1, 2, and 3 or by employing methods to knockdown
expression of these neuroligins. First, knockout mice display low rates of viability and this
has been attributed to severe deficits in development and functioning of essential neuronal
networks which control breathing and other autonomic tasks (Varoqueaux et al., 2006). In
addition, knockdown of the neuroligins results in a significant reduction of inhibitory and
excitatory synapse number (Chih et al., 2005). Single knockouts and knockdown of the
neuroligins display minor effects, owing to the possibility of compensation by other

neuroligins.



Neuroligins function via binding their corresponding adhesion molecule partner,
the neurexin family of proteins, across the synapse (Nguyen and Sudhof, 1997). The
synaptogenic nature of this interaction was shown by co-cultures of non-neuronal cells,
which do not endogenously express neuroligins or neurexins, with neurons. Transfection
of the non-neuronal cells to express either neuroligins or neurexins enables the respective
axons or dendrites of the contacting neurons to form post- or presynaptic specializations
onto the cell (Fu et al., 2003; Graf et al., 2004). Neurexins themselves encompass multiple
isoforms and splice variants, with more than 1000 possible isoform combinations (Ullrich
et al., 1995). The sheer number of isoforms for both neurexins and neuroligins reinforces

the idea that these molecules could function as a code for defining synapses.

The expression of particular isoforms to mediate extracellular interactions between
cell adhesion molecules is only an initial step in establishing a synapse. The particular
intracellular molecules recruited to these sites of interactions are also another key point in
which the function of particular synapses can be refined. Multiple scaffolding molecules,
such as PSD-95 at excitatory synapses and gephyrin at inhibitory synapses have been
suggested to interact directly with the intracellular c-terminus of the neuroligins (Irie et al.,
1997; Poulopoulos et al., 2009). Interestingly, all neuroligins contain domains for
interaction with both excitatory and inhibitory scaffolding molecules, and it is thought that
post-translational modifications such as phosphorylation govern the accessibility and
involvement of one domain over another dependent on the particular intracellular

environment of either an excitatory or inhibitory synapse (Giannone et al., 2013).



E/I balance

Neurons receive multiple excitatory and inhibitory synaptic inputs. It is the balance
between these two opposing signals that govern the firing properties of the cell and the
dynamics of the neuronal network. Each excitatory input a cell receives is only able to
contribute minimally to the local depolarization of the membrane. It is through coordinated
excitation from many synapses that there is enough depolarization to enable the cell to fire.
Critical to this is the activation of inhibitory synapses which hyperpolarize the cell to
counter the excitation and prevent overly long and sustained firing. It is this ability to
control the temporal dynamics of neuronal firing that is the basis for the generation of
neuronal oscillations, the rhythmic activity of networks of neurons, which underlie
complex thought and behavior such as wakefulness, attention, and memory. The balance
between excitation and inhibition at the basal level is critical for these oscillations. Too
much basal excitation lowers the dynamic range in terms of perceiving different types of
neural oscillations due to an increase in the overall noise of the network whereas too much

inhibition prevents firing and the generation of oscillations at all.

Diversity of inhibitory cell populations

GABA is the main inhibitory neurotransmitter in the brain. Most GABAergic
neurons are thought to be local inhibitory cells called interneurons. Despite being only a
small population of the total number of neurons, for example about 10-20% of the total

population of neurons in the cortex, interneurons encompass a wide diversity of cell types



with 21 different types of interneurons in the CAl region of the hippocampus alone

(Klausberger and Somogyi, 2008; Rudy et al., 2011).

Interneurons can be classified largely based on their firing properties, molecular
expression profiles, and the spatial region on the cell they target. For example, there are a
subset of interneurons which express the molecular marker parvalbumin (PV). In the
hippocampus, PV+ cells can be further subdivided into distinct groups based on their
targeting profiles onto pyramidal cells: basket cells innervate the soma, axo-axonic cells
innervate the axon initial segment, and bistratified cells innervate the dendrites
(Klausberger and Somogyi, 2008). While the majority of PV+ cells are basket cells in the
CALl area of the hippocampus, the contribution of axo-axonic and bistratified cells are
crucial for the generation of complex neuronal oscillations (Bezaire et al., 2016;
Klausberger et al., 2003; Klausberger et al., 2004). Converse to the PV+ cells are the
somatostatin (SOM) cells which by and large target the distal dendrites of neurons and are
a separate population of interneurons (Kawaguchi and Kubota, 1997; Scheyltjens and

Arckens, 2016).

Diversity of inhibitory receptors

The diversity of inhibitory cells is complemented by the diversity in the receptors
that mediate their signal in the postsynaptic cell. The type-A GABAergic receptors
(GABAA receptors) which bind GABA and are the principal mediators of fast inhibitory
synaptic transmission in the brain are heteropentameric ion channels comprised of five

subunits (Jacob et al., 2008). There are 19 different genes encoding the different subunit



members: al-6, B1-3, y1-3, §, €, 6, m, and p1-3 (Simon et al., 2004). While this genetic
diversity enables the possibility of many subunit combinations, only a limited number of
combinations have actually been found to exist in nature (Sigel and Steinmann, 2012).

Canonically GABAA receptors are composed of two a subunits, two 3 subunits, and one

other subunit (Chang et al., 1996; Sieghart and Sperk, 2002).

Much of the work on properties of GABAA receptors containing different subunit
compositions have been done using overexpression of various subunits in non-neuronal
cells (Macdonald and Olsen, 1994). For example, expression of different o subunit
isoforms in heterologous cells resulted in different receptor kinetics dependent on the
particular isoform involved, with al containing receptors possessing faster decay kinetics
than 02 containing receptors (Lavoie et al., 1997). In addition, these recombinant
expression systems have enabled identification of the sites of action for multiple
pharmacological targets of the GABAA receptors such as benzodiazepines and barbiturates

(Sieghart, 1995; Sigel et al., 1990).

Endogenous expression of the different GABAA receptor subunits varies across
multiple brain regions and throughout development (Fritschy and Panzanelli, 2014; Laurie
et al., 1992; Sieghart and Sperk, 2002). For example, the 3 subunit is the major B subunit
in the fetal brain while in the adult brain the B2 subunit is more dominant (Laurie et al.,
1992; Zhang et al., 1991). In addition, while the 2 subunit is the most abundant subunit
expressed in the adult brain, its expression in the hippocampus is noticeably minimal

(Sieghart and Sperk, 2002).

There is even region specific expression of particular subunit compositions within

a cell itself. GABAA receptors can be located either synaptically or extrasynaptically.
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Synaptic GABAergic transmission is responsible for the fast, phasic inhibitory signaling
that underlies generation of synchronized neural activity and network oscillations whereas
extrasynaptic tonic signaling is responsible for setting the membrane conductance of the
cell (Cherubini, 2012; Walker and Kullmann, 2012). Synaptic activation of GABAa
receptors requires precisely coordinated, transient release of GABA from the presynaptic
terminals whereas activation of extrasynaptic receptors is largely due to ambient GABA
within the extracellular space persistently activating these populations of receptors (Farrant
and Nusser, 2005). Synaptic GABAA receptors are thought to require the y2 subunit
whereas the 6 subunit is thought to only be found within extrasynaptic receptors (Brickley

and Mody, 2012; Schweizer et al., 2003)

The ability to study the effect of specific subunits on the native function of GABAA
receptors is limited by the availability of genetic knockout animals. In addition, the
possibility of compensation by other isoforms may mask more serious phenotypes expected
in global knockouts. For example, approximately 90% of knockout mice for the 3 subunit
die within 24 hours of birth and the remaining mutants display epilepsy, deficits in motor
coordination, and have a reduced life span (Homanics et al., 1997). Conversely, mice
lacking the B2 subunit display grossly normal phenotypes despite losing about 50% of the

total population of GABAA receptors (Sur et al., 2001).

Relevance to health and disease

The importance of molecules governing the balance between excitation and

inhibition and the function of synapses is most apparent when defects in these molecules



lead to disease. Mutations in the neuroligins have been associated with various diseases
ranging from autism, to schizophrenia, to mental retardation (Sudhof, 2008). GABAa
receptors are thought to play a role in epilepsy, anxiety disorders, and even insomnia
(Mohler, 2006). Making sense of these associations requires basic knowledge of the
functions of these diverse synaptic molecules in normal conditions before we can

determine what exactly goes awry in disease.

Individual synapses comprise specific neuronal circuits which are part of larger
neuronal networks. The diversity inherent in synaptic molecules suggests that their
individual properties help define the differences between specific connections. At the most
basic level neurological disease is due to impairments in particular connections, in
particular brain regions, and during particular windows of development. Defining how
deficits in specific molecules affects synaptic transmission both broadly and at particular
circuits will help identify areas, connections, and cells to target for treatment of

neurological disorders.

I started off my graduate work trying to characterize how neuroligins function at
inhibitory synapses. This led me to become interested in how individual mutations within
the neuroligins affect their function. Finally, I was able to study the GABAA receptors

themselves and define the requirements for their function.

The general approach of my studies is to use sparse transfection of organotypic
hippocampal slice cultures and perform simultaneous electrophysiological recordings from

a transfected and nearby untransfected control pyramidal cell in the CA1l region of the
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hippocampus. This enables quantitative and internally controlled comparison of the cell-
autonomous effects of each manipulation. Each particular manipulation is guided by the
principal that the structure of a protein determines its function. Thus, expression of
chimeric constructs or mutants possessing point mutations at regions of interest will enable
understanding of the basic biology underlying those regions and how they contribute to the
function of the protein overall. These general approaches can be combined with recently
developed molecular tools to manipulate the expression of proteins to provide further

clarity in showcasing fundamental principles underlying the function of synaptic proteins.

In chapter three I identify differences between the ability of neuroligin 2 and
neuroligin 3 to function at inhibitory synapses. I hone in on a particular domain in the
extracellular region of neuroligin 2 that is sufficient to confer its ability to independently
function at inhibitory synapses onto neuroligin 3. In addition, I show that the intracellular
region of any neuroligin including neuroligin 1 is able to confer function as long as it is
linked to the extracellular region of neuroligin 2. I identify distinct residues within the
intracellular region of the neuroligin that enables it to interact with downstream molecules
in gephyrin-dependent and gephyrin-independent pathways to mediate proper synaptic

transmission at inhibitory synapses.

In chapter four, I characterize the effects of phosphorylation by protein kinase C
(PKC) at a specific site on the intracellular c-terminus of neuroligin 4X at excitatory
synapses. | show that blocking phosphorylation at this site by expressing a phospho-null
mutation prevents the potentiation of excitatory currents seen with overexpression of
neuroligin 4X whereas introducing a phospho-mimetic mutation enhances the degree of

potentiation observed. Furthermore, I show that an autism-associated mutation located near
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the site of phosphorylation has the same effect as the phospho-null mutation, providing a

basis for how this autism-associated mutation affects synaptic transmission.

Finally, in chapter five I use CRISPR/Cas9 technology to knockout expression of
the B subunits of the GABAA receptor. I find that indeed, functional assembly of a GABAA
receptor requires the presence of a  subunit. In addition, I find that presence of the B3
subunit is most important for maintaining proper inhibitory synaptic transmission in the
absence of the other B subunits and that expression of B3 alone is sufficient to rescue
inhibition that is lost when all endogenous P subunits are knocked out. I investigate
synapse-specific requirements for B3 containing GABAA receptors using optogenetic
approaches to isolate inhibitory responses from either PV or SOM interneurons. I found

that inhibition from PV cells and not SOM cells are preferentially affected by loss of 33.
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CHAPTER 2:

Methods
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Mouse genetics

All animals were housed according to the IACUC guidelines at the University of
California, San Francisco. To obtain channelrhodopsin (ChR2) expression in PV positive
interneurons, PV-ires-Cre mice were bred with 4i32 mice. To obtain ChR2 expression in
SOM positive interneurons, Sst-ires-Cre mice were bred with 4i32 mice. Mice that were
either heterozygous or homozygous for each gene were used for preparation of organotypic
slice cultures. PV-ires-Cre and Sst-ires-Cre mice were generously donated by Dr. V.S.

Sohal, while 4i32 mice were generously donated by Dr. Z.A. Knight.

Experimental constructs

Neuroligin overexpression constructs have previously been described and were based on
RNAi-proofed HA-tagged rat NLGN2 and human NLGN3 (Shipman et al., 2011). We used
an RNAi-proof NLGN1 isoform containing the B splice site. All neuroligin constructs were
cloned into the pCAGGS expression plasmid by either PCR for truncations or overlap
extension PCR for chimera, deletions, and point mutations followed by In-Fusion cloning
(Takara Bio). All NLGN2 constructs contained an HA-tag and all chimera retained the
NLGN2 version of the transmembrane domain. The triple microRNA construct to
knockdown neuroligins 1, 2, and 3 (NLGN1-3miR) and NLGN3miR have been previously
characterized (Shipman and Nicoll, 2012b; Shipman et al., 2011). Targeting sequence for
the NLGN2miR construct was TTGCTGTTGAACTTGCTCCAT. Gephyrin-miR
targeting sequence was AACAGGGAATGAGCTACTAAA. All targeting sequences were

cloned using BLOCK-iT miR RNAi kit (Invitrogen). All constructs used for biolistic
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transfection and lentiviral production co-expressed either a GFP or mCherry fluorophore

for visualization.

Human pCAG-NLGN4X (WT, R704C, T707A, or T707D)-IRES-mCherry, pCAG-eGFP,
pCAG-NLmiRs-GFP, and pRKS5-FLAG-GIuAl plasmids were used for biochemical,
electrophysiological, and imaging (synaptic markers) experiments. Human pCAG-HA-
NLGN4X (WT, R704C, T707A, or T707D) were used in surface expression imaging
experiments. pGEX-GST-NLGN c-tail constructs were made as previously described
(Bemben et al., 2014). Point mutations were introduced using QuikChange Site-Directed
mutagenesis. The primers used to construct NLGN4X R704C were Forward (FOR) 5’ -
ACAAAAAGGACAAGAGGTGCCATGAGACTCACAGG - 3’ and Reverse (REV) 5’ -
CCTGTGAGTCTCATGGCACCTCTTGTCCTTTTTGT - 3, NLGN4X T707A were
FOR 5 - AGGCGCCATGAGGCTCACAGGCGCC - 3 and REV 5 -
GGCGCCTGTGAGCCTCATGGCGCCT - 3’, and NLGN4X T707D were FOR 5’-
GAGGCGCCATGAGGATCACAGGCGCCCC - 3 and REV 5 -
GGGGCGCCTGTGACCTCATGGCGCCTC - 3’. The primers used to insert the HA-tag
in pPCAG-NLGN4X were FOR 5’- TATCCATACGACGTTCCGGACTACGCTCCAGT
TGTCAACACAAATTATGGC -3’ and REV 5’- AGCGTAGTCCGGAACGTCGTATG

GATAATACTGTGCTTGGCTGTCAATGAG -3°.

The human codon-optimized Cas9 and chimeric gRNA expression plasmid (pX458) and
lentiviral plasmid for expression of Cas9 (lentiCRISPR) were developed by the Zhang lab
and obtained from Addgene (plasmid #48138 and #52961) (Ran et al., 2013; Sanjana et al.,
2014). Design of gRNAs for CRISPR/Cas9 was followed as previously described (Incontro

et al., 2014). Primers used to generate gRNA oligos were: 1 FOR 5 - CACC

15



GTTGATCCAAAACGACACCC - 3 and REV 5 - AAAC

GGGTGTCGTTTTGGATCAAC - 3% B2 FOR 5’ - CACC
GGATGAACAAAACTGCACGT - 3 and REV 5 - AAAC
ACGTGCAGTTTTGTTCATCC - 3% B3 FOR 5 - CACC
GTAAAATTCAATGTCATCCG - 3 and REV 5’ - AAAC

CGGATGACATTGAATTTTAC -3’. gRNA oligos were initially cloned into px458 and
then subcloned into pFUGW-mCherry. For subcloning and generation of chained gRNAs
the following primers were used: insertion of first gRNA cassette FOR 5’ -
TTAATCGTACGAATTCGAGGGCCTATTTCCC - 3° and REV 5 -
GGGTTAATTAATTCGAATGGCGTTACTATTGA - 3’; insertion of second and third
gRNA cassette FOR 5° - TAGTAACGCCATTGCAAGAGGGCCTATTTCCC - 3° and
REV 5’ - GGGTTAATTAATTCGAATGGCGTTACTATTGA - 3°. The first gRNA
cassette was inserted into pFUGW-mCherry digested with BstBI and EcoRI HF. The
resulting oligo was cut with BstBI for each subsequent cassette insertion. gRNAs for 1
and B3 were optimized to recognize both rat and mouse genomic sequences whereas the
gRNA for B2 only recognizes the rat genomic sequence due to high disparity between the

rat and mouse genome for this gene.

For rescue experiments cDNA was obtained from GE Dharmacon for GABRB3 (Cloneld:
3871111) and cloned into Nhel and Xmal sites of pPCAGGS-ires-GFP using the following
primers: FOR 5 - ATTCGCGGCCGCTAGCGCCACC
ATGTGGGGCCTTGCGGGAGG - 3° and REV 5 - AGGGGCGGATCCCGGG
TCAGTTAACATAGTACAGCCAGTAAACTAAGTTGAAAAGAGA - 3’. Editing to

prevent recognition of the cDNA by the CRISPR gRNA was done using the following
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primers: FOR 5° - CACCA CGGACGATATCGAGTTCTAT TGGCG - 3’ and REV 5’ -

CGCCAATAGAACTCGATATCGTCCGTGGTG - 3°.

Lentivirus production

HEK293T cells were co-transfected with psPAX2, pVSV-G, and either NL2miR,
Gephyrin-miR, lenti-CRISPR or f123-CRISPR-gRNAs, using FuGENE HD (Promega).
Supernatant was collected 40 hours later, filtered, and concentrated using PEG-it Virus
Precipitation Solution (System Biosciences). Resulting pellet was resuspended in Opti-

mem, flash-frozen, and stored at -80°C.

qRT-PCR

Primary rat hippocampal dissociated neurons were prepared at E18.5 and infected with
lentivirus expressing a Gephyrin-miR, NLGN2miR, or control GFP construct at DIV 4-7.
Neurons were harvested at DIV17-18 by lysis and reverse transcribed to synthesize cDNA
using a Power SYBR Green Cells-to-CT kit (Life Technologies). Amplification of cDNA
by real-time PCR was quantified using SYBR Green with the following sequence specific
primers: Neuroligin 2 FOR 5° - CATTCAGAAGGGCTGTTCCA - 3* and REV 5’ -
GTCTTCCCGGGAGCTAGTAG - 3% Gephryin FOR 5’ -
GGGAATGAGCTACTAAATCCTG-3’and REV 5’ - TGATACCCTCATTCAAGGCA

-3
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Immunoblotting

Primary rat hippocampal dissociated neurons were prepared at E18.5 and infected with
lentivirus expressing constructs of interest at DIV 4-7. Neurons were harvested at DIV17-
18 in Tris-buffered saline (25mM Tris pH 7.4, 150 mM NaCl) plus 0.5% Triton-X and
protease inhibitor mix (Roche Applied Sciences, cOmplete Protease Inhibitor Cocktail
Tablets). After incubation at 4°C for 30 minutes, cell lysates were centrifuged for 15
minutes at 12000g. Proteins were resolved by SDS-PAGE and analyzed by western blot
using antibodies against gephyrin (1:5000, Synaptic Systems), actin (1:5000, Millipore

C4), B1 (1:1000, NeuroMab), and p2/3 (1:500, NeuroMab).

To generate the rabbit NLGN4X pT707-Ab (against residues 703-712 in NLGN4X),
animals were immunized with synthetic phosphopeptide Ac-CKRRHE(pT)HRRP-amide
(New England Peptide). All Immunoblotting with the NLGN4X T707-Ab began with
blocking in 5% PhosphoBLOCKER (CELL BIOLABS, INC) at room temperature,
followed by 1% PhosphoBLOCKER in the primary and secondary Ab incubations.
Antibodies used in the NLGN4X study were anti-NLGN4X (Sigma), anti-NLGN4X
(abcam), anti-pan NLGN 4F9 (Synaptic Systems), anti-GST (Bethyl Laboratories), anti-
FLAG (Sigma), anti-HA rat (Roche), anti-HA rabbit (Abcam), anti GluAl pS831
(Covance), anti-PSD-95 (Neuromab), anti-VGLUT1 (Millipore), anti-MAP2 (Cell

Signaling), and anti-actin (ABM) and were used at a concentration of 1 pg/uL.

For immunoblotting in HEK cells, HEK293T cells were maintained, transfected, and

proteins were isolated as previously described (Bemben et al., 2014). Treatment with 200
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ng/uL PMA (Tocris) or DMSO (Sigma) began 30-60 minutes before protein isolation. For
IPs, cell lysates were incubated with 6 pug of NLGN4X pT707-Ab and protein A-Sepharose
beads (GE Healthcare) at 4°C overnight. The following day the IPs were washed in TBS
buffer containing 150 mM NaCl, 50 mM Tris-HCI, 1 mM EDTA, protease (Roche), and
phosphatase (Sigma) inhibitors. The antibody conjugated beads were resuspended in SDS-

PAGE sample buffer and subjected to Western blotting.

GST-Fusion Protein Production, In Vitro Phosphorylation, and Mass Spectrometry

Reagents were prepared and assays were performed and analyzed as previous described

(Bemben et al., 2014).

Immunostaining and Imaging

Primary rat hippocampal dissociated neurons were prepared at E18.5 and transfected using
Lipofectamine 2000 with pCaggs NLmiRs-GFP and either pCaggs-NLGN2, pCaggs-
NLGN2A133 or NLGN4X constructs without the HA tag. 7 days later cells were prepped
for immunostaining for surface and intracellular markers. Cells were first washed with cold
HEPES external buffer (115 mM NacCl, 3.5 mM KCI, 10mM HEPES, 20mM Glucose,
ImM MgClz, 1.5mM CaCl, adjusted to pH 7.3 with NaOH) then incubated with anti-HA
antibody (Y-11, 1:250, Santa Cruz Biotech) for 20 mins in the cold. Cells were then washed
with HEPES external buffer and fixed in 4% paraformaldehyde in 4% PBS for 15 minutes
room temperature. Cells were then washed with PBS and blocked in 10% goat serum in
PBS with 0.1% Triton X-100. Cells were then washed with PBS with 0.1% Triton X-100

19



and labeled with Alexa 546- conjugated anti-rabbit secondary antibody (1:250, Thermo-
Fisher Scientific) in PBS with 0.1% Triton X-100 with 2.5% goat serum and mounted with
SlowFade Gold Antifade Mountant (Molecular Probes). Neurons were imaged with a 100x
objective on a Zeiss LSM 510 confocal microscope. For analysis, images were collected
and quantified by normalizing the fluorescence intensity of surface-expressed NLGN2 (or
NLGN2A133) with the fluorescence intensity of GFP in each cell using ImageJ (NIH). All
data analysis was done blinded to experimental conditions. Spine number was counted
using the GFP signal from the NLmiRs construct from 3-4 regions of 30 um/cell. Methods,
reagents, and analysis for imaging were done as previously described (Bemben et al.,

2014).

Human Neuron Cultures

Human fetal neural cells were cultured as previously reported (Wang et al., 2006). Total

NLGN4X protein was quantified using the anti-NLGN4X Ab (Sigma).

Slice culture and biolistic transfection

Rat and mouse slice cultures were prepared on P68 as previously described (Stoppini et
al., 1991). All experiments were performed in accordance with established protocols
approved by the University of California San Francisco Institutional Animal Care and Use

Committee.
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Sparse biolistic transfections of organotypic slice cultures were performed 1 day after
culturing as previously described (Schnell et al., 2002). Briefly, 100 pug total of mixed
plasmid DNA was coated on lum-diameter gold particles in 0.5 mM spermidine,
precipitated with 0.1 mM CaClz, and washed four times in pure ethanol. The gold particles
were coated onto PVC tubing, dried using ultra-pure N2 gas, and stored at 4°C in desiccant.
DNA-coated gold particles were delivered with a Helios Gene Gun (BioRad). When
biolistically expressing two plasmids, gold particles were coated with equal amounts of
each plasmid and plasmids always expressed different fluorescent markers. Observed
frequency of coexpression was nearly 100%. Slices were maintained at 34 °C with media

changes every other day.

Electrophysiological recording

Recordings were performed at 7-10 DIV after 6-9 days of expression or for CRISPR
experiments at DIV 22-36 after 3-5 weeks of expression. Dual whole-cell recordings of
CAl pyramidal neurons were done by simultaneously recording responses from a
fluorescent transfected neuron and a neighboring untransfected control neuron. Synaptic
responses were evoked by stimulating with a monopolar glass electrode filled with aCSF
in stratum radiatum of CAIl. Typically each pair of neurons is from a separate slice,
whereas on rare occasions two pairs may come from one slice. For all paired recordings,
the number of experiments () reported in the figure legends refer to the number of pairs.
Pyramidal neurons were identified by morphology and location. To ensure stable
recording, membrane holding current, input resistance, and pipette series resistance were

monitored throughout recording. All recordings were made at 20-25 °C using glass patch
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electrodes filled with an internal solution consisting of 135 mM CsMeSO4, 8 mM NacCl,
10 mM HEPES, 0.3 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na-GTP, 5 mM QX-314, and
0.1 mM spermine and an external solution containing 119 mM NacCl, 2.5 mM KCI, 4 mM
MgSO4, 4 mM CaClz, 1 mM NaH2POs, 26.2 mM NaHCO3 and 11 mM glucose bubbled
continuously with 95% O2 and 5% CO.. Recordings of IPSCs were made in the presence
of APV (100 uM) and NBQX (10 uM) to block NMDA and AMPA-mediated currents
respectively. Recordings of excitatory current were made in the presence of picrotoxin (100
uM) to block inhibitory currents and a small (50 nM) amount of NBQX to reduce
epileptiform activity at =70 mV (AMPA). AMPAR-mediated currents were measured at
the peak of the current at -70 mV whereas NMDA currents were measured at +40 mV and
100 ms after the stimulation. Stimulation was delivered using 8 sec interstimulus intervals.
Data were acquired using a Multiclamp 700B amplifier (Axon Instruments) controlled by

a Master 8 stimulator (A.M.P.1.).

GABA puff experiments were performed using a Picospritzer II (General Valve
Corporation). 100uM final concentration of GABA was dissolved in 140 mM NaCl, 5 mM
KCl, 5 mM EGTA, 1.4 mM MgS0O4, | mM NaH2PO4, 10 mM glucose, and 10 mM Hepes,

pH 7.2. Agonist was applied using 100 ms pulses at a pressure of 100-300 kPa.

For optogenetic experiments, a TLED+ transmitted light source (Sutter Instruments) was
used to deliver blue light through the 40x objective. Light pulse duration and onset were
controlled by the Master 8 stimulator. Duration of light pulses ranged from 0.5-2 ms and
intensity ranged from 0.5-2.5 mW/mm?. Optogenetic stimulation was delivered at 15 sec

interstimulus intervals.
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Statistical analysis

All paired whole-cell data were analyzed using a two-tailed Wilcoxon matched-pairs
signed rank test. For comparisons between different experimental groups, a Mann Whitney
test was used on the ratios of the transfected cell to the control cell. Data analysis was
carried out in Igor Pro (Wavemetrics), GraphPad Prism (GraphPad Software) and Excel
(Microsoft). Statistical significance of immunoblots was tested using a t-test,

immunocytochemistry with a one-way ANOVA.
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CHAPTER 3:

Distinct roles for extracellular and
intracellular domains in neuroligin function

at inhibitory synapses
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Introduction

Proper balance between inhibitory and excitatory connections is important for proper
functioning of neuronal circuits (Bang and Owczarek, 2013; Mackowiak et al., 2014). Cell
adhesion molecules have a critical role in coordinating the apposition of presynaptic
terminals with postsynaptic sites of differentiation (Washbourne et al., 2004; Yamagata et
al., 2003). While much work has been done to determine the molecular organization of cell
adhesion molecules at excitatory synapses, less is known about how these components are

organized at inhibitory synapses.

Neuroligins are a family of postsynaptic cell adhesion molecules that interact trans-
synaptically with their corresponding presynaptic neurexin binding partners to mediate
proper synaptic function (Chih et al., 2005; Sudhof, 2008). Rats express three neuroligins
(NLGNI1-3): NLGNI1 is expressed exclusively at excitatory synapses, NLGN2 is
selectively present at inhibitory synapses, while NLGN3 is found at both excitatory and
inhibitory synapses (Budreck and Scheiffele, 2007; Song et al., 1999; Varoqueaux et al.,
2004). NLGN2 and 3 share many previously identified domains both in their extracellular
and intracellular regions. Despite the similarities between the two proteins, it is currently
unknown whether they perform the same function at inhibitory synapses. One notable
difference between NLGN2 and 3 resides in the extracellular region at splice site A which
has previously been proposed to affect NLGN binding to its presynaptic neurexin partner

(Chih et al., 2006; Ichtchenko et al., 1996).

It has been suggested that NLGN2 functions through a direct interaction on its cytoplasmic
tail with gephyrin, a scaffold protein thought to be essential for stabilizing glycine and

GABAA receptors at inhibitory synapses (Choii and Ko, 2015; Tyagarajan and Fritschy,
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2014). In addition, it has been proposed that collybistin, a brain-specific guanine nucleotide
exchange factor (GEF), helps regulate the localization of gephyrin, and that NLGN2 is a
specific activator of collybistin via a direct interaction at the proline rich region in its
cytoplasmic tail (Kins et al., 2000; Poulopoulos et al., 2009; Soykan et al., 2014). While
previous studies have been able to link these interactions to NLGN2, there has been no
direct study of whether these interactions are necessary for proper functioning of NLGNs

at inhibitory synapses.

To investigate the importance of NLGN2 and 3 at inhibitory synapses, we used microRNAs
targeted to NLGN2 or 3 individually. We found that NLGN2 is a critical component of
inhibitory synapses while NLGN3 function at inhibitory synapses depends on the presence
of NLGN2. Further investigation expressing chimeric constructs of NLGN2 and 3 in
isolation, using a microRNA targeting all three endogenously expressed NLGNs 1, 2, and
3, identified a previously uncharacterized domain in the extracellular region that accounted
for this functional difference between NLGN2 and 3. Using a similar technique to study
the importance of the intracellular region in NLGN function at inhibitory synapses, we
found a critical requirement for the cytoplasmic tail and identified two key residues that
are separately involved in gephyrin-dependent and gephyrin-independent mechanisms of
NLGN function at inhibitory synapses. We further show that an autism-associated mutation
inhibits the gephyrin-dependent pathway while a phosphorylation site is responsible for
modulating the gephyrin-independent pathway. These findings identify new mechanisms
for NLGN function, particularly at inhibitory synapses, and provide new avenues of study

for elucidating the molecular mechanisms present at inhibitory synapses.
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Results

NLGN?2 is the critical NLGN at inhibitory synapses

To determine the relative contributions of NLGN2 and 3 to inhibitory synaptic
transmission, we utilized targeted miRNA constructs to knockdown either NLGN2 or 3
(validated in Figure 2a and (Shipman and Nicoll, 2012b)). We biolistically transfected
organotypic hippocampal slices with our constructs of interest and performed dual-whole
cell recordings from CA1 neurons 7-10 days after transfection. Compared to a previously
validated knockdown construct of NLGNs 1-3 (Shipman et al., 2011) which reduces
inhibitory synaptic transmission to about 50% (Figure 1a) we found that while NLGN2
knockdown alone recapitulated the 50% decrease in inhibitory synaptic transmission
(Figure 1b and 1d), NLGN3 knockdown alone had no effect on inhibitory synaptic
transmission (Figure 1¢ and 1d). Furthermore, while overexpression of NLGN3 alone does
enhance inhibitory synaptic transmission (Figure le and 1g), overexpression of NLGN3
with a NLGN2 knockdown construct fails to enhance inhibitory responses (Figure 1f and
1g), suggesting that NLGN3 requires the presence of NLGN2 to function at inhibitory
synapses. This is consistent with previous results showing no enhancement of inhibitory
responses when NLGN3 was overexpressed on a NLGN1-3 knockdown background
(Shipman et al., 2011). Notably, NLGN3 overexpression on a NLGN2 knockdown
background still enhanced excitatory responses similar to NLGN3 overexpression alone

(Figure 2b, 2c, and 2d), suggesting our effects are specific for inhibitory synapses.
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Difference between NLGN 2 and 3 function at inhibitory synapses resides in distinct

domain in the extracellular region

To determine where this functional difference between NLGN2 and 3 at inhibitory
synapses resides, we made chimeric constructs and expressed them on the reduced
endogenous NLGN (NLGN1-3miR) background to study the effects of our constructs in
isolation (Figure 3a). Expression of the full-length NLGN2 resulted in a large enhancement
of inhibitory currents (Figure 3b and 3e). Expression of a construct containing the NLGN2
extracellular region and NLGN3 cytoplasmic tail enhanced inhibitory currents (Figure 3¢
and 3e) similar to full-length NLGN2 (Figure 3e). However, expression of a construct
containing the NLGN3 extracellular region and NLGN2 intracellular region failed to
enhance inhibitory currents (Figure 3d and 3e), suggesting that the functional difference
between NLGN2 and 3 at inhibitory synapses resides in the extracellular region.
Importantly, while the NLGN3 extracellular-NLGN2 intracellular chimeric construct
failed to enhance inhibitory responses, it was still able to potentiate excitatory responses
(Figure 4), indicating that this construct is expressed and functional. It further shows that
there are differential requirements for NLGN3 function at inhibitory versus excitatory

synapses, and that the NLGN2 c-tail is capable of functioning at excitatory synapses.

We constructed further chimeric constructs to determine where in the extracellular
region this difference between NLGN2 and 3 resides and if we could effectively confer
NLGN2 function onto NLGN3 by transplanting a critical domain. There are various
components located in the extracellular region which have previously been suggested to be
important for NLGN function (Figure 5a and Figure 6a). One key component of the

extracellular region, the critical dimerization residues, are conserved between NLGN2 and

28



3, suggesting that differences between NLGN2 and 3 may not be due to differences in
ability to dimerize (Dean et al., 2003; Ko et al., 2009; Shipman and Nicoll, 2012a). One
notable domain of interest resides in splice site A, which is important for neurexin binding
(Chih et al., 2006; Ichtchenko et al., 1996). Interestingly, there are many differences
between NLGN2 and 3 at this splice site, and these might account for the functional

differences between the two.

Starting from the proximal region closest to the transmembrane region, we
progressively added back regions of NLGN2 onto the NLGN3 extracellular region while
keeping the NLGN2 c-tail intact. We first inserted a region of NLGN2 up to the 623™
amino acid that contains substantial differences between it and NLGN3 (Figure 5a and
Figure 6a). Neither this chimeric construct (Figure 5b and 5h) nor one adding back NLGN2
right before splice site A at the 180" amino acid (Figure 5c and 5h) was able to enhance
inhibitory currents. However, adding back NLGN2 up to the 52" amino acid was able to
potentiate inhibitory currents (Figure 5d and 5h). Further refinement showed that
transplanting just the domain between the 52" and 180" amino acid of NLGN2 was able
to fully confer NLGN?2 ability to potentiate inhibitory currents onto NLGN3 (Figure 5e and
5h). Since this domain encompassed the splice site A and a previously uncharacterized
domain of the extracellular region, we wanted to know whether the splice site A or the
uncharacterized domain alone was sufficient to confer NLGN2 function onto NLGN3.
While expression of a chimeric construct containing the uncharacterized extracellular
domain of NLGN2 between amino acids 52-164 showed a modest enhancement of
inhibitory currents (Figure 5f and Sh), it was far less than the effect of the full length

NLGN2 (Figure 5h). A chimera containing only the splice site A domain of NLGN2
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(Figure 5g and 5h) failed to enhance inhibitory responses. Importantly, all chimeric
constructs, except NLGN3-180-NLGN2 which appears non-functional, that failed to
potentiate inhibitory responses were still able to potentiate excitatory responses, indicating
that they were functional (Figure 6b). Together, this suggests that the splice site A domain
alone does not account for the differences between NLGN2 and 3 function but that a

previously uncharacterized adjacent domain is also required.

A c-tail is required for NLGN function

Since the c-tails of the NLGNs share many similar domains (Figure 7a), and our
previous results showed that the c-tails of NLGN2 and 3 were interchangeable (Figure 3¢
and 3d), we wanted to know whether the c-tail of NLGN1, a NLGN that is selectively
present at excitatory synapses, was also capable of functioning at inhibitory synapses. In
experiments done on a reduced endogenous NLGN background, full-length NLGN1 was
unable to enhance inhibitory responses (Figure 7b and 7d), while a chimeric construct
containing the NLGN2 extracellular region with a NLGNI intracellular region was able to
enhance inhibitory currents (Figure 7c and 7d). To determine whether a c-tail is required
at all, we created a truncation mutant lacking most of the c-tail except for a few amino
acids closest to the transmembrane domain which might be necessary for proper trafficking
of the protein (A133, Figure 7a). While overexpression of this truncation mutant on a wild-
type background (Figure 8b and 8c) enhanced inhibitory currents to a similar extent as full-
length NLGN2 (Figure 8a and 8c), expression on a reduced endogenous NLGN
background showed no potentiation (Figure 7e and 7f), indicating that a c-tail is required

for proper NLGN function and further underlies the need to observe the effects of our
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mutant NLGNs on a reduced endogenous background due to the possibility of
heterodimerization with endogenous NLGN. Importantly, the effect of the c-tail truncation
was not due to impaired surface trafficking as shown by surface immunostaining of the

HA-tagged NLGN2 constructs (Figure 8d and 8e).

Previously identified domains not critical for NLGN function at inhibitory synapses

To determine what domain(s) in the c-tail are necessary for NLGN function at
inhibitory synapses, we made a series of truncations to the c-tail of NLGN2, deleting
previously identified domains proposed to be important for its function (full diagram of
relevant sites in Figure 10). First, it has previously been suggested that PSD-95 binds
NLGN?2, since it contains a PDZ domain (Irie et al., 1997). Second, in addition to PSD-95,
which is localized to excitatory synapses, S-SCAM is another protein that is localized to
both excitatory and inhibitory synapses and can also interact via the NLGN2 PDZ domain
(Woo et al., 2013). To determine whether any of these interactions via the PDZ domain are
important for NLGN2 function, we made a truncation mutant lacking the entire PDZ
domain (NLGN2A4). We found that deleting the PDZ domain did not alter the function of
NLGN2 (Figure 9a and 9d). Proximal to the PDZ domain is the proline-rich region, which
has been shown to be important for collybistin binding and enabling the recruitment of
gephyrin (Kins et al., 2000; Poulopoulos et al., 2009; Soykan et al., 2014). However,
excision of this domain (NLGN2A32-39) or truncation of this domain and everything
downstream of it including the PDZ domain (NLGN2A39) still significantly potentiates

inhibitory currents (Figure 9b and 9d).
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Another key domain suggested to be critical for NLGN function is the gephyrin-
binding domain (Poulopoulos et al., 2009). The reigning model of NLGN function at
inhibitory synapses purports that the interaction of gephyrin with NLGN2 via its gephyrin-
binding domain enables the recruitment of GABAA receptors to the synapse (Choii and Ko,
2015; Tyagarajan and Fritschy, 2014). However, there have also been reports of gephyrin-
independent mechanisms of GABAA receptor enrichment at inhibitory synapses (Kneussel
et al.,, 2001; Levi et al., 2004). To determine whether the gephyrin-binding domain is
critical for NLGN2 function, we employed a variety of methods to either disrupt or excise
this region of interest. Surprisingly, we found that expression of NLGN2 with a phospho-
mimic mutation previously shown to disrupt gephyrin binding (NLGN2 Y770A)
(Giannone et al., 2013; Poulopoulos et al., 2009), excision of the whole gephyrin-binding
domain (NLGN2AS55-69), or, most dramatically, truncation of the gephyrin-binding
domain and everything downstream of it, including all known functional domains of the
NLGN2 c-tail (NLGN2A69), all still displayed significant potentiation of inhibitory

currents (Figure 9c and 9d).

While our results suggest that the gephyrin-binding domain is not critical for
NLGN?2 function, we wondered whether gephyrin, itself, is required. To address this, we
created a targeted knockdown construct for gephyrin that effectively knocks down more
than 90% of gephyrin expression (Figure 12a and 12b). Expression of this construct
reduced inhibitory currents to about 50%, similar to knockdown of all endogenous NLGNs
(Figure 11a and 11c). Surprisingly, a NLGN2 truncation mutant lacking all known
functional domains of the c-tail (NLGN2A69) coexpressed with our gephyrin and

endogenous NLGN knockdown constructs was fully capable of enhancing inhibitory
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currents (Figure 11b and 11c). These results indicate that NLGN2 can function, not only

without previously known domains, but entirely independently of gephyrin as well.

NLGN function at inhibitory synapses requires two distinct regions in the c-tail

Our results suggested that there might be a previously uncharacterized region of the
NLGN c-tail that is critical for its function at inhibitory synapses. We made further
truncations starting at the region closest to our most terminal c-tail truncation
(NLGN2A133) and found that deletion of a 35 amino acid stretch from that point
(NLGN2A98-133) resulted in the loss of enhancement of inhibitory responses (Figure 13a
and 13e). Further refinement identified a domain of 16 amino acids that, when deleted

(NLGN2A117-133), also showed no enhancement (Figure 13b and 13e).

We next sought to identify any candidate residues that could be important within
this domain. We were informed by our previous results that any NLGN c-tail would be
able to function at inhibitory synapses and thus looked for residues that were shared among
all the NLGNs. We focused on two sites, a residue at R705 linked to an autism mutation
previously found in NLGN4 that inhibited its function at excitatory synapses (Bemben et
al., 2015a), and a putative phosphorylation site at S714 previously shown to affect gephyrin

binding to NLGN2 (Antonelli et al., 2014).

Individual mutations at these sites, either by expressing the phospho-null (NLGN2-
S714A) (Figure 14a and 14d), phospho-mimic (NLGN2-S714D) (Figure 14b and 14d), or
the analogous autism point mutation (NLGN2-R705C) (Figure 14c and 14d), still enhanced

inhibitory responses comparable to full-length NLGN2. However, when we expressed the
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double point mutant of the autism-associated mutation with the phospho-null mutation
(NLGN2-R705C-S714A) (Figure 13c and 13e) the enhancement was dramatically reduced,
suggesting that together these residues are critical for NLGN function at inhibitory
synapses. Notably, when we tested another double point mutant with a phospho-mimic
mutation at S714 instead, (NLGN2-R705C-S714D) (Figure 13d and 13e), we still saw
robust enhancement of inhibitory currents, showing that our effect is phosphorylation-

dependent.

Gephyrin-dependent and gephyrin-independent mechanisms

Our finding that there are two distinct requirements for NLGN function at
inhibitory synapses could explain why we were unable to see an effect earlier with our
gephyrin mutants if there are both gephyrin-dependent and gephyrin-independent
mechanisms for NLGN function at inhibitory synapses. To determine whether this was the
case, we made two more double mutants, combining either the autism mutation or phospho-
null mutation with the point mutation in the gephyrin-binding domain that inhibits gephyrin
binding (NLGN2-R705C-Y770A or NLGN2-S714A-Y770A). Since the Y770A mutation
inherently blocks the gephyrin-dependent pathway, we wanted to know which of our
mutations when combined with this manipulation would reveal the presence of a gephyrin-
independent pathway. We expect that if either the R705C or S714A point mutations were
in a gephyrin-independent pathway, we would observe reduced enhancement of inhibitory

currents when combined with the Y770A point mutation that blocks gephyrin binding.
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The combined autism mutation and gephyrin-binding double point mutant
(NLGN2-R705C-Y770A) exhibited enhancement comparable to full-length NLGN2
(Figure 13f and 13h), while the combined phospho-null mutation and gephyrin-binding
double point mutant (NLGN2-S714A-Y770A) showed significantly reduced enhancement
(Figure 13g and 13h). Thus, while the three individual point mutations on their own still
exhibited enhancement of inhibitory currents, it was only when we mutated both S714 and
R705 or S714 and Y770A did we see impairment, suggesting these mutations to be
involved in separate pathways. Also, mutation of both R705 and Y770 still exhibited
enhancement of inhibitory currents similar to full-length NLGN2, suggesting that they
function in the same pathway. Together, we propose the existence of two pathways: a
gephyrin-independent pathway modulated at S714 and a gephyrin-dependent pathway

modulated at both R705 and Y770 (Figure 15).
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Discussion

Our results have uncovered the critical features of NLGN2 for proper inhibitory
synaptic function and reveal domains in both the extracellular and intracellular regions of
the NLGNs that are necessary for their function specifically at inhibitory synapses. Our
systematic dissection of the relative contributions of NLGN2 and 3 to inhibitory synaptic
function through targeted knockdown of one or the other revealed that while NLGN3
appears to be a dispensable component, NLGN2 is not and that, in fact, NLGN3 function
depends on the presence of NLGN2. Further analysis via expression of chimeric NLGN2/3
constructs on a reduced endogenous NLGN background revealed that this difference
between NLGN2 and 3 function at inhibitory synapses is due to differences within a
domain in the extracellular region corresponding to a site important for neurexin binding,

as well as a proximal uncharacterized region.

While this result seemed to suggest that the intracellular region is not important,
our results clearly show that, although the intracellular region of any NLGN is sufficient
for function at inhibitory synapses, if paired with the extracellular region of NLGN2, a c-
tail is very much required. Thus, a NLGN2 truncation lacking most of the intracellular
region failed to enhance inhibitory responses while maintaining a normal ability to traffic
to the surface. Further refinement identified two distinct regions of the NLGN c-tail
corresponding to gephyrin-dependent and gephyrin-independent mechanisms that enable
proper function at inhibitory synapses. These results suggest that while the extracellular
region is important for specifying function at an inhibitory or excitatory synapse, the
intracellular region is critical for carrying out that function at both an inhibitory or

excitatory synapse.
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Due to the heterogeneous nature of inhibitory synapses, one question that arises is
whether our observations are relevant only for particular subsets of inhibitory synapses.
Previous work using simultaneous recording from connected neurons showed that NLGN2
knockout animals specifically displayed a deficit in PV but not SOM inputs onto
hippocampal pyramidal neurons (Gibson et al., 2009). A similar set of studies in NLGN3
knockout animals showed an enhancement of CCK inputs but no change in PV inputs
(Foldy et al., 2013). In our experimental system, we find that while knockdown of NLGN2
critically affects inhibitory transmission, knockdown of NLGN3 does not. Our results are
consistent with the observations at PV synapses, suggesting either that our stimulation
placement preferentially recruits responses from these types of synapses or that in our

system PV inputs are responsible for a large proportion of inhibitory responses.

One limitation of our study is that the results we observe may not occur universally
among all brain regions. Indeed, recent work has shown that within the cerebellum the
basket/stellate cell synapses onto Purkinje cells exhibit a decrease in mIPSC frequency but
not amplitude with knock-out of just NLGN2 while the double knockout of NLGN2 and 3
exhibit a much more dramatic impairment in both mIPSC frequency and amplitude (Zhang
et al.,, 2015). In addition, there are inherent limitations with the organotypic slice
preparation we have utilized in our experiments including but not limited to the presence
of sprouting and rewiring of circuits and the high level of expression imparted by biolistic

transfection.
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The role of NLGN3 at inhibitory synapses

What might be the role of NLGN3 at inhibitory synapses since our results show
that its absence does not affect inhibitory transmission, and that NLGN3 requires the
presence of NLGN2 to function at inhibitory synapses? One possible explanation is that
NLGN3 functions as an available mechanism to quickly enhance existing inhibitory
synapses. Previous work looking at overexpression of NLGN2 or 3 in cerebral cortical
neurons noticed that the majority of NLGN3 was not localized synaptically while the
majority of NLGN2 was synaptically located (Fekete et al., 2015). From this, we can
surmise the presence of a readily available pool of NLGN3 located outside the synapse that

could be recruited and associate with NLGN2 in response to induction of plasticity.

This hypothesis is further strengthened by our result showing that transplanting a
domain of the NLGN2 extracellular region corresponding to a key area associated with
neurexin binding fully enabled NLGN3 to function at inhibitory synapses by itself. It
suggests that NLGN3 is unable to bind to the corresponding neurexin partner at inhibitory
synapses alone and that it needs to heterodimerize with NLGN2 in order to function.
Previous work has already shown that different neurexin isoforms are expressed at different
types of synapses, and that the neurexin isoform expressed at inhibitory synapses can bind
to NLGN2 but not NLGN1 (Fuccillo et al., 2015; Futai et al., 2013). Thus, it is possible
that NLGN3, which seems to be able to bind to the neurexins at excitatory synapses by
itself, needs to associate with NLGN2 in order to bind to the neurexins at an inhibitory
synapse, and this special property of NLGN2 resides in a unique domain in its extracellular
region that we have now identified. An alternative hypothesis, and one that does not

necessarily require the presence of NLGN2/3 heteromers, is that there is another molecule
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in addition to neurexin that interacts within that domain of NLGN?2 to stabilize the synapse

and enable recruitment of NLGN3.

Extracellular region confers specificity

Our results showing that a chimeric NLGN3 extracellular region with a NLGN2
intracellular region was unable to potentiate inhibitory responses but could still enhance
excitatory responses indicates that there are differential requirements for NLGN function
at excitatory versus inhibitory synapses and that the extracellular region is critical for
mediating this specificity. This is not surprising given that neurexin binding occurs at the
extracellular region and that different neurexin isoforms are present preferentially at
particular synapses. However, there could be other possible interactors that help define this
functional specificity. Previous work has shown that NMDA receptors are able to bind to
the extracellular region of NLGN1 but not NLGN2 or 3 (Budreck et al., 2013). In addition,
the presence of the B splice site insertion in NLGN1 enables it to enhance NMDA currents
and promote LTP, and this site is notably absent in NLGN3 (Shipman and Nicoll, 2012b).
For inhibitory synapses, previous work has shown that MAM domain-containing
glycosylphosphatidylinositol anchor proteins (MDGAS) are able to negatively regulate the
function of NLGN2 through an interaction within their extracellular region (Lee et al.,
2013; Pettem et al., 2013). Also, there are multiple glycosylation sites in the extracellular
region of the NLGNs and previous work has shown that glycosylation state can affect
neurexin binding (Comoletti et al., 2003; Hoffman et al., 2004). However, the analogous
glycosylation sites initially found in NLGN1 are conserved among both NLGN2 and 3

within our critical domain, suggesting that they may not explain the difference we see in
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function. Previously identified cysteine residues that form disulfide bonds within the
extracellular region are also conserved between NLGN2 and 3 within our critical domain
(Hoffman et al., 2004). Thus, it would be of interest to determine what molecular
interactions are occurring at our critical extracellular domain to mediate NLGN function at

inhibitory synapses both in baseline conditions and in response to plasticity.

Intracellular region contains the toolbox for NLGN function at both excitatory and

inhibitory synapses

Our results with chimeric constructs show that any NLGN c-tail is able to function
at inhibitory synapses if linked with a NLGN2 extracellular region, and that the NLGN2 c-
tail is able to function at excitatory synapses when linked with the NLGN3 extracellular
region. This suggests that there is no specificity within the c-tail itself to determine NLGN
function at either an excitatory or inhibitory synapse. These results are consistent with
previous work showing that overexpression on a wild-type background of chimeric
constructs containing NLGN1 extracellular linked to NLGN2 intracellular, or NLGN2
extracellular linked to NLGN1 intracellular, is fully capable of enhancing excitatory and
inhibitory currents respectively (Futai et al., 2013). Our work eliminates the possibility that
previous observations might be due to heterodimerization of chimeric constructs with
endogenous NLGNSs by expressing all of our chimera on a reduced endogenous NLGN

background.

While the c-tail is the toolbox that contains all the functional residues necessary to

perform at either an excitatory or inhibitory synapse, it is important to note that the

40



particular type of synapse determines which residues will be utilized. Indeed, prior work
has shown that phosphorylation at the gephyrin binding domain enables preferential
recruitment of PSD-95 versus gephyrin to the intracellular region of NLGN1 (Giannone et
al., 2013). In addition, while it has been shown that there is a critical residue in the NLGN3
c-tail that is important for its function at excitatory synapses, mutation of the analogous
residue in NLGN?2 does not affect its function at inhibitory synapses (Shipman et al., 2011).
Therefore, the mechanisms we describe are specific for NLGN function at inhibitory

synapses.

Gephyrin-dependent and gephyrin-independent mechanisms for NLGN function at

inhibitory synapses

We were surprised to find that not only the PDZ and collybistin domain are
dispensable for NLGN function at inhibitory synapses but also the gephyrin-binding
domain as well. There have been previous reports of gephyrin-independent function at
inhibitory synapses, either in development or during plasticity (Danglot et al., 2003; Niwa
et al., 2012). In addition, previous work done in mice lacking the cytoplasmic protein
dystrophin showed selective reduction in clustering of a2 containing GABAA receptors but
no change in gephyrin clustering, suggesting there might be dystrophin-dependent and
gephyrin-independent mechanisms for clustering of specific GABAA receptor subtypes
(Knuesel et al., 1999). Thus, it would be of interest to determine whether phosphorylation

of the S714 site affects dystrophin function.
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Phosphorylation at the S714 residue of NLGN2 has been found to negatively
regulate the interaction between NLGN2 and gephyrin (Antonelli et al., 2014). However,
our results indicate that phosphorylation at this site positively regulates NLGN2 function
through a gephyrin-independent mechanism, since only the phospho-null form is able to
block enhancement of inhibitory currents when paired with a mutation that blocks the
gephyrin-dependent pathway (Figure 15). This discrepancy might be explained by the
previous study’s use of non-neuronal cells for characterization of the interaction between
gephryin and the phosphorylation state at that site. It remains to be determined what kinase
phosphorylates this particular site and what molecules are recruited in response to

phosphorylation to mediate gephyrin-independent NLGN?2 function.

The R705C point mutation is the only autism-associated mutation in the NLGNs
identified to date that resides in the intracellular region. Previous characterization of this
autism mutation at the analogous residue in NLGN3 showed no effect at inhibitory
synapses (Etherton et al., 2011). This is consistent with our results showing that NLGN2
with the R705C point mutation alone is fully capable of enhancing inhibitory transmission
(Figure 14c and 14d). However, by combining the R705C mutation with the S714A
mutation, we were able to uncover a deficit in NLGN function (Figure 15). Similarly, it
was only by combining the Y770A mutation with the S714A mutation, not the R705C
mutation, that we were able to prevent NLGN2 from enhancing inhibitory currents,
suggesting that the R705C mutation operates via a gephyrin-dependent pathway (Figure
15). These results underscore the additive effects of multiple point mutations, and highlight
how disease phenotypes can be due to the interaction of a number of different factors.

While the R705C mutation was shown to inhibit PKC-mediated interaction with NLGN4X
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at excitatory synapses, there is no analogous PKC phosphorylation site in NLGN2
(Bemben et al., 2015a). Thus, it remains to be determined what molecules interact at this
site and how this autism-associated mutation results in disruption of gephyrin binding to

NLGNZ2.

Our findings have highlighted the separate roles of the NLGN extracellular and
intracellular regions. The extracellular region is important for specifying function at a
particular synapse while the intracellular region is important for carrying out the molecular
mechanisms at either an excitatory or inhibitory synapse. We identify a domain in the
extracellular region that is necessary and sufficient for specifying NLGN function at
inhibitory synapses and elucidate both a gephyrin-dependent and gephyrin-independent
mechanism for NLGN function at inhibitory synapses operating via intracellular
interactions modulated by a phosphorylation site and an autism-associated mutation. These
results advance our fundamental understanding of NLGN function at inhibitory synapses
and provide multiple new avenues of study for further dissection of the various molecular
interactors of the NLGNs, both extracellularly and intracellularly, and in normal and

disease conditions.
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Figure 1: Neuroligin 2 is the critical neuroligin at inhibitory synapses

a) Knockdown of endogenous neuroligins 1-3 reduces inhibitory responses compared to
untransfected control cells (*p =0.0391, n=9). b) Scatter plot showing reduction in IPSCs
in NLGN2 miRNA-transfected neurons compared to untransfected controls (***p =
0.0002, n = 15). ¢) Scatter plot showing no reduction in IPSCs in NLGN3 miRNA-
transfected neurons compared to untransfected controls (p = 0.3013, n = 12). d) Summary
graph of b and c. e) Scatter plot showing overexpression of NLGN3 enhances IPSCs
compared to untransfected controls (**p = 0.0084, n = 15). f) Scatter plot showing
overexpression of NLGN3 combined with NLGN2 knockdown fails to enhance IPSCs (p
=0.2661, n = 12). g) Summary graph of e and f. For panels a-c and e-f, open circles are
individual pairs, filled circle is mean + s.e.m. Black sample traces are control, green are
transfected. Scale bars represent 100 pA and 50 ms. For panels a, d, and g summary graph
plots mean transfected amplitude + s.e.m, expressed as a percentage of control amplitude.
Significance above each column represents pairwise comparison between transfected and

untransfected cells.
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Figure 2: Validation of NLGN2 knockdown construct and EPSCs for NLGN3

overexpression

a) qRT-PCR bar graph shows mean + s.e.m. of NLGN2 mRNA remaining following
NLGN2miR transduction normalized to control GFP transduction (n = 2 technical
replicates). b) Scatter plot showing overexpression of NLGN3 enhances EPSCs compared
to untransfected controls (***p = 0.0002, n = 15). ¢) Scatter plot showing overexpression
of NLGN3 combined with NLGN2 knockdown enhances EPSCs (**p = 0.0078, n =9). d)
Summary graph of b and c. For panels b and ¢, open circles are individual pairs, filled circle
is mean + s.e.m. Black sample traces are control, green are transfected. Scale bars represent
100 pA and 50 ms. For panel d, summary graph plots mean transfected amplitude + s.e.m,
expressed as a percentage of control amplitude. Significance above each column represents

pairwise comparison between transfected and untransfected cells.
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Figure 3: Difference between NLGN2 and 3 function at inhibitory synapses resides in

the extracellular region

a) To determine where this functional difference between NLGN2 and 3 resides, we made
chimeric constructs and expressed them on a reduced endogenous neuroligin background.
Black TM is transmembrane domain. b) Scatter plot showing expression of NLGN2 on a
NLGN1-3miR knockdown background enhances IPSCs compared to untransfected
controls (****p < 0.0001, n = 25). ¢) Scatter plot showing expression of a construct
containing the NLGN2 extracellular region and NLGN3 cytoplasmic tail (NLGN2e-3ctail)
on a NLGN1-3miR knockdown background enhanced IPSCs (**p = 0.002, n = 10). d)
Scatter plot showing expression of a construct containing the NLGN3 extracellular region
and NLGN2 cytoplasmic tail (NLGN3e-2ctail) on a NLGNI1-3miR knockdown
background failed to enhance IPSCs (p =0.5771, n=11). ¢) Summary graph of b-d. Effect
of expressing NLGN3e-2ctail is significantly less than expression of NLGN2e-3ctail (*p
= 0.0124) or NLGN2 (**p = 0.0067). For panels b-d, open circles are individual pairs,
filled circle is mean + s.e.m. Black sample traces are control, green are transfected. Scale
bars represent 100 pA and 50 ms. For panel e, graph plots mean transfected amplitude +
s.e.m, expressed as a percentage of control amplitude. Significance above each column

represents pairwise comparison between transfected and untransfected cells.
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Figure 4: Distinct requirements for NLGN function between inhibitory and excitatory

synapses

While expression of a construct containing the NLGN3 extracellular region and NLGN2
cytoplasmic tail failed to rescue IPSCs, it was still able to enhance excitatory synaptic
transmission (**p = 0.0098, n = 10). Open circles are individual pairs, filled circle is mean
+ s.e.m. Black sample traces are control, green are transfected. Scale bars represent 100 pA
and 50 ms. Summary graph plots transfected amplitude normalized to control + s.e.m.

Significance represents pairwise comparison between transfected and untransfected cells.
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Figure 5: Identification of critical domain to confer NLGN function at inhibitory

synapses

a) Schematic of NLGN2 and 3 showing positions of chimera. Yellow are critical
dimerization residues, pink is splice site A, grey SP is signal peptide, and black TM is
transmembrane domain. b) Scatter plot showing that adding NLGN2 onto the NLGN3
extracellular region up to the 623" residue fails to enhance IPSCs (p = 0.4229, n = 16). ¢)
Scatter plot showing that adding up to the 180th residue also fails to enhance IPSCs (p =
0.2754, n = 10). d) Scatter plot showing that adding up to the 52nd residue is successful at
conferring NLGN function at inhibitory synapses and enhancing IPSCs (**p = 0.002, n =
10) e) Expression of further chimeric constructs identifies a domain between residue 52-
180 on NLGN2 that is sufficient to confer the ability to enhance IPSCs to NLGN3 (**p =
0.0039, n = 9). Within this region, we also expressed only f) the region between 52-164
(**p = 0.0098, n = 10) or g) residues corresponding to differences in splice site A (164-
180) (p = 0.0522, n = 12). h) Summary graph. While the chimeric construct NLGN2-52-
164-NLGN3 showed enhancement of IPSCs compared to untransfected control cells, the
level of potentiation was significantly less than what we see with full-length NLGN2 (*p
= 0.0152). For panels b-g, open circles are individual pairs, filled circle is mean + s.e.m.
Black sample traces are control, green are transfected. Scale bars represent 100 pA and 50
ms. For panel h, graph plots mean transfected amplitude + s.e.m, expressed as a percentage
of control amplitude. Significance above each column represents pairwise comparison

between transfected and untransfected cells.
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Figure 6: Chimeric extracellular mutants and effect on excitatory transmission

a) Alignment of the NLGN2 and NLGN3 extracellular regions. Sequence before residue
52 encompasses the highly dissimilar signal sequence and was not included in alignment.
Highlighted in magenta is splice site A while key dimerization residues are highlighted in
yellow. Relevant sites where chimeric constructs were made are identified in alignment.
The first amino acid at the beginning of splice site A at residue 163 is conserved between
NLGN2 and 3, therefore our chimera was made after this residue. b) Excitatory responses
of chimera that did not potentiate IPSCs. Constructs that did not potentiate IPSCs could
still enhance EPSCs including: NLGN3e-2ctail (**p = 0.0098, n = 10), NLGN3-623-
NLGN2 (**p = 0.0039, n = 9), NLGN2-52-164-NLGN3 (*p = 0.0353, n = 14), NLGN2-
164-180-NLGN3 (***p = 0.0005, n = 13). The chimeric construct NLGN3-180-NLGN?2
did not enhance EPSCs (p = 0.3804, n = 12) and was significantly impaired compared to
NLGN3e-2ctail (*p = 0.0111). Summary graph plots transfected amplitude normalized to
control &+ s.e.m. Significance above each column represents pairwise comparison between

transfected and untransfected cells.
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Figure 7: While NLGN c-tails do not confer specialization to inhibitory synapses, a c-

tail is required for NLGN function

a) Alignment of NLGN1-4. Sequences correspond to mouse NLGN1, rat NLGN2, and
human NLGN3 and NLGN4. Indicated at residue 133 is where most proximal c-tail
truncation was performed. Highlighted in gray is the transmembrane domain. In light red
is a conserved residue that is the site of an autism-associated mutation in NLGN4.
Highlighted in light purple is the critical region, previously shown to be important for
NLGN function at excitatory synapses but not inhibitory synapses18. Highlighted in brown
is the gephyrin-binding domain. In green is the proline-rich region, and in light orange is
the PDZ domain. Phosphorylation sites are highlighted in yellow. b) Scatter plot showing
expression of full-length NLGN1 on a NLGN1-3miR knockdown background failed to
enhance inhibitory responses (p = 0.6726, n = 19), ¢) Scatter plot showing expression of a
chimeric NLGN2 extracellular region with NLGNI1 c-tail on a NLGN1-3miR knockdown
background is able to enhance inhibitory responses (*p = 0.0244, n = 11). d) Summary
graph. Effect of expressing NLGN2e-1ctail is significantly greater than with full-length
NLGNI1 (*p = 0.0314). e) Scatter plot showing expression of the c-tail truncation mutant
NLGN2A133 on a reduced endogenous neuroligin background is unable to enhance
inhibitory synaptic responses, indicating that a c-tail is required for NLGN function (p =
0.6387, n = 15). f) Summary graph of e. Effect of expressing NLGN2A133 is significantly
less than with full-length NLGN2 (***p = 0.0002). For panels b-c and e, open circles are
individual pairs, filled circle is mean + s.e.m. Black sample traces are control, green are

transfected. Scale bars represent 100 pA and 50 ms. For panels d and f, graph plots
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transfected amplitude normalized to control + s.e.m. Significance above each column

represents pairwise comparison between transfected and untransfected cells.
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Figure 8: Further characterization of c-tail deletion mutant

a-b) Scatter plots showing overexpression on a wild-type background of a) NLGN2 (**p
= 0.0039, n = 9) and b) NLGN2A133 (*p = 0.042, n = 11), both potentiate inhibitory
responses. ¢) Summary of a-b. d) Immunostaining of dissociated hippocampal cultures
transfected with NLGNmiRs-GFP alone or with either HA-tagged NLGN2 or HA-tagged
NLGN2A133 and surface stained for HA. Scale bar represents 20 pm. e¢) Summary of d.
Graph plots intensity of HA signal normalized to GFP (p = 0.189, n = 11 cells per group).
Error bars are mean + s.e.m. For panels a and b, open circles are individual pairs, filled
circle is mean + s.e.m. Black sample traces are control, green are transfected. Scale bars
represent 100 pA and 50 ms. For panel ¢, graph plots transfected amplitude normalized to
control &+ s.e.m. Significance above each column represents pairwise comparison between

transfected and untransfected cells.
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Figure 9: Previously identified domains not required for NLGN2 function

a-c) Scatter plots showing replacement of endogenous neuroligin with truncation mutants
a) lacking the PDZ domain (NLGN2A4) (**p =0.0098, n = 11), b) truncation of all regions
downstream of the proline rich region (NLGN2A39) (**p=0.0017, n= 14), or ¢) truncation
of all regions downstream of the gephyrin binding domain (NLGN2A69) (**p =0.0017, n
= 18), is still able to potentiate inhibitory synaptic responses compared to paired
neighboring control cells. d) Summary graph. Shown are further mutants including deletion
of only the proline rich region (NLGN2A32-39) (**p = 0.002, n = 10), deletion of only the
gephyrin binding domain (NLGN2AS55-69) (*p = 0.0273, n = 10) or expression of a
phospho-mimic point mutant that has been shown to disrupt gephyrin binding (NLGN2
Y770A) (***p =0.0005, n = 17), which all still potentiate inhibitory responses. For panels
a-c, open circles are individual pairs, filled circle is mean + s.e.m. Black sample traces are
control, green are transfected. Scale bars represent 100 pA and 50 ms. For panel d, graph
plots transfected amplitude normalized to control + s.e.m. Significance above each column

represents pairwise comparison between transfected and untransfected cells.
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Figure 10: More detailed NLGN alignment

Alignment showing where all truncations and point mutations were made. Highlighted in
gray is the transmembrane domain. In light red is a conserved residue that is a site of an
autism-associated mutation in NLGN4. Highlighted in light purple is the critical region,
previously shown to be important for NLGN function at excitatory synapses but not
inhibitory synapses (Shipman et al., 2011). Highlighted in brown is the gephyrin-binding
domain. In green is the proline-rich region, and in light orange is the PDZ domain.

Phosphorylation sites are highlighted in yellow.
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Figure 11: Gephyrin-independent NLGN2 function

a) Scatter plot showing overexpression of a Gephyrin-miR construct to knockdown
gephyrin expression significantly reduces inhibitory synaptic responses (#p = 0.0156, n =
8). b) Scatter plot showing replacement of endogenous neuroligin with a truncation mutant
lacking all known domains of neuroligin 2 (NLGN2A69) on a gephyrin knockdown
background is still able to potentiate inhibitory synaptic responses, indicating that
neuroligin 2 is able to function independently of gephyrin (**p = 0.0039, n = 9). ¢)
Summary graph. Asterisks indicate significant enhancement compared to control cells
where ** =p <0.01 and *** = p <0.001, while hash sign indicates significant depression
compared to control cells where #=p <0.05. For panels a and b, open circles are individual
pairs, filled circle is mean + s.e.m. Black sample traces are control, green are transfected.
Scale bars represent 100 pA and 50 ms. For panel c, graph plots transfected amplitude
normalized to control £ s.e.m. Significance above each column represents pairwise

comparison between transfected and untransfected cells.
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Figure 12: Characterization of Gephyrin knockdown construct

a) Graph shows mean + s.e.m. of gephyrin mRNA remaining following Gephyrin-miR
transduction normalized to control (n = 3 technical replicates). b) Western blot of lysates
taken from dissociated hippocampal cultures following Gephyrin-miR transduction
compared to control uninfected neurons. Shown is representative image of 6 technical

replicates. Top band is gephyrin, lower band is actin. Size in kDa.
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Figure 13: Identification of critical residues in NLGN2 c-tail

a) Scatter plot showing deletion of a region from the most proximal c-tail truncation
(NLGN2A98-133) failed to enhance inhibitory responses (p = 0.1698, n = 17). b) Further
refining this area of interest, NLGN2A117-133 still failed to enhance inhibitory responses
(p = 0.6953, n = 10). ¢) Scatter plot showing double point mutant with autism-associated
mutation at R705 and phospho-null mutation at S714 (NLGN2-R705C-S714A) also
showed deficits in inhibitory transmission (p = 0.0522, n = 12). d) Scatter plot showing
double point mutant with autism-associated mutation at R705 and phospho-mimic
mutation at S714 (NLGN2-R705C-S714D) displayed normal enhancement of IPSCs (***p
=0.0002, n = 15). ) Summary graph. Expression of full-length NLGN?2 results in greater
enhancement of IPSCs compared to NLGN2A98-133 (***p = 0.0001), NLGN2A117-133
(****p < 0.0001), and NLGN2-R705C-S714A (**p = 0.0061). Expression of NLGN2-
R705C-S714D results in greater enhancement of IPSCs compared to NLGN2-R705C-
S714A (*p = 0.0429). ) Scatter plot showing double point mutant with autism-associated
mutation at R705 and a phospho-mimic point mutant shown to disrupt gephyrin binding at
Y770 is still able to enhance inhibitory responses (***p = 0.0005, n = 17). g) Scatter plot
showing double point mutant with phospho-null mutation at S714 and a phospho-mimic
point mutant shown to disrupt gephyrin binding at Y770 exhibited modest enhancement of
IPSCs (*p=0.0274, n=13). h) Summary graph. While the double mutant NLGN2-S714A-
Y770A showed enhancement of IPSCs compared to untransfected control cells, the level
of potentiation was far less than what we see with full-length NLGN2 (**p = 0.0089). For
panels a-d, and f-g open circles are individual pairs, filled circle is mean + s.e.m. Black

sample traces are control, green are transfected. Scale bars represent 100 pA and 50 ms.
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For panel e and h, bar graph plots transfected amplitude normalized to control + s.e.m.
Significance above each column represents pairwise comparison between transfected and

untransfected cells.
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Figure 14: Individual c-tail point mutations do not affect NLGN2 function

a-c) Scatter plots showing replacement of endogenous neuroligin with individual mutants
of either a) phospho-null mutation (*p = 0.0195, n = 9), b) phospho-mimic mutation (***p
=0.0007, n = 13), or c) autism-associated mutation (*p = 0.0391, n = 9) still potentiates
IPSCs. d) Summary graph. For panels a-c, open circles are individual pairs, filled circle is
mean =+ s.e.m. Black sample traces are control, green are transfected. Scale bars represent
100 pA and 50 ms. For panel d, bar graph plots transfected amplitude normalized to control
+ s.e.m. Significance above each column represents pairwise comparison between

transfected and untransfected cells.
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Figure 15: Separate gephyrin-dependent and gephyrin-independent mechanisms for

neuroligin function at inhibitory synapses

We propose separate gephyrin-dependent and gephyrin-independent mechanisms for
NLGN function at inhibitory synapses. In our NLGN2-R705C-S714A manipulation, we
block the gephyrin-independent pathway by preventing phosphorylation at the S714
residue, and also block the gephyrin-dependent pathway by the autism-associated mutation
at R705. Therefore, the resulting effect we see is impaired function at inhibitory synapses.
In our NLGN2-R705C-S714D manipulation, we facilitate the gephyrin-independent
pathway by mimicking phosphorylation at the S714 residue, while the gephyrin-dependent
pathway is blocked by the autism-associated mutation at R705. The resulting effect we see
is intact function at inhibitory synapses. In our NLGN2-R705C-Y770A manipulation, we
only block the gephyrin-dependent pathway with the autism-associated mutation at R705
and a mutation at Y770 that blocks gephyrin-binding. The resulting effect we see is intact
function at inhibitory synapses. In our NLGN2-S714A-Y770A manipulation, we block the
gephyrin-independent pathway by preventing phosphorylation at the S714 residue, and
also block the gephyrin-dependent pathway with the mutation at Y770 that blocks
gephyrin-binding. Therefore, the resulting effect we see is impaired function at inhibitory
synapses. Green is gephyrin. Yellow residues are phosphorylation sites. The Y770A point
mutant has been previously characterized and shown to function as a phospho-mimic

mutation that blocks gephyrin binding (Giannone et al., 2013).
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CHAPTER 4:

Autism-associated mutation inhibits protein
kinase C-mediated neuroligin-4X

enhancement of excitatory synapses
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Introduction

In a 2014 report published by the Centers for Disease Control and Prevention
(CDC), it was estimated that 1 in 68 children in the United States have an ASD
(Developmental Disabilities Monitoring Network Surveillance Year Principal et al., 2014).
These neuropsychiatric disorders have a strong genetic component consistent with high
recurrence rates between siblings and a higher concordance frequency seen in monozygotic
than dizygotic twins. Furthermore, deletions, insertions, and substitutions have been
identified within the genome that increase the risk of these disorders (Abrahams and
Geschwind, 2008; Zoghbi and Bear, 2012). These cytogenetic and genome sequencing
studies have revealed that NLGNs are one of a subset of genes encoding synaptic proteins

associated with ASDs (Jamain et al., 2003; Sudhof, 2008).

The NLGN gene family consists of five members (Nignl, 2, 3, 4X, and 4Y) within
the human genome that encode transsynaptic cell adhesion molecules that are critical for
synapse assembly, maintenance, and plasticity (Craig and Kang, 2007; Dean and Dresbach,
2006; Sudhof, 2008). Numerous studies have identified a variety of mutations in X-linked
NLGN3 and 4X genes that range from copy number variants (Levy et al., 2011; Marshall
et al., 2008; Sanders et al., 2011; Thomas et al., 1999) to protein truncations and amino
acid substitutions in patients with ASDs (Jamain et al., 2003; Laumonnier et al., 2004;
Lawson-Yuen et al., 2008). Interestingly, all of the point mutations in NLGN3 and
NLGN4X reside in their extracellular domains except for a single point mutation in the
cytoplasmic domain (c-tail) of NLGN4X at arginine (R) 704, which is modified to a
cysteine (C) (Yan et al., 2005). How this mutation or other NLGN disease mutations

contribute to the pathophysiology is unknown.
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Protein phosphorylation is a critical modulator of NLGN function (Bemben et al.,
2014; Giannone et al., 2013). Recently, we showed that Ca?"/CaM Kinase II (CaMKII)
phosphorylates the c-tail of NLGN1 in an isoform-specific and activity-dependent manner,
which regulates its ability to enhance excitatory synapses (Bemben et al., 2014). Next, we

wondered if different kinases might regulate the function of other NLGN isoforms?

In the present study, we show in vitro and in vivo that NLGN4X is robustly
phosphorylated by PKC. We identified the dominant phosphorylation site as T707, a
residue not conserved in NLGNs 1, 2, and 3. Intriguingly, PKC phosphorylation is
eliminated with the autism-associated mutation R704C. Most dramatically, we found that
the phospho-mimetic mutation at T707 profoundly enhances anatomical markers for
synapses and potentiates NLGN4X-mediated excitatory synaptic transmission. This study
establishes compelling evidence that NLGN4X can act at and regulate excitatory synapses.
Furthermore, it demonstrates, strikingly, how a single point mutation in NLGNs can

acutely adjust synaptic properties.
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Results

PKC Phosphorylates NLGN4X at T707

To test if NLGNSs are substrates for kinases other than CaMKII, we conducted an
in vitro kinase assay with GST-fusion constructs with the c-tails of NLGNs 1, 2, 3, and 4X
(Figure 16A and Figure 17), and found that NLGN4X was robustly phosphorylated by
PKC as evaluated by radiography (Figure 16B). Weak phosphorylation of NLGN1 and
NLGN3 was observed when compared to NLGN4X (Figure 16B, see longer exposure),
indicating NLGN4X to be the best NLGN substrate for PKC. To identify the individual
PKC phosphorylation site(s), we subjected NLGN4X to the same in vitro kinase assay and
evaluated phosphorylation using liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) and identified the major phosphorylation site as T707 (Figure
16C), a residue that is not conserved in NLGNs 1, 2, and 3 (Figure 16A and Figure 17 for

complete alignment).

Autism-Associated Mutation Eliminates PKC Phosphorylation of NLGN4X

Interestingly, T707 resides only a few amino acids away from the only known
autism-associated mutation (R704C) in the c-tail of any NLGN protein (Figure 16A). This
substitution replaces a positive charge for a polar amino acid, and occupies a critical residue
in a potential PKC consensus sequence (RXXS/T, where X denotes any amino acid). Might
the autism-related R704C mutation abolish PKC phosphorylation of NLGN4X at T707?
To independently verify the mass spectrometry results, we performed the same in vitro

kinase assay with a non-phosphorylatable point mutation, T707A, and showed that T707
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was the dominant NLGN4X PKC phosphorylation site, which resulted in an approximately
75% reduction in NLGN4X phosphorylation. Likewise, NLGN4X R704C eliminated T707
phosphorylation (Figure 16D and 16E). Importantly, CaMKII phosphorylation of
NLGN4X T718, the only other known phosphorylation site near T707, was not reduced by
the R704C mutation demonstrating that this mutation did not result in a generalized
problem rendering the protein unphosphorylated (Figure 18A and 18B). Taken together,
these results indicate that NLGN4X is a robust substrate for PKC, and the only autism-

associated NLGN4X c-tail mutation abolishes T707 phosphorylation.

To detect NLGN4X T707 phosphorylation in vivo, we produced a phosphorylation
state-specific antibody (Ab), pT707-Ab, against residues 703-712 in NLGN4X (Figure
16A). The pT707-Ab only detected NLGN4X that was phosphorylated on T707 as detected
by a PKC in vitro kinase assay that was resolved by SDS-PAGE and subsequent
immunoblotting (Figure 16F). Critically, the pT707-Ab did not show any
immunoreactivity with the non-phosphorylated NLGN4X, the non-phosphorylatable

mutants (R704C or T707A), or any of the other NLGN isoforms that were tested.

The in vitro experiments were performed with fusion proteins of NLGN c-tail
isoforms. To test whether full-length NLGN4X can be phosphorylated in mammalian cells
and modulated by PKC activity, we transfected wild-type (WT) NLGN4X or various
NLGN4X mutants (R704C, T707A, or T707D) in COS-7 cells and immunoblotted cell
lysates with the pT707-Ab. Under basal conditions, NLGN4X was not phosphorylated at
T707, but transient activation of PKC by phorbol 12-myristate 13-acetate (PMA) triggered
a robust increase in pT707 phosphorylation (Figure 16G). NLGN4X R704C resulted in an

approximately 95% reduction in pT707 phosphorylation, whereas NLGN4X T707A or the
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phospho-mimetic mutation, T707D, were not detected by the pT707-Ab (Figure 16G and
16H). Phosphorylation of serine (S) 831 on GluA1 was used as a positive control for PMA
activation of PKC (Roche et al., 1996) (Figure 16G and 161). Additionally, the pT707-Ab
had astonishing specificity for immunoprecipitating (IP) only NLGN4X phosphorylated
on T707 as validated by Western blotting with two independent NLGN4X Abs and a pan
NLGN-Ab (Figure 19). Collectively, these data demonstrate that NLGN4X T707 is
phosphorylated in heterologous cells, and the pT707-Ab is a dynamic and isoform- specific

reagent that faithfully distinguishes the phosphorylated form of NLGN4X on T707.

Phosphorylation of NLGN4X at T707 Induces Synaptogenesis

Previously, two autism-associated mutations in NLGN3 (R451C) and NLGN4X
(R87W) were shown to disrupt surface expression (Poulopoulos et al., 2009; Tabuchi et
al.,2007). Moreover, phosphorylation of the NLGN1 c-tail regulates its forward trafficking
(Bemben et al., 2014). Does T707 regulate NLGN4X surface expression? To test this
possibility, cultured rat hippocampal neurons were transfected with NLGN4X (WT,
R704C, T707A, or T707D) and visualized with immunofluorescence confocal microscopy.
To prevent potential heterodimerization, we performed these experiments on a reduced
endogenous NLGN background using an exogenous chained microRNA against NLGNs
1, 2, and 3 (NLmiRs) as previously described (Shipman et al., 2011). Human NLGN4X
and NLGN4Y are absent in rats (Bolliger et al., 2008). Consequently, rat neurons were
used in all imaging and physiology experiments to ensure a NLGN4 null background to
avoid any complications that might occur between dimerization of WT and mutant NLGN4

receptors. Phosphorylation at T707 did not affect the trafficking of NLGN4X to the cell
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surface (Figure 20A and 20B). However, we noticed that expression of a phospho-mimetic
mutation of NLGN4X T707 (T707D) resulted in a robust increase in dendritic protrusions
when compared to NLGN4X WT and the non-phosphorylatable mutants, R704C and
T707A (Figure 20A and 20C). To examine if the increase in spines resulted in new
excitatory synapses, we co-expressed NLmiRs with NLGN4X (WT, R704C, T707A, or
T707D) in rat hippocampal cultures and assayed for anatomical measures of functional
synapses, namely increases in presynaptic VGLUT1 and postsynaptic PSD-95. Using
immunofluorescence confocal microscopy, we found that the NLGN4X phospho-mimetic
(T707D) mutation resulted in an increase in both VGLUT1 and PSD-95 staining, an
enhancement that was absent in non-phosphorylated NLGN4X protein (Figure 20D, 20E,
and 20F). These results indicate that T707 phosphorylation promotes NLGN4X-induced

synaptogenesis independent of regulating its surface expression.

To test whether these new synapses were functional, we biolistically co-expressed
NLmiRs with NLGN4X (WT, R704C, T707A, or T707D) in rat organotypic hippocampal
slice cultures and used a dual whole cell recording configuration to simultaneously record
evoked excitatory postsynaptic currents in both transfected and neighboring control,
untransfected cells. Expression of NLGN4X T707D resulted in a profound increase in both
AMPA receptor (AMPAR) and NMDA receptor (NMDAR) mediated currents when
compared to a control cell or NLGN4X (WT, R704C, or T707A) (Figure 21A, 21B, 21C,
and 21D). Previously, we, as well as others, have reported that NLGN4X expression on a
WT background decreased postsynaptic excitatory currents (Poulopoulos et al., 2009;
Shipman et al., 2011). However, on a reduced NLGN background, which alone reduces

AMPAR and NMDAR mediated currents by about 50% (Figure 22), NLGN4X expression

82



induced a modest, but significant, increase in AMPAR transmission, an enhancement that
was absent in R704C and T707A (Figure 21A, 21B, 21C, and 21D). Together, these results
show that phosphorylation at T707 dynamically regulates NLGN4X’s ability to robustly

induce the genesis of functional excitatory synapses.

Endogenous NLGN4X is Phosphorylated by PKC in Human Neurons

Because our NLGN4X pT707-Ab was so specific, we were able to investigate
endogenous NLGN4X T707 phosphorylation in cultured human embryonic neurons. These
cultures consisted primarily of MAP2 positive neurons (Figure 23A) and transient
activation of PKC with PMA resulted in approximately an 8-fold increase in NLGN4X
pT707 phosphorylation (Figure 23B and 23C). Consistent with previous reports, NLGN4X
was expressed in human embryonic neurons, as detected with two independent NLGN4X
Abs and a pan NLGN-Ab (Marei et al., 2012). Taken together, these results show that

endogenous NLGN4X is phosphorylated in human neurons by PKC.
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Discussion

We set out to examine whether other NLGN isoforms, like NLGN1, were regulated
by phosphorylation. We identified a PKC phosphorylation site on human NLGN4X at
T707, which establishes a novel interplay between two critical constituents of the synapse.
It was to our surprise, R704, a residue mutated in a familial case of autism (Yan et al.,
2005), resided within the PKC consensus sequence in the c-tail of NLGN4X. However,
after identification, it was not unexpected that the autism mutation (R704C) abolished the
kinase’s ability to chemically modify NLGN4X at T707. Using a diverse combination of
techniques, we show that phosphorylated NLGN4X can dynamically enhance excitatory

synapses.

Prior to this report, the importance of protein phosphorylation on NLGN1 was
established (Bemben et al., 2014; Giannone et al., 2013). CaMKII phosphorylation of T739
regulates NLGN1’s ability to potentiate excitatory synaptic transmission by regulating its
surface expression. This current study demonstrates that PKC phosphorylation of T707
dramatically enhances NLGN4X’s ability to potentiate excitatory currents independent of
modulating its surface expression. Therefore phosphorylation is a key regulatory
modification modulating both NLGN1 and NLGN4X’s function but by different kinases,
at different sites, and likely by different molecular mechanisms. Collectively, these studies
raise two exciting questions: Might other kinases phosphorylate NLGN2 and NLGN3 and
regulate their synaptic functions similarly to NLGN1 and NLGN4X? Secondly, what is the
molecular mechanism by which T707 phosphorylation induces the genesis of functional
synapses independent of surface expression? These answers remain to be elucidated but

are currently an area of future investigation.
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Interestingly, human NLGN4X is not well conserved in rodents, unlike NLGNs 1,
2, and 3. NLGN4 is absent in Rattus norvegicus and highly divergent and on an autosome
in Mus musculus (Bolliger et al., 2008). This has made the investigation of human autism
mutations in NLGN4X challenging and led some researchers to study the R704C point
mutation in NLGN3. Although R704 is conserved in all human NLGNSs, the residue
analogous to NLGN4X T707 is not conserved. A knock-in mutation in NLGN3 resulted in
minor synaptic phenotypes (Etherton et al., 2011). Therefore we believe it is imperative to
study the R704C mutation in NLGN4X, and more generally for all disease mutations to be

studied in their respective isoforms independent of residue(s) conservation.

Canonically, NLGN1 is known as a critical component of the excitatory synapse
based on its cellular localization (Chih et al., 2005; Song et al., 1999), regulation by
CaMKII (Bemben et al., 2014), and its ability to robustly potentiate AMPAR and NMDAR
postsynaptic currents (Chubykin et al., 2007; Shipman et al., 2011). Conversely, mouse
NLGN4 is known to localize to and modulate inhibitory transmission (Hoon et al., 2011).
However, the human and mouse isoforms are not well conserved. This raises the possibility
that these proteins might perform distinct functions in different species. Here, we show that
like NLGN1, human NLGN4X can enhance excitatory synapses, suggesting that NLGN4X
may associate with excitatory synapses in humans. At a minimum, this underscores the
reservations of studying human NLGN4X and rodent NLGN4 interchangeably. However,
it is important to note our study does not preclude the possibility that human NLGN4X

may act or be expressed at inhibitory synapses in humans.

Notably, all the NLGN-associated autism point mutations reported thus far reside

in their extracellular or transmembrane domains, except for NLGN4X R704C. This may
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be a result of chance or may highlight the critical importance of T707 phosphorylation in
regulating NLGN4X’s synaptic properties. It is tempting to speculate whether this
phosphorylation occurs at a critical developmental period to shape synaptic properties or
whether it is a global switch that happens continually at excitatory synapses. The profound
effect the phospho-mimetic mutation (T707D) has on excitatory synapses may suggest the

prior.

Mouse models of autism have increasingly revealed underlying imbalances of
excitatory/inhibitory transmission, which are believed to play a central role in the etiology
of ASDs (Foldy et al., 2013; Rothwell et al., 2014; Tabuchi et al., 2007). Our results are
consistent with this hypothesis, which support a pathophysiological model by which
NLGN4X R704C decreases excitatory transmission by abolishing PKC-mediated
NLGN4X potentiation of excitatory transmission. Furthermore, we believe given the
overlap of synaptic proteins found to be candidate genes in ASDs that by understanding
the biology of specific mutations such as R704C has implications for clinical, as well as

future therapeutic treatment for ASDs.
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Figure 16: Autism-associated mutation eliminates PKC phosphorylation of NLGN4X

(A) Alignment of the transmembrane domains and partial c-tails of human NLGNs 1, 2, 3,
4X, and 4Y. The PKC phosphorylation site, T707, is boxed in orange; autism mutation,
R704, boxed in blue; and pT707-Ab epitope boxed in yellow. The CaMKII
phosphorylation site on NLGN1 is boxed in gray. (B and D) Purified PKC and [y-P-
32]ATP were incubated with GST-fusion proteins and analyzed by autoradiography. CBB
protein staining was used to visualize total protein, and GST (negative) and GST-GluA1
c-tail (positive) functioned as phosphorylation controls. (C) ETD MS/MS spectrum of
chymotrypsin digested phosphorylated NLGN4X peptide 704-RHETHRRPSPQ-714
found in GST-NLGN4X fusion proteins that were incubated with ATP and purified PKC.
Samples were analyzed using the LC/MS/MS method. (E) Means + SEM of
phosphorylated NLGN4X by PKC normalized to WT (n = 4) for NLGN4X R704C (P =
0.0013, n = 4) and NLGN4X T707A (P = 0.0030, n = 4). (F) GST, GST-NLGNs 1, 2, 3,
and 4X (WT, R704C, and T707A) were incubated with PKC, and phosphorylation was
evaluated by immunoblotting with pT707-Ab. Total protein was evaluated with a GSTAb.
(G) GFP, FLAG-GluAl, or NLGN4X (WT, R704C, T707A, or T707D) were transfected
in COS cells and treated with DMSO or PMA, a PKC activator. GluA1 pS831 served as
control for PKC activation and the arrow denotes the NLGN4X specific band. (H) Means
+ SEM of phosphorylated NLGN4X pT707 achieved by PMA activation normalized to
WT (n=3) and NLGN4X R704C (P =0.0310, n = 3). (I) Means £+ SEM of phosphorylated
GluA1 S831 achieved by PMA activation (P = 0.0187, n = 3) normalized to no treatment
(n = 3). Immunoblots (WB) were probed with indicated antibodies in F and G. *P < 0.05

**p <0.01.

87



50

37

25

50
37

25

Transmembrane Domain

PRC Site
DERRHDVWVH

CaMKII Site

hHLGNl DY § T E X RRCSEORT T v 740
hNLGNZ DY S TE RDRRQELRCRRLSBEGGSGS 720
hNLGNZ DY S TE KDERRQEPLRQPSPBQRGAWA 732
hNLGN4X D Y S T E kD EREJE EEla RRPSPORNT TN 719
hNLGNdY D Y S TE KDKERRHETHRHEPSPQRRNTTN 719
Autism Mutaticn
GST- cail ®
h e B A C / D GST-NLGN4 c-tail
& GETNLGN4 o fall
& F & S & 3 704 - RHETHRRPSPG - 714 o & F >
PKCr & & & & ¥ & [M-H3PO 412H* e & & F £ &
1007 pean® Bo20 o <
50 — 1 oo | MG N 2HT 50 =
i 1 &785 (G =
p.az , 80] 6 4-CoHaNO 24 37 -
. Short Exposure  © 4 5214 2,11 pa— .
= T -] 7246
25 E 60: o 2,112 25 = _ —
: S 584.5 7330
50 = - ER Me2H zgen L 50=
37 = ; P32 £ 9] ’ Y ter ROEOT o f— 1 -4
g £ Z5+ Vi = _——
= . Long Exposure & ] 568.5 iy 1058.7 -
200 e 881.7 2541 p— e — -
25 = L J— 5 st =1
1 3114 e e 11717 zict |146859 25 = _ —
1 44D 4 9147 [ERRE T d ]
50 = 1 L | 4 I -
[0 R o o T e e e B B e S B e e e e | E
37 - 250 500 750 1000 1250 1500
m/z .
75 _ 150 i
25 = G NLGN4X =B
GFP GluA1 WT R704CT707AT707D g‘ E 100
PMA - + - + — + - + - + = + WB ég
— — - — 2
250 = £ g 50
160 = gon
- PKC + PKC E
GST- ctail 100 = - d‘r%? b N
pT707- ) » >
& & 75 = T o Sar
FHFEFO e, FFFFO I FF IS
TS0 E £ 89988 I ¥E et
CFFIIPL TITFFTFFEL we H
50 =
- £ 150
7 - ;g
= T707-Ab <
P 25 — &S 100
5§
- 250 — § g 50
150 = e .
— o - " pan NLGN-Ab ]
_ 100 CTSTSTSPFSY P g -
- N
T - ——— ..:——- 75 - ‘é\qé /G‘V‘Q@T
- t GST-Ab | B &3
250 = 5 300 .
- 150 - GluA1 23
S5
100 — _— pS831-AD 5 € 200
| w -§_S
= oe
58 100
250 = EE
150 = =2
100 FLAG-Ab 9
g & &
75 = < %

cBB

88



Figure 17: Alignment of the transmembrane domains and complete c-tails of human

NLGNs 1, 2, 3, 4X, and 4Y

The PKC phosphorylation site boxed in orange; key autism residue boxed in blue, and
pT707-Ab epitope boxed in yellow. All other known NLGN phosphorylation sites boxed

in gray.
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Figure 18: Autism-associated mutation does not reduce CaMKII phosphorylation of

NLGN4X

(A) Purified CaMKII and [y-P-32]ATP were incubated with GSTfusion proteins and
analyzed by autoradiography. CBB protein staining was used to visualize total protein, and
GST (negative) and GST-NLGNI1 c-tail (positive) functioned as phosphorylation controls.
(B) Means + SEM of phosphorylated NLGN4X by CaMKII normalized to WT (n = 4) for

NLGN4X R704C (P > 0.05, n = 4) and NLGN4X T707A (P > 0.05, n = 4).
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Figure 19: NLGN4X pT707-Ab specifically immunoprecipitates phosphorylated

NLGN4X

GFP or NLGN4X were transfected in COS cells and treated with DMSO (—) or PMA (+)
and immunoprecipitated with pT707-Ab. Immunoblots (WB) were probed with indicated

antibodies.
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Figure 20: NLGN4X phosphorylation at T707 induces synaptogenesis

(A) Coexpression of NLmiRs and NLGN4X (WT, R704C, T707A, or T707D) in rat
hippocampal neurons. Surface and intracellular receptors were labeled with an anti-
hemagglutinin (HA) antibody, which recognized a tag inserted downstream of the signal
peptide. (Scale bar, 20 um.) (B) Means = SEM normalized to NLGN4X (n=27), NLGN4X
R704C (P > 0.05, n = 29), NLGN4X T707A (P > 0.05, n = 30), and NLGN4X T707D (P
> 0.05, n = 29). (C) Means of spine number = SEM normalized to NLGN4X (n = 30),
NLGN4X R704C (P > 0.05, n = 30), NLGN4X T707A (P > 0.05, n = 30), and NLGN4X
T707D (P =0.001, n=30). (D) Same transfections as in A except NLGN4X constructs did
not contain an HA tag. Endogenous VGLUT1 and PSD-95 were stained and visualized as
described in Experimental Procedures. (E) Means £ SEM of VGLUTI1 normalized to
NLGN4X (n = 30) for NLGN4X R704C (P > 0.05, n=30), NLGN4X T707A (P> 0.05, n
=30), and NLGN4X T707D (P = 0.0466, n = 30). (F) Means + SEM of PSD-95 normalized
to NLGN4X (n = 30) for NLGN4X R704C (P > 0.05, n=27), NLGN4X T707A (P > 0.05,

n = 28), and NLGN4X T707D (P = 0.0049, n = 30). *P <0.05 **P <0.01, ***P <0.001.

95



: 5%
eowé
%,
At ¥
5%
o
v\v%c«%
y
+x, %
Yo
o =) = ,
2 &8 8

|aue)) Jused
Jaguiny auldg
Q

2%
&Gw@
Vi,
42k
152
vM,«A\
s
\_\ow,\m%
b B
)
2 2 P V\‘\f
g &8 8

|oueY jusdad
le|n|2orau| f 20BHNS

B

XPNDIN 4 OF0LY XPNDIN

<

NLmiRs +

NLmiRs +

WL0LL XPNSIN

200

0

[=1 [=] [~
e E4 -
[04U0D JUSIad
46-08d
5 8 8

|eAuos Justed
LLMIDA

QL0LL XKPNDIN

NLmiRs +

NLmIRs +

96



Figure 21: NLGN4X T707D dramatically enhances excitatory postsynaptic currents

(A) AMPAR-mediated EPSC scatter plots. Expression of either NLGN4X or NLGN4X
T707D results in a potentiation of AMPARmediated currents compared with control,
untransfected cells (P =0.0023, n=18; P =0.0010, n = 11). The enhancement was absent
in NLGN4X R704C (P > 0.05, n=13) and NLGN4X T707A (P > 0.05, n=11) expressing
cells. Experiments were performed in rat organotypic slice cultures on a reduced NLGN
background (NLmiRs). Open circles are individual pairs; filled (in red) are mean + SEM.
Black sample traces are control; green are transfected. (Scale bars, 15 pA and 10 ms.) (B)
Summary graph of data in A. Expression of NLGN4X T707D resulted in a greater
enhancement of AMPAR-mediated currents compared with NLGN4X (P = 0.0143),
NLGN4X R704C (P = 0.0025), or NLGN4X T707A (P = 0.0066). (C) NMDARmediated
EPSC scatter plots. Expression of NLGN4X (n = 12) or phosphodeficient mutants,
NLGN4X R704C (n = 11), or NLGN4X T707A (n = 13), did not enhance NMDAR-
mediated currents compared with control untransfected cells (P > 0.05), whereas
expression of NLGN4X T707D significantly potentiated NMDA-mediated currents (P =
0.0117, n = 9). Open circles are individual pairs, filled (in red) are mean = SEM. Black
sample traces are control; green are transfected. (Scale bars, 30 pA and 20 ms.) (D)
Summary graph of data in C. Expression of NLGN4X T707D resulted in an enhancement
of NMDAR-mediated currents compared with NLGN4X (P = 0.0409), NLGN4X R704C

(P =0.0250), and NLGN4X T707A (P =0.0138). *P < 0.05 **P <0.01, ***P < 0.001.

97



Transfected amplitude (pA) Transfected amplitude (pa) Transfacted amplitude (pA)

Transfecled amplilude (pA)

MLmiRS + NLGMN4X MLmiRs + NLGMN4X RT040 B

a
300, Fad B AMPAR EPSCs
o 3 2001 1400 1 T
200 =1 & wkk
1501 _ ol
o £ - 5 12001
o o 4 p=}
100 o [+] - = 1000 -
’I', !:, L 8 501 ‘Eg %L 3
oA : : . £ g 4 s — -2 8OO 1 4
0 100 200 300 = 0 50 100 150 200 250 o
Untransfected amplitude {pA) Untransfected amplitude (pA) E 600 1 _'l*_
o _
MLmiRs + NLGN4X TFOTA 7 MLmiRs + NLGN4X T707D 400 1 1
3004 2 3001 200- I
° 8 ° L= =
2004 o é 200 gi . . T T
® & o ¥ ogh o &
e I o
100) § 7wy g1of v A A A
[%] i —_
o L & | L
olee ® — 2 4 - :
0 100 200 300 & 0 100 200 300 NLmiRs +
Untransfected amplitude (pA) Untransfected amplitude (pA)
MLmiRs = NLGN4X 7 NLmiRs + NLGN4X RT04C D
150 4 150, NMDAR EPSCs
&
° ° E 600 1 S
1004 F 1004 —
g o T 500- T
50 4 E 50 @ £
° QI\L E %-c M 8 400 4
9 e I a G
ok — — — § ol £ 300
0 O 100 160 = 1] 50 100 150 @ —_
Untransfectad amplitudea (pA) Untransfected amplitude (pA) 5
o 200
NLmiRs + NLGNAX TP0TA 7 NLmiRs + NLGN4X T707D L T T
200 8 200 10,0_______:|:____J_—_______
&
150{ o S 150]
= © T T T T
100 & 1001 o o - o
g, P & &P s ghe
§ Oloor, It & E & $E
L o
£ o
O 50 100 150 200 £ 0 50 100 150 200 NLmiRs +

Untransfected amplitude {pA) Untransfected amplitude (pA)



Figure 22: NLmiRs reduces AMPA and NMDA currents

(A) AMPAR-mediated EPSC scatter plot. Expression of NLmiRs (3—4 d) results in a
reduction of AMPARmediated currents compared with control, untransfected cells (P =
0.0078, n = 8). Open circles are individual pairs, filled (in red) are mean = SEM. Black
sample traces are control; green are transfected. (Scale bar, 15 pA and 10 ms.) Bar graph
of data is transfected amplitude (NLmiRs) normalized to neighboring, nontransfected cell
(control). (B) NMDAR-mediated EPSC scatter plot, showing similar reductions in
NMDAR-mediated currents (P = 0.0098, n = 10) as seen in A. (Scale bar, 30 pA and 20

ms.) **P <0.01.
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Figure 23: PKC phosphorylates endogenous NLGN4X in human neurons

(A) Immunofluorescence image of human embryonic neurons stained with the neuronal
marker MAP2. (B) Regulation of NLGN4X phosphorylation at T707 in human embryonic
neurons £+ PMA treatment. Arrow denotes the NLGN4X pT707-specific band.
Immunoblots (WB) were probed with indicated antibodies. (C) Means = SEM of
phosphorylated NLGN4X T707 achieved by PMA activation normalized to no treatment

(n=4) and + PMA treatment (P = 0.0148, n = 4).
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CHAPTER §:

The GABAA receptor p subunit is critical for

inhibitory transmission
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Introduction

GABAA receptors are heteropentameric ionotropic receptors which mediate the
majority of fast inhibitory neurotransmission in the brain (Olsen and Sieghart, 2008;
Sieghart, 2006). These receptors are comprised of a multitude of different subunit families
each with their own number of different isoforms, including a1-6, B1-3, y1-3, 6, €, 0, 7, and
p1-3 (Simon et al., 2004). The vast diversity of subunits makes studying this particular
receptor especially daunting. However, previous work has established that the canonical
assembly of the GABAA receptor contains the presence of two a subunits, two B subunits,

and a fifth subunit (Chang et al., 1996; Sieghart and Sperk, 2002).

Much of the work on assembly and function of GABAA receptors has been done
using heterologous expression systems to observe functional assembly of discrete sets of
overexpressed subunits. A key criticism of this approach is the potential assembly of
subunit combinations that normally would not occur in the native mammalian system
(Olsen and Sieghart, 2008). In addition, the different GABAA receptor subunits vary in
their expression profiles temporally and spatially within the brain, suggesting that
particular receptor subunit profiles may exist within specific brain regions and in particular
neuronal circuits (Fritschy and Panzanelli, 2014; Laurie et al., 1992). This insight however
has not translated into much progress in understanding the role of native receptor subunits
since only a handful of genetic knockouts exist for particular subunits (Rudolph and

Mohler, 2004).

CRISPR/Cas9 technology enables efficient gene editing without the time and
expense necessary to generate knockout mice. This approach has previously been shown

to enable complete deletion of synaptic proteins in post-mitotic neurons (Incontro et al.,
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2014; Straub et al., 2014). We utilize this technology to probe the function of the § subunits
of the GABAA receptor in inhibitory synaptic transmission onto CAl hippocampal
pyramidal cells. We find that, indeed, the B subunit is required for assembly of functional
GABAA receptors and that expression of the B3 subunit in particular is important for proper
inhibitory transmission. We show that knockout of B3 affects inputs from parvalbumin
(PV) but not somatostatin (SOM) expressing interneurons onto pyramidal cells.
Furthermore, we show that expression of 33 alone is sufficient to rescue inhibitory currents
in the context of a B1-3 subunit knockout. Our findings identify a key requirement for the
B subunit and highlight the unique importance of the B3 subunit in regulating GABAA
receptor function, showcasing an approach that can be used for the study of native receptor

composition and function at inhibitory synapses.
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Results

Functional GABA4 receptors require the  subunit

To determine the importance of the B subunits to inhibitory transmission, we
utilized CRISPR-Cas9 technology to develop a knockout construct containing individual
single guide RNA (sgRNA) sequences for B1, 2, and B3 chained together (Figure 24a).
Lentiviral-mediated expression of these guides along with Cas9 in dissociated hippocampal
cultures resulted in a dramatic reduction in protein levels of all three subunits (Figure 24b).
The remaining signal we see is most likely due to incomplete co-infection of both
constructs in all neurons. We then biolistically transfected rat organotypic hippocampal
slices with these constructs to enable sparse transfection. Since our constructs co-express
a fluorophore, we are able to specifically record from cells expressing both constructs. We
measured inhibitory currents induced with a stimulus electrode placed in CAIL.
Simultaneous recording of a transfected and untransfected, neighboring CA1 pyramidal
cell revealed complete loss of inhibitory currents (IPSCs) in transfected cells, showing that
functional GABAA receptors require the inclusion of the B subunit (Figure 24c, 24d, and
24¢). Regardless of the size of the current elicited in the control cell, we consistently failed
to see a significant response in the transfected cell (Figure 24d). The time course for the

full effect is about 3 weeks and, therefore, all recordings were made after 3 weeks.

The 3 subunit is most important for inhibitory transmission

While transgenic knockout animals exist for the B2 and B3 subunit, there is no

knockout for BI. Previous work looking at the effects of B2 knockout on synaptic
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transmission in dentate gyrus granule cells found no effect on miniature IPSCs (Herd et al.,
2008). B3 knockout mice display deficits in inhibitory synaptic transmission in granule
cells but not mitral cells of the olfactory bulb (Nusser et al., 2001). In order to determine
the relative contribution of each B subunit to inhibitory synaptic transmission in the
hippocampus, we expressed individual sgRNAs for the B subunits (Figure 25a). Knockout
of neither B1 nor B2 had a significant effect on inhibitory transmission (Figure 25b, 25¢
and 25¢e). This is consistent with the low expression of B2 in the hippocampus (Laurie et
al., 1992; Sperk et al., 1997). Knockout of B3 resulted in a significant impairment of
inhibitory currents (Figure 25d and 25e¢), indicating its importance for inhibitory

transmission.

We proceeded to knockout two different subunits at once in order to determine the
properties of the endogenous subunit that was left (Figure 26a). Knockout of both f1 and
B2 did not result in a significant change to inhibitory currents, suggesting that the
endogenous 3 subunit remaining is fully able to maintain proper inhibitory synaptic
transmission (Figure 26b and 26e). While the currents observed after knockout of B1 and
B3 were not significantly different than control cells, the effect was significantly different
than that seen with knockout of both 1 and B2, suggesting that the presence of 2 alone
may not be sufficient to maintain inhibitory transmission (Figure 26¢ and 26¢). Knockout
of B2 and B3 resulted in a significant depression of inhibitory currents, suggesting that the
presence of B1 alone is not sufficient to maintain inhibitory transmission (Figure 26d and
26e). Overall, these results show that B3 is necessary for maintaining proper inhibitory

transmission and is the most able to compensate for the loss of the other B subunits.
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Knockout of 3 preferentially affects PV and not SOM inputs

It was interesting that neither our single nor double knockout manipulations fully
recapitulated the dramatic elimination of all inhibitory current observed with the triple
knockout. Since CAl pyramidal cells receive inhibitory inputs from a multitude of
interneuron subtypes, we wondered whether there are subtype specific effects in our
knockout manipulations which could underlie the partial reduction observed with single
and double knockouts. In particular, we wanted to parse the inputs from parvalbumin (PV)
positive interneurons, which target somatic and proximal dendritic regions, from
somatostatin (SOM) positive interneurons, which target distal dendritic regions of
pyramidal cells (Rudy et al., 2011; Xu et al., 2010). We focused on knockout of B3 since it
was the only single knockout manipulation that had exhibited a significant reduction in
inhibitory currents. We were encouraged by the occurrence of faster IPSC decay kinetics
of the current remaining after knockout of either 3 or both B2 and B3 (Figure 28a and

28b), suggesting that the inhibitory synapses remaining are electrophysiologically distinct.

We utilized transgenic mice expressing Cre either under the PV or SOM promoter
along with Cre-dependent Channelrhodopsin (ChR2). Experiments were performed
wherein electrical stimulation was given to sample the population of inhibitory inputs
followed by a brief pulse of blue light to stimulate the particular inputs from either PV or
SOM cells. Using this approach, we found that B3 knockout significantly impaired
responses mediated by PV interneurons while inputs from SOM interneurons were
unaffected, suggesting that loss of B3 preferentially affects PV but not SOM inputs (Figure

27b and 27c, 27e and 27f). Importantly, electrical stimulation of slices from both PV-ChR2
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and SOM-ChR2 mice still showed a deficit in inhibitory currents due to loss of B3,

consistent with what we observed in rat slices (Figure 27a and 27¢, 27d and 27f).

Expression of 3 alone is sufficient to restore inhibitory transmission

To follow up on our result that knockout of both B1 and 2 did not change inhibitory
synaptic transmission, we expressed a human homolog of B3 that would not be recognized
by our CRISPR guide-RNA in combination with the triple  subunit knockout. Inhibitory
currents recorded from these cells did not show a significant change compared to control
cells, indicating that expression of 3 alone is able to restore inhibitory synaptic currents
(Figure 29a and 29b). Converse to what we observed with B3 knockout, these rescued
currents displayed slower kinetics (Figure 28c). We also looked to see if expression of the
B3 subunit alone is also able to restore extrasynaptic currents as well, since we see no
response after applying a puff of GABA onto cells expressing the triple B subunit knockout
(Figure 29c¢). Indeed, expression of 3 on the background of the triple § subunit knockout

is able to fully restore responses to control levels (Figure 29d).
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Discussion

Dissection of the molecular and circuit mechanisms of inhibitory
neurotransmission is difficult due to the diversity in subunit composition of GABAA
receptors, in addition to the diversity in population of the inhibitory interneurons
themselves. The emergence of new tools to hone in on the precise workings of native
receptors within defined neuronal circuits hold much promise toward accelerating progress

in understanding inhibition in the brain.

Here we utilize both CRISPR/Cas9 as well as optogenetic approaches to dissect the
involvement of the § subunits of the GABAA receptor in inhibitory transmission. We find
that the presence of the B subunit is absolutely required for the assembly of functional
GABAA receptors. In addition, we find that knockout of B3 preferentially affects PV but
not SOM-mediated inhibitory synapses onto CA1 pyramidal cells. Finally, we show that
expression of B3 alone is sufficient to rescue the complete loss of inhibition observed in
the triple B subunit knockout. Together these results highlight the crucial role of the
subunit, especially B3, of the GABAA receptor in inhibitory transmission both at the level

of individual circuits and in overall transmission.

Efficacy of CRISPR/Cas9

CRISPR/Cas9 works with a remarkable efficiency in eliminating the expression of
synaptic proteins in post-mitotic neurons (Incontro et al., 2014; Straub et al., 2014). A key
question in further applying this technology for genetic manipulations concerns whether

this approach can be used to target multiple different gene targets at once while maintaining
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the same efficacy and efficiency as seen with single targets. Previous work characterizing
the expression of four sgRNAs targeting four distinct genomic loci in one lentiviral vector
into HEK293T and human fibroblast cells observed about a 30% efficacy in eliminating
all four targets at once (Kabadi et al., 2014). In our approach, we were able to observe
>90% co-expression and functionality of all three sgRNAs after about 3 weeks. It is
possible that by using post-mitotic cells we maintain high expression of the Cas9 and
sgRNAs, enabling multiple rounds of gene editing until expression of the target is

effectively eliminated.

Previous attempts to utilize CRISPR to target GABAA receptor subunits showed
that knockout of the y2 subunit of the GABAA receptor abolished miniature IPSCs (Uezu
et al., 2016). The y2 subunit is an obligatory subunit for synaptic GABAA receptors
(Essrich et al., 1998). Our knockout of all three 3 subunits eliminated all inhibitory current,
both synaptic and extrasynaptic. This manipulation can be used in future studies as a way
to eliminate all inhibition postsynaptically. It is possible that other cell types in other brain
regions have different requirements for GABAA receptor functional assembly. Our
approach provides a guide and framework in which to address this possibility and many

other remaining questions regarding the assembly and function of GABAA receptors.

The critical requirement of the ff subunit

We were able to show that native assembly of a functional GABAA receptor
requires the inclusion of the B subunit. This is consistent with what has been proposed from

observations in heterologous systems that GABAA receptors are composed of two «
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subunits, two  subunits, and one other subunit (Chang et al., 1996; Sieghart and Sperk,
2002). Furthermore, our results show that expression of just one § subunit isoform, in this
case 3, is able to restore the deficits seen when all three are eliminated, suggesting that
within the complex of 2 a, 2 3, and a y subunit the two B subunits can be the same isoform.
While biochemical studies have suggested the existence of two different § subunit isoforms
in the same GABAA receptor, our results show that this criteria does not prevent functional

assembly (Jechlinger et al., 1998; Li and De Blas, 1997).

3 is critical for proper inhibitory transmission

We found in both our single and double knockout manipulations that it was only
when B3 is knocked out, either alone or in combination with another B isoform, that
inhibitory currents are depressed, suggesting that out of the three  subunits, B3 is most
important for proper inhibitory transmission. 3 was also observed to be sufficient to
maintain inhibitory currents, both in the absence of B1 or B2 or upon rescue on the triple §

subunit knockout.

Another indication of the unique nature of B3 containing synapses is the faster
kinetics observed in the B3 knockout and slower kinetics seen with B3 rescue in the triple
B subunit knockout (Figure 28a, 28b, and 28c). The gating kinetics of the GABAA receptor
depend on expression of the particular a subunit isoform, with al containing receptors
having faster kinetics than a2/3 containing receptors (Gingrich et al., 1995). Previous
characterization of neurons from 3 knockout mice found faster mIPSC decay kinetics due

to the reduction in expression of a2/3 subunits (Ramadan et al., 2003). Our results
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corroborate this finding and suggest that the 3 subunit preferentially associates with a2/3

subunits to mediate slower IPSC kinetics.

The B3 subunit has been highly associated with a number of disorders including
autism and epilepsy, and knockout mice for B3 experience frequent seizures (DeLorey et
al., 1998; Homanics et al., 1997; Vien et al., 2015). Our results showing that knockout of
B3 preferentially affects PV but not SOM inputs onto pyramidal cells further refines the
mechanisms by which B3 functions at inhibitory synapses and defines potential avenues
for further investigation in determining how disruptions to B3 expression and function can

eventually lead to disease.

Towards a model

From our results, we can assemble a possible model for GABAAa receptor  subunit
localization that can explain our observations (Figure 30). It is of particular interest that
none of our single and double knockout manipulations fully recapitulated the dramatic
elimination of inhibitory responses seen in the triple knockout. To illustrate these findings,
our model proposes the existence of two different types of inhibitory synapses: one that
has GABAA receptors with 3 as the only B subunit and one that has receptors comprised
of all three B isoforms. In manipulations where either 1 or B2 or both are knocked out, 3
is present to maintain proper inhibitory transmission. It is only in instances where B3 is
knocked out do we see a deficit owing to the fact that the presence of either B1 or 2 or
both is not enough to compensate for the loss of B3 in synapses containing only 3. This
also explains why we only see a partial deficit when B3 is knocked out since 1 and/or B2

is able to compensate at synapses where all three isoforms are present.
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How does this model fit into our observation that loss of B3 preferentially affects
PV but not SOM synapses? While PV interneurons are a major subset of interneurons and
account for 26% of GABAergic neurons in the CAl, they themselves can be subdivided
into different of classes of interneurons including PV-positive basket cells, bistratified
cells, and axo-axonic (chandelier) cells (Kosaka et al., 1987; Somogyi and Klausberger,
2005). It is therefore possible that the effect we see on PV inputs is due to changes from
one particular type of PV-pyramidal cell connection and future experiments can be

performed to refine our findings even further to hone in on this possibility.

Our work highlights the critical role of the  subunits in inhibitory transmission and
identifies the B3 subunit as an important subunit regulating GABAA receptor channel
function at both the molecular and circuit level. These findings and approach will provide
multiple avenues for future study in elucidating mechanisms of GABAAa receptor function

and how its dysfunction can lead to disease.
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Figure 24: GABAA B 1-3 subunits are necessary for inhibitory transmission

a) Diagram of the vector constructs used to express the chained sgRNAs for 1, 2, and 3
along with Cas9. CBh: promoter; NLS: nuclear localization sequence; 2A: protease site;
U6: promoter; hUbC: promoter. b) Western blot of rat dissociated hippocampal cultures
infected with lentiviruses containing individually the constructs in a or control
untransfected cultures. Lysates were probed for expression of B1, 2/3, and actin. c)
Representative traces of an untransfected cell (in black) and cell transfected with the
sgRNAs for f1-3 and Cas9 (in green). d) Varying absolute amplitudes were observed in
control untransfected cells while transfected cells displayed no inhibitory current (***p =
0.0002, n = 18) e) Scatter plot showing reduction in IPSCs in f1-3 CRISPR transfected
neurons compared to untransfected controls (***p = 0.0002, n = 18). Open circles are

individual pairs, filled circle is mean + s.e.m.
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Figure 25: GABAA B3 subunit is critical for proper inhibitory transmission

a) Diagram of the vector constructs used to express the individual sgRNAs for B1, f2, and
B3. b) Scatter plot showing no reduction in IPSCs in f1 CRISPR transfected neurons
compared to untransfected controls (p = 0.4, n = 13). ¢) Scatter plot showing no reduction
in IPSCs in 2 CRISPR transfected neurons compared to untransfected controls (p = 0.2,
n = 10). d) Scatter plot showing reduction in IPSCs in B3 CRISPR transfected neurons
compared to untransfected controls (*p = 0.037, n = 10). ) Summary graph of b-d. For
panels b-d, open circles are individual pairs, filled circle is mean + s.e.m. Black sample
traces are control, green are transfected. Scale bars represent 100 pA and 50 ms. For panel
e summary graph plots mean transfected amplitude + s.e.m, expressed as a percentage of
control amplitude. Significance above each column represents pairwise comparison

between transfected and untransfected cells.
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Figure 26: GABAA B3 subunit is important for maintaining proper inhibition

a) Diagram of the vector constructs used to express two of the sgRNAs for 1, B2, and B3
at once. b) Scatter plot showing no reduction in IPSCs in B1 and B2 CRISPR transfected
neurons compared to untransfected controls (p = 0.8, n = 7). ¢) Scatter plot showing
inhibitory currents in Bl and B3 CRISPR transfected neurons were not significantly
different compared to untransfected control cells (p = 0.1, n=11). d) Scatter plot showing
reduction in IPSCs in B2 and B3 CRISPR transfected neurons compared to untransfected
controls (**p = 0.0024, n = 17). ) Summary graph of b-d. Knockout of both 1 and 33 or
both B2 and B3 resulted in currents that were significantly reduced compared to those seen
in knockout of both 1 and B2 (*p = 0.046, **p = 0.0052). For panels b-d, open circles are
individual pairs, filled circle is mean + s.e.m. Black sample traces are control, green are
transfected. Scale bars represent 100 pA and 50 ms. For panel e summary graph plots mean
transfected amplitude + s.e.m, expressed as a percentage of control amplitude. Significance
above each column represents pairwise comparison between transfected and untransfected

cells.
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Figure 27: Knockout of GABA4 B3 subunit preferentially affects PV not SOM inputs

a) Scatter plot showing electrical stimulation of hippocampal organotypic slices from
SOM-ChR2 transgenic mice still displayed a deficit in inhibitory transmission in cells
transfected with B3 CRISPR compared to untransfected controls (***p = 0.0005, n = 13).
b) Scatter plot showing no reduction in IPSCs in B3 CRISPR transfected neurons when
SOM currents are specifically elicited with blue light (p = 0.3, n = 13). ¢) Summary graph
of a-b. d) Scatter plot showing electrical stimulation of hippocampal organotypic slices
from PV-ChR2 transgenic mice still displayed a deficit in inhibitory transmission in cells
transfected with B3 CRISPR compared to untransfected controls (*p = 0.04, n = 17). e)
Scatter plot showing reduction in IPSCs in B3 CRISPR transfected neurons when PV
currents are specifically elicited with blue light (p =0.01, n = 17). f) Summary graph of d-
e. For panels a-b and d-e, open circles are individual pairs, filled circle is mean + s.e.m.
Black sample traces are control, green are transfected. Scale bars represent 100 pA and 50
ms. For panel ¢ and f summary graph plots mean transfected amplitude + s.e.m, expressed
as a percentage of control amplitude. Significance above each column represents pairwise

comparison between transfected and untransfected cells.
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Figure 28: IPSC decay kinetics are altered in B3 manipulations

a) Cells where B3 is knocked out display faster kinetics compared to control untransfected
cells (*p = 0.04, n = 10). b) Cells where 2 and 3 are knocked out display faster kinetics
compared to control untransfected cells (*p = 0.003, n = 15). ¢) Cells where replacement
with B3 on the background of the triple f subunit CRISPR display slower kinetics (*p =

0.01,n=12).
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Figure 29: GABAA B3 subunit is sufficient to restore inhibitory transmission

a) Scatter plot showing expression of B3 on the background of triple B subunit CRISPR is
able to restore inhibitory synaptic currents (p = 0.06, n = 14). b) Summary graph of a. ¢)
Scatter plot showing no responses to a puff of GABA in cells transfected with the triple B
subunit CRISPR compared to untransfected controls (*p = 0.0156, n = 7). d) Scatter plot
showing rescue of responses to a puff of GABA in cells transfected with the triple § subunit
CRISPR and B3 (p = 0.5, n = 8). For panels a and c-d, open circles are individual pairs,
filled circle is mean + s.e.m. Black sample traces are control, green are transfected. Scale
bars represent 100 pA and 50 ms. For panel b summary graph plots mean transfected

amplitude + s.e.m, expressed as a percentage of control amplitude.
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Figure 30: Model for synapse-specific GABAAx receptor f subunit localization

Our model proposes the existence of two different types of inhibitory synapses. One that
has GABAA receptors with B3 as the only § subunit and one that receptors comprised of

all three B isoforms.
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CHAPTER 6:

General Conclusions
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This body of work has aimed to tackle the question of how molecular diversity
specifies function of a synapse. I showed that two different neuroligin isoforms which are
both expressed at inhibitory synapses have different requirements for their ability to
enhance inhibitory synaptic transmission (Chapter 3). I showed that a single point mutation
in one neuroligin isoform at inhibitory synapses has no effect (Chapter 3) but the same
analogous point mutation in another neuroligin isoform at excitatory synapses has profound
effects (Chapter 4). I show that the general need for the presence of one subunit family for
proper assembly of a GABAA receptor can be further refined for particular isoforms of that

subunit and at particular synapses (Chapter 5).

Neuroligin 3 has distinct functions at inhibitory vs excitatory synapses

The neuroligin family of cell adhesion molecules encompass multiple isoforms and
alternative splicing generates even more variants (Ichtchenko et al., 1996). This vast
diversity suggests that each variant could have a specialized function, and indeed this is
largely the case with neuroligin 1 and neuroligin 2 which are localized to excitatory and
inhibitory synapses respectively (Song et al., 1999; Varoqueaux et al., 2004). Neuroligin 3
is expressed at both inhibitory and excitatory synapses but it was previously unclear
whether its function was the same at both (Budreck and Scheiffele, 2007). Previous work
had shown that overexpression of neuroligin 3 is able to enhance synaptic responses at
excitatory synapses even when expression of all endogenous neuroligins are knocked down
(Shipman et al., 2011). Here we have shown that neuroligin 3 function at inhibitory
synapses requires the presence of neuroligin 2 and this requirement is separate from its

ability to function at excitatory synapses.
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A key question that remains is what exactly is the nature of this requirement? The
basic functional arrangement of the neuroligins is in the form of a dimer. This was
previously proposed by examining the similarity between the neuroligins and
acetylcholinesterase and subsequent biochemical, functional, and structural studies have
confirmed the formation of neuroligins into dimers (Arac et al., 2007; Comoletti et al.,
2003; Comoletti et al., 2007; Dean et al., 2003; Fabrichny et al., 2007; Koehnke et al.,
2008; Shipman and Nicoll, 2012a). Does neuroligin 3 need to heterodimerize with
neuroligin 2 in order to function at inhibitory synapses or does it just need the presence but

not direct interaction with neuroligin 2?

There is evidence both for and against the formation of neuroligin 2-neuroligin 3
heteromers (Budreck and Scheiffele, 2007; Poulopoulos et al., 2012). We attempted to
determine whether neuroligin 2 and neuroligin 3 can interact directly using biochemical
pull down assays from HEK cells expressing neuroligin 2 and neuroligin 3 (Figure 31).
HEK cells were transfected with constructs for either GFP, neuroligin 2, neuroligin 3, or
both neuroligin 2 and neuroligin 3. The neuroligin 2 construct contained an HA tag that we
immunoprecipitated for and then blotted for neuroligin 3 to determine if the two bind. We
see robust neuroligin 3 signal in the IP samples from cells expressing both neuroligin 2 and
neuroligin 3. We can also see that we did enrich for HA-associated protein complexes since
the neuroligin 3 signal in the input lane from cells expressing only neuroligin 3 goes away
in the IP lane. We see some signal in the neuroligin 2 only samples in the IP lane and this
is due to the fact that the antibody we use can also detect other neuroligins when they are
highly overexpressed. Therefore, neuroligin 2 and neuroligin 3 can indeed directly interact.

It is unclear whether this direct interaction is necessary for the function of neuroligin 3 at
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inhibitory synapses since it would be difficult to separate the binding of neuroligin 3 to

neuroligin 2 from the basic necessity of dimerization for function.

Neuroligin 2 is the critical neuroligin at inhibitory synapses

We found that of the neuroligins expressed at inhibitory synapses, neuroligin 2
seems to be most critical for proper inhibitory synaptic transmission. It was only when we
knocked down neuroligin 2 but not neuroligin 3 did we see a comparable deficit of
inhibitory currents to the knockdown of all three neuroligins. A key question arising from
this finding is what exactly makes neuroligin 2 different from neuroligin 3 to enable it to
have such an important role at the inhibitory synapse? Our results suggest that the
difference may reside in the extracellular domain, at a region between the 52" and 180™
amino acid of neuroligin 2. Could neuroligin 2 bind something within that region that
neuroligin 3 can’t? While there have been some biochemical and proteomic studies of the
various molecules at inhibitory synapses and identification of protein interactions among
these molecules, there are no clear candidates that interact with neuroligin 2 but not
neuroligin 3 to account for the differences in their function at inhibitory synapses (Kang et

al., 2014; Loh et al., 2016).

Based on the idea that the diversity in both neuroligin and its presynaptic binding
partner neurexins mediate a type of synaptic code for defining neuronal connections, the
most viable candidate for differential binding to the extracellular domain of neuroligin 2
and neuroligin 3 is a neurexin molecule. Unfortunately, it would be difficult to hone in on

exactly which neurexin is responsible due to the large diversity of neurexin isoforms and
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splice variants possible. However, we have attempted to characterize our critical
extracellular domain further by looking at the crystal structure of neuroligin 2 which has
previously been resolved (Koehnke et al., 2008). We aligned the structure of neuroligin 2
(3BL38) to the crystal structure of the neuroligin 1/neurexin 1p complex (3BIW, (Arac et
al., 2007)) to approximate the location at which neurexin would bind to neuroligin 2
(Figure 32). Highlighted in red is our critical extracellular domain, which appears to be on
the side of the neuroligin opposite the neurexin-binding interface, suggesting that
molecular partners other than neurexins underlie the ability of this domain to confer
neuroligin function at inhibitory synapses. One caveat of this structural prediction is that
the neurexin binding sites are based on the neuroligin 1/neurexin 1p complex and it is
possible that neurexins at inhibitory synapses bind to neuroligin 2 at a different site. In
addition, we noticed that the published crystal structure of neuroligin 2 is missing 14 amino
acids around and within the splice site A site, which could affect the true structure of the
protein. We were unable to characterize and align neuroligin 3 to our analysis due to the
lack of a crystal structure and the inability of structure prediction software to fully predict

the sequence of our protein due to the highly disordered region around splice site A.

Gephyrin-independent modes of inhibitory synaptic function

Our finding that even on the background of a gephyrin knockdown a neuroligin 2
lacking all known interaction domains in its intracellular region could still potentiate
inhibitory responses was very surprising. Our subsequent results showing that there are

gephyrin-dependent and gephyrin-independent pathways for neuroligin function at
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inhibitory synapses provides a new avenue of study for identifying and characterizing other

scaffolding molecules which could play a role at inhibitory synapses.

It is imperative to make the distinction that our results do not suggest that gephyrin
is not important for proper function of inhibitory synapses. Our observation that
knockdown of gephyrin reduced inhibitory synaptic current by about 50% suggests that
indeed, gephryin is important. Gephyrin is thought to be the major synaptic organizer for
GABAergic synapses (Tretter et al., 2012). What we would like to propose is that there are
other molecules besides gephyrin that can interact with the intracellular region of the
neuroligins to mediate inhibitory synaptic function. Since neuroligin 2 is such a critical
component for proper function of inhibitory synapses it would be no surprise that it has

multiple pathways in which to carry out its function.

To support this proposition, we have observed firsthand that the interaction between
neuroligin 2 and gephyrin is indeed quite weak (Figure 33). We transfected HEK cells with
gephyrin and neuroligin 2. We then immunoprecipitated for the HA-tagged neuroligin 2
and blotted for gephyrin to observe the extent of gephyrin interaction with neuroligin 2.
Our results show that the gephyrin-neuroligin 2 interaction itself is quite weak. As shown
in our blots, we see robust gephyrin signal in our input lanes. However, when we enrich
for neuroligin 2, we see about 90% less signal suggesting that most of the gephyrin being
overexpressed is not binding to neuroligin 2. A remaining question is what other molecules
are interacting at the intracellular domain of neuroligin 2? Future studies utilizing our
identified point mutant at S714 which can modulate the gephyrin-independent pathway

will need to be performed to answer this question.
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Phosphorylation regulates neuroligin function differentially at inhibitory versus

excitatory synapses

In chapter 3 I showed that an autism-associated mutation had no effect on
neuroligin 2 function on its own. In chapter 4 I showed that the same mutation in neuroligin
4X, where it was initially found, had profound effects on the ability of neuroligin 4X to
enhance excitatory responses when overexpressed on a neuroligin knockdown background.
These differential results between excitatory and inhibitory responses suggest that the local
environment plays a role in determining the consequences of phosphorylation at functional
sites. This is consistent with previous results showing that a point mutation which abolished
the function of neuroligin 3 and neuroligin 1 at excitatory synapses had no effect on

inhibitory synaptic transmission when introduced into neuroligin 2 (Shipman et al., 2011).

To determine whether the same phosphorylation residue has differential effects
within the same protein at excitatory versus inhibitory synapses, we looked at our
neuroligin 4X manipulations and their effects on inhibitory synaptic transmission (Figure
34). Surprisingly we found that compared to full-length neuroligin 4X which potentiated
inhibitory responses, the single autism-associated mutation completely blocked this
potentiation. This result suggests that even within the same synaptic environment
phosphorylation could have differential effects on different isoforms of the same protein
family. One caveat to this is that the unique nature of neuroligin 4X, including its lack of
endogenous expression in rats and its low conservation between species, may make it
special in terms of its function. We also found no consequence of expressing phospho-null

or phospho-mimic mutations for the PKC site we had identified on the ability of neuroligin
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4X to potentiate inhibitory responses. This suggests that the ability of neuroligin 4X to

enhance inhibitory responses does not depend on phosphorylation by PKC.

The importance of the B3 subunit for GABAAx receptor function

There are two findings with respect to our manipulations involving the 3 subunit.
First, B3 knockout in pyramidal cells affects PV but not SOM inputs onto the cells. Second,
the presence or absence of the B3 subunit can bidirectionally control kinetics of the GABAA
receptor. These two observations may be independent of each other since we expect
inhibitory currents to get slower if there are less PV inputs onto the cell but instead they

are faster with B3 knockout.

While differences have been observed for the subcellular distribution of o subunit
isoforms, attempts using immunocytochemistry and high-resolution immunogold labeling
to determine the distribution of B subunit isoforms utilized antibodies that recognized both
B2 and B3, preventing the ability to distinguish different localization patterns between the
two isoforms (Baude et al., 1992; Nusser et al., 1995; Nusser et al., 1996). More recently,
experiments using antibodies specific for the individual isoforms have shown that all axon-
initial segment and somatic synapses in CA1 contain 1, B2, and B3 subunits (Kerti-Szigeti
and Nusser, 2016). These areas are thought to be where PV interneurons make their targets
and further supports our observation that B3 knockout affects inputs from these cells. It
would be of interest to isolate the PV responses from cells lacking B1 or B2 to see if there
is also a deficit, though our results showing no change in electrically evoked inhibitory

responses suggests there might be compensation by 33.
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Differences in the kinetics of the GABAA receptor are thought to underlie distinct
modes of information processing. Fast inhibitory currents are effective at reducing spiking
activity early in a train and can modulate the threshold of input-output transfer within a
circuit (Crowley et al., 2009). On the other hand, slow currents are effective at suppressing
late spikes and can modulate both the gain and threshold of input-output transfer in a circuit
(Crowley et al., 2009; Mitchell and Silver, 2003; Prescott and De Koninck, 2003). These
changes to information processing could underlie the variable effects in sensory processing
seen in heterozygous 33 knockout mice (DeLorey et al., 2011). A more thorough dissection
of the consequences of B3 knockout on specific circuit and network functions is needed to
tie these changes in receptor kinetics with behavioral effects. These findings combined
with our observations and the subsequent model we built from our results could help

explain why knockout of 33 is so lethal.

E/I balance and the interplay of inhibition and excitation

While we tend to group synapses into either inhibitory or excitatory, the
manipulations on one type of synapse can indeed affect function of the other type. For
example, neurons incubated in bicuculline, a GABAA receptor antagonist, experience a
homeostatic reduction in the amplitude of AMPA-mediated excitatory currents (Turrigiano
et al., 1998). Blockade of GABAA receptors causes an increase in the firing rate of the
neuron and it responds accordingly to modulate the strength of its excitatory inputs and

stabilize firing (Turrigiano, 2008).
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Some of our manipulations to proteins at inhibitory synapses do indeed affect
excitatory transmission, but in an unexpected and non-canonical manner. We see no change
in AMPA-mediated currents with knockdown of gephyrin, but we see a significant
reduction in NMDA-mediated currents (Figure 35). This is recapitulated in our triple 8
subunit knockout, suggesting a common mechanism downstream of reducing most or all
inhibitory inputs. This result is surprising since we expected a reduction in AMPA-
mediated currents if homeostatic mechanisms were taking place to account for the loss of
inhibitory inputs and subsequent increase in the firing rate of the cell. However, this result
is in line with what has been observed previously in mice lacking receptors for excitatory
transmission. Mice lacking all AMPA and NMDA receptors experience a significant
reduction in GABAergic inhibitory transmission (Lu et al., 2013). This effect was
recapitulated only in mice lacking NMDA receptors, not in mice lacking only AMPA
receptors (Gu et al., 2016). Thus, these results suggest that there is bidirectional interplay
between NMDA-receptor mediated excitatory and GABAergic inhibitory transmission. It
is possible these effects are occurring at immature synapses which possess specializations
for both inhibitory and excitatory synapses (Cserep et al., 2012). In addition, the existence
of inhibitory synapses on or near dendritic spines indicate that there could be enough close
proximity between excitatory and inhibitory synapses to mediate interactions (Chen et al.,
2012; Chiu et al., 2013). While the downstream mechanisms underlying these effects
remain to be elucidated, neuronal activity and the activation of calmodulin seem to be

required for these effects ((Gu et al., 2016) and Figure 35).

138



Potential Caveats

There are multiple caveats to our conclusions. The first is the large extent of
overexpression we are utilizing in our manipulations. This high degree of overexpression
of introduced constructs could explain why the neuroligin manipulations which were
classified as not functional still rescued currents back to baseline. We surmise that this is
due to incomplete knockdown of endogenous proteins and therefore the remaining
endogenous neuroligin can heterodimerize with the overexpressed neuroligin isoform to
rescue currents back to baseline. This high degree of overexpression may also cause us to
miss more subtle effects that are present when proteins are expressed at more endogenous

levels.

While our results are applicable to the experimental system and brain region we are
studying, there is a need to determine whether our findings are applicable to other areas of
the brain and in different stages of development as well. For example, knockout of
neuroligin 3 impairs synaptic inhibition on striatal medium spiny neurons (Rothwell et al.,
2014). The hippocampus is particularly unique in its low expression of the 2 subunit
compared to the rest of the brain (Mohler et al., 1995; Sperk et al., 1997; Stephenson,
1995). Thus, it would be of importance to determine whether the effects we observe in our
B subunit knockouts are also present in other brain regions where the subunit expression

profile is different.
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Concluding remarks

The vast diversity in synaptic proteins, receptor subunits, and interneuron cell types
presents an increasingly complex biological system in which to study inhibitory synaptic
transmission. Our results show that this diversity conveys unique functions and helps refine
and distinguish individual synapses. By establishing a basic mechanism for how changes
to particular synaptic proteins affect inhibitory transmission overall and within a set of
defined circuits, we can extrapolate our findings to investigate how these changes affect
neuronal processing on a network and region-specific level. The development and
evolution of molecular tools to dissect specific inputs and more efficiently change and
regulate the expression of particular proteins will be invaluable in helping to tackle the

understanding of this complex system.
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Figure 31: Neuroligin 2 associates with neuroligin 3

HEK293T cells were transfected with either GFP, NLGN2, NLGN3, or NLGN2+NLGN3.
After 2 days lysates were harvested and incubated in HA-conjugated agarose beads to
immunoprecipitate HA-tagged protein complexes. Samples were run on a 4-12% Bis-Tris
gel and probed for HA, NLGN3, and actin. Input samples are 3% of IP samples. Blot are
representative of at least 2 experimental and technical replicates. Size indicated on left in

kDa.
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Figure 32: Structural visualization of critical extracellular domain

Crystal structure of neuroligin 2 (in blue) aligned with neurexin 1 structure (in orange).

In red is the critical extracellular domain in neuroligin 2 identified in our study.
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Figure 33: Weak binding of neuroligin 2 to gephyrin

HEK?293T cells were transfected with either GFP or neuroligin 2. After 2 days lysates were
harvested and incubated in HA-conjugated agarose beads to immunoprecipitate HA-tagged
protein complexes. . Samples were run on a 4-12% Bis-Tris gel and probed for HA,
gephyrin, and actin. Input samples are 3% of IP samples. Blots are representative of at least

2 technical replicates. Size indicated on left in kDa.
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Figure 34: NLGN4X-R704C effect on inhibitory transmission does not depend on

PKC residue

a) Scatter plot showing expression of NLGN4X potentiates inhibitory responses (**p =
0.009). b) Scatter plot showing expression of NLGN4X-R704C does not potentiate
inhibitory responses (p = 0.7). c¢) Scatter plot showing expression of NLGN4X-T707A
potentiates inhibitory responses (**p = 0.0039). d) Scatter plot showing expression of
NLGN4X- T707D potentiates inhibitory responses (**p = 0.002). ¢) Summary graph of a-
d. Expression of full-length NLGN4X, NLGN4-T707A and NLGN4X-T707D results in
greater enhancement of IPSCs compared to expression of NLGN4-R704C (*p = 0.0457,
**p =0.0084, **p =0.0011). For panels a-d, open circles are individual pairs, filled circle
is mean + s.e.m. Black sample traces are control, green are transfected. Scale bars represent
100 pA and 50 ms. For panel e summary graph plots mean transfected amplitude + s.e.m,

expressed as a percentage of control amplitude.
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Figure 35: Gephyrin knockdown and CRISPR f1-3 knockout affects NMDA but not

AMPA currents

a) Scatter plot showing knockdown of gephyrin did not reduce AMPA currents but
significantly reduced NMDA currents (p = 0.52, **p = 0.0059). b) Scatter plot showing
knockout of B1-3 did not reduce AMPA currents but significantly reduced NMDA currents
(p = 0.24, *p = 0.0156). ¢) Scatter plot showing incubation of cells expressing gephyrin
knockdown with TTX prevented the decrease in NMDA currents (p = 0.3).For panels a-c,
open circles are individual pairs, filled circle is mean + s.e.m. Black sample traces are
control, green are transfected. Scale bars represent 100 pA and 50 ms. Summary graph

plots mean transfected amplitude + s.e.m, expressed as a percentage of control amplitude.
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