Chapter 4

GluClv2.0: An Improved Tool For Neuronal Silencing
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Abstract

A variety of genetically encoded tools have been developed that allow physical
manipulation of neuronal excitability in a reversible, cell-specific manner. We previously
engineered an invertebrate glutamate-gated chloride channel (GluCl of}) that enabled
pharmacologically induced silencing of electrical activity in targeted CNS neurons in
vivo by the anthelmintic drug compound ivermectin (IVM). With this receptor, GluCl opt
a-CFP + opt B-YFP Y182F, the concentration of IVM necessary to elicit a consistent
silencing phenotype was high enough to raise concern about its potential side effects.
Variability in the extent of spike suppression was also apparent and correlated with co-
expression levels of the fluorescently tagged o and 8 subunits. To address these issues,
mutant receptors were generated via rational protein engineering strategies and subjected
to functional screening and fluorescence-based assays. It has since been learned that
GluCl o homomers are indeed expressed at the plasma membrane and are responsive to
IVM, but incorporation of the f§ subunit confers greater IVM sensitivity. Introduction of a
gain-of-function mutation (L9’F) in the second transmembrane domain of the a subunit
appears to facilitate § subunit incorporation and substantially increase heteromeric GluCl
af sensitivity to IVM without permitting unliganded channel opening. Removal of an
arginine-based ER retention motif (RSR mutated to AAA) from the intracellular loop of
the f subunit further promotes heteromeric expression at the plasma membrane by
preventing ER-associated degradation of the § subunit. Introduction of a monomeric XFP
mutation (A206K) complements these effects. The newly engineered GluCl opt o-mXFP

L9’F + opt B-mXFP Y182F RSR AAA receptor significantly increases conductance and
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reduces variability in evoked spike generation in vitro using a lower concentration of

IVM. This receptor, dubbed ‘GluClv2.0’, is an improved tool for [IVM-induced silencing.
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Introduction

Neurons are organized into anatomically distinct regions that transmit excitatory or
inhibitory information to the regions they project to, following a specific pathway or
circuit. Inappropriate activity within such a circuit is thought to be the basis of most
psychiatric and neurological disorders. Unraveling the intricate circuitry and functional
basis of various neuronal networks will provide a better understanding of complex

behavior and help pinpoint the underlying causes of brain related dysfunction.

A number of tools have been developed that allow the physical manipulation of
neuronal excitability in a reversible, cell-specific manner. These tools enable mapping of
neuronal connectivity and are essential for assigning functional roles to particular cell
types and determining their contribution to perception or behavior. One such tool
employs a heteromeric glutamate-gated chloride channel (GluCl of) from the
invertebrate species Caenorhabditis elegans and the anthelmintic drug compound
ivermectin (IVM). IVM-induced activation of GluCl of3 heterologously expressed in
mammalian neurons elicits a chloride conductance that drives the membrane potential
toward the Nernst potential of chloride (E¢;) to prevent action potential generation for

effective neuronal silencing.

The GluClI/IVM method was the first to show neuronal silencing induced by a
systemically administered drug in awake, behaving animals’. In this study, proof-of-
concept was demonstrated in mice using a robust and reproducible striatal lesion assay
known to induce amphetamine-dependent rotational behavior®2. In mice expressing

GluCl unilaterally in the striatum via AAV2-mediated infection, systemic administration
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of IVM caused unidirectional rotation of the animal, indicating that striatal neurons were
silenced (Figure 4-1A). The rotational phenotype was observed within hours of induction
and was fully reversed within days, allowing multiple cycles of silencing and recovery to

be performed on a single animal.

IVM is a widely used commercial drug that is well tolerated by both animals and
humans because GluCl channels do not exist in mammals. Selective and reversible
silencing was achieved without measurable toxicity of either the individual neurons or the
animal as a whole. However, the dose of IVM required to elicit a consistent silencing
phenotype (5-10 mg/kg; Figure 4-1B)! was unexpectedly higher than that routinely used
to treat mice with parasitic infections (0.2 mg/kg)* and high enough to raise concern
about potential side effects. Though IVM can successfully cross the BBB, some fraction
is presumably being cleared continuously from the brain by the mdrla P-glycoprotein
transporter?, resulting in a lower effective concentration in the cerebrospinal fluid.
Further increasing the dose (20 mg/kg) enters the range of toxicity, visible by paralysis®.
Toxic effects are likely mediated through off-target agonism, as IVM is known to activate
or potentiate other ligand-gated ion channels present in the CNS, though it does so with

much lower affinity™°,

Silencing experiments with the GIuCl/IVM system were also subject to
considerable variability. Rotation data from the in vivo study displays a bimodal
distribution with one group of animals exhibiting a weak but significant phenotype, and
the other exhibiting a strong behavioral phenotype. The strength of the behavioral
phenotype was correlated with both the extent of viral infection (i.e., the volume of

striatum expressing GluCl af}) and the extent of spike suppression (i.e., individual
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Figure 4-1. Proof-of-concept for GluCl/IVM neuronal silencing in vivo. A. Experimental design
schematic of amphetamine-induced rotation test for silencing striatal neurons. Unilateral striatum was
virally infected with GluCl o and p subunits. Control mice move around the chamber perimeter. Mice
expressing GluCl and administered IVM display rotational behavior. B. Dose-response relation for
amphetamine-induced rotation. C. Histogram of rotation score shows bimodal distribution. Strength of the
phenotype correlates with the volume of the virally infected region. D. Neuron firing rates show full,
partial and no inhibition. Lowercase letters display sample spike trains before (a) and after (b & ¢) IVM
perfusion. Strength of the phenotype correlates with the extent of spike suppression. E. Confocal images
show varying subunit expression levels. Extent of spike suppression is correlated with fluorescence
intensity of a-CFP and f-YFP Y 182F subunits. (Figures adapted from Lerchner et al., 2007.)"
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neurons showing either full, partial, or no inhibition), which further correlated with co-

expression levels of o and 3 subunits (Figure 4-1C, D, E).

Prior to its implementation as a silencing tool, the GIluCl receptor was modified in
several ways. First, it was rendered insensitive to its native ligand glutamate by a single
point mutation in the B subunit, Y182F (Figure 4-2A). Insensitivity is necessary since
glutamate is an endogenous neurotransmitter present in cerebrospinal fluid and released
during synaptic transmission. In addition, the DNA sequence of this invertebrate gene
was codon-optimized to achieve greater expression levels in mammalian systems (Figure
4-2B)2, and tagged with fluorescent proteins YFP and CFP for direct visualization of
protein expression (Figure 4-2C)X. This GluCl opt a-CFP + opt p-YFP Y182F receptor

is referred to throughout this study as ‘the original tool’.
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Figure 4-2. Construct modifications generating the original GluCl opt a-CFP + opt f-YFP Y182F
silencing tool. 4. A tyrosine-to-phenylalanine mutation at position 182 of the [ subunit abolishes
glutamate sensitivity but maintains activation by IVM. B. Codon optimization of GluCl subunits increased
expression levels in mammalian cells. C. Fluorescent labels, CFP and YFP, were inserted into the

intracellular M3-M4 loop for direct visualization of subunit expression. (Figures adapted from Li et al.,
2002; Slimko et al., 2002; Slimko & Lester, 2003.)""
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The current study aimed to optimize the original GluCl/IVM tool by introducing
rational point mutations intended to (1) increase receptor sensitivity to IVM in order to
achieve silencing by lower doses and, (2) improve subunit expression at the plasma
membrane in order to reduce spike suppression variability. Such optimization would
alleviate the concern of off-target side effects and avoid suboptimal spike inhibition. As
was the subject of Chapter 3, introduction of an L9’F gain-of-function mutation in the
second transmembrane domain of the o subunit appears to facilitate 3 subunit
incorporation and substantially increase heteromeric GluCl af3 sensitivity to [IVM without
permitting unliganded channel opening. Glutamate insensitivity must be reinstated to this
high sensitivity mutant receptor for it to function effectively as a silencing tool. It was
also determined that GluCl o homomers are indeed expressed at the plasma membrane of
mammalian cells and are responsive to IVM. A mixed presence of heteromeric and
homomeric receptors could be responsible for the variability in spike suppression. To
address this possibility in the current study, the secretory pathway of membrane receptor
trafficking was considered. Rational protein engineering strategies to improve
heteromeric GluCl af} surface expression may be combined with the increased sensitivity

mutation to produce an optimized GluCl/IVM silencing tool.
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Results

Mutation of a putative ER retention motif enhances IVM sensitivity

In the cell, multimeric receptors destined for the plasma membrane are synthesized,

matured, and assembled at the endoplasmic reticulum (ER)*1

. The amino acid sequence
contains specific signaling motifs that instruct the cellular machinery to either let the
protein exit the ER or retain it there. Subunits that have been assembled into complete
receptors are prepared for ER export at ‘exit sites’ where they are packaged into coat
protein II (COPII) vesicles that mediate anterograde transport from the ER to the Golgi.
In the Golgi, receptors are either subject to posttranslational modifications after which
they are trafficked to the plasma membrane, or they undergo retrograde transport (i.e.,
retrieval) by COPI vesicles back to the ER. This ER retention-retrieval process serves as
a quality control mechanism to ensure that only properly assembled receptors are
transported to the cell surface. Proteins that are misfolded, unassembled, or improperly

assembled are retained in the ER and ultimately targeted for ER-associated

degradation'®,

Consensus signaling motifs exist for both ER export and ER retention. The best-
characterized exit signals include DxE™®2, LxxL/ME®, and I/LxM?'. These ER export
motifs are found on the cytosolic loops of a variety of membrane-associated proteins and
are recognized by Sec24, the primary cargo-selection protein of the COPII coated
vesicles for transport from ER to Golgi. Well-described ER retention signals include the
classical C-terminal motifs, KDEL and KKxx**%, and the cytosolic arginine-based

signal, RxR*. The RxR motif has been found in potassium channels®, G-protein coupled
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receptors®, voltage-dependent Ca®* channels®®, ionotropic glutamate receptors™== and

ionotropic Cys-loop receptors>2%, Proteins containing an RxR motif are retained in the
ER or maintained by COPI retrieval until the signal is masked as a result of

heteromultimeric assembly with additional subunits®*=.

To check for putative ER signaling motifs present in GluCl o and f, the amino
acid sequence of the large TM3-TM4 intracellular loop of each subunit was examined
(Figure 4-3). The o subunit has one potential ER export motif, LNLLE, immediately
following the fluorescent fusion protein insertion (note, XFP tags were originally placed
in TM3-TM4 loop at restriction sites't). The B subunit has two putative ER export
motifs, LEM and DAE, as well as two putative ER retention motifs, RSR and RRR. The
presence of these possible signaling motifs correlates with functional expression observed
for each of these subunits in mammalian systems. In HEK293 cells, heteromeric GluCl
of channels are activated by glutamate and IVM; a homomers form functional channels
at the plasma membrane responsive to IVM, while no response is observed for
homomers with either glutamate or IVM. It is possible that one or both of the ER
retention motifs present in the 3 subunit prevents its trafficking to the plasma membrane
in the absence of a subunits, fitting with the premise that subunits bearing an arginine-
based ER retention motif require ‘masking’ by assembly with other appropriate subunits
in order to exit the ER. It also suggests that variability in receptor expression and
silencing could be due to ER retention of the §§ subunit. Thus, removal of ER retention
signals may allow more uniform receptor expression and consistent neuronal silencing.

To test this hypothesis, the putative ER retention motifs of GluCl  were mutated to

&9



alanine residues: GluCl B-YFP R318A, S319A, R320A for a ‘RSR_AAA mutant’ and

GluCl B-YFP R329A, R330A, R331A for a ‘RRR_AAA mutant’.
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Figure 4-3. Putative ER signaling motifs in GluCl o and §§ subunits. Amino acid sequence including
the intracellular TM3-TM4 loop of GluCl a and GluCl 3 subunits. The last amino acid of each sequence is
the C-terminal residue. Transmembrane spanning helices (TM3 and TM4) are defined by blue rectangles.
Position of the fluorescent protein insertion is noted by ‘XFP’. ER export motifs are shown in green boxes;
ER retention motifs are shown in orange boxes. The o subunit contains a single putative ER export motif
(LxxL/ME). The [ subunit contains two possible ER export motifs (I/LxM; DxE) and two potential ER
retention motifs (RxR).

Mutant 3 subunits were expressed as heteromeric receptors and tested for [IVM
activation using a membrane potential assay to ensure that the RSR AAA and
RRR AAA mutations did not disrupt channel function. The a-YFP + 3-YFP RSR_AAA
and o-YFP + B-YFP RRR_AAA mutant receptors, and the double mutant receptor, a-
YFP + B-YFP RSR_AAA&RRR AAA, each displayed a concentration-dependent IVM

response similar to the WT and WT-XFP receptors (Figure 4-4A, Table 4-1). No
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response was observed for any of the mutated 3 subunits when transfected in the absence
of the o subunit, suggesting that removal of these putative retention motifs is not
sufficient to allow membrane expression of  homomers. Noticeable differences
including a biphasic dependency of the (B)RSR_AAA mutant and increased raw RFU
signal (Figure 4-4B) for both the (3)RSR_AAA and (f)RRR_AAA mutants conveyed
these mutations were having an effect. Removal of an ER retention motif could either be
increasing the total number of receptors expressed at the surface, or shifting the receptor

subunit stoichiometry, or both.
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Figure 4-4. Ivermectin concentration-response curves for putative ER retention mutants. IVM
activation was assayed using the FlexStation. 4. Normalized IVM concentration-response curves for the
heteromeric (B)RSR_AAA, (3)RRR_AAA, and (3)RSR_AAA&RRR_AAA mutant receptors are similar to
WT and WT-XFP. IVM activation parameters are shown in Table 4-1. B. The (3)RSR_AAA and
(B)RRR_AAA mutants show increased raw RFU signals.
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If removal of the putative retention motifs increases the number of receptors
trafficked to the plasma membrane, it should result in greater whole-cell currents.
Avoiding the issues with [IVM electrophysiology as discussed in the previous chapter,
glutamate-induced currents of the heteromeric (3)RSR_AAA and (B)RRR_AAA mutant
receptors were recorded in whole-cell patch-clamp mode using the Dynaflow
microperfusion chip. Pooled concentration-response relations of these mutants were again
similar to WT and WT-XFP, but there was no statistically significant increase in maximal
current for the number of cells recorded (Figure 4-5A, B). Multiple sensitivities were
observed as before (Figure 4-5C; Chapter 3, Figure 3-3) with comparable ECs values and

a greater number of cells showing a ‘low sensitivity’ response to glutamate.

92



1.0 6000
0.8
4000
_ 06 ”a
2
£ 0.4 g
- — 2000+
0.24 %
0.0 0 ; . G .
0.1 1 10 100 1000 WT WTXFP RSRAAA RRRAAA

[Glutamate] (uM)

Cc

104 RSR_AAA ‘ 10

08 0.8

RRR_AAA

o
=)

o

o

normalized
o
IS

=)
N

=3

Y}

0.0+ La 0.0 e
0.1 1 10 100 1000 0.1 1 10 100 1000
[Glutamate] (uM) [Glutamate] (uM)
GIluCl channel abbr. ECs, (uM) Hill n
a(WT) + B(WT) WT 314 +133* 1.28+0.23 14
a-YFP + p-CFP WT-XFP 132+5 1.64 +0.07 12
a-YFP + B-YFP RSR_AAA RSR_AAA 331+88 1.57£0.22 8
a-YFP + B-YFP RRR_AAA RRR_AAA 262 + 30 1.50 £ 0.11 1
High Sensitivity Mixed Low Sensitivity
ECj, (uM) Hill n ECy, (M) Hill n ECs, (uM) Hill n
WT 44.71 + 0.00 3.05+0.17 1 159.65 + 0.01 2.03+0.12 9 | 2564.9+3.98 1.45+0.15 4
WT-XFP 80.68 + 0.00 2.22+0.13 6 145.91 £ 0.02 1.49%0.16 3 306.90 + 0.01* 2.41+£0.09 3
RSR_AAA 111.90 £ 6.79 2112 0.21 1| 26222+7865 1.610.33 3| 38527:123.6 1.920.35 4
RRR_AAA 99.56 + 4.70 1.95+ 0.14 1 155.62 + 8.56 1.67  0.09 4 | 368.23+79.14 1.71£0.19 6

Figure 4-5. Glutamate concentration-response curves for putative ER retention mutants. Glutamate
activation was assayed by whole-cell electrophysiology. 4. Normalized glutamate concentration-response
curves for heteromeric ()RSR_AAA and (B)RRR_AAA mutant receptors are similar to WT and WT-XFP.
B. Maximal glutamate-induced currents of the mutant receptors are not significantly different from WT
and WT-XFP. C. Concentration response curves of individual cells could be separated into three
categories: high sensitivity (red line), low sensitivity (blue line), and mixed (green line). Glutamate
activation parameters for putative ER retention mutants are presented in the corresponding tables. Curves
for cell-to-cell variability of WT and WT-XFP are shown in Chapter 3, Figure 3-3. The ECs, and Hill
coefficient values represent the mean + SEM for the number of cells (n) recorded. The * indicates
concentration-response normalization to a less-than-saturating maximum concentration.
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In the previous chapter, introduction of an (o)L9’F mutation yielded a biphasic
concentration-dependent relationship with increased sensitivity to IVM (Chapter 3,
Figure 3-6). Addition of the (a)L9’F mutation with the putative ER retention mutations
produced pronounced two-component relationships for both the (a)L9’F + (3)RSR_AAA
and the ()L9’F + (B)RSR_AAA&RRR AAA mutant receptors (Figure 4-6A). In
particular, the (a)L9’F + (B)RSR_AAA mutant receptor shows a significant increase in

activation with low (10 nM) concentrations of IVM (Figure 4-6B).
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Figure 4-6. IVM concentration-response curves for putative ER retention mutants plus the (o)L9’F
mutation. IVM activation was assayed using the FlexStation. 4. Normalized IVM concentration-response
curves for ()L9’F + (B)RSR_AAA and (a)L9’F + (B)RSR_AAA&RRR_AAA show a pronounced
biphasic relationship. IVM activation parameters are shown in Table 4-1. B. The (a)L9’F + (B)RSR_AAA
mutant receptor is significantly more sensitive to 10 nM IVM than WT.
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Glutamate insensitive mutations eliminate increased sensitivity to IVM

The significant increase in [IVM sensitivity was encouraging toward the goal of
GluCl optimization. The (a)L9’F and B subunit ER retention mutations tested up to this
point, however, had been examined using glutamate-sensitive receptors. True
optimization of the silencing tool requires glutamate insensitivity, accomplished by the
binding site mutation, Y182F, in the f§ subunit. Astonishingly, reintroduction of the
(B)Y182F mutation into the ()L9’F + (B)RSR_AAA receptor abolished the high IVM
sensitivity component of the biphasic concentration-response curve (Figure 4-7A). The
same loss of high IVM sensitivity was observed when the glutamate insensitive
(B)Y182F mutation was restored to the individual ()L9’F and (f)RSR_AAA mutant

receptors (Figure 4-7B, C).
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Figure 4-7. Reintroduction of a glutamate insensitive mutation affects IVM sensitivity of proposed
optimized receptor. IVM activation was assayed using the FlexStation. Normalized IVM concentration-
response curves show presence of a (B)Y182F mutation eliminates the high sensitivity component of the
biphasic relationship for the combined (a)L9’F + (B)RSR_AAA mutant receptor (4) as well as the
individual (0)L9’F and (B)RSR_AAA mutant receptors (B&C). IVM activation parameters are shown in
Table 4-1.
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In spite of these effects, the ()Y 182F mutation alone was confirmed to behave as
expected, rendering heteromeric GluCl of receptors insensitive to glutamate without

affecting IVM sensitivity (Figure 4-8).
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Figure 4-8. Confirmation of the (3)Y182F glutamate insensitive mutation. Glutamate (raw RFU) and
IVM (normalized RFU) activation were assayed using the FlexStation. The ($)Y182F mutation renders
heteromeric GluCl receptors insensitive to glutamate (4) while maintaining sensitivity to IVM (B). IVM
activation parameters are shown in Table 4-1.

The incompatibility of the (B)Y182F mutation prompted the consideration of
alternative mutations to achieve glutamate insensitivity. A recently available crystal
structure of GluCl provides the precise molecular interactions of glutamate within the
receptor binding site (Figure 4-9A). Structural coordinates reveal a cation-pi interaction
between the electron-rich aromatic ring of a tyrosine residue (Y200 of GluClys) and the
positively charged amino group of glutamate. This tyrosine residue corresponds to Y261
of the nascent a subunit which aligns with Y232 of the nascent 3 subunit (note, nascent

numbering includes signal peptide residues). Since the resolved structure is comprised of
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only o subunits, it is not known which subunit, o or f, provides the principle and
complimentary faces of the binding site in the heteromeric receptor. For that reason, the
potential cation-pi-forming tyrosine residue of each subunit was mutated to alanine,

()Y261A and (f)Y232A, and tested individually for glutamate and IVM activation.

The (B)Y232A mutant was successful in abolishing glutamate sensitivity while
perfectly maintaining IVM sensitivity (Figure 4-9B, C). The (a)Y261A mutant was also
insensitive to glutamate (Figure 4-9E). However, the IVM concentration-response curve
for this mutant was right-shifted with a steep Hill coefficient, much like that observed for
GluCl a-YFP homomers (Figure 4-9F; see Chapter 3, Figure 3-7). This suggests that the
()Y261A mutation gives rise to a predominating population of oo homomer receptors,
which are inherently unresponsive to glutamate binding events. Though not conclusive,
these results suggest that f§ serves as the principle subunit of heteromeric GluCl of
receptors. To determine if (B)Y232A could function as an alternative glutamate
insensitive mutation toward an optimized silencing tool, it was combined with the
(o0)L9’F mutation. Unfortunately, the high sensitivity component of the biphasic (a)L9’F

response was still not maintained (Figure 4-9D).
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Figure 4-9. An alternative glutamate insensitive mutation still does not maintain high IVM
sensitivity. 4. Glutamate binding interactions with GluCl.y¢ oo homomer. (Figure adapted from Hibbs &
Gouaux, 2011.)*® The Y200 residue forms a cation-pi interaction with the amino group of glutamate. B—F.
Glutamate (raw RFU) and IVM (normalized RFU) activation were assayed using the FlexStation. B&C.
The (B)Y232A mutation renders heteromeric receptors insensitive to glutamate while maintaining
sensitivity to IVM. D. The ($)Y232A mutation still eliminates the high sensitivity component of the
(a)L9’F biphasic response. E&F. The (a)Y261A mutant receptor is also insensitive to glutamate, but the
right-shifted IVM concentration-response curve suggests predominant expression of o homomers which
are already insensitive to glutamate. IVM activation parameters are shown in Table 4-1.
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XFP tag oligomerization affects IVM sensitivity

Reappearance of the steep, right-shifted [VM concentration-response curve characteristic
of the GIuCl a-YFP homomers warranted a closer look at the effects of fluorescent
protein insertion. A four-way comparison of heteromeric WT-XFP receptors with YFP
and CFP tags on either or both subunits shows a right shift from the nontagged WT
receptor (Figure 4-10A). Cross-comparison of XFP-tagged and nontagged subunits
revealed right-shifted curves only when the fluorescent protein was present in the o
subunit (Figure 4-10B). It appears the XFP insertion in the o subunit affects [VM

sensitivity of both o homomeric and aff heteromeric receptors.
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Figure 4-10. The o subunit fluorescent protein (XFP) insertion affects IVM sensitivity. IVM
activation was assayed using the FlexStation. 4. Heteromers with YFP and CFP tags on either or both
subunits all show a slight right shift from the nontagged WT receptor. B. Heteromers with a YFP or CFP
tag on one subunit shows right-shifted curves only when the fluorescent protein is on the o subunit.
Ivermectin activation parameters are presented in the corresponding table.
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Fluorescent proteins have a tendency to dimerize at high concentrations. A crystal
structure of GFP shows a hydrophobic dimer interface comprised of amino acid residues
Ala206, Leu221, and Phe223 (Figure 4-11A)*L. A strictly monomeric form of XFP can be
obtained by mutating Ala206 to a Lys residue which introduces a long, positively charged
side chain that disrupts the hydrophobic interface®®. Fluorescent protein dimerization is
likely to occur when restricted to two-dimensional space as when fused to membrane
proteins®>. To determine if XFP dimerization was having an effect on channel function or
possibly even stoichiometry of GluCl, an A206K mutation was incorporated into the
engineered constructs. The IVM concentration-response curve of the wild-type
monomeric YFP-tagged (mYFP) receptor was no longer right-shifted compared to the
WT receptor, and even revealed a distinctive second component (Figure 4-11B).
Incorporation of mYFP into the (a)L9’F receptor produced a more pronounced biphasic
relationship than any previously observed. The same extreme biphasic behavior resulted
when the L9’F mutation was present in the 3 subunit or present both o and § subunits
(Figure 4-11C). Addition of (B)Y182F to the (o)L9’F mutation with mYFP tags now
maintained a high sensitivity component, however the proportion was still reduced

(Figure 4-11D).

Due the significant improvement of mYFP, this A206K mutation was combined
iteratively with the L9’F mutations, (ot)L9’F and/or (3)L9’F, the glutamate insensitive
mutations, ()Y 182F or (f)Y232A, and the ER-retention mutation, (3)RSR_AAA, to
screen for the greatest increase in [IVM sensitivity (Figure 4-12A). This process revealed
high sensitivity IVM activation for the initially favored receptor (a-YFP L9’F + 3-YFP
RSR_AAA) now including a glutamate insensitive mutation and monomeric fluorescent
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Figure 4-11. Monomeric YFP mutation (A206K) increases high IVM sensitivity component. A.
Crystal structure of GFP dimer (IGFL.pdb) indicates a hydrophobic interface composed of residues
Ala206, Leu221, and Phe223. B. Receptors with mYFP tags on both o and § subunits are no longer right-
shifted from the nontagged WT receptor. C. The incorporation of mYFP enhances the high IVM sensitivity
component of the (a)L9’F biphasic curve. An L9’F mutation in the f§ subunit or in both a and §§ subunits
gives similar results. D. The mYFP mutation maintains a high IVM sensitivity component upon addition of
the (B)Y182F mutation to (a)L9’F. IVM activation was assayed using the FlexStation. IVM activation
parameters are shown in Table 4-1.
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Figure 4-12. Identification of an optimally engineered receptor. IVM activation was assayed using the
FlexStation. 4. Normalized IVM concentration-response curves of mutant receptor combinations including
mYFP tags (all panels) with the ()L9’F and/or (B)L9’F mutations (a/l panels), the glutamate insensitive
mutations (B)Y182F (ftop panels) and (B)Y232A (bottom panels), and the ER-retention mutation
(B)RSR_AAA (right panels). B. GluCl a-mYFP L9’F + B-mYFP Y182F RSR_AAA has the greatest
increase in IVM sensitivity compared to the original silencing tool. IVM activation parameters are shown

in Table 4-1.
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qst

GluCl channel comp EC;, (nM) Hill ECs, (nM) Hill n
a(WT) + B(WT) o 107.14+10.94 1.04+0.09 12
O-YFP + B-YFP L] 302.08+54.34 1441027 12
G-YFP + B-YFP RSR_AAA * 0.35 855+3.16 25167 163.15+38.31 204+084 6
G-YFP + B-YFP RRR_AAA . 111.88+998 144:016 6
a-YFP + B-YFP RSR_AAA&RRR_AAA 233.06 £17.71 1.44 +£0.13 6
a-YFP L9'F + B-YFP L] 0.61 727+285 1.14+0.24 185.35+50.16 1.99+0.82 6
a-YFP L9'F + B-YFP RSR_AAA L] 0.53 3.91+1.69 1.64+0.69 9528 +30.91 224+127 12
a-YFP L9’F + B-YFP RRR_AAA ] 83.31+21.70 0.94 £0.17 6
G-YFP L9'F + B-YFP RSR_AAA&RRR_AAA 0.39 252+0.83 1.81+0.83  24371+4461 250+098 6
Q-YFP + B-YFP Y182F 380.41+105.68 1.14+024 6
a-YFP L9’F + B-YFP Y182F ] 159.81 + 20.71 1.07 £0.12 6
a-YFP + B-YFP Y182F RSR_AAA L 365.49 + 48.35 1.35+0.17 6
a-YFP L9’F + 3-YFP Y182F RSR_AAA u 45.08 £+ 5.37 1.21+0.14 6
G-YFP + B-YFP Y232A 377564480 1.04:0.08 6
O-YFP LO'F + B-YFP Y232A L] 304.01+3167 1.03x010 6
a-YFP Y261A + B-YFP L 682.81+34.37 3.04:038 6
a-mYFP + B-mYFP ° 0.29 3.58+3.66 1.16 +0.80 17046 +32.61 2.16+079 6
a-mYFP L9’F + B-mYFP ° 0.49 1.35+0.47 1.36+0.85 18558 +62.75 224+165 6
a-mYFP + B-mYFP L9'F 0.48 068+0.15 25+125 418.17+16512 1.75+1.00 6
a-mYFP LY'F + B-mYFP LO'F ° 0.54 0.90+024 213+115 429.33+156.96 25+200 6
o-mYFP + 3-mYFP Y182F 549.07 £50.34  2.11+£0.35 6
a-mYFP L9’F + B-mYFP Y182F > > 0.23 1.59+0.85 136085  408.08+49.78 25+065 6
a-mYFP + -mYFP L9'F Y182F 13427 +19.92 097+011 6
a-mYFP L9’F + B-mYFP L9'F Y182F > 78.38+14.54 1.01£015 6
a-mYFP + B-mYFP Y182F RSR_AAA 0.50 9.73+£3.98 250+£204  21857+9148 25+247 6
a-mYFP L9’F + B-mYFP Y182F RSR_AAA A 0.63 3.35+1.36 1.04£0.27 196.26 + 49.81 25+164 6
a-mYFP + B-mYFP L9'F Y182F RSR_AAA 0.33 470+298 1.00+0.39  26591+£3259 25+061 6
a-mYFP L9’F + B-mYFP L9'F Y182F RSR_AAA A 029 9.92+20.71 1.00+£1.12 340.09+103.09 25+141 6
a-mYFP + B-mYFP Y232A 174.49+38.29 083+0.10 6
a-mYFP LY'F + B-mYFP Y232A <« 0.31 261+151 1.07+048  34317+52.89 25+075 6
a-mYFP + B-mYFP LO'F Y232A 31127 +8560 1.18+029 6
o-mYFP L9'F + B-mYFP L9’F Y232A < 209.70 £+69.82 1.22+0.38 6
a-mYFP + B-mYFP Y232A RSR_AAA 0.27 1.81+453 1.08+1.88 14198 +69.99 173+127 6
a-mYFP L9’F + -mYFP Y232A RSR_AAA v 0.36 21585357 1.00+0.89  277.64+8565 230%131 6
a-mYFP + B-mYFP L9’F Y232A RSR_AAA 0.20 372+£211 204176  371.81£6099 1.99+054 6
G-mYFP L9’F + B-mYFP L9'F Y232A RSR_AAA \ 0.22 335+3.06 25+408 333.88+96.74 250+134 6

Table 4-1. Ivermectin activation parameters for various GluCl mutant receptors. Parameters
correspond to concentration-response curves in Figures 4-4A, 4-6A, 4-7A,B,C, 4-8B, 4-9C,D,F, 4-
11B,C,D, 4-12A,B. The ECsy and Hill coefficient values represent the mean + SEM for the number of
measurements (n) obtained.

protein tags. Thus, the mYFP mutation restored the high IVM sensitivity component
previously lost upon addition of (B)Y182F. The optimized GluCl a-mYFP L9’F + f3-
mYFP Y182F RSR_AAA receptor is more sensitive to IVM than the original receptor

silencing tool by ~2 orders of magnitude (Figure 4-12B, Table 4-1).
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Biphasic response is not due to potentiation

Every instance of increased I[IVM sensitivity transpired as part of a biphasic response. The
persistent low sensitivity component and the deleterious effect of including a glutamate
insensitive mutation on the high sensitivity component were perplexing. With regard to
the latter issue, it is conceivable that low (nM) glutamate present in the extracellular fluid
could contribute to the high sensitivity component of the IVM response, since the
(0)L9’F mutation has increased sensitivity for glutamate in addition to IVM (Chapter 3,
Figure 3-6). Furthermore, examples of IVM potentiation of the glutamate response, as

well as, glutamate potentiation of the IVM response have both been reported for GluCI*%

2 If the high sensitivity component of the (a)L9’F biphasic response is due to

potentiation by low levels of extracellular glutamate, then a glutamate insensitive

mutation would withdraw the effect.

To test this possibility, a complex FlexStation assay was conducted. A large
concentration range of glutamate (from 1 nM to 5 mM) was sampled in the presence of
10 nM IVM. This concentration of IVM was chosen to represent high sensitivity
activation, and an additional ‘10 nM IVM only’ dose was included for response
normalization. This approach probed the possibility of potentiation in both directions,
identifying (1) whether low concentrations of glutamate potentiate the 10 nM IVM
response, and (2) if the presence of 10 nM IVM potentiates the glutamate response, both

at nonactivating and activating concentrations of glutamate.

Using the mYFP-tagged constructs, the WT, (a)L9’F, (B)Y182F, and the

combined (at)L9’F + (B)Y182F receptors were assayed. The mean ‘10 nM IVM only’
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response was as expected; the (o)L9’F mutation increases [IVM sensitivity and addition
of the (B)Y182F mutation abolishes this effect (Figure 4-13A). For each receptor, low
glutamate (1 nM to 20 uM) does not potentiate the 10 nM IVM response, as
normalization results in a value of 1 (Figure 4-13B). For the (a)L9’F receptor in
particular, higher concentrations of glutamate do not increase the magnitude more than
that already induced by 10 nM IVM, confirming that extracellular glutamate levels do not
influence the high sensitivity component of the biphasic response. Furthermore, a plot of
the raw concentration-response relationship of glutamate in the presence of 10 nM IVM
is essentially the same as that of glutamate alone (Figure 4-13C). A ratio of the responses
at | mM glutamate reveals, if anything, that the presence of IVM might slightly recover
some glutamate sensitivity of the ()Y 182F mutant receptor, but it does not potentiate the

glutamate response of the (a)L9’F mutant receptor (Figure 4-13D).

Biphasic response is due to stoichiometry

A second possible explanation for the biphasic response, discussed in Chapter 3, is a shift
in receptor stoichiometry, i.e., a shift in the ratio of o:f3 subunits in the assembled
pentamer. The presence of multiple stoichiometric populations with differing agonist
sensitivities can result in a multicomponent concentration-response curve. In FlexStation
assays, the expression of GluCl o homomers consistently produces a monophasic curve,
while co-expression of a with the 3 subunit has yielded biphasic concentration-response
curves for several receptors, most prominently in the case of individual (a)L9’F and

(B)RSR_AAA mutant receptors. For a simple test to determine if stoichiometry could be
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Figure 4-13. Potentiation does not explain the biphasic response of (a.)L9’F mutant receptors. IVM
activation was assayed using the FlexStation. 4. Mean response of WT, (o0)L9’F, ()Y 182F, and (a)L9’F
+ (B)Y182F receptors to a ‘10 nM IVM only’ application (for normalization). B. Signals of twenty-one
increasing concentrations of glutamate in the presence of 10 nM IVM normalized by the ‘10 nM IVM only’
response. Low concentrations of glutamate (1 nM to 20 uM) do not potentiate the 10 nM IVM response. C.
Raw RFU signal for activating concentrations of glutamate in the presence of 10 nM IVM (last 7 doses) is
comparable to that of glutamate alone. D. Response ratio for 1 mM glutamate shows 10 nM IVM does not
potentiate the glutamate response of (o)L9’F mutant receptors.

responsible for the biphasic response of these two mutant receptors (tagged with mYFP),
different ratios of a and p DNA (1:1, 4:1, and 1:4) were transfected into HEK293 cells

and assayed on the FlexStation. As previously observed for both cases, a 1:1 ratio
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produced a two-component concentration-dependent relationship. Biasing for f§ (1:4), in
general, showed no further increase in IVM sensitivity, while biasing for a (4:1) indeed
showed a decrease in IVM sensitivity (Figure 4-14). Therefore, incorporation of the 3
subunit confers increased sensitivity to [IVM, but requires unbiased co-expression with
the o subunit for the maximum effect. This confirms multiple receptor populations are
contributing to the biphasic concentration-response curve but the stoichiometric identities

remain to be determined.
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B o-mYFPL9'F+B-mYFP 1:1 0.64 1.37£1.16 1.00 £ 0.40 65.16 + 70.35 1.17 £ 0.86 6
a-mYFP L9’F + B-mYFP  4:1 0.26 2.38+2.64 1.00 £ 0.61 147.24 £ 27.16 1.66 + 0.42 6
a-mYFP LY’F + B-mYFP  1:4 0.58 0.92+0.29 1.39 £ 0.56 178.36 £ 61.16 217 +1.51 6
a-mYFP + 3-mYFP RSR_AAA  1:1 0.47 9.56 + 3.60 2.50 £1.90 220.21 £ 76.06 2.50 £2.03 6
a-mYFP + 3-mYFP RSR_AAA  4:1 184.22 + 16.99 1.42+0.15 6
A o-mYFP +B-mYFP RSR_AAA 1:4 0.15 5.58 +20.08 1.00 £ 1.64 188.88 + 42.35 1.95+0.78 6

Figure 4-14. Multiple receptor stoichiometries explain the biphasic response. IVM activation was
assayed using the FlexStation. 4. Different ratios of o and § DNA (1:1, 4:1, and 1:4) were transfected into
HEK?293 cells. The 1:1 ratio (red) produced the expected two-component concentration-dependent
relationship for (0)L9’F (panel A.) and (B)RSR_AAA (panel B.) mutant receptors. Biasing for B (1:4,
aqua) does not further enhance IVM sensitivity. Biasing for a (4:1, orange) decreases in IVM sensitivity.
Ivermectin activation parameters are presented in the corresponding table.
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Retention mutations are not sufficient for B homomer surface expression

The fluorescent protein insertions allow direct visualization and localization of GluCl
receptors expressed in a cell. TIRF images of HEK293 cells show GluCl o homomers
and of} heteromers are expressed at the plasma membrane; GluCl § homomers are not
(Figure 4-15). Specifically, the a-mYFP subunit shows plasma membrane fluorescence
when transfected alone or cotransfected with (WT). Plasma membrane fluorescence is
also observed when the B-mYFP subunit is cotransfected with a(WT). Transfection of
the B-mYFP subunit alone, however, displays exclusive ER retention, as indicated by a
reticulated pattern of fluorescence and a lack of hair-like filopodia at the periphery. GluCl
B-mYFP subunits bearing either the individual RSR_ AAA or RRR_AAA mutations, or
the double RSR_AAA&RSR_AAA mutation, display a similar fluorescence pattern as
seen for the B-mYFP homomer (Figure 4-16). Thus, mutation of the putative ER
retention motifs in the 3 subunit is not sufficient to allow plasma membrane expression of

3 homomers.

Western blot analysis was performed to determine if the putative ER retention
mutations were increasing heteromeric incorporation of the [ subunit at the plasma
membrane. Receptors composed of untagged o and the different mYFP-tagged f
subunits were expressed in HEK293 cells and probed for only 8 subunit expression using
a GFP antibody. Whole-cell lysate analyses suggest slightly increased protein expression
levels for mutated [ subunits, despite a similar trend in nonspecific staining (Figure 4-
17A). Biotinylation of surface exposed receptors indicates no difference in the number of

[ subunits assembled into pentamers at the plasma membrane (Figure 4-17B). It should
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a-mYFP + B(WT) a(WT) + B-mYFP a-mYFP homomer -mYFP homomer

10 pm

Figure 4-15. GluCl subunit expression in HEK293 cells. 4. TIRF images show GluCl off heteromers
and o homomers are expressed at the plasma membrane. The a-mYFP subunit shows plasma membrane
fluorescence when transfected alone or cotransfected with B(WT). Plasma membrane fluorescence is also
observed when the 3-mYFP subunit is cotransfected with ao(WT). B. GluCl § homomers are not expressed
at the plasma membrane. Transfected alone, the B-mYFP subunit displays a reticulated pattern of
fluorescence indicative of ER retention and a lack of hair-like filopodia at the periphery.

B-mYFP RSR_AAA B-mYFP RRR_AAA B-mYFP RSR_AAA&RRR_AAA
homomer homomer homomer

10 pm

Figure 4-16. GluCl f homomers containing putative ER retention motif mutations still do not exit
the ER. TIRF images of HEK293 cells transfected with f-mYFP subunits bearing either the individual
putative ER retention motif mutations (RSR_AAA or RRR AAA) or the double mutation
(RSR_AAA&RRR_AAA) show a fluorescence pattern similar to f-mYFP homomers.
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be noted that protein bands in these Western blot experiments were visualized by
enhanced chemiluminescence with horseradish peroxidase and exposed on radiography
film. This method has a limited linear dynamic range so quantification in these instances

may be unreliable.
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Figure 4-17. Western blot analysis of GluCl B-mYFP subunit expression in HEK293 cells.
Quantification of mutated 3-mYFP subunits obtained (4.) from whole-cell lysate preparations for total
protein expression and (B.) using a surface biotinylation assay for plasma membrane expression. Protein
bands of transferred gels were detected using rabbit anti-GFP primary antibody and goat anti-rabbit HRP
secondary antibody. Cells were transfected with the following subunits:

a(WT) + B-mYFP

a(WT) + B-mYFP RSR_AAA

a(WT) + B-mYFP RRR_AAA

a(WT) + B-mYFP RSR_AAA&RRR_AAA
nontransfected control
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RSR mutation increases  subunit expression

HEK?293 cells are a convenient system for studying receptor function. However, it is
possible that receptor trafficking events in HEK293 cells could be different from that of
neurons, especially with respect to stoichiometric preference. Primary neuronal cultures
provide a more appropriate environment for in vitro experiments. To detect differences in
the neuronal expression of GluCl, fluorescently tagged subunits were transfected into
embryonic rat hippocampal neurons. Preliminary confocal images in Figure 4-18
illustrate a deficient expression pattern for GluCl 3 homomers with minimal extension
into the processes and comparatively few fluorescent neurons per imaging dish. GluClI a
homomers, and various aff heteromers, on the other hand, exhibit extensive fluorescent
projections with no discernable differences. Fluorescence intensity of transfected neurons
varies greatly from cell-to-cell within an imaging dish, so direct measure of integrated
density is often uninformative. Since neurons have ER compartments throughout much of
the length of their processes, it can be difficult to distinguish between receptors retained
in the ER and those expressed at the plasma membrane without the use of colocalization

markers.

To target only receptors expressed at the plasma membrane, a live cell
immunofluorescent surface staining protocol was devised. A V5 epitope tag was added to
the C-terminus of both o and B subunits (Figure 4-19A). To ensure that addition of the
V5-tags did not disrupt protein folding and pentameric assembly, tagged subunits were
assayed for channel function in HEK293 cells using the FlexStation. The VS5-tagged
constructs formed functional channels similar to WT-mYFP when the V5 tag was present

on either a or 3 subunits. Receptors with V5 tags on both o and B subunits did not show
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a(WT)/a-YFP a(WT) + a(WT) + a(WT) + B(WT)/B-YFP
homomer B-YFP Y182F B-YFP Y182F RSR_AAA B-YFP RSR_AAA homomer

Figure 4-18. Confocal images of transfected rat hippocampal neurons with fluorescent GluCl
receptors. Image brightness and contrast was adjusted to compare neuronal processes and soma
separately. Extensive fluorescent projections are apparent for GluCl o homomers and various of
heteromers. A deficient expression pattern is observed for GluCl § homomers with minimal extension into
the processes.

a biphasic response, suggesting a slight interference of heteromeric receptor assembly or
function with five tagged subunits (Figure 4-19B). Even though inclusion of these penta-
tagged receptors would not be critical for data interpretation in the following experiment,

they were sampled for the sake of completeness.
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Figure 4-19. Addition of a C-terminal V5 epitope tag does not disrupt pentameric assembly and
function. A. The V5 epitope tag (also including a 24-residue linker and a 6-His tag; see Materials and
Methods) was added to the C-terminus of both o and B subunits. B. Fluorescently labeled heteromeric
receptors with V5 tags present on either a or B (red and green) show a normalized IVM concentration-
response curve similar to WT-mYFP. Receptors with V5 tags on both a and B subunits (blue) did not show
the same two-component response, but had comparable functionality. [IVM activation was assayed using
the FlexStation.

Rat hippocampal cultures were transfected with o-mYFP and B-mYFP bearing a
V5 tag on either or both subunits for three heteromeric receptor conditions: GluCl o-
mYFPVS5 + B-mYFP, GluCl o-mYFP + B-mYFPVS5, and GluCl a-mYFPVS + f3-
mYFPVS. Surface exposed receptors were labeled with anti-V5 primary and fluorescent
Alexa 555-conjugated secondary antibodies for confocal imaging. Yellow fluorescence
contributed by both subunits (mYFP) represented total protein expression, including
receptors remaining in subcellular compartments and expressed at the plasma membrane.

Red fluorescence from live cell immunostaining (Alexa 555) labeled only subunits
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expressed at the cell surface. Red and yellow fluorescent images were acquired as z-
stacks and examined for colocalization on a pixel-by-pixel basis. The intensity correlation
between a pair of pixels was scored by calculating the normalized mean deviation
product (nMDP, see Methods) and visualized on a color scale. Values range from —1 to 1,
with values less than zero representing exclusion in cold colors, and values greater than
zero signifying colocalization in hot colors (Figure 4-20A). Thus, for a given pixel, a
perfect nMDP value of 1 indicates that maximum intensity yellow fluorescence is
colocalized with maximum intensity red fluorescence. An nMDP value of —1 results
when a pair of pixels contains maximum fluorescence intensity of one color and zero
fluorescence intensity for the other color. An nMDP value of zero denotes black
background. All pixels including and deviating from these extremes can be represented
by a histogram (Figure 4-20B). Colocalization is evidenced by all positive nMDP values
(0< x <1) and occurs only for receptors expressed at the surface. Hence, greater nMDP

values indicate a greater amount of GluCl expression at the plasma membrane.

The average of all positive nMDP values represents total surface expression levels
of receptor (note, surface expression levels are not well represented by the sum of all
positive nMDP values as the sum is distorted by the size and number of cells imaged).
Heteromeric receptors show the same level of surface expression regardless of whether
the V5 tag was on the a or 3 subunit (Figure 4-21A). Lower values were observed when
V5 tags were on both subunits, suggesting either lower expression levels or inefficient
labeling of all subunits. Transfection of individual V5-tagged subunits corroborated the
previous HEK293 cell observations that o homomers are expressed at the plasma

membrane of neurons at levels comparable to af3 heteromers, but that B homomers are
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not. Heteromeric receptors bearing putative ER retention mutations were assayed in the
same format (Figure 4-21B). Incorporation of the (B)RRR _AAA or the double
(B)RSR_AAA&RRR AAA mutations resulted in lower surface expression levels but in a
similar manner as WT-mYFP (i.e., less expression when V5 tags are on both o and
subunits). Receptors with the (3)RSR_AAA mutation had the same surface expression
levels as WT-mYFP receptors, but in this case, levels were not reduced when V5 tags

were on both a and f subunits.

A comparison of the average number of nMDP = 1 values shows that a greater
number of maximally correlated pixels occur with V5-tagged o than V5-tagged 3 when
WT and the (B)RRR AAA and (B)RSR AAA&RRR AAA mutant receptors are
expressed as heteromers (Figure 4-21C). The average number of nMDP = 1 values is
again low when the V5 tag is present on both subunits for these receptors. The
(B)RSR_AAA heteromeric receptors, on the other hand, show the opposite result.
Maximal colocalization occurs more often for V5-tagged f than V5-tagged a, and the
average number of nMDP = 1 values is high when the V5 tag is present on both subunits.
Altogether, immunofluorescent results suggest that mutation of the putative f§ subunit
RSR ER retention motif does not increase the total number of receptors trafficked to the
plasma membrane, but it may increase the number of 3 subunits incorporated into the

pentamer, shifting the stoichiometric ratio of assembled receptors.
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Figure 4-20. Colocalization of immunofluorescent surface staining and intrinsic mYFP fluorescence
of GluCl. A. Confocal image of GluCl a-mYFPVS5 + B-mYFP viewed with the colocalization color scale.
(All subunits are fluorescently labeled; only the a subunits expressed at the surface are immunostained.)
An nMDP correlation value is calculated for each pixel based on fluorescence intensity. Values range from
—1 to 1. Colocalization is shown in hot colors (nMDP > 0); Exclusion is shown in cold colors (nMDP < 0).
B. Sample histogram of nMDP values. The y-axis is zoomed in for each panel. All positive nMDP values

(representing colocalization) indicate expression levels at the surface. Colored bars reflect constructs in
Figure 4-21.

116



RSR_AAA RRR_AAA RSR_AAA
0127 RRR_AAA
0.09 % % %

s

s i %

< 0.06

g f

: 1

H 0.03

Z 0.034
0.001— T T T r T T T T T T T T T

amYFP +V5 o+ +V5 +V5 - +V5 + +V5 +V5 + +V5 +V5 + +V5

bmYFP  + +V5 +V5 - +V5 + +V5  +V5 + +V5  +V5 + +V5  +V5
300+

~— 2504

1

s

s 200

c

5 150+

5

S 100

=z

§ 50

]

=

04

amYFP  +V5 + +V5 +V5 - +V5  + +V5 +V5  + +V5 +V5 o+ +V5

bmYFP  + +V5 +V5 - +V5 + +V5  +V5 + +V5 +V5 + +V5  +V5

D

GluClI channel n cells
[ ] a-mYFPY5 + 3-mYFP 41
] a-mYFP + 3-mYFPY5 49
B o-mYFPV5 + B-mYFPY5 47

a-mYFPV5 homomer 31
[ | -mYFPY5 homomer 1

a-mYFPY5 + 3-mYFP RSR_AAA 73
| a-mYFP + 3-mYFP RSR_AAAVS 50
a a-mYFPY5 + B-mYFP RSR_AAAVS 34
B o-mYFPY5 + B-mYFP RRR_AAA 21
| ] a-mYFP + 3-mYFP RRR_AAAVS 20
| a-mYFPVY5 + 3-mYFP RRR_AAAVS 12

a-mYFPY5 + 3-mYFP RSRRRR_AAA 21
| a-mYFP + 3-mYFP RSRRRR_AAAVS 15
[ ] a-mYFPY5 + 3-mYFP RSRRRR_AAAVS 19

Figure 4-21. The RSR_AAA mutation increases f§ subunit surface expression but not total receptor
surface expression. Confocal colocalization analysis of surface labeled receptors. A. Average of all
positive nMDP values represents total surface expression levels. GIuCl a homomers are expressed at the
plasma membrane, § homomers are not. The same level of heteromer surface expression was obtained
regardless of whether the V5 tag was on the a or § subunit. Lower expression was observed when V5 tags
were on both subunits. B. Receptors bearing putative ER retention motif mutations do not increase total
receptor surface expression compared to V5-tagged WT (panel A.). C. Average number of nMDP = 1
values indicates more maximally correlated pixels occur with V5-tagged o than V5-tagged § when WT,
RRR_AAA, and RSR_AAA&RRR_AAA receptors are expressed as heteromers. The RSR_ AAA mutant
receptor shows more maximal colocalization with V5-tagged f subunit than V5-tagged o, suggesting a
shift in stoichiometry. D. Legend of constructs indicated by color and the number of cells sampled for
each.
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Figure 4-22. The RSR_AAA mutation increases the amount of f subunit in the ER. 4. Confocal
images of GluCl o(WT) + 3-mYFP and dsRED (ER marker) viewed independently and with colocalization
color scale. Image brightness and contrast was adjusted to compare neuronal processes and soma
separately. B. Average of all positive nMDP values represents the extent of § subunit localization in the
ER. Mutation of the ($)RSR motif probably prevents ER-associated degradation of the § subunit.

Newly synthesized, improperly folded, or unassembled Cys-loop subunits
remaining in the ER are degraded rapidly*>*!. Mutation of an ER retention motif may

influence subunit degradation. To determine the relative amounts of WT and mutated 3

subunits remaining in the ER, a similar pixel-by-pixel colocalization analysis was used.
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Rat hippocampal neurons were cotransfected with o( WT) and various B-mYFP subunits
along with the fluorescent ER marker, dsSRED. Once again, the ()RSR_AAA mutant
was significantly different from WT, (3)RRR_AAA and (3)RSR_AAA&RRR AAA
receptors, showing increased colocalization with ER marker (Figure 4-22). This suggests
that the B-mYFP RSR_AAA subunit is not being degraded at the same rate as B-mYFP,

leaving more available for heteromeric assembly with o subunits.

An optimized neuronal silencing tool

Mutational screening in HEK293 cells lead to an engineered receptor with increased
sensitivity to IVM. Functional data implied that the (3)RSR_AAA mutation increases 3
subunit incorporation in HEK293 cells and imaging experiments confirmed this
mutational effect in neurons. To determine if the newly engineered GluCl a-mXFP L9’F
+ B-mXFP Y182F RSR AAA receptor is indeed an improved silencing tool over the
original a-XFP + B-XFP Y182F receptor, in vitro recordings of IVM-induced spike
inhibition were obtained from rat hippocampal neurons. Initially, gap-free recordings
were acquired in current clamp mode with bath perfusion of IVM. Continuous recordings
were interrupted by two current-injection step protocols, (-100 to 250 pA, 25 pA
increments), one following two minutes of bath solution (baseline) and the other after 5
min of 5 nM IVM perfusion. Spontaneous spiking varied from zero to high frequency
bursts for transfected and nontransfected neurons. A decrease in spike frequency was not
always observed within the duration of IVM application, but greater current injection was

often required for spike generation following IVM perfusion (Figure 4-23A).
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Several concerns were associated with the bath perfusion protocol including
inherent spike variability and run-down effects from internal solution exchange. It also
required large solution volumes and the ability to maintain seal resistance for an extended
period of time (~10 minutes). Furthermore, variations in real-time silencing may not
accurately depict improved sensitivity since it may require up to 15 minutes to achieve
full spike inhibition by IVM!. For that reason, an alternative pre-incubation procedure
was used to ensure adequate time for IVM activation and to avoid submitting patched
neurons to lengthy perfusions. Cultured neurons were incubated with 0, 1, or 20 nM IVM
for 15 minutes at 37°C/5% CO,, washed and then recorded for a V-I relationship using
the current-injection step protocol (Figure 4-23B and 4-24A). Nontransfected neurons
were not influenced by the presence of [IVM and construct expression itself had no effect
on resting membrane potential (Figure 4-24C). The newly engineered GluCl a-mYFP
L9’F + B-mYFP Y182F RSR_AAA receptor shows a significant increase in conductance
(as determined by the inverse slope, Figure 4-24D) and a lower mean spike count (Figure
4-24B) for both 1 nM and 20 nM IVM compared to the original o-YFP + 3-YFP Y182F
silencing tool. Thus, GluCl o-mXFP L9’F + 3-mXFP Y182F RSR_AAA, is an optimized

construct for [VM-induced spike inhibition.
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Figure 4-23. Protocols for neuronal silencing by GluClVIVM in vitro. Current clamp recordings of rat
hippocampal neuron firing were obtained in response to depolarizing current pulses (-100 to 250 pA, 25 pA
increments). A. Continuous recording with IVM bath perfusion was a suboptimal method for comparative
silencing effects. The neuron depicted was expressing the original silencing tool. (This neuron did not
exhibit spontaneous firing.) B. A 15-minute pre-incubation of 0, 1, or 20 nM IVM better elucidated a
concentration-dependent silencing effect. The optimized construct (o-mYFP L9’F + B-mYFP Y182F
RSR_AAA; bottom panel), is more sensitive to IVM than the original silencing tool (a-YFP + B-YFP
Y 182F; middle panel), and nontransfected control neurons (fop panel).
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Figure 4-24. An optimized neuronal silencing tool. Current clamp recordings of rat hippocampal neuron
firing in response to depolarizing current pulses (-100 to 250 pA, 25 pA increments) were obtained
following a 15-min pre-incubation of 0, 1, or 20 nM IVM. A4. V-I plots from neuronal cultures transfected
with the optimized construct (a-mYFP L9°F + B-mYFP Y182F RSR_AAA) were compared to the original
construct (a-YFP + B-YFP Y182F) and nontransfected neurons. The optimized receptor exhibits lower
slope resistance at 1 and 20 nM IVM. B. The optimized receptor also reduced mean evoked spike counts at
1 and 20 nM IVM. C. Neither construct expression or the presence of IVM alone significantly altered the
resting membrane potential. D. The optimized receptor induces a significant increase in conductance
(determined by the inverse slope) at both 1 and 20 nM IVM compared to the original silencing tool.
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Discussion

Previous reports state that both oo and 3 subunits are required for neuronal silencing by
IVM in vitro and in vivo™. Variability in GluCl channel expression levels, particularly
with the B subunit, appeared responsible for whether or not an individual neuron was
inhibited by IVM. It turns out that functional IVM-sensitive o homomers are also
expressed at the plasma membrane and that enhanced 3 subunit incorporation can
increase IVM sensitivity. A mixed presence of heteromeric and homomeric receptors

within individual neurons may account for the observed variations in spike suppression.

The original GluCl silencing tool has been re-engineered, introducing three new
amino acid modifications: the (a)L9’F and (B)RSR_AAA mutations increase [VM
sensitivity, probably by altering receptor stoichiometry; the monomeric XFP mutation
helps maintain the increased IVM sensitivity upon reintroduction of a glutamate
insensitive mutation by relieving the adverse effects of fluorescent protein

oligomerization on receptor stoichiometry and function.

Mechanisms of the optimized receptor

In Chapter 2, experiments involving (a)L9’F homomers and heteromers show
incorporation of the f§ subunit significantly increases sensitivity to IVM. The transfection
ratio experiment of the current study not only substantiates this claim, but also implies
that the (a)L9’F mutation prefers or possibly promotes 3 subunit incorporation. Biasing

for o subunit expression with a 4a:1f3 ratio still yields a two-component IVM
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concentration-response curve for this mutant. Even the low sensitivity component of this
curve (ECsp = 150 nM) is more sensitive than that of ()L9’F homomers (ECsy = 450
nM). According to one theory of Cys-loop receptor assembly, subunits initially dimerize
then two dimers subsequently incorporate a fifth subunit to form an assembled pentamer
(reviewed in®®). The (o0)L9’F mutation may either promote o-f3 dimerization or hinder o-
o dimerization by means of intermolecular forces or steric preferences, resulting in a
predominantly heteromeric af3 receptor population including more {3 subunits per

assembled receptor.

The fluorescent fusion proteins YFP and CFP are interchangeable between o and
B subunits. However, presence of an XFP insertion in the o subunit reduced the IVM
sensitivity of both o homomers and aff heteromers compared to nontagged receptors,
suggesting an interference with receptor function. Introduction of an A206K mutation for
monomeric XFP alleviated this reduction. The mXFP tag also introduced a modest high
IVM sensitivity component for the heteromeric nonmutant receptor and further enhanced
the high sensitivity component of the heteromeric (a)L9’F mutant receptor, implying

XFP oligomerization affected stoichiometry as well.

The B subunit requires masking of an arginine-based ER retention motif by co-
assembly with the o subunit to exit the ER; f homomers are not trafficked to the plasma
membrane. In the presence of o, the (B)RSR_AAA retention mutation increases the
amount of [ at the plasma membrane. The (B)RSR_AAA mutation also elevates
subunit levels in the ER, indicating that it does not simply enhance  subunit surface

expression by reducing ER retention. Mutation of putative ER retention motifs alone
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were not sufficient to allow surface expression of B homomers, suggesting an additional
unknown quality control motif is likely involved in the retention mechanism. Instead, the
(B)RSR_AAA mutation probably impedes ER-associated degradation of the 3 subunit,
either directly, by preventing targeted degradation thereby prolonging its availability for
o-f dimerization, or indirectly, by facilitating stable a-f dimer formation consequently
preventing its degradation. Either way, the (B)RSR_AAA mutation promotes heteromeric
receptor assembly evident by the biphasic IVM concentration-response curve. Though it
is clear that o homomers are capable of forming functional channels at the plasma
membrane, it is unknown to what extent their presence is maintained when 3 subunits are
available. Limiting [ subunit degradation may keep o homomer expression to a
minimum. A reduced level of o subunit surface expression was confirmed with the
(B)RSR_AAA mutation, however, it cannot be determined if the prevalence of o
homomer expression was reduced or if the stoichiometry of af3 heteromeric expression

was simply shifted to include fewer a subunits per assembled receptor.

Contrary to initial functional assays on the FlexStation, the (B)RSR_AAA
mutation does not increase total surface expression. The magnitude of RFU signal from
the FlexStation can be influenced by a number of variables, including cell density in the
well, transfection efficiency, receptor expression levels, and changes in receptor efficacy
and should therefore be interpreted with caution. Like the (o)L9’F mutation, the
(B)RSR_AAA mutation gives rise to a biphasic IVM concentration-response, but a
monophasic glutamate concentration-response. Though the (a)L9’F and (B)RSR_AAA
mutations may not provide a homogeneous receptor population, the populations present

have significantly increased IVM sensitivity compared to that of the original silencing
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tool, likely eliminating a major contributing factor of suboptimal firing inhibition. During
in vitro recordings, variability in spike suppression was observed from cell-to-cell with
both the original and optimized receptor tools, but was comparable to the variable
number of evoked spikes observed from a nontransfected cell. Smaller error bars in the
mean spike counts suggest reduced variability in spike suppression with the optimized

receptor.

Biphasic curves are due to shifts in stoichiometry

As mentioned, the biphasic concentration-response curve observed with heterologous
expression of the optimized GluCl receptor in HEK293 cells is probably the result of
multiple receptor populations. Other subunits of the Cys-loop receptor family are known
to exist in multiple stoichiometries. For example, a4p2 nicotinic acetylcholine receptors
(nAChRs) form two stoichiometric populations with subunit ratios of 2a:3f and 3a:23
constituting high and low sensitivity receptors, respectively™>!. The glycine receptor
(GlyR), which is the closest mammalian homolog to GluCl, forms functional channels as
o homomers and of heteromers in mammalian expression systems>. The o homomers
predominate during embryonic and neonatal development while heteromeric aff GlyRs
exist in the adult®, though the precise heteromeric stoichiometry, 30:2p>* or 20:3p%, has

been debated.

It is not clear if the stoichiometric GluCl populations present in HEK293 cells
coincide with those present in neurons. IVM concentrations required for GluCl activation

in HEK293 cells are higher than that required for silencing in neurons. According to the
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FlexStation assays of the current study, the IVM ECs, for o WT GluCl in HEK293 cells
is around 100 nM. In neurons, the ECsy for IVM-induced conductance measurements of
ap WT GluCl was reportedly 1.3 nM*2. The time allowed for IVM activation and the
method of detection certainly influences these measurements. For example, this ~1 nM
IVM ECsp can be achieved in HEK293 cells for the WT receptor following lengthy (1
hour) pre-incubation with low concentrations of IVM (see Chapter 5, Figure 5-3). The ~1
nM ECs also corresponds with the high sensitivity component of optimized receptor
activation in HEK?293 cells, observed as an increasingly robust signal within seconds to
minutes. Discrepancies in IVM ECsy could be dependent on cell-type with different
preferences for receptor stoichiometry or different posttranslational modifications that
alter receptor activation. For example, homogeneous receptor populations can often be
obtained by biasing transfection ratios in Xenopus oocytes®. Attempts to bias GluCl
subunit expression in HEK293 cells did alter the shape of the IVM concentration-
response but did not produce a monophasic high sensitivity curve. Mammalian cells
likely possess cell-specific machinery for more regulated receptor trafficking compared
to Xenopus oocytes. Similarly, neurons may possess alternative posttranslational

processing and regulatory mechanisms than standard mammalian cell lines.

Implications of the glutamate insensitive mutation

The (0)L9’F gain-of-function mutation facilitates f§ subunit incorporation to substantially
increase heteromeric GluCl aff sensitivity to IVM. Reintroduction of a glutamate

insensitive mutation, either (B)Y 182F or (f)Y232A, to the (ot)L9’F mutant eliminated the
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increase in IVM sensitivity. Whether this attenuation was an actual defect of structure-
function or a consequence of altered stoichiometry is unclear. Mutation of the L9’ residue
is known to directly impact channel gating. The glutamate insensitive mutations are
located within the glutamate binding site of the extracellular domain, some 60 A away
from the (a)L9’F mutation at the channel pore. Some residues at or near the binding site
serve as gating pathway residues, engaging in long-range functional coupling to transmit
binding events to the channel gate. Mutation of such a residue in combination with an L9’
mutation can produce a nonmultiplicative ECsy, indicating the distant residues are
functionally coupled®®. Evaluation of the glutamate insensitive mutations by mutant cycle
analysis in this case is complicated by the biphasic IVM concentration-dependence (i.e.,
two ECso values) of the (o)L9’F mutation. Alternatively, mutations at or near the
glutamate binding site which is positioned at subunit interfaces, could conceivably affect
heteromeric subunit assembly. In this instance, the (B)Y182F or (f)Y232A mutations
would be preventing efficient incorporation of the B subunit to eliminate the high IVM
sensitivity component of the (ot)L9’F mutant. The (at)Y261A mutation, which resulted in
a predominantly oo homomer population, supports the notion that mutations in this region
can affect heteromeric receptor formation. Restoration of the high IVM sensitivity
component by the mYFP mutation further supports that an altered subunit stoichiometry
is responsible for the counteracting effects of the glutamate insensitive and (a)L9’F

mutations.

Combining the (o)L9’F mutation with the (B)Y182F glutamate insensitive
mutation did recover some glutamate sensitivity in the concentration range tested,

generating concern that this could allow constitutive silencing. Baseline concentrations of
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extracellular glutamate in vivo are in the nanomolar range®” as glutamate transient decay
is dependent on diffusion and uptake by membrane-bound transporters™, In the synaptic
cleft of glutamatergic synapses, glutamate can reportedly reach as high as 1 mM>*%,
though this concentration has been contested”, arguing the amount of transmitter
released is highly variable and often nonsaturating®®®. Thus, it is not certain that this
level of glutamate sensitivity will be detrimental to in vivo silencing applications.
Punctate immunostaining patterns are suggestive of a synaptic localization for
exogenously expressed GluCl receptors. Similar inhibitory receptors such as GlyR and
GABA, are known to be clustered at synapses by binding of the anchor protein gephrin,
which recognizes an 18-amino acid binding motif in the intracellular loop of the
respective B subunit®. Sequence alignments indicate that neither GluCl o nor f subunits
possess a gephrin binding motif, discounting the likelihood of clustering by this
mechanism. Synaptic localization could be easily confirmed or denied by colocalization
experiments with a postsynaptic density marker. If necessary, additional protein

engineering strategies may be applied to the optimized GluCl tool to relieve synaptic

receptor clustering.

Application of GluClv2.0

Since the initial proof-of concept study, the original GluCl/IVM tool has been used in
conjunction with Channelrhodopsin-2-mediated activation to define an inhibitory
microcircuit within the amygdala involved in mouse fear conditioning® and to identify a

hypothalamic locus responsible for male mouse aggression and its close neuroanatomical
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relationship to mating circuits®®. An intersectional approach was used in former study to
restrict GluCl expression to PKC-0-containing GABAergic neurons of the central
amygdala. This was achieved by transgenic expression GluCl o-CFP in all PKC-8"
neurons followed by stereotaxic injection of an AAV vector encoding GluCl B-YFP
Y182F. While GluCl/TVM-induced silencing of PKC-8" neurons yielded a statistically
significant enhancement of conditional freezing, this behavioral result was confounded
by a bimodal phenotype. Quantitative histological analysis again revealed considerable
variation in expression of the virally injected B subunit among individual animals,
reminiscent of the striatal proof-of-concept studies. Control animals transgenically
expressing o alone or wild-type animals injected with 3 alone were not affected by
treatment with 10 mg/kg IVM. While the present study confirms that oo homomers are
indeed trafficked to the plasma membrane, it raises the question of whether oo homomer
activation elicits sufficient chloride current to achieve neuronal silencing. For example,
current responses recorded from GluCl o homomers expressed in Xenopus oocytes are
10-fold smaller than the of heteromeric responses™%. A type of small slow-activating
IVM-induced current has also been recorded from HEK293 cells which may result from
o homomer expression, though this has not yet been confirmed (see Chapter 5, Figure
5.2). Additional in vitro neuronal silencing experiments should be conducted to compare

the spike suppression capability of o homomers to aff heteromers. Nevertheless, an

intersectional approach is apparently still practical.

The optimized GluCl receptor, a-mXFP L9’F + B-mXFP Y182F RSR AAA,
dubbed ‘GluCl version 2.0’ or simply ‘GluClv2.0’, maintains the requirement for both o

and P subunits. The new sequence modifications significantly improve receptor

130



sensitivity and subunit expression by preventing degradation of the [ subunit and
promoting its dimerization with the o subunit, in addition to relieving both subunits from
the adverse effects of XFP oligomerization. The kinetic properties of the silencing tool
have not been altered. An alternative orthogonal pharmacological silencing tool capable
of activating and inactivating on shorter time scales has recently been constructed®’. This
tool employs chimeric nAChR-GlyR receptors of mammalian origins. The cognate
synthetic nicotinic agonist has demonstrated weak to moderate binding of other
endogenous nAChRs and the lack of co-assembly of chimeric subunits with endogenous
nAChR subunits has not been verified. Even faster time-resolved neuronal silencing can
be achieved using optogenetic techniques®®*®. This method, however, is invasive and
requires implantation of optical fibers that do not allow for manipulation of diffuse
signaling networks. The duration of light-induced manipulation is also limited by heat
generation which may alter neuronal activity or be damaging to cell health™. A separate
attempt at improving IVM-induced silencing has also been made by modification of
GlyRZ. A single point mutation increased IVM sensitivity of GlyR by 100-fold, allowing
activation in the nM range (i.e., similar to the original GluCl tool), while a separate point
mutation eliminated glycine sensitivity. This modified GlyR tool has not been
implemented in vivo. Future circuitry studies with this tool would be dependent on the
assumption that endogenous GlyR expression is confined to spinal cord and brainstem
neurons’®. Experimental evidence, in fact, suggests a more widespread distribution of
GlyR expression including higher brain regions such as the hippocampus, thalamus,
73-79

amygdala, caudate-putamen and cerebral cortex=—. Modified GlyRs would likely co-

assemble with endogenous subunits yielding obscure results. GluCl receptors, on the
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other hand, do not exist in mammalian neurons and GluClv2.0 manifests even greater
sensitivity to IVM. We therefore believe the GIluCl/IVM tool remains relevant and fills a
niche for behavioral assays necessitating long-term neuronal inhibition (e.g., learning

paradigms) and for assessing modulatory as opposed to regulatory roles in circuitry.

The aim of this project was to produce an optimized GluCl silencing tool via
rational protein engineering strategies. Throughout this pursuit, a great deal has been
learned about structure-function relationships and subunit expression patterns of GluCl.
While the system is still not perfectly understood, the success of GluClv2.0 as an
improved silencing tool has been demonstrated in vitro. The increased sensitivity and
improved subunit expression of GluClv2.0 should allow lower doses of IVM to be
administered for in vivo silencing, thereby alleviating concerns of off-target side effects

and reducing the occurrence of suboptimal inhibition.

132



Materials and Methods

Site-Directed Mutagenesis

Codon optimized sequences of the Caenorhabditis elegans GluCl channel cloned into
plasmid vector pcDNA3.1/V5-His TOPO (Invitrogen #K4800-01), including optGluCl
aWT, optGluCl BWT, optGluCl o-XFP, and optGluCl B-XFP, were used in this study.
Fluorescent protein insertions (XFP) include enhanced yellow (YFP) and cyan (CFP)
variants and are located in the TM3-TM4 loop™. All constructs originate from the
optimized codon sequences. For convenience, the ‘opt’ nomenclature has been omitted
throughout most of this text. Point mutations were made using the QuikChange II XL
site-directed mutagenesis kit (Agilent Technologies #200522) with PfuTurbo DNA
polymerase (Agilent Technologies #600250). Forward and reverse primers for the
(0)L9’F mutation are listed in Chapter 3. Mutant subunits in the current study were
generated with the following forward and reverse primers (new codon is italicized in the
forward primer): 5 — GGC GTG ACC ACC CTG TTC ACC ATG ACC ACC ATG -3’
and 5° — CAT GGT GGT CAT GGT GAA CAG GGT GGT CAC GCC - 3’ for the
(B)LY’F mutation; 5 — AC TTC GAC CTG GTG TCC TTC GCC CAC ACC -3’ and 5’
— GGT GTG GGC GAA GGA CAC CAG GTC GAA GT - 3’ for the (B)Y182F
mutation; 5> — C AAC ACT GGC TCG GCC GGC TGC CTG CGC -3’ and 5* — GCG
CAG GCA GCC GGC CGA GCC AGT GTT G — 3’ for the (B)Y232A mutation; 5° —
ACC AAC ACC GGC ATC GCC AGC TGC CTG AGG AC -3’ and 5 — GT CCT
CAG GCA GCT GGC GAT GCC GGT GTT GGT - 3’ for the (a)Y261A mutation; 5° —

TAC CTG AGC TAC CAG TCC 44G CTG AGC AAA GAC CCC AAC -3’ and 5° —
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GTT GGG GTC TTT GCT CAG CTT GGA CTG GTA GCT CAG GTA — 3’ for the
monomeric YFP A206K mutation; 5> — TG CGC CAG AAC GAC GCC GCC GccC
GAG AAG GCG GCC C -3’ and 5° — G GGC CGC CTT CTC GGC GGC GGC GTC
GTT CTG GCG CA - 3’ for the (B)RSR_AAA mutation; 5° — CG GCC CGC AAG GCC
CAG GCA GCC GCC GAG AAG CTG GAG ATG G -3’ and 5’ C CAT CTC CAG
CTT CTC GGC GGC TGC CTG GGC CTT GCG GGC CG — 3’ for the (B)RRR_AAA
mutation. The C-terminal tags V5 and 6-His are included in the plasmid vector and were
added to the a and P subunits by point mutation of the stop codon with the following
primers: 5 — G CAG AAC GTT CTG TTC GGA4 GCT AGC AAG GGC AA—-3"and 5’
—TT GCC CTT GCT AGC TCC GAA CAG AAC GTT CTG C -3’ for the a subunit; 5’
— CC GAG TCC CTG GTG TTG GCT AGC AAG G—-3"and 5 — C CTT GCT AGC
CAA CAC CAG GGA CTC GG - 3’ for the p subunit. All mutations were confirmed by

DNA sequencing.

Cell culture

HEK293 cells were cultured, plated and transfected for electrophysiology and
FlexStation assays as described in Chapter 3. For TIRF imaging experiments, HEK293
cells were plated on 35 mm glass bottom culture dishes (MatTEK #P35G-1.5-10-C) at
50,000 cells/dish and transfected following the same protocol used for the
electrophysiology experiments described in Chapter 3. For Western blot analyses,
HEK293 cells were plated in 10 cm dishes at 4x10° cells/dish and transfected with 16 pg

DNA in 500 ul DMEM combined with 30 pl ExpressFect (Denville Scientific #£2650) in
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500 ul DMEM that was preincubated for 20 minutes before adding to culture dishes
containing 5 ml fresh culture medium. The transfection mix was removed after 4-6 hours
and replaced with 10 ml of fresh culture medium. For all experiments, HEK293 cells

were transfected 24 hours after plating and assayed 48 hours after transfection.

Hippocampal neurons were extracted from day 18 Wistar rat embryos® and
plated at a density of 40,000 cells per dish on 35 mm glass bottom culture dishes coated
with poly-DL-lysine (Sigma #P9011). Neurons were cultured in Neurobasal medium
(Gibco #21103-049) containing 2% B27 (Gibco #17504-044), and 0.5 mM Glutamax
(Gibco #35050). Medium was supplemented with 5% equine serum (Hyclone #SH30074)
during plating. Cultures were maintained at 37°C and 5% CO; in a humidified incubator,
with a 50% media exchange once per week. For imaging experiments, neurons were
treated with 1 uM cytosine arabinoside (AraC; Sigma #C1768) on culture day 10 with a
100% media change the following day. Cultures used for electrophysiological
experiments were not treated with AraC. Neurons were transiently transfected after 13-14
days in culture and assayed 24 hours later. Transfections were prepared per dish using 4
pug of plasmid DNA with 20 pg Nupherin-neuron (BIOMOL #SE-225) and 10 pl of
Lipofectamine 2000 (Invitrogen #11668-019) diluted separately in 400 pl of Neurobasal
without phenol red (Gibco #12348-017). Dilutions were individually incubated at room
temperature for 15 minutes, then combined and incubated for another 45 minutes. An 800
pl volume of conditioned media was then removed from the neuronal culture dish and
replaced with the 800 pl transfection mix. After incubating cultures for 1 hour at
37°C/5% CO,, an 800 ul volume was removed from the dish and replaced with the

original 800 pul of conditioned media.
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Membrane Potential Measurements

Membrane Potential assays were performed on the FlexStation 3 multimode benchtop
microplate reader using the BLUE formulation kit (Molecular Devices, #R8042) with the
same dye preparation and data acquisition parameters described in Chapter 3. Glutamate

and IVM drug preparation and dose-response data analysis is also described in Chapter 3.

Electrophysiology

Voltage-clamped HEK?293 cells were recorded as described in Chapter 3. Neurons were
whole-cell current-clamped using an Axopatch 200A amplifier with a CV201 headstage
and Digidata 1200 series interface operated by Clampex 9.2 software (Axon
Instruments). Spontaneous neuronal firing was recorded in Gap-free acquisition mode.
Episodic Stimulation acquisition mode was used for executing stepwise current injections
(-100 to 250 pA, 25 pA increments) to record evoked spike firing. Data was sampled at
50 kHz and lowpass filtered at 5 kHz. Neurons were perfused or incubated with artificial
cerebrospinal fluid (ACSF) composed of (in mM): 110 NaCl, 5.4 KCl, 1.8 CaCl,, 0.8
MgCl,, 10 D-glucose, 10 HEPES, pH 7.4, 230 mOsm. Patch pipettes were made from
borosilicate glass with resistances of 7-12 MQ when filled with the following internal
solution (in mM): 100 K-gluconate, 0.1 CaCl,, 5 MgCl,, 1.1 EGTA, 10 HEPES, 3 Mg-
ATP, 0.3 GTP, 3 phosphocreatine, pH 7.2, 215 mOsm. IVM was dissolved in ACSF
containing 0.1% DMSO and applied to cultures by bath perfusion or pre-incubation at

37°C/5% CO; for 15 minutes. All recordings were performed at ambient temperature.
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Data was analyzed using Clampfit 9.2 software. Resting membrane potential was
measured in the absence of any injected current and corrected for the liquid junction
potential. Cells with a resting membrane potential of > —45 mV or with a seal resistance
of < 100 MQ or were omitted from analysis. The steady-state voltage response was
plotted against the amount of current injected for a voltage-current (V-I) relationship.
Input resistance of the cell was determined from the slope, according to Ohm’s law, V =
IR. Conductance was calculated as the inverse of resistance (G = 1/R = I/V). Induced

spikes were counted manually and plotted against injected current.

Immunofluorescent labeling

Live, nonpermeabilized neurons were immunolabeled according to the protocol described
in Glynn & McAllister, 2006%. A V5 epitope tag (GKPIPNPLLGLDST) followed by a
6-His tag (HHHHHH) already encoded in the pcDNA3.1 vector was added to the C-
terminus of GluCl o and  subunits (including a 24-residue linker sequence, see Figure 4-
19A) by mutation of the stop codon (see Site-Directed Mutagenesis). The 6-His tag was
not utilized in these experiments. Surface receptors were labeled with primary mouse
monoclonal anti-V5 antibody (1:200; Invitrogen #R960-25) followed by a conjugated
secondary Alexa Fluor 555 donkey anti-mouse antibody (1:400; Invitrogen #A-31570).
Antibodies were diluted into warm ACSF and applied sequentially, incubating each for
30 min at 37°C/5% CO, with appropriate wash steps. Live immunostained cultures were

imaged immediately.
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Western Blot Analysis

Whole-cell lysates were obtained from transiently transfected HEK293 cells using ice
cold extraction buffer containing (in mM): 50 Tris, 50 NaCl, 1 EDTA, 1 EGTA, pH 7.4
and 1% NP40 supplemented with 1% protease inhibitor cocktail (Thermo Scientific
#78410). The cell surface receptors were biotinylated and isolated for Western blot
analysis using the Pierce Cell Surface Protein Isolation Kit (Thermo Scientific #89881).
Cell samples (30 ul) were separated on ‘Any kD’ Mini-PROTEAN TGX Precast gels
(Bio-Rad #456-9033) in Tris/Glycine/SDS running buffer (Bio-Rad #161-0732) at 200 V
for 35 minutes. Gel bands were transferred onto presoaked Protran nitrocellulose
membranes (Whatman #10485376) in buffer containing 20% methanol and 10% Tris-
glycine SDS at 15 V for 20 minutes. Nitrocellulose membranes were initially blocked in
10% milk in TBST (TBS + 0.1% Tween-20; Bio-Rad #170-6435, Sigma #P1379) and
then incubated with rabbit anti-GFP antibody (1:1000; Invitrogen #A11122) in 5% BSA
in TBST with 10% NaNj; overnight to probe for GluCl B-mYFP subunit expression.
Protein bands were detected by enhanced chemiluminescence (Western Lightning Plus-
ECL; PerkinElmer #NELI103001EA) using goat anti-rabbit horseradish peroxidase
(1:5000; Promega #W4011) in 5% BSA in TBST and developed on film (Amersham
Hyperfilm ECL). The ~72 kDa molecular weight band was identified using the SeeBlue
Plus2 prestained protein standard (Invitrogen #LC5925). Imagel software (National

Institutes of Health; http://rsb.info.nih.gov/ij/) was used for quantification of band

intensity.
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Imaging

All cultured neurons and HEK293 cells and were imaged live at 37°C in a stage-mounted
culture dish incubator (Warner Instruments). Transiently transfected HEK293 cells were
imaged by Total Internal Reflection Fluorescence (TIRF) microscopy, which enabled
visualization of fluorescent receptors expressed in the plasma membrane and nearby
intracellular vesicles within 200 nm of the cell-coverslip interface. Prior to imaging, cell
culture medium was replaced with phenol red-free CO;-independent Leibovitz L-15
medium (Gibco #21083-027). TIRF images were obtained using an inverted microscope
(Olympus IX81) with a 100x/1.45 NA Plan Apochromat oil objective. A T-cube stepper
motor (Thorlabs) was used to control the position of the fiber optic and TIRF evanescent
field illumination. A 488 nm laser was used to excite monomeric YFP fluorescence.
Images were acquired with MetaMorph Premier software (Molecular Devices) at 16-bit
resolution over 512x512 pixels and captured using a back-illuminated EMCCD camera

(iXON DU-897) supported by ANDOR iQ2 software (Andor Technology).

Transiently transfected hippocampal neuron cultures were imaged using a laser-
scanning confocal microscope (Nikon Eclipse Clsi) with a 63x/1.4 NA VC Plan
Apochromat oil objective. Monomeric YFP fluorescence was acquired with 514 nm laser
excitation. Alexa 555 and pDsRED2 (Clontech #632409) fluorescence was acquired with
561 nm laser excitation. Images were collected as z-stacks at a step size of 1.0 um with

16-bit resolution over 512x512 pixels and a dwell time of 6.72 ps.

For confocal image analysis, the two different fluorescent signal intensities were

correlated on a pixel-by-pixel basis using the Colocalization Colormap Image] plug-in
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(Adam Gorlewicz, http://sites.google.com/site/colocalizationcolormap/home) based on

the algorithm by Jaskolski et al., 2005%. The correlation of a pair of pixels was calculated

as follows:

Ibmax

(Ia —Ia)(Ib - Ib)
(a,,, —1a){b,,, —Ib)

nMDP, =

intensity for the given pixel in image a
average intensity of image a

the highest pixel intensity in image a
intensity for the given pixel in image b
average intensity of image b

the highest pixel intensity in image b

The normalized mean deviation product (nMDP) values for each pixel range from —1 to 1

and can be visualized on a color scale. Values < 0 are represented by cold colors for

exclusion and values > 0 are shown in hot colors for colocalization. Zero values indicate

black background. For the experimental conditions of the current study, the average of all

positive (colocalized) nMDP values corresponds to total receptor surface expression,

while the average number of perfectly correlated pixels (i.e., where nMDP = 1) indicates

the relative amounts of each receptor subunit.
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Statistics

Pooled data are shown as means + SEM. Boxplots represent the mean, median, 25" and
75" percentiles. Statistical significance (P < 0.05) was determined by one-way analysis of

variance (ANOVA) on ranks using multiple pairwise comparison.
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