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Cellular/Molecular

Unbalanced Regulation of a7 nAChRs by Ly6h and NACHO
Contributes to Neurotoxicity in Alzheimer’s Disease

Meilin Wu,! “Clifford Z. Liu,! Erika A. Barrall,' Robert A. Rissman,>* and William J. Joiner!*

'Department of Pharmacology, University of California San Diego, La Jolla, California 92093, Department of Neurosciences, University of
California San Diego, La Jolla, California 92093, *Alzheimer’s Disease Research Center, University of California San Diego, La Jolla, California
92093, and *Center for Circadian Biology, University of California San Diego, La Jolla, California 92093

a7 nicotinic acetylcholine receptors (nAChRs) are widely expressed in the brain where they promote fast cholinergic synaptic
transmission and serve important neuromodulatory functions. However, their high permeability to Ca*" also predisposes
them to contribute to disease states. Here, using transfected HEK-tsa cells and primary cultured hippocampal neurons from
male and female rats, we demonstrate that two proteins called Ly6h and NACHO compete for access to a7 subunits, operat-
ing together but in opposition to maintain «7 assembly and activity within a narrow range that is optimal for neuronal func-
tion and viability. Using mixed gender human temporal cortex and cultured hippocampal neurons from rats we further show
that this balance is perturbed during Alzheimer’s disease (AD) because of amyloid i (Af)-driven reduction in Ly6h, with
severe reduction leading to increased phosphorylated tau and «7-mediated neurotoxicity. Ly6h release into human CSF is
also correlated with AD severity. Thus, Ly6h links cholinergic signaling, A and phosphorylated tau and may serve as a novel

marker for AD progression.
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ignificance Statement

"

One of the earliest and most persistent hypotheses regarding Alzheimer’s disease (AD) attributes cognitive impairment to loss
of cholinergic signaling. More recently, interest has focused on crucial roles for amyloid 8 (AB) and phosphorylated tau in
Alzheimer’s pathogenesis. Here, we demonstrate that these elements are linked by Ly6h and its counterpart, NACHO, func-
tioning in opposition to maintain assembly of nicotinic acetylcholine receptors (nAChRs) within the physiological range. Our
data suggests that A3 shifts the balance away from Ly6h and toward NACHO, resulting in increased assembly of Ca®*-per-
meable nAChRs and thus a conversion of basal cholinergic to neurotoxic signaling.

~

J

Introduction

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion
channels that mediate fast synaptic transmission by the endoge-
nous neurotransmitter ACh. These ionotropic receptors mediate
important physiological functions including autonomic signaling
in sympathetic and parasympathetic ganglia (Xu et al., 1999;
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David et al., 2010), release of circulating epinephrine by the adre-
nal medulla (Fenwick et al., 1982; Kidokoro et al., 1982; Petrovic
et al., 2010), skeletal muscle contraction (Tintignac et al., 2015),
long-term potentiation (Lagostena et al., 2008; Nakauchi and
Sumikawa, 2012; Criscuolo et al., 2015), regulation of arousal
(Léna et al., 2004; Criscuolo et al., 2015), and anti-inflammatory
responses (Borovikova et al., 2000; Bernik et al., 2002; Wang et
al,, 2003; Li et al., 2011). nAChRs are also known to be dysregu-
lated in several disease states. For example, the reinforcing
and withdrawal effects of the addictive drug nicotine are
thought to involve upregulation of @4, a6 and B2-containing
nAChRs (Picciotto et al., 1998; Tapper et al., 2004; Maskos et
al., 2005; Nashmi et al., 2007; Pons et al., 2008; Govind et al.,
2012; Liu et al., 2012; Akers et al., 2020), whereas Alzheimer’s
disease (AD) conditions are associated with changes in levels
of @7 nAChRs (Burghaus et al., 2000; Counts et al., 2007;
Ikonomovic et al., 2009; Liu et al., 2013; Ren et al., 2020). In
the latter case in particular, however, the underlying regula-
tory mechanisms and their causal relation to disease pathology
are poorly understood.
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New opportunities to explore these mechanisms have arisen
with the recent discovery of two classes of molecules that regulate
signaling by nAChRs. The first class consists of the ER-resident
protein NACHO, which shifts the equilibrium of nAChR subu-
nits from mononomeric to oligomeric complexes (Gu et al,
2016; Matta et al., 2017). Since only fully assembled, pentameric
receptors are delivered to the cell surface at high efficiency, the
presence of NACHO enhances and the absence of NACHO lim-
its the number of nAChRs available to respond to ACh. The sec-
ond class of regulatory proteins consists of select members of the
Ly6 family. These proteins have a single domain consisting of a
small, three-fingered motif (Miwa et al., 2006; Galat et al., 2008;
Lyukmanova et al., 2011; Wu et al., 2016; Vasilyeva et al., 2017).
Most Ly6 proteins are anchored to organellar membranes and to
the outer leaflet of the cell surface by glycosylphosphatidylinosi-
tol (GPI; Vasilyeva et al., 2017). This feature allows them to regu-
late properties of nAChRs during different stages of biogenesis.
One such property is the availability of nAChRs at the plasma
membrane (Puddifoot et al., 2015; Wu et al., 2015), which is an
important determinant of the neuromodulatory influence of
ACh and the efficacy of exogenous agonists of nAChRs, includ-
ing the addictive drug, nicotine. The mechanism by which at
least several Ly6 proteins regulate this property has yet to be
determined.

Here, we define the functional relationship between NACHO
and the Ly6 family member Ly6h. We find that NACHO enhan-
ces and Ly6h reduces assembly of Ca**-permeable o7 nAChRs
in hippocampal pyramidal neurons. This antagonistic relation-
ship appears to be critical for maintaining &7 signaling within a
tight range that permits cholinergic modulation of hippocampal
function while simultaneously limiting cytotoxic damage caused
by excess Ca®" influx. Importantly, we demonstrate that this bal-
ance is likely shifted toward excitotoxicity and neurodegenera-
tion in AD because of amyloid B (AB)-driven downregulation
of neuroprotective Ly6h.

Materials and Methods

Primary culture of hippocampal neurons

Hippocampi were dissected from mixed gender P2-3 Sprague Dawley rat
pups as previously described (Puddifoot et al., 2015). Cells were plated in
dishes coated with poly-L-lysine (Sigma) and mouse laminin (Life
Technologies) and cultured in Neurobasal medium (Life Technologies)
supplemented with 1% fetal bovine serum (Hyclone), 2% B-27 (Life
Technologies), 0.5% L-glutamine (Sigma), and 0.5% penicillin/streptomy-
cin (Mediatech) and maintained at 37°C with 5% CO,. Cytosine arabino-
side (Sigma) was added at 2 d in vitro (DIV) to inhibit glial proliferation.
For treatment with A (1-42 peptide; Cellmano Biotech), peptide was
prepared to enrich for the fibrillar form (Liu et al., 2013). Specifically, pep-
tide was reconstituted in DMSO according to manufacturer’s instructions,
diluted in PBS to a concentration of 200 uM, frozen in 50 pl aliquots for
long-term storage, then thawed, diluted to 100 pm in PBS and incubated
at 37°C for at least 96 h before use. Peptide was applied to cells at a final
concentration of 100 nm. Cells were infected with adenovirus at 4 DIV in
culture medium, which was replaced with fresh conditioned medium after
6-8 h. For imaging experiments, cells were plated on glass coverslips
coated with poly-D lysine (Sigma) and mouse laminin (Life Technologies)
at 25% density. Detailed information on resources is listed in Table 1.

Cell lines

HEK-tsa cells were cultured and transfected as previously described
(Puddifoot et al., 2015). Briefly, cells were maintained in culture medium
consisting of DMEM (Mediatech) supplemented with 10% fetal bovine
serum (Life Technologies), 1% penicillin/streptomycin (Mediatech) and
1% L-glutamine (Life Technologies) at 37°C and 5% CO,. Cells were
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transfected using X-tremeGene HP reagent (Roche) at a ratio of 2 ul
reagent:1ug DNA in Optimem medium (Life Technologies)

Human samples

Samples of human temporal cortex were obtained from the Shiley-
Marcos Alzheimer’s Disease Research Center (ADRC) Neuropathology
Core at University of California San Diego. Information about samples
is shown in Table 2. Tissue samples were homogenized in RIPA lysis
buffer (150 mm NaCl, 25 mm HEPES pH 7.5, 1% Triton X-100, 0.1%
SDS, and 1% sodium deoxycholate) supplemented with Complete prote-
ase inhibitor and PhosStop phosphatase inhibitor (Roche). Pooled CSF
samples were obtained from the ADRC and equal volumes were loaded
for Western blot analysis.

a7 activity assays

HEKtsa cells were transiently transfected with mouse 7, human Ric3,
and the Ca®"-activated FRET reporter TN-XXL, with or without Ly6h
and NACHO as previously described (Puddifoot et al., 2015; Wu et al,,
2015). Twenty-four hours after transfection, cells were re-plated in clear
bottom, black 96-well dishes coated with poly-D-Lysine (Sigma); 48 h af-
ter transfection, culture media was removed and replaced with artificial
CSF (ACSF; 121 mm NaCl, 5 mm KCl, 26 mm NaHCO;, 1.2 mm
NaH,PO,H,0, 10 mm glucose, 5 mm HEPES, 2.4 mM CaCl, , and 1.3
mM MgCl,; pH 7.4) supplemented with 10 um PNU-120596 (R&D
Systems) to block desensitization. Following 30 min of preincubation in
PNU, FRET-based measurements of a7 activation by nicotine were
assayed as described (Yamauchi et al, 2011; Puddifoot et al., 2015).
Endogenous «7 activity was measured in cultured primary rat hippo-
campal neurons at 14 DIV and 10 d postadenovirus infection. Cells were
plated in clear bottom black 96-well dishes coated with poly-L-lysine
(Sigma) and mouse laminin (Life Technologies). 30 min before assay,
culture medium was removed and replaced with 100 pl fura-2 (dissolved
in DMSO + 0.5 mM pluronic F127, Life Technologies) in ABP (1x
ACSF + 1% BSA, 2.5 mum probenecid; Sigma) and incubated at 37°C.
Following fura-2 preincubation, cells were washed 2x with 100 pl ABP
to remove excess fura-2 and replaced with 100 ul ABP + 10 um PNU-
120596. Cells were incubated with PNU for 30 min at 37°C. a7 activation
by addition of ACh (Acros Organics) was measured using a Flexstation
(Molecular Devices) set to read 340/510 and 380/510 (cutoff 495) with
90-s reads at 3.9-s intervals. Following ACh stimulation, maximum and
minimum readings were obtained by sequential addition of ionomycin
and EGTA (Sigma). Peak 340/380 ratios were normalized to Max/Min
and used to calculate dose-response curves using Prism 7 (GraphPad);
100 nm methyllycaconitine (R&D Systems) was included with the PNU
incubation to demonstrate a7-specificity.

Western blotting, surface protein biotinylation, and
immunoprecipitations

HEKtsa cells and primary hippocampal neurons were lysed in SDS lysis
buffer (10 mm Tris, pH 7.5, 100 mm NaCl, 5 mm EDTA, 1% Triton X-
100, and 0.05% SDS) supplemented with Complete protease inhibitor
and PhosStop phosphatase inhibitor (Roche). Protein levels in lysates
were measured using BCA kit (Pierce) and run on 4-12% Tris-glycine
gels (Life Technologies). Antibodies used for Western blotting were: rab-
bit anti-GFP, mouse anti-V5 (Life Technologies), mouse anti-Myc
(Santa Cruz Biotechnologies), mouse anti-actin and mouse anti-GluR1
(Millipore-Sigma), mouse anti-Ly6h (Novus Biologicals), rabbit anti-
TMEM35 (Sigma Prestige), PHF-1 (gift of Peter Davies), and Tau5 (total
Tau, Abcam). Protein levels in Western blot were quantified by pixel
density measurement using Image J software. Cell surface biotinylation
and immunoprecipitations were performed as previously described
(Puddifoot et al, 2015), with the biotinylated @-bungarotoxin (BTX;
Biotium) used to immunoprecipitate a7 pentamers.

Adenovirus shRNA knock-down in primary cultured hippocampal
neurons

H1-pTrip-EFla-eGFP shRNA entry vector was constructed by subclon-
ing the EF1a-EGFP cassette from pTRIP-du-EF1A-EGEFP lentiviral vec-
tor (gift from L.VanAelst, Cold Spring Harbor labs) into the entry vector
mENTRY (gift from J. Ni, Harvard) at the HindIII/XhoI sites. The H1
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Table 1. Key reagents and resources
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Reagent or resource Source |dentifier
Antibodies

Rabbit polyclonal anti-GFP Life Technologies A11122
Mouse monoclonal anti-V5 Life Technologies R960-25
Mouse monoclonal anti-Myc Santra Cruz Biotechnologies Sc-40
Mouse monoclonal anti-actin Millipore Sigma MAB1501
Mouse monoclonal anti-GluR1 Millipore Sigma MAB2263
Rabbit polyclonal anti-TMEM35 Millipore Sigma HPA048583
Mouse monoclonal anti-Ly6h Novus Biologicals NBP224405
Mouse monoclonal anti-PHF-1 Dr. Peter Davies

Tau5 monoclonal anti-total Tau Abcam Ab80579
Bacterial and virus strains

Virapower adenovirus Life Technologies K4940-00

Biological samples

Normal and AD brain tissue and CSF

Neonatal Sprague Dawley rat brain tissue

Chemicals, peptides, and recombinant proteins

CF640R-aBTX

ACh chloride

Nicotine ditartrate

PNU-120596

Metyllycaconitive citrate

AB 1-4; peptide

Fura-2 AM

Calcein blue AM

Ethidium homodimer

(ritical commercial assays

Cytotox 96 LDH assay

Experimental models: cell lines

HEKtsa

293A

Oligonucleotides

Ly6 h-shRNA-S: 5"-GATCCCCGGACTGCTGCGAGAAAGATTTTTCAAGAGAAAA
TCTTTCTCGCAGCAGTCCTTTTTTGGAAA-3

Ly6 h-shRNA-AS: 5’-AGCTTTCCAAAAAAGGACTGCTGCGAGAAAGATTTTCTC
TTGAAAAATCTTTCTCGCAGCAGTCCGGG-3'

NACHO-shRNA-S: 5’-GATCCCCAGGCTCAGCAAGGATGCCTACAGTGAGATTTCAAGAGAATCTCA
CTGTAGGCATCCTTGCTGAGCCTTTTTTTGGAAA-3”

NACHO-shRNA-AS: 5"-AGCTTTTCCAAAAAAAGGCTCAGCAAGGATGCCTACAGTGAGATTCTCTT
GAAATCTCACTGTAGGCATCCTTGCTGAGCCTGGG-3'

Scrambled control-S: 5'-GATCCCCGATACGTGCGCAATGAATAGGACGTCAGCTTCAAGAGAGCTGACGT
CCTATTCATTGCGCACGTATCTTTTTTGGAAA-3'

Scrambled control-AS: 5'-AGCTTTTCCAAAAAAGATACGTGCGCAATGAATAGGACGTCAGCTCTCTTG
AAGCTGACGTCCTATTCATTGCGCACGTATCGGG-3"

Recombinant DNA

a7-pcDNA3.1

a7-YFP-pcDNA3.1

Ly6 h-pcDNA3.1

Ly6 h-Myc-pcDNA3.1

NACHO-pcDNA3.1

V5-NACHO-pcDNA3.1

TN-XXL

Software and algorithms

GraphPad Prism 8

Imagel/FlJI

Shiley—Marcos ADRC

http://adrc.ucsd.edu/index.html

Harlan

Biotium #00004
Sigma A2661-25G
R&D Systems 3546
R&D Systems 249810
R&D Systems 1029
Cellmano Biotech A-1423
Life Technologies F1221
EBioscience 65-0855-39
Biotium 89139-052
Promega 61780

Dr. Carol Deutsch, University of Pennsylvania

Life Technologies R705-05
DT

DT

DT

DT

DT

DT

Dr. Henry Lester, Caltech
H. Lester lab, Pasadena, CA
Puddifoot et al. (2015)
Puddifoot et al. (2015)
NM_026239.2

This paper

Yamauchi et al. (2011)

GraphPad

https://www.graphpad.com/scientific-

software/prism/
https://imagej.net/Fiji

promoter was inserted upstream of this cassette between the Spel/HindIII
sites. Annealed oligos containing shRNA sequences were inserted between
BamHI and BglII. Adenovirus constructs were generated by gateway recom-
bination with the shRNA entry vector and pADplDest (Life Technologies).
Adenovirus was produced by transfecting Pacl-digested adenovirus vector
into 293A cells (Life Technologies) using X-tremegene HP reagent (Sigma)
and amplified for virus harvesting according to the manufacturer’s protocol
(ViraPower, Life Technologies). Purified adenovirus was aliquoted and flash
frozen in liquid nitrogen and stored at —80°C. Infection of primary cultured
neurons was performed at 4 DIV in neuron culture media (see above) at a

concentration of ~2-8 x 10° OPU (optical particle unit; measured at OD
260) per cm” culture depending on cell density. After a 4- to 6-h incubation
with adenovirus, infection media was replaced with fresh conditioned
media.

Cell death assays

For PNU-120596-mediated cell death, rat primary hippocampal neurons
were plated in 24-well dishes coated with poly-D-lysine (Sigma) and
laminin (Life Technologies). At 8 DIV, 10 um PNU (R&D Systems) or
and equal volume of DMSO with or without 100 nm methyllycaconatine
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Table 2. AD scores from individual tissue samples

Sample ID Age Gender Diagnosis AD score
X6783 84 M Normal 1
X5709 9 M Normal 1
X5687 84 M Normal 1
X5302 83 F Normal 1
X5788 92 M AD 2
X5776 96 M AD 2
X5749 83 M AD-severe 3
X5738 85 F AD-severe 3
X5680 84 M AD 2
4996 91 M Normal 1
4954 76 M Normal 1
4942 83 M Normal 1
4870 63 F Normal 1
4689 79 F Normal 1
5665 79 M AD 2
5661 97 F AD-severe 3
5626 83 M AD 2
5047 69 M AD 2
4971 102 M AD 2
5114 87 M Normal 1
5070 97 F Normal 1
5049 102 F Normal 1
5006 69 M Normal 1
5800 91 F AD-severe 3
5795 81 M AD-severe 3
5759 87 F AD-severe 3
5546 923 F Normal 1
5515 73 F Normal 1
5517 86 M Normal 1
5529 81 M Normal 1
5844 96 F Normal 1
5722 91 F AD-severe 3
5779 73 M AD-severe 3
5695 86 F AD-severe 3
5797 81 M AD-severe 3
5823 96 F AD-severe 3
5589 9% F Normal 1
5567 86 M Normal 1
5510 92 M Normal 1
5655 82 F Normal 1
5367 94 F AD-severe 3
5831 86 M AD-severe 3
5789 89 M AD-severe 3
5788 92 M AD-severe 3
5707 82 M AD-severe 3

Postmortem samples of temporal cortex from human subjects were diagnosed as normal, mild AD (AD), or
severe AD (AD-severe). To facilitate correlation with Ly6h expression, subjects were assigned a corresponding
AD score based on diagnosis with T=normal, 2=mild AD, and 3 = severe AD. Gender and age of each sub-
ject are also listed.

(R&D Systems) was added to the culture media for 3 h; 3 x 50 pl aliquots
of culture medium was removed for lactate dehydrogenase (LDH) assay
(see below). Cells were stained with 5 um calcein-blue AM (EBioscience)
and 2 um ethidium homodimer-1 (Biotium) in prewarmed live cell
imaging solution (LCIS; 140 mm NaCl, 2.5 mm KCl, 1.8 mm CaCl,, 1 mm
MgCl,, and 20 mm HEPES; pH 7.4) for 25 min at room temperature in a
dark chamber. Dyes were removed and replaced with fresh prewarmed
LCIS and imaged on a Zeiss Axios Observer fluorescent light microscope
at 20x magnification and 10 fields per well were imaged. Live and dead
cells were counted and the average for each condition was normalized to
DMSO control. For Ly6h-knock-down and NACHO-knock-down cell
death assays, neurons were cultured in 48-well dishes coated with poly-
D-lysine (Sigma) and laminin (Life Technologies). Cells were infected
with adenovirus at four DIV and maintained in a sterile chamber with
dampened tissue to maintain evenness of humidity and prevent unequal
volume loss in the dish through evaporation. To measure the time
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course of cell death, all but 200 pil of media was removed from duplicate
wells for each condition 20 h before LDH assay (see below). PNU-toxic-
ity was performed on adenovirus infected neurons at 14 DIV, 10d after
infection as described above. H,O, toxicity was performed on adenovi-
rus infected neurons at 11 DIV, 7d postinfection. Conditioned media
was collected and stored at 4°C and replaced with 300 ml of ACSF (121
mM NaCl, 5 mm KCl, 26 mm NaHCO3, 1.2 mm NaH,PO,-H,0, 10 mMm
glucose, 5 mm HEPES pH 7.4, 2.4 mm Ca®>", and 1.3 mm Mg*") with
0.1% bovine serum albumin with or without 50 mm H,O,. Cells were
exposed H,0, to for 2 h at 37°C and then returned to 250-pl fresh condi-
tioned media. LDH assay was performed as described below 20-22 h af-
ter H,O, exposure. Hypoxia-induced cell death was performed on
adenovirus infected neurons at 10 DIV, 6d after infection. Conditioned
media was collected and stored at 4°C and replaced with 250-ul LCIS
and placed in a hypoxia chamber flooded with 95% nitrogen/5% CO, for
10 min. The sealed chamber was placed at 37°C for 2 h after which the
cells were returned to normal oxygen in fresh conditioned media.
Controls cells were treated similarly but without hypoxia/glucose starva-
tion. LDH assay was performed as described below 15 h after hypoxia/
glucose starvation. Following cell toxicity challenge, all but 200 pl of cul-
ture media per well was removed in preparation for LDH assay 20-24 h
before LDH measurements, which was performed from duplicate wells
using the CytoTox 96 LDH assay (Promega) as described. Briefly, 50 pil
of media was removed from the cells and placed in clear, flat-bottomed
96-well dishes; 50 pul of reconstituted CytoTox96 reagent was added to
the media and incubated for 30 min at room temperature in a dark
chamber. The reaction was stopped by addition of 50-pl stop reagent
and 490 nm absorbance was read using a TECAN plate reader.
Remaining cells were lysed in 150 ul of growth media by addition of 15-
pl 10x lysis solution and incubated for 45 min at 37°C. Total LDH was
read from 50 i of cell lysates as above. Percent cell death was calculated
as LDH (released)/MaxLDH.

Immunohistochemistry and imaging

Cultured neurons were grown on glass coverslips coated with poly-D-ly-
sine and mouse laminin at 25% density. Samples were collected for stain-
ing at 11-14 DIV. For surface a-BTX labeling, CF-640R-conjugated
BTX (Biotium) was added to culture media at 5 mg/ml and incubated at
37°C for 30 min. Samples were washed 3x in PHEM buffer (60 mm
PIPES, pH 6.9, 25 mM HEPES, 10 mm EGTA, and 2 mm MgCl,e6H,0)
and fixed as described below. For permeabilized cells staining, cells were
rinsed 1x in PHEM wash buffer (60 mm PIPES, pH 6.9, 25 mm HEPES,
10 mm EGTA, 2 mm MgCl2e6H,0, and 0.1% Triton X-100), and fixed
in 4% formaldehyde/PHEM for 10 min at room temperature. Cells were
permeabilized in PHEM-T buffer (60 mm PIPES, pH 6.9, 25 mm HEPES,
10 mm EGTA, 2 mm MgCl,e6H,0, and 0.5% Triton X-100) for 5 min at
room temperature and then washed and incubated in blocking buffer
(150 mm NaCl, 20 mm Tris-HCL, pH 7.4, 0.1% Triton X-100, and 2% bo-
vine serum albumin) for 1 h at room temperature. Primary antibodies were
diluted in blocking buffer and incubated overnight at 4°C. Antibodies used
for immunostaining were: rabbit anti-GFP (Life Technologies), mouse anti-
Lysh (Novus Biologicals), rabbit anti-TMEM35 (Sigma Prestige), and PHF-
1 (gift of Peter Davies). Cells were imaged using a Nikon A1R HD confocal
with a four-line (405, 488, 561, and 640 nm) LUN-V laser engine and a
DU4 detector using bandpass and longpass filters for each channel (450/50,
525/50, 595/50, and 700/75), mounted on a Nikon Ti2-E using a Plan-Apo
20 x 0.75NA objective. Images stacks were acquired in galvano scanning
mode with unidirectional scanning, and Z-steps of 0.975um. To avoid
cross-talk between fluorphores, Z-stacks were acquired of the DAPI,
AlexaFluor488 and AlexaFluor 633 or aBTX-640R in a channel series.
Scans were made at 2 s per frame, and the pinhole was set at 1 Airy unit.

Statistical analyses

Statistical comparisons were performed using GraphPad Prism version
8. One-way ANOVA with Holm-Sidak’s multiple comparison post hoc
test was used to calculate p values for experimental versus control
groups, unless otherwise indicated. Exact p values are reported in figure
legends unless p < 0.0001. Data are presented as mean = SEM.
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Values are mean = SEM, N> 19 for each condition; ****p << 0.0001 by one-way ANOVA with Holm—Sidack's multiple comparison post hoc test compared with scrambled control. C,
Representative concentration-response curves for ACh-induced Ca®* influx through 7 nAChRs in primary cultured hippocampal neurons following shRNA knock-down of Ly6h (orange),
NACHO (purple), or scrambled control (SCR, gray; error bars = SEM from triplicate measurements in an individual experiment). D, Average maximum response from repeated experiments as in
A (mean = SEM, N=38); **p=0.0093 for Ly6h-shRNA versus SCR and **p=0.0059 for NACHO-shRNA versus SCR by one-way ANOVA with Holm-Sidack's multiple comparison test. E,
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Results

Ly6h and NACHO function in opposition to regulate a7
nAChR activity
Our lab and others previously identified proteins that regulate
Ca®"-permeable @7 nAChRs (Puddifoot et al., 2015; Gu et al,,
2016). Two of these proteins, Ly6h and NACHO, suppress and
enhance delivery of a7 nAChRs to the cell surface, thus leading
to reduced and potentiated signaling, respectively, by the endog-
enous neurotransmitter ACh. To determine whether the oppos-
ing functions of Ly6h and NACHO normally coexist in the same
cells, we knocked down each protein in primary cultured hippo-
campal neurons using adenovirus-delivered shRNAs. To con-
firm the efficiency of knock-down, we Western blotted lysates
of infected neurons and found that our shRNAs reduced Ly6h
and NACHO protein expression by 65-75% at 7 d postadeno-
viral delivery (Fig. 1A,B). Under similar conditions we then
assayed for knock-down effects on activity of @7 nAChRs. In
these experiments we blocked receptor desensitization with
the a7-selective positive allosteric modulator, PNU-120596, to
measure steady-state Ca>* fluxes through a7 receptors, and
we used the ratiometric Ca** indicator, fura-2, to measure av-
erage cellular responses. Consistent with Ly6h and NACHO
functioning together in the same population of neurons, we
found that maximal ACh-induced Ca®>" influxes through a7
nAChRs were enhanced by knock-down of Ly6h and sup-
pressed by knock-down of NACHO (Fig. 1C,D). Ca’™
responses were mediated by a7 nAChRs since pretreatment
with the a7-selective antagonist methylycaconitine (MLA)
blocked all response to agonist (data not shown). To confirm
that Ly6h and NACHO are responsible for opposing effects on
a7 nAChRs in the same cells we immunolabeled Ly6h and
NACHO in cultured hippocampal neurons and examined the
results by confocal microscopy. As expected, we found that all
neurons co-expressed both regulatory proteins (Fig. 1E).

Given these results, we hypothesized that Lyéh and NACHO
have opposing cell biological functions that sum together to
maintain signaling by a7 nAChRs within a narrow range. To test
this hypothesis, we measured the isolated and combined effects
of each auxiliary subunit on @7 nAChR signaling in transfected
HEKtsa cells, which do not normally express any of these pro-
teins. As expected, we found that Ly6h alone reduced and
NACHO alone potentiated the maximum response of a7
nAChRs to agonist. Furthermore, when both regulatory subunits
were combined, the net effect was similar to what we measured
in control cells lacking both subunits (Fig. 1F-H).

Two simple scenarios could account for the ability of Ly6h
and NACHO to limit each other’s effects. In the first scenario,

«—

Primary cultured hippocampal neurons immunostained against Ly6h (magenta) and NACHO
(green). F, Representative concentration-response curves for activation of a7 nAChRs by nic-
otine in transiently transfected HEKtsa cells. The control response in the absence of Ly6h and
NACHO is shown in gray. Other curves are from responses in the presence of Ly6h (red),
NACHO (green) or both (blue; error bars = SEM from triplicate measurements in an individual
experiment). Average maximum response (G) and ECsy (H) normalized to «7 alone
(mean = SEM, N=8); *p =0.125, **p = 0.0031, ****p < 0.0001, ##p = 0.0063, #i##p <
0.0001 by one-way ANOVA with Holm—Sidack's multiple comparison test. /, Representative
immunoblot of Ly6h co-immunoprecipitated with «7-YFP in the presence of increasing
amounts of NACHO in transfected HEKtsa cells. Second panel shows complexes between Ly6h
and «7 decrease as NACHO increases. J, Quantification of Ly6h complexed with a7 as a
function of increasing NACHO expression (N = 5). Levels of co-immunoprecipitated Lyéh were
normalized to levels of actin in the input; *p = 0.0049, **p = 0.0024, ***p = 0.0002 by one-
way ANOVA with Holm—Sidak's multiple comparison post hoc test.
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Ly6h and NACHO could regulate a7 nAChRs independently,
but their limited expression could prevent either auxiliary pro-
tein from exerting a dominant effect. In the second scenario
Ly6h and NACHO could exert opposing effects if at least one
regulatory protein limited access of the other to a7 subunits. In
both scenarios the net Ca®" response would reflect the summed
effects of Ly6h and NACHO on separate pools of receptor subu-
nits. However, in the second scenario the two auxiliary proteins
would have mutually exclusive effects on individual a7 subunits.
To distinguish between these possibilities we tested whether
NACHO could reduce interactions between Ly6h and a7
nAChRs, which are known to form stable complexes (Puddifoot
et al,, 2015). To carry out this experiment we held Ly6h and «7
at constant levels and varied the amount of NACHO that was
introduced into HEKtsa cells. We then immunoprecipitated 7
subunits and Western blotted for the presence of complexed
Ly6h. We found that increasing amounts of NACHO caused a
reciprocal reduction in complex formation between Ly6h and 7
(Fig. 1LJ). This result is consistent with scenario two and sug-
gests that NACHO prevents Ly6h from binding to &7 subunits.

Lyé6h inhibits and NACHO promotes assembly and surface
expression of a7 nAChRs

What is the mechanism responsible for the opposing effects of
Lyéh and NACHO on a7 nAChRs? One recent study indicates
that NACHO functions as a chaperone to enhance multimeriza-
tion of nAChRs (Gu et al., 2016). However, it is unclear what fac-
tor normally limits this process and thus requires NACHO to
overcome it. We hypothesized that in hippocampal neurons this
factor is Ly6h, which competes with NACHO to maintain assem-
bly and ultimately signaling of @7 nAChRs within a physiological
range. We tested this hypothesis by measuring fluorescent-la-
beled aBTX bound to the surface of hippocampal neurons in
which we manipulated levels of Ly6h and NACHO by adenovi-
ral-mediated knock-down. aBTX binds with high selectivity and
affinity to mature, pentameric &7 nAChRs, thus serving as a
proxy for the terminal state of assembly during receptor biogene-
sis (Drisdel and Green, 2000; Huang et al., 2013). Consistent
with our hypothesis, we found that «BTX binding was enhanced
significantly in neurons in which we knocked down Ly6h (Fig.
2A, center panels, B). We cannot rule out the additional possibil-
ity that the changes in aBTX binding that we measured are
caused by changes in expression of a7 receptors. However, this
distinction cannot be easily addressed in neurons since a reliable
antibody is currently unavailable for recognition of native a7
subunits.

To address this shortcoming in a context in which we could
control and measure expression of each protein, we transfected
HEKtsa cells with YFP-tagged a7. We extracted pentameric
receptors with @BTX and then quantified them by Western blot-
ting with an anti-GFP antibody. Under these control conditions
we were clearly able to detect subunits of fully assembled a7
nAChRs (Fig. 2C). Furthermore, these levels were reduced with
the addition of Ly6h and enhanced with the addition of NACHO
to transfection mixtures, with intermediate levels of fully
assembled receptors present when Ly6h and NACHO were
included together (Fig. 2C,D). Importantly, levels of a7 subunits
in total cell lysates were unaffected by the different transfection
conditions. Thus, the opposing effects of Ly6h and NACHO on
assembly of &7 nAChRs likely underlies the opposing effects of
the same proteins on the magnitude of Ca*" signaling through
a7 nAChRs in hippocampal neurons.
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Figure 2.  Ly6h inhibits and NACHO promotes pentameric assembly and surface expression of «7 nAChRs. 4, Fluorescent images of cultured primary hippocampal neurons stained with anti-GFP (green,
left panels) and fluorescently labeled aBTX (red, center panels), and merges with Dapi-labeled nuclei (blue, right panels). B, Quantification of a:BTX fluorescence intensity in adenovirus positive cells
(green) normalized to average values in scrambled control (V> 70 cells each); ***p << 0.001 by one-way ANOVA with Holm—Sidak’s multiple comparison post hoc test. €, Representative immunoblot of
aBTX-immunoprecipitated pentameric o7-YFP in transiently transfected HEKtsa cells. Top panel, aBTX immunoprecipitation followed by Western blotting with anti-GFP to detect pentameric 7. Middle
panels, 10% input of total cell lysates Western blotted with anti-GFP to detect total o7, anti-Myc to detect Ly6h expression, and anti-V5 to detect NACHO expression. Bottom panel, 10% input total cell
lysates Western blotted with anti-actin as loading control. D, Average levels of cBTX-immunoprecipitated receptor normalized to total immunoprecipitated receptor relative to control conditions with ce7
alone (N'=10); *p=0.0383, ***p=0.001 by one-way ANOVA with Holm—Sidak’s multiple comparison post hoc test. E, Representative immunoblot of streptavidin immunoprecipitations of biotinylated
surface «7-YFP in transiently transfected HEK-tsa cells. Top panel, Streptavidin immunoprecipitation followed by Wester blotting with anti-GFP to detect surface 7. Middle panels, 10% input of total
cell lysates Westem blotted with anti-GFP to detect total «7, anti-Myc to detect Ly6h expression, and anti-V/5 to detect NACHO expression. Bottom panel, 10% input total cell lysates Western blotted
with anti-actin as loading control. F, Average a7 surface levels of streptavidin-immunoprecipitated receptor normalized to total immunoprecipitated receptor relative to control conditions with a7 alone
(N=7); *p=10.0166 by one-way ANOVA with Holm—Sidak’s multiple comparison post hac test.
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If our interpretation is correct,
then we expect Ly6h and NACHO to
have parallel effects on both assembly
and surface expression of a7 nAChRs.
To examine the latter, we first biotin-
ylated the surfaces of HEKtsa cells
transfected with YFP-tagged a7 subu-
nits. Then we immunoprecipitated la-
beled proteins with streptavidin and
Western blotted for the presence of
a7 using an anti-GFP antibody. Since
nAChRs must fully assemble to escape
the endoplasmic reticulum and traf-
fic to the cell surface (Wang et al.,
2002), levels of anti-GFP immunore-
activity in our experimental condi-
tions are thus proportional to levels
of @7 nAChRs at the plasma mem-
brane. Consistent with our expecta-
tions, under control conditions we
found a low but detectable presence
of surface-biotinylated «7 protein
(Fig. 2E). Furthermore, this level
was reduced by the addition of Ly6h
and enhanced by the addition of
NACHO to the transfection mixture,
with an intermediate level resulting
from addition of both regulatory subu-
nits (Fig. 2E,F). Combined with our
previous results, these data strongly
suggest that Ly6h and NACHO exert
opposing effects on assembly of a7
subunits, which cause proportionate
changes in surface expression and ulti-
mately in amplitude of Ca®* signaling
by functional a7 nAChRs in neurons.

Sustained activation of 7 nAChRs
sensitizes neurons to premature cell
death

Why are Ly6éh and NACHO, which
have opposing functions, expressed to-
gether in the same neurons? We
hypothesized that together these pro-
teins maintain ACh-induced Ca*" sig-
naling through «7 receptors within a
range that balances two opposing influ-
ences: the need for plasticity, which
favors receptor assembly, and the need
to avoid neurotoxicity, which favors
obstacles to receptor assembly. Ample
evidence already suggests that a7
nAChRs are important for plastic proc-
esses that may contribute to cognition
(Gu et al, 2012; Lozada et al, 2012;
Stoiljkovic et al., 2016; Townsend et al,
2016; Shenkarev et al., 2020). Therefore,
we focused on testing the other aspect of
our hypothesis, ie., that high levels of
functional a7 nAChRs must be avoided

to prevent neurotoxicity. To address this idea, we allowed ambient
choline in culture media to activate receptors at low levels while
blocking desensitization with PNU. Then after 3 h of chronic
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Figure 3.  Reducing Ly6h sensitizes and reducing NACHO protects neurons from cytotoxic challenges. A, Fluorescent images of cultured
primary hippocampal neurons stained with calcein blue-AM and ethidium homodimer-1 (red, with white arrows) after a 3-h exposure to
10 zum PNU-120596 (PNU) or vehicle control (DMSO) with or without 100 nm MLA. B, Quantification of cell death after PNU/MLA exposure.
At least 10 fields were counted per condition per experiment (V=7 experiments); ****p < 0.0001 by one-way ANOVA with Holm—
Sidak's multiple comparison test. €, Quantification of LDH released into media following drug induction as a fraction of total LDH released
after lysing all cells. Values were normalized to those of DMSO controls (V=7). Data are represented as mean == SEM, ***p =0.0009 by
one-way ANOVA with Holm—Sidak’s multiple comparison post hoc test. D, Fractional cell death as measured in € after shRNA knock-down
of Ly6h (orange) versus scrambled control (SCR, black). Each condition was measured in the absence (solid line) versus the presence of
MLA (dashed line; N > 16); ****p << 0.0001 by one-way ANOVA with Holm—Sidak's multiple comparison post hoc test for % cell death at
16 d with Ly6h-Sh versus SCR (no MLA), and #p = 0.0004 by extra sum-of-squares F test for the slopes of Ly6h-Sh —MLA versus +MLA.
E-G, Cell death was measured as in €, D following shRNA knock-down of scrambled controls (SCR, gray), Ly6h (orange), or NACHO (purple)
in primary hippocampal neurons. Measurements were made (E) after 3-h exposure to DMSO vehicle control or 10 zum PNU (N =8), (F) 24
h after 1-h exposure to saline control or H,0, (N'=4), and (G) 15 h after 2-h exposure to saline control or hypoxia (N = 5). Data are repre-
sented as mean == SEM; *p << 0.05, **p << 0.01, **p < 0.001, ****p < 0.0001 by one-way ANOVA with Holm—Sidak's multiple com-
parison post hoc test.

activation we used two different assays to measure cell death. First
we stained primary cultured hippocampal neurons with calcein AM,
which fluoresces when taken up by intact cells, and with ethidium
homodimer-1, which selectively labels nuclei of dead cells (Andree et
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Reducing Ly6h increases phosphorylation of tau. 4, Representative immunoblots of hippocampal neuronal lysates after shRNA knock-down of Ly6h, NACHO, or scrambled control

(SCR). Top panel, Anti-PHF1 for pTau (5396/404). Second panel, Anti-Tau>5 for total tau. Third panel, Anti-Ly6h. Bottom panel, Anti-actin for loading control. B, Average pTau levels normalized
to total tau relative to the average in SCR condition (N =8). Data are represented as mean == SEM; *p = 0.0295 by one-way ANOVA with Holm-Sidak’s multiple comparison post hoc test. C,
Fluorescent images of primary hippocampal neurons stained with anti-PHF1 for pTau (top panels, red) and anti-GFP (merged, bottom panels) 7 d after infection with adenoviral shRNAs. D,

Quantification of pTau fluorescence in knock-down conditions relative to those in scrambled controls (V> 85 cells each); **p =

Sidak’s multiple comparison post hoc test.

al, 2019). In the second assay, we measured release of LDH from
dead neurons into culture media (Wang et al,, 2020). In both cases,
we found that sustained activation of a7 nAChRs by PNU increased
cell death (Fig. 3A-C). These effects were clearly because of a7
nAChRs as they were blocked by the a7-selective competitive antag-
onist, MLA (Ward et al., 1990). Our results also suggest that the ex-
traordinarily fast desensitization of a7 nAChRs (tau < 10 ms; Bouzat
et al., 2008; Puddifoot et al., 2015) may have evolved at least in part
to limit sustained Ca*" entry and the neurotoxicity that appears to
result from it.

Next, we asked how Ly6h and NACHO modify «7-mediated
cell death. Since Ly6h reduces and NACHO promotes assembly
of a7 nAChRs, we hypothesized that decreasing the Ly6h:
NACHO ratio would be neurotoxic, whereas increasing the ratio
would be neuroprotective. To test this hypothesis, we first meas-
ured LDH release from cultured hippocampal neurons infected
with either our Ly6h shRNA or our scrambled control shRNA.
As predicted, knock-down of Ly6h increased basal neuronal
death by nearly 30%. Furthermore, addition of MLA to the cul-
ture medium at the time of infection slowed this effect, indicating
it was caused by enhanced «7 activity (Fig. 3D).

To further test our hypothesis, we manipulated Ly6h and
NACHO levels in hippocampal neurons under three conditions,
each of which presented neurotoxic challenges. First, we disin-
hibited receptors by blocking their desensitization with PNU.
As expected based on our prior results, we found that PNU
increased cell death. Furthermore, we found that this effect was

0.0045, ****p < 0.0001 by one-way ANOVA with Holm—

enhanced by knock-down of Ly6h and suppressed by knock-
down of NACHO (Fig. 3E). Thus, Ly6h protects against and
NACHO contributes to neurotoxicity caused by sustained activa-
tion of @7 nAChRs.

A more commonly used method of assaying for neuronal cell
death is exposure to hydrogen peroxide (H,0,), a reactive oxy-
gen species that is thought to function as a signaling molecule at
low levels but as an oxidative stressor at high levels under certain
pathophysiological conditions (Lennicke and Cochemé, 2020).
Consistent with the latter, we found that acute exposure to H,O,
caused a nearly 50% increase in cell death in scrambled control
infected neurons. Importantly, we found that knock-down of
Ly6h enhanced and knock-down of NACHO reduced this toxic-
ity (Fig. 3F). We also tested our cultured neurons with another
physiologically relevant challenge; transient exposure to hypoxia/
glucose starvation, which mimics conditions of ischemia/reper-
fusion seen in brain injuries such as stroke. Using this assay, we
also observed elevated cytotoxicity in scrambled control-infected
neurons and a further enhancement of cell death in neurons in
which Ly6h was knocked down (Fig. 3G). In these conditions
knock-down of NACHO was not able to protect neurons, sug-
gesting that additional mechanisms that bypass activation of a7
nAChRs might be sufficient to upregulate cell death in response
to hypoxia. Regardless, in all three conditions we tested, manipu-
lating the levels of Ly6h or NACHO had neurotoxic or neuro-
protective effects, respectively. Collectively these results support
our hypothesis that the Lysh:NACHO ratio is crucial for keeping
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AD score

Chronic exposure to A3 reduces Ly6h levels. A, Representative immunoblots from primary hippocampal neuronal lysates after 7 d exposure to 100 nu A3 4_4, or DMSO vehicle

control with or without 100 nm MLA. Western blot with anti-Ly6h (top), anti-GIuR1 (center), and anti-actin (bottom) antibodies. B, Quantification of Ly6h levels normalized to actin relative to
the average in vehicle control (N > 16); ****p << 0.0001 by one-way ANOVA with Holm—Sidak’s multiple comparison post hoc test. C, Representative immunoblots from temporal cortex of
age-controlled human brains with or without AD. Blots were probed with anti-Ly6h and anti-actin antibodies. D, Quantification of Ly6h (normalized to actin) levels from brains of age-matched
control and AD temporal cortex (mean == SEM, N =23 each); **p =0.0034 by unpaired ¢ test. E, Correlation plot of Ly6h protein levels and disease severity where 1= normal, 2 =mild AD,
and 3 = severe AD. R?=0.2204 and p = 0.0011 by extra sum-of-squares F test for non-zero slope. F, Immunoblot of Ly6h in pooled CSF samples from patients with low, medium, or high AD

scores.

assembly of a7 receptors, and thus Ca®"-influx in response to
ACh, within a tight physiological range, with deleterious conse-
quences resulting from dysregulation, particularly if the upper
range of receptor efficacy is enhanced.

Chronic exposure to A causes downregulation of Ly6h
The cytotoxic effects of excessive Ca’" signaling are well-estab-
lished and likely contribute to many neurologic disorders (Guerra-
Alvarez et al, 2015; Giorgi et al,, 2018). Since we found that Ly6h
buffers against excessive signaling through Ca*"-permeable a7
nAChRs, we hypothesized that Ly6h may be reduced in certain neu-
rodegenerative diseases. The most common neurodegenerative con-
ditions are tauopathies, which involve hyperphosphorylation of the
microtubule associated protein tau, leading to its aggregation into
neurofibrillary tangles. To test whether Ly6h buffers against hyper-
phosphorylation of tau, we first knocked down Ly6h in cultured
hippocampal neurons with our viral sShRNA and measured phos-
pho-tau (p-tau) by Western blotting. We found that p-tau levels
increased by over 100% in neurons depleted of Ly6h relative to con-
trol neurons (Fig. 4A,B). In addition, we stained neurons with a p-
tau-specific antibody and measured resulting levels of immunofluo-
rescence. Consistent with data from Western blot, we measured
~60% increase in p-tau signal in neurons depleted of Ly6h relative
to controls (Fig. 4C,D). In both experiments we also knocked down
NACHO with our viral shRNA. Although we did not measure any
resulting change in p-tau by Western blotting (Fig. 4B), we were
able to discern a small but significant decrease by staining (Fig. 4D).
Thus, Ly6h and NACHO may respectively buffer against and facili-
tate phosphorylation of tau.

The most common tauopathy, AD, is distinguished by con-
comitant accumulation of plaques composed of AB protein

(Stancu et al., 2019). To determine whether a functional relation-
ship exists between A and Ly6h, we first treated cultured hip-
pocampal neurons with a peptide fragment of AB (Af_4,) that
is believed to be pathogenic (Steiner et al., 2018). Following ex-
posure to AB;_4, for various durations, cells were lysed and
Western blotted with an antibody against Ly6h. While exposure
times of up to 4d led to no significant change in Ly6h levels, we
found that 7d of treatment caused Ly6h protein levels to
decrease by ~50% without affecting levels of other membrane
proteins such as GluR1. Furthermore, this decrease in Ly6h
expression required activation of a7 nAChRs since simultaneous
addition of MLA completely blocked the response (Fig. 5A,B).
To determine whether the AB-driven downregulation of
Lyé6h in cell culture is reflected by parallel changes in AD brains,
we obtained tissue samples of temporal cortex from AD and age-
matched control patients (Table 2). After Western blotting these
samples using our antibody against Ly6h, we found that AD
patients had significantly lower levels of Ly6h than in control
patients (Fig. 5C,D). But perhaps more importantly, we also
found that Ly6h levels were inversely correlated with disease se-
verity (Fig. 5E). The A3 -induced reduction in Ly6h (Fig. 5) and
the resulting sensitization of neurons to premature cell death fol-
lowing direct depletion of Ly6h (Fig. 3) suggest that Ly6h might
also represent a novel biomarker of AD progression. Since
anchoring to the outer leaflet of the plasma membrane might
allow Ly6h to be released enzymatically or as exosomes, we
hypothesized that changes in this molecule might be detectable
in the CSF. To test this hypothesis, we obtained pooled CSF from
AD patients at different stages of disease progression and assayed
for the presence of Ly6h by Western blotting. We found that
Ly6h is readily detectable in CSF from patients with early AD,
mildly detectable in patients with mild-moderate AD, and
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practically undetectable in CSF from patients at late stages of AD
(Fig. 5F). Collectively, these data suggest that the level of Ly6h
from patient CSF may be a useful indicator of pathologic severity
in the progression of AD. Such a correlation is also likely to be a
direct assessment of neurotoxicity since Ly6h is predominantly
found in neurons and not glia (data not shown).

Discussion

Opposing functions of Ly6h and NACHO ensure balanced
signaling by 7 nAChRs

Here, we demonstrate that Ly6h and NACHO function antago-
nistically to maintain amplitude of signaling by neuronal a7
nAChRs within an optimal range. The mechanism is straightfor-
ward and elegant. Ly6h binds to and retards assembly of a7 sub-
units into functional pentameric receptors, whereas NACHO
displaces Ly6h, thus disinhibiting receptor assembly. Essentially
Ly6h and NACHO function as anti-chaperone and chaperone,
respectively, with the relative abundance of the two proteins
determining the net effect on expression of &7 nAChRs at the
cell surface. Notably, Ly6h forms stable complexes with a7 subu-
nits, whereas NACHO does not (Fig. 11,J; Gu et al., 2016; Matta
et al, 2017). Thus, it remains to be determined whether
NACHO’s ability to displace Ly6h from a7 subunits is because
of weak binding of NACHO to a site to which Ly6h might other-
wise occupy, to sequestration of Ly6h by NACHO, or to an
unknown effector of NACHO serving one of these roles.

In addition to functioning as an anti-chaperone, Ly6h has a
second inhibitory effect as well, which is to increase the effective
concentration of agonist required to activate &7 nAChRs, pre-
sumably because of competitive antagonism at the cell surface
(Fig. 1H; Puddifoot et al., 2015). Our interpretation of this sec-
ond effect has recently been confirmed experimentally by
Moriwaki et al. (2020). Although these authors concluded that
Ly6h mediates its inhibitory effects entirely at the cell surface,
their experiments were conducted in the presence of NACHO,
which, as we have shown here, overcomes and thus masks the in-
hibitory effects of Ly6h on receptor assembly. Thus, our current
results and the recent findings by Moriwaki et al. (2020) rein-
force our hypothesis that Ly6h acts as a bifunctional inhibitor of
a7 nAChRs by retarding subunit oligomerization and acutely
antagonizing receptors at the cell surface.

Interestingly, the effects of Ly6h and NACHO on the ampli-
tude of a7-mediated Ca®" signaling seem to cancel out, which
raises the question of why both regulators evolved at all. We
hypothesize that two opposing selection pressures favored the
evolution of Lyéh and NACHO over the absence of both pro-
teins. On the one hand, high a7 expression is potentially danger-
ous since, as we have shown here, sustained receptor activation
kills neurons. Thus, the ability of Ly6h to buffer against this pos-
sibility by limiting both assembly of nAChR subunits and the ac-
tivity of fully functional receptors would help ensure neuronal
survival (a homolog of Ly6h, Lynx1, may have related functions
(Miwa et al., 2006; Kobayashi et al., 2014; Nichols et al., 2014).
On the other hand, signaling through Ca®"-permeable a7
nAChRs has been shown to facilitate synaptic plasticity and
memory formation (Gu et al, 2012; Lozada et al, 2012;
Stoiljkovic et al., 2016; Townsend et al., 2016; Lykhmus et al,,
2019; Sadigh-Eteghad et al., 2020), so NACHO’s ability to coun-
terbalance some of the inhibitory effects of Ly6h and perhaps of
other Ly6 proteins also likely promotes fitness. Overall, we pro-
pose that the opposing effects of Ly6h and NACHO help main-
tain activity of a7 nAChRs within a range that balances both
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Figure 6.  Models for regulation 7 nAChRs by Ly6h and NACHO. A, Relationship between
cell function and Ca®™ influx through a7 nAChRs. Neurons require c7 nAChRs for proper
cognitive function. However, too much Ca** influx causes cell death. Thus, levels of a7
nAChRs must be tightly regulated by the opposing functions of Ly6h and NACHO to maintain
(a*" signaling within the physiological range. B, Ly6h reduces and NACHO enhances assem-
bly of 7 nAChRs. In an unknown process that requires c7 activity, A3 causes Ly6h levels
to be reduced, thus allowing NACHO's pro-assembly function to dominate and more a7
nAChRs to be deposited at the cell surface. Basal cholinergic signaling now causes excessive
Ca*" influx and thus increased neurotoxicity.

competing selective pressures to optimize brain function (Fig.
6A).

The relation between Ly6h dysfunction and AD

The inverse correlation we found between levels of Ly6h
and AD severity in human temporal cortex suggests a
strong link exists between Ly6h function and AD neuropa-
thology. In support of this in vivo relationship our in vitro
data show that Ly6h connects several important aspects of
AD. First, AB, a putative driver of this disease, causes
downregulation of Ly6h. Second, strong reduction in Ly6h
upregulates phosphorylated tau, a histopathological marker
and correlate of neuronal loss in AD. Third, strong reduc-
tion in Ly6h causes degeneration of hippocampal neurons,
an early hallmark of disease pathogenesis.
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Interestingly, AB-driven reduction in Ly6h requires activa-
tion of a7 nAChRs since the induced change could be blocked
by the a7-selective antagonist, MLA. This result is consistent
with previous findings that AB can bind to and activate a7
nAChRs (Wang et al., 2000a,b; Liu et al., 2001, 2013; Pettit et al.,
2001; Dineley et al., 2002). Paradoxically, reduction in Ly6h also
disinhibits assembly of &7 nAChRs. Thus, a7 appears to lie both
upstream and downstream of Ly6h. This property is a hallmark
of homeostatic regulation. As a result, we propose that A
coopts homeostatic control of a7 by Ly6h, leading to downregu-
lation of the latter and thus upregulation of a7 beyond the physi-
ological range in which Ca*" influxes can be appropriately
buffered. In this scenario the threshold for neurotoxic activation
of a7 would be expected to drop, thus causing signaling by en-
dogenous ACh to sensitize neurons to additional insults that pre-
cipitate premature cell death. A model of this scenario is
depicted in Figure 6B.

Several types of studies support this model. First, ablation of
the gene encoding a7 has been shown to ameliorate synaptic
impairment and memory deficits in a mouse model of AD, con-
sistent with a role for 7 in disease phenotypes (Dziewczapolski
et al,, 2009). Second, although results vary, some studies have
shown that AB can cause acute downregulation but chronic up-
regulation of a7 currents in rodent neurons, consistent with
homeostatic compensation (Liu et al., 2001, 2013, 2015). Third,
other studies have shown that &7 nAChRs are elevated in pro-
portion to soluble AB in temporal cortex (Hellstrém-Lindahl et
al.,, 2004), to AB plaque density in entorhinal cortex (Perry et al.,
2000), and to AD diagnostic scoring criteria in superior frontal
cortex (Ikonomovic et al., 2009). To some extent these results are
to be expected since neurotransmitter receptors are often upreg-
ulated to compensate for reduced presynaptic activity, and
reduced brainstem cholinergic signaling to the hippocampus and
neocortex is one of the early hallmarks of AD. However, our
results suggest that any such compensatory effect is further
driven by a putative causative agent of disease pathogenesis,
namely A 3, through downregulation of Ly6h.

Since @7 nAChRs have been reported to localize to presynap-
tic terminals of some neurons (Jones and Wonnacott, 2004;
Grilli et al,, 2006; Gu et al., 2012; Cheng and Yakel, 2014), it will
be interesting to determine whether the upregulation we observe
for these receptors in pyramidal neurons also occurs in basal
forebrain cholinergic neurons (BFCNs). Indeed, this effect might
underlie cell death in the latter at the earliest stages of disease pa-
thology and thus contribute to cognitive deficits known to be
caused by reduced cholinergic signaling. Consistent with this hy-
pothesis, Af-sensitive a7-containing nAChRs are present in
BFCNs (Liu et al., 2009); chronic A3 exposure causes upregula-
tion of a7-containing nAChRs in a cholinergic cell line; and
A B-induced neurotoxicity in these cells can be blocked by the
a7-selective antagonist MLA (Liu et al., 2015).

While it is difficult to extrapolate directly from our results to
interventional strategies in AD, several points are worth consider-
ing. First, AD currently affects ~6 million people in the US alone,
and treatment options are limited (Alzheimer’s Association,
2019). Current FDA-approved drugs treat only cognitive symp-
toms, not disease progression, and the effects of these drugs
decrease with time (Sun et al., 2008). Thus, there is a clear need to
identify new molecular targets for therapeutic intervention, partic-
ularly to prevent loss of synapses and neurodegeneration. Second,
current FDA-approved drugs for AD fall into two classes, both of
which affect signaling by ACh. One class consists of memantine,
which is best known as an uncompetitive NMDA receptor
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antagonist (Chen et al., 1992) but is an even more potent inhibitor
of a7 nAChRs (Aracava et al., 2005). Another class of drugs con-
sists of acetylcholinesterase inhibitors (AChEIs) such as donepezil,
galantamine, and rivastigmine. AChEIs elevate synaptic levels of
ACh and thus facilitate activation of AChRs (both nicotinic and
muscarinic), which compensates for reduced cholinergic signaling
from degenerating neurons in the basal forebrain (Joe and
Ringman, 2019). Our results suggest that although AChEIs may
provide short-term cognitive benefits, by activating &7 nAChRs
these drugs may exacerbate neurotoxicity over the long-term.

Intriguingly, we also found that Ly6h levels are detectable in
human CSF by Western blot at levels that are inversely propor-
tional to A8 load. This result was unexpected since a GPI moiety
is believed to tether most Ly6 proteins to the outer leaflet of the
plasma membrane (Vasilyeva et al., 2017). However, it is possible
that in certain conditions Ly6h is liberated into tissue fluid. We
hypothesize that the decrease in Ly6h that we measured with
more severe AD pathology is caused by loss of the neurons that
express it. However, an important caveat is that the CSF we ana-
lyzed was pooled from multiple patients, so it is possible that cer-
tain individuals skewed our results. On the other hand, Ly6h was
recently identified by mass spectrometry as among 21 proteins
that are most significantly changed in CSF of AD patients relative
to age-matched controls (Park et al., 2020). Thus, in this context
our data suggest that Ly6h may be a novel biomarker of AD that
could be collected from CSF of living patients to monitor disease
progression.
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