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ABSTRACT OF THE DISSERTATION

Major Histocompatibility Complex Class I is a Negative Regulator of Neuronal Insulin
Receptor Signaling and Hippocampal Synapse Number

Tracy Jean Dixon Salazar

Doctor of Philosophy in Biology

University of California, San Diego, 2009

Professor Lisa Boulanger, Chair

Major Histocompatibility Complex Class I (MHCI) proteins were first identified

in the immune system but are also expressed in neurons and play a role in normal brain

development and plasticity. However little is known about how, on a molecular level,

MHCI modifies neuronal structure and function. Here we show that MHCI proteins

X1V



interact with neuronal insulin receptors (IR) and are critical for their signaling.
Dendritically expressed MHCI is closely apposed to axonally expressed IR in many brain
regions, including hippocampus, and MHCI co-immunoprecipitates with IR from mouse
hippocampal lysates. Unexpectedly, genetic reduction of cell surface MHCI in either
B2m” " TAP” or K*"D"" mice selectively alters antibody binding to an intracellular
domain of the [-subunit of IR, which contains key tyrosine residues that are
autophosphorylated following ligand binding. This loss of antibody binding can be
rescued by co-culturing f2m” TAP” neurons with wild-type neurons, suggesting MHCI
and IR can interact in trans. Furthermore, f2m” TAP”" mice show an increase in basal
tyrosine phosphorylation of IR. This increase in basal activation of IR correlates with an
increase in synapse density in MHCI-deficient animals specifically in regions where IR
are expressed. Together our results demonstrate that endogenous MHCI is a novel
regulator of neuronal IR function and synapse number, and suggest that MHCI modifies a

key c-terminal signaling domain of IR in neurons.
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1 INTRODUCTION
1.1. The Major Histocompatibility Complex Class | (MHCI)

The constellation of genes found on the short arm of human chromosome 6 is
collectively known as the Major Histocompatibility Complex Class I (MHCI). The
MHCI gene region spans approximately 2 Mega-bases (Mb) and consists of 3 classical
MHCI genes, 16 non-classical MHCI genes and 7 MHCI-like genes. The MHCI gene
region is highly polymorphic and over 50 alleles have been observed for some MHCI
family members. Most MHCI genes code for single-pass transmembrane proteins with
large extracellular globular domains and small cytoplasmic tails, and MHCI proteins are
expressed by most cells of the body (Horton et al., 2004; Milner and Campbell, 1992;
Rhodes and Trowsdale, 1999; Weiss et al., 1984).

MHCI proteins play a key role in the immune system where they act in the
process of antigen presentation in the adaptive immune system. In the adaptive immune
response, surface-expressed MHCI proteins present intracellularly-derived peptide
fragments, also known as antigens, to surveying immune cells. The peptides presented
can be self (originate from the cell itself), or non-self (originate from an invading
pathogen) and cells presenting non-self peptides are subsequently destroyed. This
function of MHCI, termed antigen presentation, is the primary way they body rids itself
of infected, transplanted and cancerous cells (Monaco, 1992; Neefjes and Momburg,
1993; Rammensee et al., 1993; Shawar et al., 1994).

In addition to its well-known immune roles, accumulating evidence indicates that
MHCI has unexpected, non-immune functions in the developing and adult CNS. MHCI

mRNA and protein are broadly expressed in normal, healthy neurons (Goddard et al.,



2007; Huh et al., 2000; Lidman et al., 1999; Linda et al., 1999; Zhong et al., 2006).
Further, cell surface MHCI expression is required for normal synapse elimination in the
developing retinogeniculate projection and normal synaptic plasticity in the adult
hippocampus (Goddard et al., 2007, Huh et al.,, 2000; Oliveira et al., 2004).
Since most, if not all, of the known functions of MHCI require interactions with other
proteins, a critical first step in elucidating the molecular mechanisms of MHCI signaling
in the brain is to identify its neuronal binding partners.

Recent studies have identified an immunoreceptor, Paired Immunoglobulin-like
Receptor B (PirB), which is expressed by neurons and can bind to MHCI in neuronal
culture preparations (Syken et al., 2006). Mice expressing a truncated, function-blocking
form of PirB, however, do not mimic the failure of retinogeniculate synapse elimination
seen in MHCI deficient animals, suggesting that MHCI may bind to additional, and as yet
unidentified, neuronal cell surface receptors. Indeed, MHCI proteins are known to bind
to dozens of immunoreceptors in non-neuronal cells (Bennett et al., 2000; Boyington and
Sun, 2002; Held and Mariuzza, 2008; Ojcius et al., 2002). Therefore, it is possible that
MHCI may mediate its non-immune effects in the brain by binding to immunoreceptors,

or alternatively, to neuronal proteins that have no known immune function.

1.2. Insulin Receptor/Insulin Receptors (IR)

Insulin Receptor/Insulin Receptors (IR) are expressed on the surface of many cell
types, including liver, muscle and fat cells, and are members of the Receptor Tyrosine
Kinase protein family. IR bind with high affinity to circulating insulin via their

extracellular insulin-binding domains. Insulin binding leads to a conformational change



in the intracellular portion of IR such that both the tyrosine kinase domain and several
tyrosine residues become exposed. The exposed tyrosines are immediately
autophosphorylated by the kinase domain, and this leads to the subsequent recruitment
and activation of downstream second messengers. The activation of IR can initiate
numerous intracellular second messenger signaling cascades and signaling of IR is
known to play a role in cell growth, metabolism and survival (Shpakov and Pertseva,
2000; Ullrich and Schlessinger, 1990; Van Horn et al., 1994; Van Obberghen et al., 1985;
White and Kahn, 1994).

Outside the brain, IR are best known for their role in regulating cellular glucose
metabolism. In this process of energy metabolism, food intake leads to an increase in
blood glucose levels and this is followed by the release of insulin, from the pancreas, into
the bloodstream. Insulin binding to IR on the cell surface initiates an intracellular
signaling cascade that leads to the upregulation of glucose transporters by the cell. These
transporters allow for the transfer of circulating glucose into the cell body where it can
then be metabolized to create energy for cellular processes. This transfer results in a
consequent decrease in circulating blood glucose levels. A defect in the ability of IR to
bind insulin results in insulin insensitivity and is the main pathogenic mechanism
underlying Diabetes Mellitus Type II (De Meyts and Whittaker, 2002; Mclnnes and
Sykes, 1997; Ward and Lawrence, 2009).

Inside the brain, neurons take up glucose primarily via insulin-independent
mechanisms, suggesting that IR play a unique role in neuronal tissue (Plum et al., 2005;
Schulingkamp et al., 2000; Tomlinson and Gardiner, 2008). Instead, neuronal IR have

been implicated in numerous processes including control of feeding behavior, regulation



of reproduction and determination of lifespan (Bruning et al., 2000; Russell and Kahn,
2007; Tatar et al., 2001). During brain development, signaling by IR also determines
synapse number in the developing Xenopus optic tectum (Chiu et al., 2008).
Additionally, insulin — which is readily transported into the CNS and binds to either IR or
insulin growth factor 1 receptors (IGF-1R) — can modify the trafficking of excitatory and
inhibitory neurotransmitter receptors (Beattie et al., 2000; Lin et al., 2000; Man et al.,
2000; Passafaro et al., 2001; Skeberdis et al., 2001; Wan et al., 1997), can alter synaptic
plasticity (Ahmadian et al., 2004; Huang et al., 2003; van der Heide et al., 2005) and acts
in learning and memory (Benedict et al., 2006; Tomioka et al., 2006; Zhao et al., 1999).
Given that IR and MHCI are both expressed in the developing and adult brain and act in
circuit formation and synaptic plasticity, it is plausible to hypothesize that these two

proteins act in concert in these processes.

1.3. Evidence for an interaction between MHCI and IR outside the brain
Experiments in non-neuronal cell types suggest that MHCI may interact with IR.
Fluorescence Resonance Energy Transfer (FRET) and co-immunoprecipitation
experiments show that MHCI proteins are associated with IR in lymphocytes, adipocytes
and liver plasma membranes (Chvatchko et al., 1983; Due et al., 1986; Edidin and
Reiland, 1990; Phillips et al., 1986; Samson et al., 1986; Verland et al., 1989).
Furthermore, lymphocytes expressing reduced levels of MHCI show defects in insulin-
stimulated trafficking of IR (Assa-Kunik et al., 2003; Liegler et al., 1991). Moreover,
peptide fragments derived from the al helix of classical MHCI molecules bind to IR and

can enhance insulin-stimulated glucose uptake by cells (Hansen et al., 1989; Olsson et al.,



1994; Stagsted et al., 1993; Stagsted et al., 1990). Thus, in lymphocytes, adipocytes and
hepatocytes, MHCI may interact with IR, and disruption of this interaction may affect the
function of IR. Whether MHCI and IR interact in neurons, however, has not been
explored, and the cellular and molecular effects of such an interaction have not been

determined.

1.4. Aims of the study and major findings

To test whether MHCI and IR interact in neurons, expression and signaling of IR
was examined in neurons from wild-type (WT) and MHCI-deficient (82m” TAP”" and K”
“D"") mice. IR are expressed broadly in WT mouse brain including cortex, hippocampus
and cerebellum. IR are detected in close apposition to MHCI-positive puncta in neurons
and MHCI and IR co-precipitate from hippocampal homogenates suggesting these
proteins interact in the brain. Strikingly, in f2m” TAP” brains, immunostaining with an
antibody against the c-terminal domain of the B-subunit of IR is completely abolished.
Immunolabeling of IR is also significantly attenuated in K*"D"" mice. Antibody- and
fluorescent insulin binding studies, together with biochemical detection of denatured IR,
suggest that the loss of immunostaining of IR in MHCI-deficient brains is due to a
selective MHCI-dependent masking of a c-terminal epitope of the B-subunit of IR. The
putative masked epitope encompasses tyrosine residues that are autophosphorylated at the
start of insulin-induced signaling by IR, raising the possibility that MHCI may affect the
activation of neuronal IR. Indeed, phosphorylation of IR is tonically elevated in f2m™
TAP” neurons, and insulin treatment fails to promote further phosphorylation of IR.

Previous studies suggest that signaling by neuronal IR enhances synapse number, and



consistent with this, synapse number is increased in f2m” TAP” and K*"D"" mice
selectively in regions where IR are expressed. Together these data provide the first
evidence that MHCI regulates the activation of neuronal IR, and suggest MHCI may limit
synapse number by preventing constitutive tyrosine phosphorylation of IR in the absence
of ligand. More broadly, these results demonstrate that neuronal MHCI can affect brain
circuitry by modifying the function of a non-immune receptor. Thus, they suggest that
the neuronal functions of MHCI are in some cases mediated through novel, non-immune

mechanisms.



2 MATERIALS AND METHODS
2.1. Animals and transgenic lines

All animal work was done in accordance with the University of California, San
Diego Animal Subjects Program. WT C57Bl/6 mice and WT actin-GFP, f2m” TAP”" and
K""D""mice (kindly provided by A. Ghosh, D. Raulet/C.Shatz and H. Pleogh
respectively) on a C57Bl/6 background, backcrossed to WT >8 times, were used in these
studies. All mice were male, aged postnatal day 30-32 (P30-P32) unless otherwise
specified. To reduce cell surface expression of most of the over 50 MHCI proteins found
in mouse, we used f2m” TAP” animals. These mice lack two key components of the
MHCI expression pathway: [2-microglobulin (f2m), an invariant light chain of the
MHCI complex, and the transporter associated with antigen processing-1 (TAP), an
endoplasmic reticulum expressed transporter required to load antigenic peptides onto
MHCI. Double mutant f2m” TAP” mice lack stable cell surface expression of most
members of the MHCI proteins, and have been used extensively to study the
immunological functions of this protein family (Ljunggren et al., 1995; Van Kaer et al.,
1992; Zijlstra et al., 1989). K””D"’mice lack expression of the two so-called classical
MHCI genes in C57BL/6 mice, H2-K and H2-D. Classical MHCI proteins are known for
their role in antigen presentation and T-cell activation (Schott et al., 2003; Vugmeyster et
al., 1998). WT actin-GFP mice express the GFP transgene under the control of the (-
actin promoter (Okabe et al., 1997; Polleux and Ghosh, 2002) and therefore express GFP

in all their neurons.

2.2. Immunostaining



For immunohistochemistry, mice were perfused with 1X phosphate buffered
saline (PBS) at 37°C, followed by 4% paraformaldehyde (PFA) at room temperature
(RT). Brains were dissected out and post-fixed for 3 hours in PFA, then cryoprotected for
overnight (O/N) in 10% O/N, then 20% O/N, then 30% O/N sucrose/1X PBS (Sigma).
Brains were then frozen at -20C in optimal cutting temperature (OCT) gel and cryostat
sectioned (20um). Sections were mounted on Superfrost Plus Slides (Fisher) and allowed
to air dry for 2 hours. Slides were washed once in PBS, blocked for 1 hour in 3% bovine
serum albumin (BSA) + 0.3% Triton-X in PBS at RT unless otherwise specified. Slides
were then incubated O/N at 4°C in primary antibodies against the protein of interest: IRj
(C19, 2pug/mL, Santa Cruz), MAP2 (MAB378, 1ug/mL, Chemicon), TAU (MAB3420,
Ing/mL, Chemicon), MHCI (OX18, MCASIR, 10ug/mL, Serotec, no Triton-X used),
Calbindin (D-28K, C9848, 14ug/mL, Sigma, block in 2% goat serum). Purified isotype-
matched IgG (R&D) was used in the same quantity as primary antibody as a negative
control. After 3 brief washes in PBS, slides were incubated in secondary antibody (Alexa
Fluor 488 or 568 IgG, 2ug/mL, Invitrogen) for 2 hours at RT in the dark. Following 5
brief washes in PBS and 3 hours of air drying at RT, slides were coverslipped using Gel
Mount (Sigma).

For antigen retrieval, brain sections were incubated in a high pH urea buffer at
95°C for 10 minutes prior to blocking, then processed for IRB (C19) immunostaining
using the same procedure above.

For immunocytochemistry, hippocampal neurons in culture (see below; 16-20
days in vitro, DIV) were fixed in 4% PFA/4% sucrose for 15 min at RT followed by

quenching in 100mM Glycine-PBS for 10 min to block free aldehyde groups that remain



after fixation. Coverslips were blocked in 0.2% BSA + 0.05% Saponin in PBS for 45
min at 37°C, then incubated 45 min at RT in primary antibody against the protein of
interest dissolved in blocking solution: IRB (C19, 2ug/mL), Calbindin (D-28K,
74ug/mL), IRB (RTK, 611276, Sug/mL, BD Transduction Labs), IRB (D17, 2ug/mL,
Santa Cruz), IRa (N20, 2ug/mL, Santa Cruz), GFP (ab6673, 0.3ug/mL, Abcam).
Coverslips were washed briefly 4 times in PBS, incubated in secondary antibody (Alexa
Fluor 488 or 568 IgG, 2ug/mL) in PBS 45 min at RT and briefly washed 5 times each in
BSA-Saponin-PBS, then BSA-PBS, then PBS alone. Coverslips were mounted to slides
with Gel Mount.

All experiments were visualized using standard fluorescent microscopy using an
Olympus BXS51W upright microscope. All within-experiment comparisons were made
from samples prepared from mice of the same genotype, age and sex, perfused on the
same day, processed under the same conditions, mounted on the same slide and
visualized using the same parameters. For double labeling experiments, neurons were
incubated in both antibodies simultaneously. For confocal microscopy, all images were
taken with a Leica DMI6000 inverted microscope outfitted with a Yokogawa Nipkon
spinning disk confocal head, an Orca ER high resolution B&W cooled CCD camera (6.45
pm/pixel at 1X), Plan Apochromat 40X/1.25na and 63X/1.4na objective, and an
argon/krypton 100mW air-cooled laser for 488/568/647 nm excitations. All images were
acquired in the dynamic range of 8 bit or 12 bit acquisition. Maximum projected

confocal Z-stacks were analyzed with National Institutes of Health (NIH) ImagelJ.

2.3. Western blot
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To prepare tissue for blotting, mice were briefly anesthetized with Isoflurane
followed by rapid decapitation. Hippocampi were dissected out in ice cold 1X PBS and
homogenized with a handheld tissue grinder in lysis buffer [20mM Tris (pH 7.5), ImM
EDTA (pH 8), 150mM NaCl, 1% NP40, and protease (Complete Tabs) and phosphatase
(PhosStop) inhibitor cocktails (Roche)]. After 30 min of incubation on ice, samples were
centrifuged to remove insoluble material. Protein quantification was performed using a
BCA protein assay kit (Pierce). Samples (50-500pg) were heat denatured in 2X sodium
dodecyl sulfate (SDS) sample buffer/lysis buffer [125mM Tris (pH 6.8), 4% SDS, 10%
glycerol, 0.006% bromophenol blue, 1.8% [-mercaptoethanol] at 85°C for 5 min and run
on using standard SDS-PAGE. Proteins were then transferred to a PVDF membrane
(Millipore) in methanol-containing transfer buffer. Membranes were blocked in 5%
milk/1X TBS/0.1% Tween, then probed with primary antibody against the proteins of
interest: IRB (C19, 200pg/mL), MHCI (OX18, Img/mL), GluR1 (AB1504, 100ug/mL,
Chemicon), GAPDH (MAB374, 10ug/mL, Chemicon), Synaptophysin (MABS5258,
10pug/mL, Chemicon) or pTyr (4G10, 0.5pug/mL, Upstate, block 2% BSA instead of
milk). After 5 brief washes in milk, membranes were incubated for 1 hour in secondary
antibody dissolved in milk (Peroxidase-conjugated AffiniPure IgG, 0.1-0.2ug/mL,
Jackson). Bands were visualized using a chemiluminescent detectant (Pierce) and
quantified by densiometry using Image J Software (NIH).

For insulin treatment of live hippocampal slices, coronal brain slices (350um
thick) were cut in artificial cerebrospinal fluid (ACSF; containing in mM: 117 NacCl, 4.7
KCl, 25 NaHCOs;, 1.2 NaH,PO4, 11 Dextrose, 2.5 CaCl,, 1.2 MgCl,) and allowed to

recover 30 min in oxygenated ACSF at 31°C, followed by 30 min at RT. These slice
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preparations are routinely used in the lab for electrophysiological recordings. Half the
sections from one animal were treated for 30 min with 1.5uM bovine insulin (Sigma,
10516) in 25mM HEPES, while the other half were treated with HEPES only.
Hippocampi were then dissected out and processed for western blot or immunostaining as

above or immunoprecipitation as below.

2.4. Immunoprecipitation

Insulin-treated, vehicle-treated or untreated hippocampal protein lysates (Img)
were incubated O/N at 4°C with 2pg of precipitating antibody. Samples were combined
with 50uL of prewashed Protein G beads (Promega) in lysis buffer and rotated for 3
hours at 4°C. Beads were collected by centrifugation and washed 3 times in cold lysis
buffer. Immunoprecipitates were eluted directly in SDS sample buffer at 85°C for 10

min. Immunoprecipitates were analyzed by western blot as above.

2.5. Surface biotinylation

To examine surface proteins, dissected hippocampi were immediately washed in
ice-cold ACSF and incubated in ACSF containing 1mg/mL sulfosuccinimidyl-6-
(biotinamido) hexanoate (Pierce) for 1 hour at 4°C. Unreacted biotinylation reagent was
removed by two 10 min washes in ice-cold ACSF, and quenched with two 20 min washes
in ice-cold ACSF plus 100mM glycine. Hippocampi were then homogenized as
described above. To pull down biotinylated proteins, 250ug of each lysate was incubated

with 50puL of streptavidin agarose beads (Endogen) O/N at 4°C. After 4 washes in lysis
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buffer and one in 50mM Tris-HCI (pH 7.4), surface proteins were eluted into SDS sample

buffer. Biotinylated proteins were analyzed by western blot.

2.6. Subcellular fractionation

For each experiment, two sex-matched 4- to 5-week-old animals from each
genotype (WT and p2m” TAP”) were used. Briefly, brains were quickly removed,
hippocampi dissected out and homogenized in 10 volumes of HEPES sucrose buffer
[0.32 M sucrose, 4 mM HEPES (pH 7.4) supplemented with anti protease inhibitor
cocktail (Complete, Roche) using a glass-teflon homogenizer at 900rpm (12 strokes). The
homogenate was centrifuged 10 min at 1000xg. The pellet (P1), containing the nuclei and
large insoluble fragments, was discarded. The supernatant (S1), corresponding to the total
protein fraction, was centrifuged 20 min at 10000xg resulting in a crude synaptosomal
pellet (P2). P2 was resuspended in 10 volumes of HEPES sucrose buffer and centrifuged
again for 10 min at 20000xg, resulting in a washed crude synaptosomal pellet (P2’). P2’
was subsequently lysed by hypo-osmotic shock in water and rapidly adjusted to 4mM
HEPES. After a 30 min rotation at 4°C, the P2’ lysate was centrifuged 20 min at
25000xg, resulting in a crude synaptosomal membrane fraction (P3) and a crude synaptic
vesicle fraction (S3). Small aliquots were collected at all steps of the fractionation and
solubilized by addition of triton (1% final) for analysis via western blot. Fractionation
efficiency was confirmed by western blot using an antibody against they synaptically
localized protein synaptophysin (SY38 0.3ug/mL, Chemicon). Synaptophysin was
enriched throughout the fractionation process indicating successful enrichment of

synaptic proteins.
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2.7. Hippocampal cultures

Low density hippocampal cultures were prepared from newborn (P0) mice.
Briefly, pups were decapitated and dissected hippocampi were placed in Hank’s balanced
salt solution (Gibco) supplemented with sodium bicarbonate (4mM), HEPES (10mM)
and a mix of penicillin and streptomycin (Gibco). Subsequently, hippocampi were
dissociated: first enzymatically using trypsin (0.25% trypsin 15 min 37°C), and then
mechanically by gentle trituration with fire-polished Pasteur pipettes of decreasing
diameters. Neurons were plated at a density of ~ 12,000 cells/cm? onto glass coverslips
pre-coated with poly-L-lysine (Img/mL) and bathed in a plating medium consisting of
MEM (Gibco) supplemented with horse serum (10%; Gibco), glucose (0.6%), Glutamax
(2mM; Gibco), and sodium pyruvate (ImM). After allowing the cells to adhere for 3
hours, the medium was replaced with growing media consisting of Neurobasal A (Gibco)
media supplemented with B27 (Gibco). Arabinofuranosylcytosine (Ara-C; 5 uM) was
added 6 days after plating to limit proliferation of non-neuronal cells. For mixed
genotype cultures, ~6,000 cells/cm® of each genotype were plated together per coverslip.
Cells were then processed for immunostaining at 16-20DIV.

For B,m treated cultures, 16DIV hippocampal cultures were treated with 10uM of
recombinant Bom (Sigma M4890) for 1 hour in conditioned media. Cells were the fixed

and immunostained as described.

2.8. Live labeling of cultured hippocampal neurons
Hippocampal neurons (16 DIV) were live labeled 15 min at 37°C in the presence

of 50uM FITC-conjugated insulin (Molecular Probes) diluted in conditioned media.
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After 2 washes in ice cold PBS, neurons were fixed 20 min at RT in a solution of 4%
PFA/4% sucrose in PBS. Excess PFA was quenched 10 min at RT in PBS/ 100mM
glycine followed by 4 brief washes in blocking buffer and one final wash in PBS. Cells

were then visualized using standard fluorescent microscopy.

2.9. Electron microscopy

Mice were perfused with 1X PBS at 37°C, followed by 2% PFA/2.5%
Glutaraldehyde in 0.1M sodium cacodylate (pH 7.4). Brains were dissected out and post-
fixed O/N at 4°C, and thick sectioned on a vibratome (300um; coronal). The 7 thick
sections containing the anterior hippocampus were obtained for each animal and the 2nd
section was chosen for consistency between animals and processed. Following 3 washes
in sodium cacodylate for 15 min and 2 washes in ddH2O, sections were incubated in 1%
0s04/0.5% potassium ferrocyanate for 1 hour, washed in ddH2O, incubated in 1%
uranyl acetate 30 min, washed in ddH20, dehydrated in an EtOH series, incubated in
SciPoxy resin/EtOH without DMP30 for 48hours at 65°C, incubated in pure resin without
DMP30 under vacuum for 1 hour, incubated with DMP30 1 hour, cut into thin ~90nm
(silver) sections and mounted on Formvar/carbon slot grids. EM images were collected
at 10,000x magnification. For CA3, images were collected in stratum lucidum, at the
center of the curve of CA3, exactly 50um from the pyramidale cell layer. For CAl,
images were collected in stratum radiatum, directly above the upper tip of the dentate and
50um from the CAl pyramidal cell layer. Care was taken to image non-overlapping

areas. Synapses were counted blind to genotype in 15 images from CA3 and 15 from
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CALl for each animal (n=6 WT mice, n=6 2m” TAP”" and n=3 K" D""), representing a

total area of 390um? per animal in CA3 or CAL.

2.10. Blood glucose concentrations

Fasting blood glucose concentrations were taken from 6-month-old male or
female mice using blood from a tail puncture samples. Blood glucose levels were then
measured using a Precision Xtra blood glucose monitor (MediSense). All blood glucose
measurements were taken between 8-10am after exactly 24 hours of fasting (n=12 WT
male mice, n=19 ,B2m'/ “TAP” male mice, n=8 WT female mice and n=19 ,BZm’/ “TAP”

female mice).

2.11. Food intake and body weight studies

To measure food intake 4-month-old male or female mice were placed in a cage
with a pre-weighed amount of food. Food was then weighed every day for four days and
the average amount of food consumed per day was determined. Mouse body weight was
also measured each day for four days and the average weight determined for each animal.
Food intake, measured in food consumed per day per mouse in milligrams, was
normalized to mouse body weight, measured as average body weight of a mouse over a 4
day period in grams (n=15 WT male mice, n=15 f2m” TAP” male mice, n=19 WT

female mice and n=14 f2m” TAP” female mice).

2.12. Statistics
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For all experiments, means are reported + standard error of the mean (SEM).
Statistical comparisons of the data were performed using GraphPad InStat v.3.06 for

Windows (GraphPad Software).



3 RESULTS
3.1. IR proteins are expressed in neurons

Previous studies using radiolabeled insulin suggest that IR are extensively
expressed in mammalian brain (Havrankova et al., 1978; Kar et al., 1997; Unger et al.,
1989). However, this labeling includes insulin binding to other receptors, including IGF-
1 receptors. To specifically characterize the expression of IR in the brain, we performed
immunostaining on P30 mouse brains using an antibody against an intracellular region of
the B-subunit of IR (clone C19). This antibody is specific for IR and does not cross-react
with IGF receptors (Baudler et al., 2005; Entingh-Pearsall and Kahn, 2004). IR were
detected in many brain regions, including the cortex, where it labeled deep and
superficial layers, the cerebellum, where it labeled processes ensheathing cerebellar
Purkinje cells, and the hippocampus, where it labeled fibers in stratum lucidum in the
CA3 region. Notably, hippocampal staining for IR was intense in CA3 but completely
absent in CA1 (Figure 3.1.1.).

To determine if neuronal IR are expressed in axons or dendrites, we co-
immunostained hippocampal slices for IR and markers for dendrites (MAP2) or axons
(TAU). IR co-localized with the axonal marker TAU, but not the dendritic marker
MAP2, in CA3 (Figure 3.1.2.). The axons that express IR in this region likely represent
dentate granule cell axons (mossy fibers), based on their location and orientation. This
was confirmed by co-localization of IR with staining for the dentate granule cell marker
calbindin in hippocampal sections and in hippocampal neurons in culture (Figure 3.1.3.).
In the cerebellum, the processes ensheathing the Purkinje cells that express IR likely

represent basket cell axons based on their location and unique morphology. IR
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expression in basket cell axons was confirmed by co-localization of IR with Parvalbumin,

a marker for basket cells (Figure 3.1.4.).

3.2. MHCI and IR are expressed in close apposition in brain

To determine if MHCI and IR are co-expressed in neurons, we next performed
double-label immunohistochemistry with antibodies against MHCI and IR. Previous
studies show that MHCI is primarily expressed in the somatodendritic compartment of
cerebellar and hippocampal neurons (Goddard et al., 2007; Letellier et al., 2008;
McConnell et al., 2009). Consistent with this, we observed MHCI immunoreactivity in
the soma and dendrites of cerebellar Purkinje cells and hippocampal pyramidal cells. IR
were closely apposed to MHCI-positive puncta in both cerebellum and hippocampus
(Figure 3.2.1.). This included strong MHCI immunoreactivity in CA3 pyramidal cells,
which are the postsynaptic targets for IR-positive mossy fiber axons. Thus IR and MHCI
are expressed in apposing pre- and post-synaptic cells respectively, indicating these

proteins could interact from across the cell, i.e., in trans.

3.3. IR proteins associate with MHCI in hippocampal lysates

To determine if MHCI can form a complex with neuronal IR, western blotting and
co-immunoprecipitation experiments were performed. Western blots of WT hippocampal
lysates revealed two specific MHCI-immunoreactive bands, a stronger 45kDa band and a
weaker 55 kDa band, as previously reported (Huh et al., 2000). IR and associated
proteins were precipitated from WT hippocampal lysates using IRB antibodies.

Immunoprecipitation of IR from hippocampus co-precipitated the 55kDa MHCI band,
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but not the abundant intracellular protein GAPDH or the synaptic cell surface protein
GluR1, indicating MHCI can interact, either directly or indirectly, with IR.
Immunoprecipitation with an IgG isotype control antibody did not pull down detectable
IR or MHCI proteins (Figure 3.3.1.). Together, these data demonstrate that MHCI and IR
are expressed in close apposition in many brain regions and form a complex in

hippocampal lysates.

3.4. IR immunostaining is abolished in g2m” TAP”" neurons

Since MHCI can interact with neuronal IR, we reasoned that changes in MHCI
levels of expression might affect the expression or function of IR in the brain. To test
this, we compared expression of IR in brains from WT and MHCI-deficient ﬂZm’/'TAP'/ i
mice (see methods). As shown above, extensive labeling of IR with the IRp (C19)
antibody is present in WT hippocampus. Strikingly, immunostaining for IR with the
same antibody was completely abolished in f2m” TAP” hippocampal slices (Figure
3.4.1.). This finding was also seen with the IR (RTK) antibody in hippocampal slices
(Figure 3.4.2.). Similarly, strong immunolabeling of IR was detected in a subset of WT
hippocampal neurons in culture (presumable dentate granule cells), but labeling was not
detectable in f2m” TAP”" hippocampal neurons (Figure 3.4.3.).

The loss of immunostaining of IR in f2m” TAP”" hippocampal neurons could be
due to unknown effects of f2m or TAP rather than their effects on MHCI expression.
However immunolabeling experiments using K””"D’” mice, which lack the classical
MHCI genes H2D and H2K but have normal levels of f2m and TAP (Vugmeyster et al.,

1998), revealed a significant dampening of immunolabeling of IR (Figure 3.4.4.). A
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reduction, rather than a loss, of immunostaining or IR in K D" mice, who lack only
two of the many MHCI genes, argues that functional redundancy among MHCI family
members may exist and that more than one type of MHCI molecule can interact with IR.
Taken together, these data indicate that MHCI proteins are required for normal

immunodetection of IR in hippocampal neurons using the C19 and RTK antibodies.

3.5. Total, surface and synaptic levels of IR protein, and mossy fiber
immunolabeling are normal in f2m™ TAP”" hippocampus

Why is immunostaining for IR abolished in the brains of f2m” TAP” mice? One
possibility is that f2m” TAP”" neurons express lower protein levels of IR. To test this, we
performed western blots on hippocampal lysates. Unexpectedly, despite the complete
inability to immunolabel native IR using the C19 antibody in ﬂZm’/'T AP hippocampus,
denatured IR protein was readily detectable in western blots of f2m” TAP” hippocampal
lysates using the same antibody. Densiometric quantification of the IR bands revealed
that total levels of IR protein were indistinguishable from WT in S2m” TAP”
hippocampal lysates (Figure 3.5.1.). Similar results were obtained from western blots of
whole brain lysates and from blots using two additional IR antibodies (RTK and N20;
controls not shown).

Another possibility to explain the selective loss of IR immunostaining in f2m™
TAP” mice is due to a change in the subcellular localization of the IR protein. For
example, IR could be sequestered in an intracellular compartment that renders it
inaccessible to antibodies in intact tissue slices, but does not affect detection in brain

homogenates via western blotting. To examine cellular distribution of IR, we performed
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two sets of experiments. First, to label cell surface IR, we performed surface
biotinylation experiments on live hippocampal slices. Surface levels of IR were
comparable in WT and f2m” TAP” hippocampus (Figure 3.5.1.). We did not detect the
abundant intracellular protein GAPDH, confirming this technique selectively labeled cell
surface proteins. Next, we performed subcellular fractionation experiments on
hippocampal lysates from WT and f2m” TAP” mice. Synaptic levels of IR were
indistinguishable between the two genotypes (Figure 3.5.2.). Thus the loss of IR} (C19)
immunostaining cannot be explained by a change in total, cell surface or synaptic levels
of IR in f2m” TAP"" neurons.

A third possibility to explain the loss of IR immunostaining in f2m” TAP”
neurons is that these mice have a loss of IR expressing axons. However, calbindin
labeling of dentate granule cells, which express IR in their mossy fiber axons, was
grossly normal in f2m” TAP” hippocampus (Figure 3.5.3.). Calbindin labeling was also
normal in dissociated f2m” TAP” hippocampal cultures, both in number of calbindin-
expressing cells and in calbindin expression patterns (data not shown). Thus, the loss of
IR immunostaining in f2m” TAP”" hippocampus cannot be explained by altered cellular

distribution or a loss of IR-positive mossy fiber axons.

3.6. IR is detected by immunostaining in f2m” TAP”" neurons using reagents against
alternative IR epitopes or following epitope unmasking

The paradoxical, genotype-specific loss of IRP immunostaining in f2m” TAP”

neurons despite the presence of normal levels of IR protein could reflect changes in the

epitope where the IRP (C19) antibody binds. Changes in conformation or protein-protein
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interactions at this epitope could prevent antibody binding to the native protein but would
not be expected to affect antibody binding under the denaturing conditions of western
blotting. In addition, such changes might not affect binding to other domains. To
explore this, three separate experiments were performed.

First, to test insulin binding to native cell surface receptors in WT and f2m” TAP"
" hippocampal neurons we live-labeled cultured neurons with fluorescein-conjugated
recombinant insulin (FITC-insulin). Insulin binds to an extracellular domain of the IR a-
subunit. Brief application of FITC-insulin to WT neurons yielded punctate labeling of
the neurites and soma (Figure 3.6.1.). This labeling, which represents insulin binding to
IR as well as some IGF-1R, was qualitatively indistinguishable from WT in ﬁ2m’/ "TAP"
neurons. This is consistent with surface biotinylation experiments above which show that
cell surface levels of IR are normal in ﬁ2m'/ "TAP”". Furthermore, it reveals that ﬁ2m’/ )
TAP’ neurons are competent to bind insulin at the extracellular ligand binding domain.

Next, to further examine antibody binding to native IR we used antibodies raised
against other epitopes of IR to immunostain WT and ﬁ2m’/ "TAP" hippocampal neurons.
As above, immunostaining with the IRB (C19) antibody was completely abolished in
B2m” TAP” neurons (Figure 3.6.1.). In contrast, immunostaining with two additional IR
antibodies showed robust IR labeling in f2m” TAP” neurons. Of note, these antibodies
do not share an epitope with C19, but rather were raised against an extracellular region of
the IR B-subunit (clone D17) or an extracellular portion of the IR a-subunit (clone N20).
All antibody labeling resulted in strong immunostaining in both WT and f2m” TAP™"

hippocampal neurons.
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Finally, to determine if IRB (C19) immunolabeling is abolished in f2m” TAP”
neurons due to masking of the relevant epitope, unmasking experiments were performed.
Antigen or epitope unmasking is a technique in which thermal or chemical conditions are
used to partially denture proteins in situ (Shi et al., 2001). While IRP (C19) antibodies
failed to detect IR protein in f2m” TAP” neurons, IR staining with this same antibody
was unmasked in f2m” TAP” neurons following antigen retrieval (Figure 3.6.2.). Of
note, application of exogenous insulin or the exogenous MHCI light chain, f2m, were not
sufficient to rescue the loss of IR immunolabeling in f2m” TAP”" animals (Figures 3.6.3.
and 3.6.4.). Thus, three separate lines of evidence suggest that an intracellular epitope of
the IR B-subunit is modified in ,b’2m'/ “TAP”" neurons, likely through MHCI-dependent

epitope masking.

3.7. IRB immunostaining is restored in f2m”TAP” neurons co-cultured with WT
neurons

Our data shows that MHCI and IR can associate in hippocampal lysates and their
expression pattern in vivo suggests that pre-synaptic IR may interact with post-synaptic
MHCI (i.e. in trans). Furthermore, we have shown that lack of surface expression of
MHCI in f2m” TAP”" neurons leads to an inability of the IRB (C19) antibody to detect IR
because the c-terminal epitope recognized by this antibody is masked in the absence of
MHCI (Figure 3.7.1. and 3.7.2.). We reasoned then that if MHCI and IR proteins interact
in trans, co-culturing /)’Zm'/ “TAP” neurons with WT, MHCI-expressing neurons might
rescue the loss of IRP (C19) immunolabeling in f2m” TAP” neurons. To test this, we co-

cultured WT neurons (identified by expression of actin-GFP; see Methods) and f2m™
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TAP" hippocampal neurons, and assayed for rescue of IR (C19) immunostaining in
,BZm’/ “TAP” (GFP-negative) neurons. One hundred percent of the cells in pure WT actin-
GFP cultures expressed GFP, and at the density plated, on average seventeen cells per
coverslip were IRB (C19)-positive (Figure 3.7.3), presumably representing the dentate
granule cells that express IR in hippocampal slice. On the contrary, none of the cells in
pure f2m” TAP” cultures expressed GEP or showed labeling for IRp with the C19
antibody as expected. When neurons of the two genotypes were cultured together in the
same dish in equal quantities, however, two distinct C19-positive populations were seen:
(1) GFP-positive neurons, which represent WT cells expressing detectable IR, and (2) a
small number of GFP-negative neurons, which represent f2m” TAP™" cells on which IRf
(C19) labeling has been rescued (Figure 3.7.3). Since all WT neurons unambiguously
express GFP, and ﬁ2m'/ "TAP”" neurons never show detectable IRB (C19) staining, the
presence IRB (C19) immunostaining in GFP-negative cells conclusively demonstrates
that the disruption of the C19 epitope in ,B2m'/ "TAP”" neurons can be rescued by the
presence of WT neurons. This rescue is consistent with a trans interaction between

MHCI on WT neurons and IR on ﬁ2m’/ "TAP”" neurons.

3.8. IR is constitutively phosphorylated in f2m™ TAP” neurons

IR activation involves autophosphorylation of IR on tyrosine residues and
subsequent recruitment and activation of downstream second messengers that mediate IR
signaling (Hubbard et al., 1994). To determine whether MHCI increases IR activation,

we examined tyrosine phosphorylation of the IR in WT and ,BZm’/ "TAP” animals. Live
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hippocampal slices were incubated in phosphatase inhibitors in the presence or absence
of insulin, and the immunoprecipitated IRs were probed with antibodies against
phosphotyrosine in western blots. As expected, IR from WT slices was not detectably
phosphorylated on tyrosine residues, but became rapidly phosphorylated upon exposure
to exogenous insulin (Figure 3.8.1.). In contrast, IR precipitated from f2m” TAP"
hippocampus showed significant basal phosphorylation of IR, even in the absence of
insulin treatment. This tonic phosphorylation of IR in the absence of MHCI was similar
in magnitude to insulin-stimulated IR phosphorylation in WT mice. Furthermore,
application of insulin did not increase IR phosphorylation in f2m” TAP slices, reflecting
either the occlusion or failure of insulin-induced IR phosphorylation in ﬁ2m’/'T AP slices.
Preliminary experiments reveal that PI3K, a downstream signaling molecule that is
phosphorylated by IR, is also activated under basal conditions in f2m” TAP”" mice

(Figure 3.8.2.). Thus, in the absence of cell surface MHCI, IR is constitutively activated.

3.9. Synapse number is increased in hippocampal CA3, but not CA1, of f2m” TAP”
mice

A recent study of neuronal IR function in Xenopus reveals that IR regulates
synapse number in developing tectum. Specifically, reduction of IR signaling using a
dominant negative form of IR is associated with a decrease in synapse density in Xenopus
tectum (Chiu et al., 2008). Therefore, we hypothesized that if MHCI regulates IR
activity, synapse density might be altered in MHCI-deficient f2m” TAP” hippocampus.
Furthermore, we predicted that the change in synapse number would be restricted to

regions where IR is normally expressed. To test this, we performed electron microscopy



26

and counted synapses in stratum lucidum of CA3 and stratum radiatum of CA1 in P30
mice. Stratum lucidum contains synapses between IR-expressing mossy fiber axons and
MHCI-expressing CA3 pyramidal cells, while stratum radiatum of CA1l contains
synapses made by neurons that express MHCI but do not express IR. Synapses were
defined as areas where post-synaptic densities were closely apposed to pre-synaptic
boutons, identified by the presence of synaptic vesicles, and the number of synapses per
400pum* of neuropil was used to calculate synapse density. Synaptic ultrastructure was
qualitatively similar in WT and knockout animals in both CA3 and CA1 (Figure 3.9.1.).
We found that MHCI-deficient f2m” TAP”" mice had more synapses per area than WT
mice in area CA3, where IR is expressed, but not area CA1, where IR is not expressed
(Figure 3.9.1.). Similar results were seen in K D"’ mice, which specifically lack the
classical MHCI genes H2-K and H2-D, but do not have mutations in the f2m or TAP
genes (Vugmeyster et al., 1998). Thus, MHCI limits synapse density in areas of IR
expression, but not in areas where IR is not expressed. Furthermore, since reduction of
IR signaling caused a reduction in synapse number in other systems, the increase in
synapse number in CA3 raises the possibility that IR signaling is enhanced in MHCI-

deficient brain.

3.10. Fasted blood glucose levels are normal in p2m” TAP” mice

Outside the brain, IR signaling is known to regulate blood glucose levels. To test
whether blood glucose concentrations are altered in f2m” TAP” mice we performed
analysis on blood samples from tail punctures in fasted WT and f2m” TAP” mice. After

24-hours of fasting, f2m” TAP” mice had comparable blood glucose levels to WT
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animals (Figure 3.10.1.). Thus, MHCI-deficient animals do not have a change in their
fasted blood glucose levels suggesting that changes seen in IR signaling in the
hippocampus of MHCI-deficient mice do not affect peripheral glucose metabolism in

these animals.

3.11. Food intake is normal but body weight is decreased in f2m™” TAP” 'mice

IR signaling in neurons has been shown to play a role in neuronal control of body
weight and food intake. Neuron-specific insulin receptor knockout (NIRKO) mice
display gender-specific changes in a body weight and food intake revealing a role for
neuronal IR in these processes. Specifically, female NIRKO mice display an increase in
body weight as compared to controls from 6 to 23 weeks of age. On the other hand, male
NIRKO mice do not show an increase in body weight until after 24 weeks of age.
Regarding food intake in these animals, female NIRKO mice consume more food than
WT controls as measured by milligrams of food consumed per gram of body weight per
mouse (on a regular chow diet), while male NIRKO mice do not show differences in the
amount of food they consume versus controls (Bruning et al., 2000).

Given that f2m” TAP”" mice have altered neuronal IR signaling, we wanted to test
for changes in body weight and food intake in these animals. To do this we performed
the following experiments. First, cohorts of WT and f2m” TAP” mice of both genders
were weighed at 6, 10, 14, 18, 22, 26 and 70 weeks. ﬂ2m'/ "TAP”" male mice weighed
significantly less that WT male mice at all ages measured, while female f2m” TAP”" mice
did not show a change in body weight until after 24 weeks of age (Figure 3.11.1.). Of

note, this is the same finding seen in NIRKO mice, but in the opposite gender.
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Next, we measured food consumption in 20 week old male and female animals
over a four day period. f2m” TAP” animals did not display any significant changes in
the amount of food they consumed as compared to WT. However, when food intake was
normalized to body weight, f2m” TAP”~ mice consumed significantly more food per gram
of body weight that WT animals (Figure 3.11.2.). This is the same result seen previously
in NIRKO mice but is again in the opposite gender.

The opposing gender-specific phenotypes seen between 2m” TAP” and NIRKO
mice complicate the interpretation of these experiments and several possible explanations
for these observations exist. One possibility is that IR, MHCI or both have differential
effects in the body when exposed to male versus female hormones. Indeed evidence
supports this idea given that IR knockout mice have differential systemic readouts in
male versus female mice (Bruning et al., 2000; Fisher et al., 2005). A second possibility
is that strain differences between the ﬁ2m'/‘TAP'/ " (C57BL/6) and NIRKO (BALB/c)
mouse lines prevent phenotypic comparison between the two species/genders. It is
known that genetic knockout of the MHCI-like gene HFE (a gene that when knocked out
causes iron accumulation disease) in different mouse strains can lead to significant
variability in the severity of the disease. Not only do certain strains of HFE knockout
mice display increased disease progression, but female HFE knockout mice had increased
iron accumulation beyond their strain-matched male counterparts (Fleming et al., 2001;
Sproule et al., 2001). It is therefore possible that strain differences account for the

differences we see in feeding behavior of f2m” TAP”" and NIRKO mice.

3.12. Summary of IR signaling in WT and g2m™” TAP” mice
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The data present here demonstrate, for the first time, that MHCI interacts with IR
in neurons. Endogenous MHCI acts as a negative regulator of neuronal IR signaling and
synapse number in the hippocampus (Figure 3.12.1.). This regulation likely involves an
allosteric modification of an intracellular epitope of the IR by endogenous MHCI and
suggests that a broader role of MHCI in neurons may be to act as a negative regulator of
cell surface receptors.

Chapters 3 and 4, in part, have been submitted for publication of the material as it
may appear in Neuron, 2009, Dixon-Salazar, Tracy; Fourgeaud, Lawrence; Boulanger,
Lisa, Cell Press, 2009. The dissertation author was the primary investigator and author of

this paper.



4 DISCUSSION

Growing evidence suggests that MHCI plays unexpected, non-immune roles in
the developing and adult brain. Here we show that MHCI is a novel regulator of IR
signaling and synapse number in neurons. MHCI and IR proteins associate in neurons,
and genetic reduction of cell surface levels of MHCI modifies IR signaling. Together,
immunostaining, biochemistry and labeled-ligand studies suggest that an epitope in the c-
terminus of the IR B-subunit is masked in MHCI-deficient f2m” TAP” animals. The site
of this apparent masking includes two key tyrosine residues that are autophosphorylated
upon insulin binding and required for subsequent downstream IR signaling (Hubbard et
al., 1994; Lamothe et al., 1995; Van Horn et al., 1994; White and Kahn, 1994). Masking
of this epitope in ,b’2m'/ "TAP”" animals is associated with an increase in basal tyrosine
phosphorylation of IR that occludes further insulin-induced phosphorylation. This
increase in IR signaling is associated with an increase in synapse density, a process
known to be regulated by IR signaling, specifically in regions of the hippocampus where
IR is expressed. Collectively, our results suggest that endogenous MHCI acts as a

negative regulator of IR signaling and synapse number in neurons.

Characterization of IR expression in brain

This study represents the most comprehensive characterization of IR protein
expression in rodent brain to date. IR is expressed widely in mouse brain (Figure 3.1.1.),
with robust labeling in cortex, hippocampus and cerebellum. IRP co-localized with

axonal (TAU) and dentate granule cell (calbindin) markers in the hippocampus
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suggesting IR is expressed in mossy fiber axons in the hippocampus (Figures 3.1.2. and
3.1.3.). These findings are consistent with previous studies using radiolabeled insulin to
show ligand binding in these brain regions (Kar et al., 1993). Other studies, however,
have shown that IR expression in the hippocampus is found in pyramidal cells (Abbott et
al., 1999; Zhao et al., 1999). The IRB (C19) antibody used here did not detect IR in
pyramidal cell bodies in hippocampal sections; however C19, as well as other IR
antibodies, did detect IR in pyramidal cell somas in dissociated hippocampal cultures
(Figure 3.4.3. and 3.6.1.). These differences in staining could be due to intrinsic
differences in protein expression of IR in sections versus cultures; however other likely
explanations include the IRP (C19) antibody labels only a subset of IR found in brain, or
antibodies used in previous studies may recognize both IR and the similar IGF-1R.
Further studies are needed to further tease apart the full extent of IR and IGF-1R protein

expression in brain.

MHCI and IR interact in neurons

Previous studies in non-neuronal cell types suggest MHCI and IR may interact.
The interaction between MHCI and IR in neurons, however, has never been
characterized. Our data provide the first evidence that MHCI and IR can interact in the
mammalian brain. Both MHCI and IR are expressed in close proximity in cerebellum
and hippocampus and can form a complex in hippocampal lysates. Consistent with the
idea that MHCI interacts with neuronal IR, immunostaining for IR was completely
abolished in MHCI-deficient hippocampus. It is possible that the loss of IR staining in

B2m” TAP” mice is due to novel functions of f2m or TAP proteins in regulating IR
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structure or function. Two lines of evidence, however, argue against this. First, MHCI
proteins co-immunoprecipitated with IR in hippocampal homogenates (Figure 3.3.1.).
Next, immunolabeling for IR in K* D", which lack the classical MHCI molecules H2K
and H2D but have normal levels of f2m and TAP, showed a decrease in IR detectability
as compared to WT (Figure 3.4.4.). Taken together these data support the conclusion that

it is MHCI, not f2m or TAP, that interacts with neuronal IR and regulates its function.

Evidence for a trans interaction between MHCI and IR in neurons

MHCI binds to several immunoreceptors, most notably the T-cell receptor, on
neighboring cells (i.e. in trans). In a similar fashion, two of our current results suggest
that MHCI and IR interact in #rans in neurons. First, in CA3 of hippocampus, axonal
(pre-synaptic) expression of IR proteins but somatodendritic (post-synaptic) expression
of MHCI suggests that MHCI and IR could interact across the mossy fiber-CA3 synapse
(Figure 3.2.1.). Second, IRP (C19) immunolabeling could be rescued in f2m” TAP”
hippocampal neurons when cultured with WT neurons (Figure 3.7.1., 3.7.2, 3.7.3.). One
possible explanation for this rescue is that WT cells release soluble f2m thereby allowing
B2m” TAP” neurons to regain normal expression of their IR. However, application of
purified p2m to f2m” TAP” neurons did not restore IRB (C19) immunolabeling in these
cells (Figure 3.6.4.). Thus, it is possible that a direct interaction between WT and f2m™
TAP” neurons restores the IR immunostaining in f2m” TAP”" cells. It is also possible
that MHCI affects the secretion of other soluble factors (i.e. insulin) and this, in turn,
affects IR labeling and phosphorylation. The apposition of MHCI and IR and the rescue

of labeling provide the first evidence that MHCI and IR may interact in neurons in trans.
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IR c-terminal modification by MHCI

There is a selective loss of IR immunostaining in f2m” TAP” animals using an
antibody against a c-terminal epitope of IRB. This loss of IR immunostaining is not due
to changes in the protein levels or localization of IR protein, as these are normal in 2m™
TAP”" animals (Figures 3.5.1. and 3.5.2.). Similarly, it is not due to a technical limitation
of the antibody, since the loss of IR labeling is genotype-specific and C19 gives robust
labeling of IR in WT neurons (Figures 3.4.1. and 3.4.3.). Instead, it is likely that an
epitope of IR is masked in the absence of MHCI. Indeed, immunostaining using two IR
antibodies directed against distinct epitopes of IR produced labeling of IR in f2m” TAP™"
neurons (Figure 3.6.1.). In addition, the IRP (C19) antibody failed to detect native IR in
immunostaining of f2m” TAP” neurons, but was effective in detecting denatured IR in
western blotting of ,b’2m'/ “TAP™" neuronal lysates (Figures 3.5.1.), and IR immunolabeling
with IRP (C19) antibody was unmasked in f2m” TAP” neurons following antigen
retrieval (Figure 3.6.2.). Thus, several distinct sets of experiments suggest that
endogenous MHCI modifies an intracellular epitope of the IR B-subunit. If MHCI and IR

interact in trans, this may happen through allosteric mechanisms.

Functional consequences of IR modification by MHCI

The epitope masked in MHCI-deficient neurons contains two tyrosine residues
that are phosphorylated upon insulin binding and a PI3K binding motif leading us to
postulate that a change in this epitope may lead to a change in IR signaling. Indeed, IR is
constitutively phosphorylated on tyrosine residues in f2m” TAP” animals (Figure 3.8.1.),

leading to an increase in basal IR signaling (Hubbard et al., 1994).
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What is the consequence of constitutive IR signaling in f2m” TAP”" neurons? IR
signaling has been extensively studied in peripheral tissues as a regulator of blood
glucose levels but the role of neuronal IR is less well-defined. Rather than regulating
glucose uptake, neuronal insulin and IR have been implicated in specific events in brain
development and function. A recent study using acute transfection of Xenopus tectal
neurons with constructs encoding WT or dominant negative IR shows neuronal IR
signaling is a positive regulator of synapse density (Chiu et al., 2008). Likewise, our
results show that 2m” TAP”" mice which have increase IR signaling also have an
increase in synapse number specifically in areas of IR expression in hippocampus (Figure
3.9.1.). Our current results raise the possibility that this increase in synapse number may
be directly regulated by the increase in IR signaling seen in f2m” TAP”" animals.

In closing, the data present here demonstrate, for the first time, that MHCI
interacts with IR in neurons. Endogenous MHCI acts as a negative regulator of neuronal
IR signaling and synapse number in the hippocampus (Figure 3.12.1.). This regulation
likely involves an allosteric modification of an intracellular epitope of the IR by
endogenous MHCI and suggests that a broader role of MHCI in neurons may be to act as
a negative regulator of cell surface receptors.

Chapters 3 and 4, in part, have been submitted for publication of the material as it
may appear in Neuron, 2009, Dixon-Salazar, Tracy; Fourgeaud, Lawrence; Boulanger,
Lisa, Cell Press, 2009. The dissertation author was the primary investigator and author of

this paper.
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Cerebellum Hippocampus

1IgG

Figure 3.1.1. Insulin receptor (IR) proteins are expressed in the brain. Coronal
sections of P30 mouse brain immunostained with IRB (C19) antibodies or IgG
isotype control. Strong, specific IR staining is observed in fibers surrounding
cerebellar Purkinje cells, and in stratum lucidum (sl), hilus (h), stratum layer
moleculare (slm), and inner molecular layer (iml), but not stratum pyramidale
(sp), of hippocampus. Boxed regions are magnified in Figures 3.1.2, 3.1.4, 3.2.1,

3.4.1,3.4.2,3.6.2 and 3.6.3. Scale 100um.
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A IRB(C19) MAP2

B IRB(C19) TAU

WT

Figure 3.1.2. IR co-localizes with axonal but not dendritic markers in
hippocampal neurons. (A) Double-label immunohistochemistry for IR[ (green)
and the dendritic marker MAP2 (red). IR does not co-localize with MAP2 in
stratum lucidum (sl) of WT hippocampus (merge). Scale 20um. (B) Double-
label immunohistochemistry for IR (green) and the axonal marker TAU (red).
IR co-localizes with TAU in stratum lucidum (sl) of WT hippocampus (merge).

Scale 20um.



38

A IRB (C19)

Calbindin Merge

WT

IRB (C19 Calbindin Merge

WT

Figure 3.1.3. IR co-localizes with the dentate granule cell marker calbindin in
hippocampal neurons. Double-label immunostaining for IRP ( green) and the
dentate granule cell marker calbindin (red) in (A) hippocampal neurons (scale
100um) and (B) hippocampal cultures (scale 10um). IR co-localizes with

calbindin in WT hippocampal neurons (merge).



IRB (C19) Parvalbumin Merge

WT

Figure 3.1.4. IR co-localizes with the basket cell marker parvalbumin in the
cerebellum. Double-label immunohistochemistry for IR (green) and the basket
cell marker parvalbumin (red) in cerebellar sections. IR co-localizes with
parvalbumin in WT cerebellar neurons (merge). Molecular layer (ml), Purkinje

layer (pl). Scale 10um.
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Cerebellum

il

Figure 3.2.1. MHCI and IR are expressed in close apposition. Coronal sections
of P30 mouse brain sections immunostained for IR (C19, green) and MHCI
(red). MHCI proteins are expressed in soma and dendrites (arrowheads) in close
apposition to IR-positive axons (arrows) in the Purkinje layer (pl) of cerebellum
and stratum lucidum (sl) of hippocampus (merge). Molecular layer (ml), stratum

pyramidale (sp). Scale 20um.
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Figure 3.3.1. MHCI and IR co-immunoprecipitate from WT hippocampal
lysates. Western blot of IR immunoprecipitated from mouse hippocampal lysates.
IR and MHCI proteins are detected in total WT hippocampal lysates.
Immunoprecipitation using IR (C19) antibodies enriches for IR and selectively
co-precipitates MHCI, but not other highly expressed cell surface (GluR1) or
intracellular (GAPDH) proteins. Immunoprecipitation with IgG isotype control

does not pull down detectable levels of any of the examined proteins.



WT 2m™"TAP™-

Figure 3.4.1. IR immunostaining is abolished in BZm'/’TAP’/' hippocampal
sections. Coronal sections of mouse hippocampus immunostained with IR (C19)
antibodies or IgG isotype control. IR[ labeling is strong in WT brain but is
completely abolished in BZm'/ "TAP” sections. Stratum pyramidale (sp), stratum

lucidum (sl). Scale 20um.

42



Figure 3.4.2. IR immunostaining is abolished in B2m'/‘TAP'/ " hippocampal
sections using an alternate IR antibody. Coronal sections of mouse hippocampus
immunostained with IR (RTK) antibodies. IR labeling is present in WT brain
but is abolished in BZm'/ "TAP” sections using a different antibody. Stratum

pyramidale (sp), stratum lucidum (sl). Scale 20um.
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Figure 3.43. IR immunostaining is abolished in P2m’ TAP” hippocampal
neurons in culture.  WT or [32m'/ "TAP” hippocampal neurons in culture
immunostained for IR (C19). Strong, specific labeling of WT neurites is

completely absent in p2m™ “TAP”" neurons. Scale 10pm.
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Figure 3.4.4. IR immunostaining is significantly reduced in KD
hippocampal sections. Coronal sections of mouse brain immunostained with IR
(C19) antibodies in WT and K*"D"” hippocampus. IRB (C19) staining is strong
in animals expressing normal levels of MHCI (WT) but is dramatically reduced in
mice lacking the classical MHCI proteins H2-K and H2-D (K’ b ). Stratum

pyramidale (sp), stratum lucidum (sl). Scale 100pum.

45



Total Surface
IRB(C19) e  |RB(C19) S s -100
GAPDH D <l GAPDH -k?E)?a
Total Surface
T 100 : o 100+
OF X
<= 50- 9= 50-
Qs 8%
e o 32 0
= WT  p2m™- WT  p2m”-
TAP- TAP-

Figure 3.5.1. Total and surface levels or IR protein are normal in BZm'/ “TAP”
hippocampus under denaturing conditions. Western blotting of WT and [32m'/ i
TAP” total and cell surface fractions probed for IRPB (C19). Quantification: For
quantification, total IRB was normalized to GAPDH, while surface IRp was
normalized to total IRP levels. Bars represent mean = SEM (Total: WT 100% =+
2.3%, P2m” " TAP” 111.6% + 5.5%, n=6 animals; Surface: WT 100% + 2.0%,
BZm'/'T AP 101% + 12.4%, n=3 animals). Total and surface levels of IR protein
are indistinguishable between WT and BZm’/ “TAP" lysates and show lack of a

significant difference using Student's t-test analysis.
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Figure 3.5.2. Synaptic levels of IR protein in B2m'/ “TAP" hippocampus under
denaturing conditions. Total (S1) and synaptic (P3) fractions from microdissected
hippocampus probed for IRP (C19), loading control (GAPDH) and a synaptic
protein (synaptophysin). Bars represent mean = SEM (Total fraction S1; WT
100% + 13.0%, B2m” TAP" 100% + 3.0%, n=6 animals; Synaptic fraction P3;
WT 100% + 5.0%, P2m” TAP” 108% + 4.0%, n=6 animals). Synaptic levels of
IR protein are indistinguishable between WT and P2m” TAP” lysates and show

lack of a significant difference using a Student’s t-test.
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IRB (C19) Calbindin Merge

WT

B2m™"TAP7"

Figure 3.5.3. Dentate granule cell morphology is normal in B2m” TAP”" mice.
Double-labeling immunohistochemistry for IR (green) and the dentate granule
cell marker calbindin (red). IRP and calbindin co-localize in WT neurons. IR is
absent in B2m'/ “TAP” hippocampus but calbindin labeling is indistinguishable

from WT. Stratum pyramidale (sp), stratum lucidum (sl). Scale 100um.
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Figure 3.6.1. IR can be detected in B2m” TAP” hippocampal neurons using
reagents directed against distinct epitopes in the and B subunits. (A) Labeling
of the cell surface pool of insulin-binding receptors in live, non-permeablized WT
and [32m'/ "TAP”" hippocampal neurons using fluorescently-labeled insulin (FITC-
insulin). FITC-insulin labeling is qualitatively similar in level and pattern in WT
and B2m” TAP” neurons. Scale 20um. (B-D) Immunocytochemical staining for
total IR protein in permeablized hippocampal neurons using antibodies against the
indicated epitopes of IR. Scale 10um. (B) Labeling with IRB (C19) is abolished
in BZm'/'TAP'/'neurons (see also Figures 3.4.1. and 3.4.3.). (C-D) IR protein is
detectable in BZm’/ "TAP”neurons when labeled with antibodies against distinct

epitopes of the IRB (D17) or the IRa. (N20) subunit.
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IRB (C19)

IRB (C19)
+antigen retrieval

Figure 3.6.2. Immunostaining with IRP (C19) is recovered in P2m” TAP”
neurons following antigen retrieval. WT and [2m “TAP” mouse hippocampus
immunostained for IRB (C19) before and after antigen retrieval. IR[
immunolabeling is abolished in B2m” TAP” brains under normal immunostaining

conditions, but can be restored following antigen retrieval techniques to unmask

the IRP (C19) epitope. Scale 25um.
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WT B2m™ " TAP”

IRB (C19)

IRB (C19)
+ insulin

Figure 3.6.3. Loss of IRB (C19) immunostaining in B2m” TAP”" neurons is not
rescued by insulin treatment. Hippocampal slices treated with insulin and
immunostained with IRB (C19) antibodies. Loss of IRB (C19) labeling is not

restored by treatment with the IR ligand insulin. Scale bar 20um.
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IRB (C19) + B2m

Figure 3.6.4. Loss of IRB (C19) immunostaining in p2m” TAP”" neurons is not
rescued by application of exogenous [3,-microglobulin. Cultured hippocampal
neurons treated with ,-microglobulin (f;m) and immunostained with IRB (C19)
antibodies. Loss of IRB (C19) labeling is not restored by treatment with the

soluble form of the MHCI light chain 3, m. Scale bars 50um.
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Figure 3.7.1. IRB (C19) immunolabeling is rescued in B2m” TAP” neurons co-cultured
with WT, MHCl-expressing neurons. Low magnification view of WT or BZm'/'TAP'/'
hippocampal neurons in culture immunostained for IR (C19). WT cultures contain IR-
positive neurons (dentate granule cells) and IR-negative neurons. IR-positive neurons are
readily identifiable in WT hippocampal cultures at lower magnifications (arrow). BZm‘/ i

TAP”" cultures do not contain any IR-positive neurons. Scale 40pm.
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Figure 3.7.2. IRp (C19) immunolabeling is rescued in f2m” TAP”" neurons co-cultured
with WT, MHCI-expressing neurons. (A) Double-labeling immunocytochemistry for
IRB (C19) and GFP in pure WT-GFP or pure f2m” TAP”" hippocampal cultures. Cultures
from WT-GFP mice contain many neurons that express both IR and GFP proteins while
cultures from f2m” TAP” mice display neither IR nor GFP protein labeling. Scale 10pum.
(B) Double-labeling immunocytochemistry for IRB (C19) and GFP in WT-GFP and fp2m’
“TAP”" mixed hippocampal co-cultures. Mixed cultures plated with equal numbers of
WT-GFP and f2m” TAP” neurons reveal that IRB (C19) staining can be rescued in f2m™
TAP” (GFP-negative) neurons (arrows) when cultured in the presence of WT (GFP-

positive) neurons (arrowheads). Scale 50um (40X view) or 20um (10X view).
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Figure 3.7.3. IRB (C19) immunolabeling is rescued in B2m” TAP”" neurons co-
cultured with WT, MHCI-expressing neurons. (A) Quantification of cells
showing IR (C19) labeling in WT-GFP cultures. Mature hippocampal cultures
from WT-GFP mice contain, on average, 17 C19-positive cells per coverslip. Of
note, no WT neurons are GFP-negative. The average number of cells per
coverslip is ~300. Bars represent mean + SEM (GFP cells: 17+0.70; Non-GFP
cells: 0, n=3 animals). (B) Quantification of cells showing IR (C19) labeling in
B2m’/‘T AP cultures. Mature hippocampal cultures from BZm‘/ “TAP” mice do not
contain any C19-positive cells. Of note, none of the B2m'/'TAP'/' cells are GFP-
positive (n=3 animals). (C) Quantification of cells showing IR (C19) labeling in
WT-GFP/B2m’/ "TAP” co-cultures. Mature hippocampal cultures plated with
equal numbers of WT-GFP and BZm’/ "TAP”" neurons contain two populations of
C19-expressing cells: those that are GFP-positive (WT), and those that are GFP-
negative (B2m’/‘TAP‘/ 7). Bars represent mean = SEM (GFP cells: 6+1.4; Non-GFP

cells: 6+0.8 n=3 animals).
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Figure 3.8.1. IR signaling is increased in MHCI-deficient hippocampus. IR
immunoprecipitated from WT or B2m” TAP” hippocampal lysates in the presence
or absence of insulin and phosphatase inhibitors, probed for phosphotyrosine
(pTyr), IRB (C19), or a loading control (GAPDH). While total levels of IR are
normal, the fraction of neuronal IR that are tyrosine phosphorylated (pTyr-
IRB/IRP) in the absence of exogenous insulin is significantly elevated in P2m”
TAP” hippocampus. Treatment with insulin induces a significant increase in
tyrosine phosphorylation of IR in WT but not B2m”’ TAP” hippocampus. Bars
represent mean + SEM normalized to total IR (WT minus insulin: 0.11+0.03; WT
plus insulin: 0.98+0.03; B2m” TAP” minus insulin: 1.05£0.08, p<0.01 as
compared to WT minus insulin, Student’s t-test; B2m “TAP” with insulin:

1.07+0.05; n=3 animals per condition).
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Figure 3.8.2. PI3K signaling is increased in MHCI-deficient hippocampus. The
p85a. subunit of PI3K immunoprecipitated from WT or B2m” TAP” hippocampal
lysates in the presence or absence of insulin and phosphatase inhibitors, probed
for phosphotyrosine (pTyr), PI3K (p85a) or a loading control (GAPDH). While
total levels of PI3K (p85c) are normal, the amount of PI3K (p85a) that are
tyrosine phosphorylated in the absence of exogenous insulin is elevated in B2m'/ .
TAP” hippocampus. Treatment with insulin induces a significant increase in
tyrosine phosphorylation of PI3K (p85c) in WT but not BZm‘/ “TAP"

hippocampus.
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Figure 3.9.1. Synapse number is increased in MHCI-deficient hippocampal neurons.
(A) Representative high magnification electron micrographs of hippocampal region CA3
from WT, f2m” TAP” and K""D"" mice showing a single synapse. Cross synapse
morphology is comparable in WT and knock out mice. Scale 250nm. (B)
Representative low magnification electron micrographs of CA3 from WT, f2m” TAP”
and K”"D"" mice showing multiple synapses (arrowheads). Sclae 150nm. A2m” TAP”
and K”"D"" mice display a significant increase in synapse density as compared to WT in
CAZ3, where IR is expressed, but not in CA1, where IR is not expressed. Bars represent
mean + SEM (WT: 3.4+0.10 synapses per 10m? n=6 animals; f2m” TAP"": 4.0+0.08,

n=6, p<0.02; K*"D"": 4.3+0.03, n=3, p<0.01 Student’s t-test).
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Figure 3.10.1. Fasted blood glucose levels in WT and B2m™ TAP”" mice. P2m™
TAP”" mice have normal blood glucose levels after 24 hours of fasting. Bars
represent mean£SEM (WT males: 115.6£2.5mg/dL, n=12 animals; [32m’/ “TAP”
males: 103.9+1.3, n=19; WT females: 96.9+2.5, n=8, BZm‘/’TAP’/‘ females:

85+1.6, n=19. Student’s t-test shows no significant difference).
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Figure 3.11.1. Body weight measurements in WT and B2m” T4P”" mice from 6-
70 weeks of age. Male BZm'/’TAP’/' mice on a regular chow diet weighed
significantly less than controls at all ages, while female [32m’/ "TAP”" mice weighed
significantly less than controls starting at 26 weeks if age. Bars represent

mean+=SEM (n>10 mice for each genotype and gender, p<0.0001 Student’s t-test).
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Figure 3.11.2. Food intake measurements normalized to body weight in WT and
B2m ™ TAP” mice at 20 weeks of age. BZm'/ "TAP”" male mice eat significantly
more than controls relative to their body weight, while B2m'/ “TAP” female mice
do not have altered normalized food intake. Bars represent mean+SEM (WT
males: 99.1+0.6 mg/g body weight, n=15 animals; B2m'/'TAP'/' males: 127.2+6.6,
n=15, p<0.0001 Student’s t-test; WT females: 145.7+1.3, n=19, B2m’ TAP"

females: 135.6+0.36, n=14).
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Figure 3.12.1. Summary of IR signaling in WT B2m” TAP” hippocampal
neurons. In WT neurons, endogenous MHCI acts to limit the signaling of IR and
additionally limits synapse density, a process that is dependent on normally
functioning IR. In B2m‘/’TAP’/ " neurons, loss of cell surface MHCI leads to a
masking of a key cytoplasmic domain of IR, an increase in the basal activation of
IR and an increase in synapse density specifically in regions where IR are
expressed. This model suggests a mechanism whereby MHCI modulates the
tyrosine phosphorylated cytoplasmic tails of IR to regulate synaptic density in the

hippocampus.
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