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MHC Class I Limits Hippocampal Synapse Density by
Inhibiting Neuronal Insulin Receptor Signaling
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Proteins of the major histocompatibility complex class I (MHCI) negatively regulate synapse density in the developing vertebrate brain
(Glynn et al., 2011; Elmer et al., 2013; Lee et al., 2014), but the underlying mechanisms remain largely unknown. Here we identify a novel
MHCI signaling pathway that involves the inhibition of a known synapse-promoting factor, the insulin receptor. Dominant-negative
insulin receptor constructs decrease synapse density in the developing Xenopus visual system (Chiu et al., 2008), and insulin receptor
activation increases dendritic spine density in mouse hippocampal neurons in vitro (Lee et al., 2011). We find that genetically reducing
cell surface MHCI levels increases synapse density selectively in regions of the hippocampus where insulin receptors are expressed, and
occludes the neuronal insulin response by de-repressing insulin receptor signaling. Pharmacologically inhibiting insulin receptor sig-
naling in MHCI-deficient animals rescues synapse density, identifying insulin receptor signaling as a critical mediator of the tonic
inhibitory effects of endogenous MHCI on synapse number. Insulin receptors co-immunoprecipitate MHCI from hippocampal lysates,
and MHCI unmasks a cytoplasmic epitope of the insulin receptor that mediates downstream signaling. These results identify an impor-
tant role for an MHCI–insulin receptor signaling pathway in circuit patterning in the developing brain, and suggest that changes in MHCI
expression could unexpectedly regulate neuronal insulin sensitivity in the aging and diseased brain.

Introduction
Major histocompatibility complex class I (MHCI) proteins are
known for their immune roles (Neefjes and Momburg, 1993;
Rammensee et al., 1993) and have additional functions in the
healthy nervous system. MHCI is expressed by neurons in the
developing and adult brain, and is present at synapses (Corriveau
et al., 1998; Lidman et al., 1999; Huh et al., 2000; Goddard et al.,
2007; Needleman et al., 2010; Ribic et al., 2011; Chacon and
Boulanger, 2013). Several lines of evidence suggest that MHCI
regulates the number and location of synaptic connections.
MHCI is required for the elimination of developing retino-
geniculate synapses (Huh et al., 2000; Datwani et al., 2009; Lee et
al., 2014), limits cortical ocular dominance plasticity (Datwani et

al., 2009), and negatively regulates synapse density in cortical
neurons (Glynn et al., 2011; Elmer et al., 2013).

A critical step toward understanding how MHCI controls
neuronal connectivity is to identify the molecular mediators of
neuronal MHCI signaling. Several immunoreceptors for MHCI
have been detected in the brain (Syken and Shatz, 2003; Bryceson
et al., 2005; Syken et al., 2006; Zohar et al., 2008), and at least one,
paired Ig-like receptor B (PirB), can bind to neuronal MHCI.
However, mice expressing a dominant-negative form of PirB,
unlike MHCI-deficient mice, have normal retinogeniculate syn-
apse elimination (Syken et al., 2006), indicating that MHCI uses
other signaling pathways to regulate connectivity in the develop-
ing nervous system.

Dozens of proteins can form macromolecular complexes with
MHCI (Ojcius et al., 2002). In liver cells and other non-neuronal
cell types, MHCI can regulate signaling and glucose uptake me-
diated by the insulin receptor (Chvatchko et al., 1983; Due et al.,
1986; Edidin and Reiland, 1990; Liegler et al., 1991). In neurons,
glucose uptake is thought to be largely insulin independent
(Tomlinson and Gardiner, 2008). Instead, insulin signaling in
neurons has been implicated in the regulation of learning and
memory, synaptic plasticity, glutamate receptor trafficking, neu-
rite growth, and synapse density (Wan et al., 1997; Zhao et al.,
1999; Brüning et al., 2000; Man et al., 2000; Tomioka et al., 2006;
Chiu et al., 2008; Lee et al., 2011). Insulin receptors are enriched
at the postsynaptic density in acutely dissociated hippocampal
neurons (Abbott et al., 1999). Current studies support a model in
which insulin receptor signaling increases synapse density. Insu-
lin treatment increases dendritic spine density in neonatal mouse
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hippocampal neurons in vitro (Lee et al., 2011), while dominant-
negative insulin receptor constructs reduce synapse density in the
developing Xenopus visual system (Chiu et al., 2008).

Here we show that MHCI limits synapse density in the hip-
pocampus by inhibiting insulin receptor signaling. Insulin recep-
tor signaling is tonically activated in MHCI-deficient mice, and
inhibiting insulin receptor signaling rescues synapse number in
these transgenic mice, suggesting that loss of MHCI relieves a
tonic brake on insulin receptor signaling to increase synapse den-
sity. MHCI forms a macromolecular complex with the insulin
receptor, and unmasks an epitope of the insulin receptor that
mediates downstream signaling. These studies identify insulin
receptor signaling as a new pathway by which MHCI regulates
synapse density.

Materials and Methods
Animals. Animal work was performed in accordance with the University
of California, San Diego, and Princeton University Institutional Animal
Care and Use Committees. Wild-type (WT) C57BL/6 mice, and actin-
GFP, �2m�/�TAP�/�, and Kb�/�Db�/� mice, all on a C57BL/6 back-
ground and backcrossed to WT more than eight times, were used. All
mice were male, age postnatal day 30 (P30) to P32, unless otherwise
specified. To reduce cell surface expression of most of the �50 MHCI
proteins found in the mouse, we used �2m�/�TAP�/� animals. These
mice lack two key components of the MHCI expression pathway: �2-
microglobulin (�2m), an invariant light chain of the MHCI complex; and
the transporter associated with antigen processing 1 (TAP1), an endo-
plasmic reticulum-expressed transporter required to load antigenic pep-
tides onto MHCI. Double-mutant �2m�/�TAP�/� mice lack stable cell
surface expression of most MHCI proteins, and have been used exten-
sively to study the immunological functions of MHCI (Zijlstra et al.,
1989; Van Kaer et al., 1992; Ljunggren et al., 1995). Kb�/�Db�/� mice
lack expression of the two classic MHCI genes in C57BL/6 mice, H2-K
and H2-D (Vugmeyster et al., 1998; Schott et al., 2003). WT actin-GFP
mice express the GFP transgene under the control of the �-actin pro-
moter (Okabe et al., 1997). Neuron-specific insulin receptor knock-out
(NIRKO) mice lack insulin receptor expression in nestin-expressing cells
(Brüning et al., 2000), which includes most cell types in the mature brain.
Transgenic mice were compared with strain-matched controls by exper-
imenters blind to genotype.

Immunostaining. For immunohistochemistry, mice were anesthetized
to a surgical plane of consciousness with isoflurane and perfused with 1�
PBS at 37°C, followed by 4% PFA at room temperature (RT). Brains were
dissected out, post-fixed in PFA, and cryoprotected overnight (O/N) in
10 –30% sucrose (Sigma). Brains were frozen at �20°C in OCT and
cryostat sectioned (20 �m). Sections were mounted on Superfrost Plus
Slides (Fisher Scientific), allowed to air dry 2 h, and then washed and
blocked in 3% BSA plus 0.3% Triton X-100. Slides were incubated O/N at
4°C in the following primary antibodies: insulin receptor � (C19, 2 �g/
ml, Santa Cruz Biotechnology; RTK, 611276, 5 �g/ml, BD Transduction
Laboratories); MAP2 (MAB378, 1 �g/ml, Millipore Bioscience Research
Reagents); TAU (MAB3420, 1 �g/ml, Millipore Bioscience Research Re-
agents); MHCI (OX18, MCA51R, 10 �g/ml, Serotec; no Triton X-100
used); calbindin (D-28K, C9848, 14 �g/ml, Sigma, block in 2% goat
serum); or synaptophysin (SY38 1 �g/ml, Millipore Bioscience Research
Reagents). Isotype-matched Ig (R&D Systems) was used in the same
quantity as the primary antibody as a negative control. After washes,
slides were incubated in secondary antibody (Alexa Fluor 488 or 568 IgG,
2 �g/ml, Invitrogen) for 2 h at RT in the dark. Following washes and 3 h
of air drying, slides were coverslipped using Gel Mount (Sigma).

For antigen retrieval, brain sections were incubated in urea buffer (100
mM Tris, 5% w/v urea, pH 9.5) for 4 min at 95°C before blocking, washed
in PBS, and then processed for immunostaining as above.

For immunocytochemistry, neurons [16 –20 d in vitro (DIV)] were
fixed in 4% PFA/4% sucrose for 15 min followed by quenching in 100 mM

glycine-PBS to block free aldehyde groups. Cells were blocked in 0.2%
BSA plus 0.05% saponin (BSA-saponin-PBS) for 45 min at 37°C, then

incubated for 45 min at RT in the following primary antibodies: insulin
receptor � (C19, 2 g/mL; D17, 2 g/mL, Santa Cruz; or RTK, 611276, 5
g/mL, BD Transduction Labs), insulin receptor � (N20, 2 g/mL, Santa
Cruz; saponin omitted for surface staining), Calbindin (D-28K, 74
g/mL), or GFP (ab6673, 0.3 g/mL, Abcam). Coverslips were washed,
incubated in secondary antibody (Alexa Fluor 488 or 568 IgG, 2 �g/ml)
for 45 min at RT, washed, and mounted on slides with Gel Mount.

All staining was visualized with fluorescence microscopy using an
Olympus BX51W 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 settings. For
double labeling, neurons were incubated in a cocktail of both antibodies.

Dissociated hippocampal cultures. Low-density hippocampal cultures
were prepared from newborn (P0) mice as previously described (Fourge-
aud et al., 2010). Briefly, hippocampi were dissected out, dissociated with
trypsin, and triturated. Neurons were plated at a density of �12,000
cells/cm 2 on poly-L-lysine-coated coverslips. Arabinofuranosylcytosine
(5 �M) was added at 6 DIV to limit glial proliferation. For cocultures,
�6000 cells/cm 2 each genotype were plated per coverslip. For �2m- or
insulin-treated cultures, 16 DIV hippocampal cultures were treated with
10 �M recombinant �2m (catalog #M4890, Sigma) or 1.5 �M bovine
insulin (catalog #I0516, Sigma) for 1 h or 30 min, respectively, in condi-
tioned media.

Organotypic hippocampal slice cultures treated with rapamycin. Orga-
notypic hippocampal slice cultures were prepared from P7 WT and
�2m�/�TAP�/� mouse pups. Mice were anesthetized, decapitated, and
their hippocampi rapidly microdissected in ice-cold, oxygenated, low-
sodium artificial CSF (ACSF; in mM: 1 CaCl2, 5 D-glucose, 2 KCl, 5
MgCl2, 13 NaHCO3, and 117 sucrose). Dissected hippocampi were trans-
ferred to the stage of a McIlwain tissue chopper (Stoelting) and sectioned
into 400 �m slices. Slices were submerged in slice culture media (DMEM
supplemented with 5% horse serum, 0.5 mg of human insulin, 0.001%
ascorbic acid, 1 mM L-glutamine, 1 mM CaCl2, 2 mM MgSO4, 6 mM

D-glucose, 2.6 mM NaHCO3, and 15 mM HEPES), and intact slices were
selected for culturing. Slices were placed on Millicell Cell Culture Inserts
(30 mm; hydrophilic polytetrafluoroethylene, 0.4 �m; Millipore) in a
six-well plate and cultured for 1 week in slice culture media at 37°C in a
95%O2/5%CO2 incubator. Media contained either 0.2 �M rapamycin in
DMSO or an equal volume of DMSO alone (vehicle control).

Acute hippocampal slice preparations treated with insulin. Coronal
brain slices (350 �m thick) were cut in ACSF [containing the following
(in mM): 117 NaCl, 4.7 KCl, 25 NaHCO3, 1.2 NaH2PO4, 11 Dextrose, 2.5
CaCl2, 1.2 MgCl2] and were allowed to recover for 30 min in oxygenated
ACSF at 31°C, followed by 30 min at RT. Subsets of these preparations
were routinely used for electrophysiological recordings in other studies,
allowing us to assess the health of the neurons. Half the sections from one
animal were treated for 30 min with 1.5 �M bovine insulin in 25 mM

HEPES, and the other half with HEPES alone. Hippocampi were dis-
sected out and processed for lysis and immunoprecipitation (see below)
in the presence of phosphatase inhibitor cocktail (PhosStop, Roche, fol-
lowing manufacturer specifications), or slices were fixed, cryosectioned,
and immunostained as above.

Western blotting. Mice were anesthetized with isoflurane followed by
rapid decapitation. Hippocampi were dissected out in cold 1� PBS and
homogenized with a handheld tissue grinder in lysis buffer containing 20
mM Tris, pH 7.5, 1 mM EDTA, pH 8, 150 mM NaCl, 1% NP40, and
protease (Complete Tabs), and phosphatase (PhosStop, Roche) inhibitor
cocktails. After 30 min on ice, samples were centrifuged to remove insol-
uble material. Protein quantification was performed using a BCA Protein
Assay Kit (Pierce). Samples were heat denatured in 2� SDS sample buf-
fer/lysis buffer (125 mM Tris, pH 6.8, 4% SDS, 10% glycerol, 0.006%
bromophenol blue, 1.8% �-mercaptoethanol) at 85°C for 5 min and
separated using standard SDS-PAGE. Proteins were then transferred
onto a PVDF membrane (Millipore). Membranes were blocked in 5%
milk/1� TBS/0.1% Tween, then incubated O/N at 4°C with the following
primary antibodies: insulin receptor � (RTK, 611276, 5 �g/ml, BD
Transduction Laboratories; C19, 200 �g/ml, Santa Cruz Biotechnology);
MHCI (OX18, MCA51R, 1 mg/ml, Serotec); GluR1 (AB1504, 100 �g/ml,
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Millipore Bioscience Research Reagents); GAPDH (MAB374, 10 �g/ml,
Millipore Bioscience Research Reagents); synaptophysin (MAB5258, 10
�g/ml, Millipore Bioscience Research Reagents); pTyr (4G10, 0.5 �g/ml,
Millipore; block 2% BSA instead of milk); insulin receptor � (N20, 200
�g/ml, Santa Cruz Biotechnology); PI3-kinase (PI3K; p85, clone 06 –
497, 200 �g/ml, Millipore); or phospho-mitogen-activated protein ki-
nase (MAPK)/extracellular signal-related kinase (ERK) 1/2 (Thr 202/Tyr
204; 9101, 0.15 �g/ml, Cell Signaling Technology). After washes, mem-
branes were incubated for 1 h at RT in secondary antibody (peroxidase-
conjugated AffiniPure IgG, 0.1– 0.2 �g/ml; The Jackson Laboratory).
Bands were visualized using chemiluminescence (Pierce) and quantified
by densitometry using ImageJ Software (National Institutes of Health).

Immunoprecipitation. Protein lysates (1 mg) were incubated O/N at
4°C with 2 �g of antibody. Samples were combined with 50 �l of pre-
washed Protein G beads (Promega) in lysis buffer and rotated for 3 h at
4°C. Beads were collected by centrifugation and washed three times in
cold lysis buffer. Immunoprecipitates were eluted directly in SDS sample
buffer at 85°C for 10 min.

Surface biotinylation of live hippocampal slices. Acute hippocampal
slices (see above) were washed in ice-cold ACSF and incubated in ACSF
containing 1 mg/ml sulfosuccinimidyl-6-(biotinamido) hexanoate
(Pierce) for 1 h at 4°C. Unreacted biotinylation reagent was removed by
two washes in cold ACSF and quenched with two washes in cold ACSF
plus 100 mM glycine. Hippocampi were then homogenized as described
above. To pull down biotinylated proteins, 250 �g of each lysate was
incubated with 50 �l of streptavidin agarose beads (Endogen) O/N at
4°C. After several washes in lysis buffer and one wash in 50 mM Tris-HCl,
pH 7.4, surface proteins were eluted into SDS sample buffer and pro-
cessed for Western blotting as above.

Subcellular fractionation. For each experiment, two sex-matched 4- to
5-week-old animals of each genotype were used as described previously
(Fourgeaud et al., 2010). Briefly, hippocampi were homogenized in 10
volumes of HEPES sucrose buffer using a glass-Teflon homogenizer and
were centrifuged. The pellet (P1), containing the nuclei and large insol-
uble fragments, was discarded. The supernatant (S1), corresponding to
the total protein fraction, was centrifuged to isolate a washed, crude,
synaptosomal pellet (P2�). P2� was lysed by hypo-osmotic shock in water
and rapidly adjusted to 4 mM HEPES. The P2� lysate was centrifuged to
generate a crude synaptosomal membrane fraction (P3) and a crude
synaptic vesicle fraction (S3). Fractionation efficiency was confirmed by
Western blot using an antibody against the synaptically localized protein
synaptophysin (SY38 0.3 �g/ml, Millipore Bioscience Research Re-
agents). Synaptophysin was enriched at all steps of the fractionation
process, indicating successful enrichment of synaptic proteins.

FITC-insulin labeling. Hippocampal neurons (16 DIV) were live la-
beled for 15 min at 37°C in the presence of 200 nM FITC-conjugated
insulin (Invitrogen) diluted in conditioned media. After washes in cold
PBS, neurons were fixed and bound FITC insulin was visualized by flu-
orescence microscopy.

Electron microscopy. Mice were transcardially perfused with 1� PBS at
37°C, followed by 2% PFA/2.5% glutaraldehyde in 0.1 M sodium cacody-
late, pH 7.4. Brains were dissected out and post-fixed O/N at 4°C, then
were thick sectioned on a vibratome (300 �m coronal sections). Seven
thick sections, encompassing the entire hippocampus, were obtained
from each animal, and the second most anterior section was processed
for electron microscopy (EM). Following three washes in sodium caco-
dylate for 15 min and two washes in double-distilled H2O (ddH2O),
sections were incubated in 1% OsO4/0.5% potassium ferrocyanate for
1 h, washed in ddH2O, incubated in 1% uranyl acetate 30 min, washed in
ddH2O, dehydrated in an EtOH series, incubated in SciPoxy resin/EtOH
without DMP30 for 48 h at 65°C, incubated in pure resin without
DMP30 under vacuum for 1 h, incubated with DMP30 for 1 h, cut into
thin (�90 nm; silver) sections, and mounted on Formvar/carbon slot
grids. EM images were collected at 10,000� magnification. For CA3,
images were collected from stratum lucidum, at the center of the curve of
CA3, 50 �m from the pyramidal cell layer. For CA1, images were col-
lected from stratum radiatum, directly above the upper tip of the dentate
and 50 �m below the CA1 pyramidal cell layer. Care was taken to image
non-overlapping areas. Synapses (ultrastructurally defined as postsynap-

tic densities with closely apposed presynaptic boutons filled with synap-
tic vesicles) were independently counted by multiple observers who were
blind to genotype in 15 images from CA3 and 15 from CA1 for each
animal, representing a total area of 400 �m 2 per animal in each region.

For EM of hippocampal slice cultures, individual slices were fixed
overnight in 4% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH
7.4, at 4°C. Slices were transferred to 0.2 M sodium cacodylate buffer, pH
7.4, and stored at 4°C. CA3 tissue was dissected as above. Sections were
washed in sodium cacodylate buffer 2� 10 min, post-fixed in 1% OsO4 in
0.1 M cacodylate buffer for 1 h, dehydrated in graded series of ethanol
(50%, 70%, 90%, and 100%, each 1� 10 min), defatted in 100% acetone
2� 10 min, incubated in 1:1 acetone/Epon resin for 1 h with rotation,
incubated O/N in 1:3 acetone/Epon resin with rotation, washed in 100%
Epon resin 2� 30 min each, and embedded in 100% resin at 70°C O/N.
Ninety-seven nanometer sections were picked up on a 200 mesh copper
grid, and sections were stained with uranyl acetate for 10 min and lead
citrate for 2 min. Images were collected on a Zeiss 9132AB microscope at
4000� magnification. Fifty images, each 66.3 �m 2, were collected from
one slice per animal. Synapses were counted independently in every im-
age by two observers who were blind to genotype and treatment.

Blood glucose levels. Blood samples from tail puncture of 6-month-old
male or female mice were assayed using a Precision Xtra blood glucose
monitor (MediSense). Blood glucose measurements were obtained be-
tween 8:00 and 10 A.M. at the end of a 24 h fast.

Plasma and CSF insulin levels. CSF was extracted from age- and sex-
matched littermates, as described previously (Nirogi et al., 2009). Blood
was extracted from the heart of the same animals, heparin (1000 U/ml)
was added, and plasma was isolated by centrifugation. CSF and blood
were assayed for insulin levels using a Mouse Insulin Ultrasenstive EIA
Kit (80-INSMSU-E01, ALPCO). Our results are consistent with pub-
lished values (Ranheim et al., 1997; Koevary et al., 2003).

Food intake and body weight studies. To measure food intake, 4-month-
old mice were provided with preweighed food. Food and mice were weighed
every day for 4 d. Food intake (food consumed per day per mouse in milli-
grams) was normalized to mouse body weight (the average body weight of
the mouse measured over a 4 d period and reported in grams).

Life span analysis. Age- and sex-matched, nonmating mice were housed
under identical conditions and fed a standard chow diet, and their date of
death was recorded. Mice that died from a clear pathology (i.e., injury, tu-
mor, infection) were omitted from the final analysis (a total of five animals
were excluded: three WT and two �2m�/�TAP�/� mice).

Statistics. For all experiments, means are reported � SEM. Statistical
comparisons of the data were performed using GraphPad InStat, ver-
sion 3.06.

Results
MHCI negatively regulates synapse density in multiple regions of
the vertebrate brain, but the underlying molecular mechanisms
remain largely unknown. Here we explored the hypothesis that
endogenous MHCI limits synapse density in the hippocampus by
inhibiting the synapse-promoting effects of the insulin receptor.

Insulin receptor signaling is constitutively activated in
neurons that express reduced cell surface levels of MHCI
Upon ligand binding, the insulin receptor is autophosphorylated
on tyrosine residues. If endogenous MHCI normally inhibits in-
sulin receptor signaling, then reducing MHCI levels might in-
crease insulin receptor phosphorylation. To test this prediction,
insulin receptors were immunoprecipitated from hippocampal
slices from WT and MHCI-deficient mice (�2m�/�TAP�/�; see
Materials and Methods), and were probed for phosphotyrosine.
Total insulin receptor levels are normal in the hippocampus of
MHCI-deficient animals (Figs. 1A, 2C–E). As expected, insulin
receptors from untreated WT slices are not detectably phosphor-
ylated in the presence of low basal levels of insulin, but become
rapidly phosphorylated upon exposure to exogenous insulin. In
contrast, insulin receptors from MHCI-deficient �2m�/�TAP�/�
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hippocampi show significant basal phos-
phorylation, which is comparable in
magnitude to insulin-stimulated phos-
phorylation in WT slices (Fig. 1A). Thus,
insulin receptors may be maximally
phosphorylated in the basal state in the
MHCI-deficient hippocampus. Consis-
tent with this possibility, the application
of high levels of insulin failed to further in-
crease receptor phosphorylation in �2m�/�

TAP�/� slices, indicating total occlusion
of neuronal insulin sensitivity in the ab-
sence of MHCI (Fig. 1A). Elevated basal
insulin receptor phosphorylation in
MHCI-deficient hippocampus is not
caused by an increase in levels of circulat-
ing insulin, since plasma and CSF insulin
levels and fasting blood glucose levels are
all normal in �2m�/�TAP�/� mice (see
Fig. 6A–C). Thus, increased neuronal insu-
lin receptor signaling in MHCI-deficient
neurons is not secondary to systemic or
local changes in insulin availability, but
reflects a role for MHCI in inhibiting neu-
ronal insulin receptor signaling.

To determine whether MHCI specifi-
cally inhibits aspects of insulin receptor
signaling that are required for insulin-
stimulated increases in synapse number,
PI3-kinase (PI3K) and extracellular
signal-related kinase (ERK)1/2 activation
were examined in MHCI-deficient hip-
pocampus. Following insulin receptor au-
tophosphorylation, insulin can trigger
diverse downstream second messenger
cascades, including PI3K and the MAPK/
ERK1/2 pathway (the Ras–Raf–MEK–
ERK1/2 pathway (White and Kahn,
1994). Insulin-stimulated increases in
hippocampal synapse density in vitro re-
quire activation of PI3K, but not ERK1/2
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Figure 1. MHCI inhibits constitutive insulin receptor signaling and limits synapse density in regions where IRs are expressed. A,
B, Insulin receptor � subunits (IR�) or PI3K immunoprecipitated from WT or �2m�/�TAP�/� hippocampal lysates prepared
from live brain slices incubated in the presence or absence of insulin, probed for phosphotyrosine (pTyr), insulin receptor � (IR�;
C19), PI3K, or the abundant intracellular protein GAPDH. While total levels of insulin receptor and PI3K proteins are normal, the
proportion of insulin receptor and PI3K that is phosphorylated in the basal state is significantly elevated in �2m�/�TAP�/�

hippocampus. Histograms show the mean pTyr labeling intensity normalized to total insulin receptor or PI3K labeling within the
experiment �SEM, reported in arbitrary units (a.u.). A, IR: WT minus insulin, 0.11 � 0.03; WT plus insulin, 0.98 � 0.03;
�2m�/�TAP�/� minus insulin, 1.05 � 0.08 ( p � 0.01 compared with WT minus insulin, Student’s t test); �2m�/�TAP�/�

with insulin, 1.07 � 0.05; n 	 3 animals per genotype per condition. B, PI3K: WT minus insulin, 43.10 � 4.17; WT plus insulin,
75.57 � 6.59; �2m�/�TAP�/� minus insulin, 71.74 � 9.58 ( p � 0.01 compared with WT minus insulin, Student’s t test);
�2m�/�TAP�/� with insulin, 67.14 � 8.21; n 	 3 animals per genotype per condition. C, Coronal sections of P30 mouse
hippocampus immunostained with IR� (C19) antibodies show strong, specific labeling of the proximal neuropil in area CA3, but
not area CA1, of hippocampus. Labeling is abolished when WT sections are incubated in isotype control primary antibodies
(middle) or in brain sections from NIRKO mice (right). Left, Boxes represent regions where electron micrographs were collected.
Scale bar, 100 �m. D, Top, Representative transmission electron micrographs of single synapses in stratum lucidum of CA3 from

4

WT and MHCI-deficient mice (�2m�/�TAP�/� and Kb�/�

Db�/� mice). Scale bar, 150 nm. Bottom, Representative
lower-magnification transmission electron micrographs from
stratum lucidum of CA3 from WT �2m�/�TAP�/� and
Kb�/�Db�/� mice showing multiple synapses (arrows).
Scale bar, 250 nm. E, Synapse counts per unit area. �2m�/�

TAP�/� and Kb�/�Db�/� mice show increased synapse
density compared with WT mice in area CA3, where insulin
receptors are expressed, but not in CA1, where insulin recep-
tors are not detected. Values represent the mean � SEM.
Mean number of synapses per square micrometer in CA3: WT,
0.34 � 0.01 synapses, n 	 6 animals; �2m�/�TAP�/�,
0.40 � 0.01, n 	 6, p � 0.02; Kb�/�Db�/�, 0.43 � 0.01,
n 	 3, p � 0.01, Student’s t test. BT, �2m�/�TAP�/�; KD,
Kb�/�D b�/�. Mean synapse density in CA3 is 17.7% higher
in �2m�/�TAP�/� than WT mice. F, Rapamycin reduces
synapse number in area CA3 of �2m�/�TAP�/� but not WT
mice. Mean synapse density in �2m�/�TAP�/� declines an
average of 15.0% after treatment with rapamycin, signifi-
cantly different from the effect in WT ( p 	 0.02); n 	 3 slices
per genotype. IP, Immunoprecipitation. *p � 0.05.
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(Lee et al., 2011). Therefore, we predicted that loss of MHCI
would disinhibit PI3K activation, but might not affect ERK1/2
activation. Indeed, in MHCI-deficient neurons, constitutive in-
sulin receptor phosphorylation is associated with elevated basal
phosphorylation of PI3K (Fig. 1B), but no significant change in
ERK1/2 phosphorylation (89 � 17% of WT, n 	 5). Thus, en-
dogenous MHCI prevents tonic activation of PI3K, a mediator of
insulin-stimulated increases in synapse number.

Synapse number is selectively increased in insulin receptor-
expressing regions of hippocampus in MHCI-deficient mice
Insulin treatment increases spine density in mouse hippocampal
neurons in vitro (Lee et al., 2011). Therefore, we hypothesized

that elevated insulin receptor phosphorylation in MHCI-
deficient mice might cause an increase in synapse density. A key
prediction of this hypothesis is that increased synapse density
should be restricted to regions where insulin receptors are
expressed.

Previous studies using in situ hybridization and radiolabeled
insulin suggest that insulin receptor mRNA and protein are
widely expressed in brain (Havrankova et al., 1978; Baron Van
Evercooren et al., 1991; Kar et al., 1997). However, insulin can
bind to other cell surface proteins, including the insulin-like
growth factor 1 receptor (IGF1R; Sosa et al., 2006), and therefore
insulin binding may overestimate the extent of insulin receptor
expression. To characterize insulin receptor protein expression
in the brain, immunostaining was performed on permeabilized
mouse brain sections using an antibody that is specific for insulin
receptors and does not cross-react with IGF1Rs (Entingh-
Pearsall and Kahn, 2004; Baudler et al., 2005). This antibody
(clone C19) recognizes an intracellular epitope of the �-subunit
of the insulin receptor. Immunostaining with this antibody is
abolished in animals that lack insulin receptor expression in
brain (i.e., NIRKO mice; Brüning et al., 2000), confirming its
specificity for the insulin receptor (Fig. 1C). Strong, specific in-
sulin receptor immunostaining was detected in the hippocampus
in WT animals. Dense labeling is apparent in stratum lucidum of
area CA3, which includes mossy fiber axons from the dentate
gyrus granule cells, which form synapses on CA3 pyramidal neu-
rons. In contrast, no labeling is present in the proximal neuropil
of area CA1, which includes Schaffer collateral axons from CA3
pyramidal cells, which make synapses onto the dendrites of CA1
pyramidal neurons (Fig. 1C; see also Fig. 4).

To test whether increases in synapse number in MHCI-
deficient brain are specifically associated with regions where in-
sulin receptors are expressed, synapses were counted using
electron microscopy in stratum lucidum of CA3, where insulin
receptors are expressed, or proximal stratum radiatum of CA1,
where insulin receptors are not detected (Fig. 1C, boxed areas).
Both samples included synapses made onto the proximal den-
drites of pyramidal neurons that express MHCI (Huh et al.,
2000). Synapses were defined ultrastructurally and were counted
over an identical area (400 �m 2 of the neuropil) in WT and
MHCI-deficient animals.

Synaptic morphology is qualitatively indistinguishable in WT
and MHCI-deficient hippocampi (Fig. 1D). However, MHCI-
deficient �2m�/�TAP�/� mice show significantly higher synapse
density relative to WT mice in area CA3 of hippocampus. Strik-
ingly, this increase in synapse density is present in CA3, where
insulin receptors are expressed, but not in CA1, where insulin
receptors are absent. Similar results were obtained in mice that
lack the classic MHCI genes H2-K and H2-D, but do not have
mutations in either �2m or TAP (Kb�/�Db�/� mice; Vugmeyster
et al., 1998; Fig. 1D,E). The increase in synapse number in Kb�/�

Db�/� mice independently confirms the role of MHCI in limiting
synapse number in areas where insulin receptors are detected,
and implicates one or both of these classic MHCI genes in the
control of synaptic connectivity.

Synapse number is rescued in MHCI-deficient mice by
blocking insulin receptor signaling
The current results are consistent with a model in which MHCI
limits synapse number by inhibiting insulin receptor activation.
In this model, the loss of MHCI disinhibits insulin receptor sig-
naling, resulting in an increase in synapse number in regions
where insulin receptors are expressed. If this model is correct,
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Figure 2. MHCI and insulin receptors coimmunoprecipitate from WT hippocampal lysates,
and insulin receptor expression and trafficking is normal in MHCI-deficient mice. A, Western
blots of whole-brain lysates from adult (P30) WT or NIRKO mice probed for IR� using clone C19.
The loss of insulin receptor labeling (IR�; �95 kDa) in NIRKO brain samples as well as the
absence of IGF-1 receptor labeling (�115 kDa) in either genotype demonstrate the specificity
of clone C19 for insulin receptors. Bottom, The same samples stripped and reprobed for the
abundant intracellular protein GAPDH. B, Western blotting for MHCI and IR� in hippocampal
lysates or IR� immunoprecipitates. IR� antibodies selectively coprecipitate MHCI, but not
other cell surface (GluR1) or intracellular (GAPDH) proteins. IP:IgG, Isotype control immunopre-
cipitation. C, D, Western blotting of WT and �2m�/�TAP�/� hippocampal lysates probed for
IR� (C19) or IR� (N20) subunits (C), and hippocampal cell surface fractions probed for IR� (C19;
D). Total and surface levels of insulin receptor protein are indistinguishable between genotypes.
Insulin receptor values are normalized to GAPDH and represented as the percentage of WT
(mean � SEM). Total IR�: WT, 100 � 2.3%; �2m�/�TAP�/�, 111.6 � 5.5%; n 	 6 ani-
mals. Total IR�: WT, 102 � 1.3%; �2m�/�TAP�/�, 99.1 � 4.5%; n 	 3. Surface: WT, 100 �
2.0%; �2m�/�TAP�/�, 101 � 12.4%; n 	 3. E, Western blots of total (S1) and synaptic (P3)
fractions from hippocampus probed for IR� (C19) and the presynaptic protein synaptophysin
(Syn). Synaptic levels of insulin receptor protein are indistinguishable between genotypes. S1:
WT, 100 � 13.0%; �2m�/�TAP�/�, 100 � 3.0%; n 	 6 animals; P3: WT, 100 � 5.0%;
�2m�/�TAP�/�, 108 � 4.0%; n 	 6.
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then inhibiting insulin receptor signaling should rescue synapse
number in MHCI-deficient brain. To specifically inhibit the arm
of insulin receptor signaling that is required to promote synapse
number, we incubated organotypic hippocampal slice cultures in
the mammalian target of rapamycin (mTOR) inhibitor rapamy-
cin. mTOR mediates insulin-induced increases in synapse num-
ber in hippocampal neurons, and insulin-stimulated increases in
hippocampal spine density in vitro are blocked by incubation in
rapamycin (Lee et al., 2011).

Rapamycin might not change synapse number in WT hip-
pocampus, if insulin receptor signaling is already tonically inhib-
ited by endogenous MHCI (Fig. 1A,B). Indeed, rapamycin had
no effect on basal synapse density in WT hippocampal slice cul-
tures, consistent with results in acutely dissociated hippocampal
neurons (Lee et al., 2011). Although rapamycin does not signifi-
cantly affect synapse density in WT animals, it fully reverses the
increase in synapse density caused by MHCI knockdown (Fig.
1E,F). These data demonstrate that increased synapse density in
MHCI-deficient hippocampus can be rescued by inhibiting insu-
lin receptor signaling via the mTOR pathway, and suggest that
endogenous MHCI is a tonic brake on insulin receptor-induced
enhancement of synapse density.

Insulin receptors can form a complex with MHCI in
brain extracts
The results thus far indicate that MHCI inhibits insulin receptor
phosphorylation and downstream signaling, and that restoring
the inhibition of insulin signaling in MHCI-deficient mice res-
cues synapse number. How does MHCI influence insulin recep-
tor function? To determine whether MHCI can interact with
insulin receptors from neurons, coimmunoprecipitation experi-
ments were performed. The anti-insulin receptor �-subunit an-
tibody C19 recognizes a single band of the expected molecular
weight in immunoblots of WT brain lysates, which is completely
abolished in lysates from insulin receptor-deficient NIRKO ani-
mals (Brüning et al., 2000; Fig. 2A), confirming the specificity of
the C19 antibody for insulin receptors in Western blots of brain.
Western blots of WT hippocampal lysates show two specific
MHCI bands of 45 and 55 kDa, as previously reported (Huh et al.,
2000), consistent with the fact that this antibody recognizes mul-
tiple MHCI species in the 45–55 kDa range (Osawa et al., 1985).
Immunoprecipitation of endogenous insulin receptors from hip-
pocampus selectively coprecipitated the 55 kDa MHCI band, but
did not precipitate the 45 kDa MHCI band, the abundant intra-
cellular protein GAPDH, or the synaptic transmembrane protein
GluR1 (Fig. 2B). Thus, insulin receptors form a macromolecular
complex with MHCI proteins in brain extracts.

MHCI modifies a signaling epitope of the insulin receptor
How does MHCI influence insulin receptor phosphorylation?
Insulin receptor levels are qualitatively normal in MHCI-
deficient brain (Fig. 1A,B). Further quantitative analysis shows
that total levels of both the �- and �-subunits of the insulin
receptor are normal in Western blots of hippocampal lysates
from MHCI-deficient animals (Fig. 2C–E). Cell surface and syn-
aptic levels of insulin receptors are also normal in �2m�/�TAP�/�

hippocampal lysates (Fig. 2D,E), suggesting that changes in the
expression or trafficking of insulin receptors do not contribute
significantly to MHCI-dependent changes in insulin receptor
function.

To probe how MHCI affects insulin receptor phosphorylation
and downstream signaling, we labeled native neuronal insulin
receptors in WT and MHCI-deficient �2m�/�TAP�/� animals

using reagents that are sensitive to the conformation and acces-
sibility of different epitopes (Fig. 3F). In the first set of experi-
ments, brain sections were immunostained with an antibody
(C19) that recognizes a C-terminal domain of the insulin recep-
tor �-subunit. The epitope of the C19 antibody encompasses two
tyrosine residues (Y1355 and Y1361) that are phosphorylated
upon insulin binding and subsequently form part of the PI3K
binding motif. This antibody robustly labels insulin receptors in
Western blotting and immunostaining of WT brain (Figs. 1, 2).
Strikingly, although insulin receptors are detected at normal lev-
els in �2m�/�TAP�/� brain using the C19 antibody under the
denaturing conditions of Western blots, detection of native insu-
lin receptors by this antibody was completely masked in
�2m�/�TAP�/� hippocampal slices (Fig. 3A,B,H). Similar re-
sults were obtained using a second antibody against a nearby
epitope of the insulin receptor (RTK; Fig. 3C,F). A second line of
MHCI-deficient mice (Kb�/�Db�/� mice) also showed a signifi-
cant reduction in insulin receptor immunolabeling relative to
WT using the C19 antibody (Fig. 3D). The inability to detect
native insulin receptors with antibodies against these epitopes in
two different lines of MHCI-deficient animals, despite the pres-
ence of normal levels of insulin receptor protein detectable under
denaturing conditions, suggests that the accessibility of this func-
tionally significant domain of the insulin receptor is regulated by
MHCI.

Supporting an MHCI-dependent change in insulin receptor
conformation, native insulin receptors could be detected in
MHCI-deficient animals at normal levels by labeling with multi-
ple reagents that bind distinct epitopes of the insulin receptor.
First, WT and �2m�/�TAP�/� cultured hippocampal neurons
were live labeled with fluorescein-conjugated insulin (FITC-
insulin). Insulin binds to the extracellular �-subunits of the in-
sulin receptor (Fig. 3F). Brief application of FITC-insulin to WT
neurons yielded punctate cell surface labeling of the neurites and
soma that was qualitatively indistinguishable from WT in �2m�/�

TAP�/� neurons (Fig. 3G). Thus, cell surface insulin receptors are
able to bind normal levels of insulin in MHCI-deficient mice,
consistent with the fact that cell surface insulin receptor levels
measured by surface biotinylation are normal in �2m�/�TAP�/�

neurons (Fig. 2D). Similarly, immunostaining with two additional
insulin receptor antibodies that detect extracellular epitopes yielded
comparable staining in WT and �2m�/�TAP�/� hippocampal
neurons (D17 and N20; Fig. 3F, I,J). Thus, multiple lines of evi-
dence suggest that insulin receptor expression is normal, and an
intracellular, C-terminal epitope of the insulin receptor is selec-
tively masked, in MHCI-deficient �2m�/�TAP�/� neurons.

If this epitope of the native insulin receptor is masked in
�2m�/�TAP�/� mice, it should be possible to expose it using
techniques that partially denature proteins and unmask epitopes.
In support of this possibility, this epitope is readily detectable in
�2m�/�TAP�/� mice under denaturing conditions in Western
blots (Figs. 1A,B, 2C–E). Epitopes can also be unmasked in situ in
tissue sections using antigen retrieval protocols, which dissociate
protein interactions and denature protein structure, reducing
steric interference that can occlude antibody binding sites (Shi et
al., 2001). Antigen retrieval treatment rescued C19 immuno-
staining in �2m�/�TAP�/� slices to levels that were indistin-
guishable from WT slices (Fig. 3E). The ability to detect insulin
receptor in MHCI-deficient brain using multiple approaches,
and the inability to detect insulin receptors using RTK or C19
in these animals except under denaturing conditions in vitro or in
vivo, together suggest that this intracellular epitope of the insulin
receptorisselectivelymaskedinMHCI-deficient�2m�/�TAP�/�neu-
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rons. Since the C19 epitope includes ty-
rosine residues that are phosphorylated
following insulin binding, one possibility
is that elevated insulin receptor phos-
phorylation (Fig. 1A) prevents C19 from
binding to the insulin receptor in �2m�/�

TAP�/� neurons. However, insulin treat-
ment (which causes phosphorylation of
WT insulin receptors that mimics basal
phosphorylation in �2m�/�TAP�/� neu-
rons; Fig. 1A) is not sufficient to prevent
the C19 antibody from binding to insulin
receptors in WT brain slices or dissociated
WT neurons (see Fig. 7A,B), suggesting
that MHCI exerts additional effects on in-
sulin receptor structure. Thus, endoge-
nous MHCI exposes a cytoplasmic
epitope of the insulin receptor in WT neu-
rons, and changes in the conformation
and/or accessibility of this epitope are
associated with constitutive phosphory-
lation of insulin receptors and increased
synapse density in MHCI-deficient
neurons.

Insulin receptors are expressed in axons
in close apposition to MHCI-positive
dendrites in multiple brain regions
The data so far suggest that MHCI can
form a complex with insulin receptors
and regulate insulin receptor phosphory-
lation and downstream signaling. Den-
dritic spine density increases upon insulin
treatment of hippocampal neurons in
vitro (Lee et al., 2011), and we find that
loss of cell surface MHCI is associated
with increased insulin receptor signaling
and synapse density in regions of the hip-
pocampus where insulin receptors are ex-
pressed. However, it is unknown whether
MHCI influences neuronal insulin recep-
tor signaling through cell-autonomous or
non-cell-autonomous mechanisms.

MHCI is found in dendrites and colo-
calizes with the postsynaptic marker
PSD-95 in dissociated mouse hippocam-
pal neurons (Goddard et al., 2007). To de-
termine the subcellular localization of
neuronal insulin receptors in the hip-
pocampus, two approaches were taken.
First, brain slices were coimmunostained
for insulin receptors and markers of den-
drites (MAP2) or axons (TAU). In area
CA3 of hippocampus, insulin receptors
colocalize extensively with TAU, but not
MAP2 (Fig. 4A,B), suggesting that insulin
receptors are expressed in axons in the
CA3 region. Axons in this region include
recurrent projections from CA3 pyrami-
dal cells as well as projections from den-
tate granule cells and entorhinal cortex, all
of which form synapses onto CA3 pyrami-
dal cells (Jones and McHugh, 2011). Of

WT
IR

β 
(C

19
)

sp sl sp sl

β2m-/-TAP-/-

CA3

WT

Ig
G

IR
β 

(C
19

)

β2m-/-TAP-/-

IR
β 

(R
TK

)

sp
sl

CA3

sp
sl

A

B

C

IR
β 

(C
19

)+
an

tig
en

 re
tri

ev
al

E

sp
sl

sp
sl

CA3

sp sp
sl sl

Kb-/-Db-/-WT

IR
β 

(C
19

)

sp

sl

sp

sl
CA3

c

sp

sl

D

CA3

CA3

CA3

sp

sp

sl

sl

WT β2m-/-TAP-/-

WT β2m-/-TAP-/-

C19

FITC Insulin

-RTK

-D17

IR
β 

(C
19

)
IR

α
 (N

20
)

IR
β 

(D
17

)
FI

TC
-In

su
lin

WT

Insulin Receptor

α−subunits

β−subunits

-N20

F

G

H

S
U

R
FA

C
E

TO
TA

L

I

J

WT β2m-/-TAP-/-c

β2m-/-TAP-/-

-

--
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to the loss of IR� (C19) staining in A and B. Only nonspecific blood vessel labeling persists in �2m�/�TAP�/�. Scale bar,
20 �m. D, IR� (C19) staining is also reduced in sections from mice lacking the MHCI proteins H2-K and H2-D (Kb�/�Db�/�

mice). Scale bar, 100 �m. E, WT and �2m�/�TAP�/� hippocampi stained for IR� (C19) after antigen retrieval. IR�
immunolabeling with this antibody is abolished in �2m�/�TAP�/� brains under normal immunostaining conditions (A,
B), but is restored following antigen retrieval. Scale bar, 20 �m. F, Schematic representation of insulin receptors, which are
composed of two extracellular �-subunits and two transmembrane �-subunits. Approximate locations of epitopes de-
tected by individual reagents are indicated. Horizontal line represents the transmembrane region. G, Labeling of cell
surface insulin-binding receptors in live WT and �2m�/�TAP�/� hippocampal neurons using FITC-insulin. FITC-insulin
labeling is qualitatively similar in level and pattern in WT and �2m�/�TAP�/� neurons. Scale bar, 20 �m. H–J, Labeling
of the total (surface plus intracellular) pool of insulin receptors in fixed, permeabilized hippocampal neurons using anti-
bodies directed against the indicated epitopes. Labeling with IR� (C19) is abolished in �2m�/�TAP�/� neurons (H), as
is staining with IR� (RTK), which binds a nearby epitope (Fig. 3C,F,H). I, J, However, insulin receptor protein is readily
detectable in �2m�/�TAP�/� neurons when labeled with antibodies against distinct epitopes in the IR� (D17; I) or IR�
(N20; J) subunits. Scale bar, 10 �m.
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these, insulin receptors are highly expressed in dentate granule
cell axons (the mossy fibers), since insulin receptor labeling co-
localizes with the dentate granule cell marker calbindin, both in
hippocampal sections and in acutely dissociated hippocampal
neurons in vitro (Fig. 4C,D). Thus, insulin receptors, which form
a complex with MHCI in brain lysates (Fig. 2B), are expressed in
the axons of neurons that formsynapsesontoMHCI-expressingden-
drites in area CA3 of hippocampus. Together, these results sug-
gest a model in which MHCI regulates neuronal insulin
receptor signaling in a non-cell-autonomous juxtacrine or
paracrine manner.

To determine whether MHCI and insulin receptors are ex-
pressed in a manner consistent with a non-cell-autonomous in-
teraction in vivo, double labeling was performed with anti-insulin
receptor �-antibody C19 and an anti-MHCI antibody, OX18,

that recognizes multiple MHCI isoforms (Osawa et al., 1985).
Cell surface labeling with OX18 is markedly reduced in MHCI-
deficient hippocampal neurons in vitro (Goddard et al., 2007),
supporting its specificity for MHCI proteins in these cells. Punc-
tate MHCI labeling is detected in the soma and dendrites of CA3
pyramidal cells in hippocampal slices, which is consistent with
previous findings in dissociated neurons in vitro (Goddard et al.,
2007). In stratum lucidum of the CA3 region, as expected,
MHCI-positive dendrites are intermingled with insulin receptor-
positive axons (Fig. 4E). Thus, MHCI and insulin receptors do
not appear to be coexpressed in the same subcellular compart-
ments, but are expressed in closely apposed structures, suggesting
that MHCI proteins might influence neuronal insulin receptors
in a non-cell-autonomous manner in vivo.

Insulin receptor immunostaining with the C19 antibody is
rescued by coculturing �2m�/�TAP�/� neurons with WT
neurons
We reasoned that whether MHCI can affect insulin receptors
non-cell-autonomously (i.e., in trans), exposing �2m�/�TAP�/�

neurons to WT, MHCI-expressing neurons might unmask intra-
cellular insulin receptor epitopes and rescue the loss of C19
immunolabeling. To directly test this, WT hippocampal neurons
(identified by the expression of actin-GFP; see Materials and
Methods) were cocultured with MHCI-deficient �2m�/�TAP�/�

hippocampal neurons, and rescue of C19 immunostaining in
�2m�/�TAP�/� (GFP-negative) neurons was assessed. In pure
WT cultures, 100% of the cells expressed GFP, and at the density
plated, on average 17 cells per coverslip were C19 positive (Fig.
5A,E). The C19-positive subset of cells in these hippocampal
cultures are likely dentate granule neurons, because all C19-
positive cells examined in WT hippocampal cultures also express
calbindin, a dentate granule cell marker (Fig. 4D). As expected,
none of the cells in pure �2m�/�TAP�/� cultures expressed GFP
or showed labeling with C19 (Fig. 5B,F). When neurons of the
two genotypes were cultured in the same dish in equal quantities,
however, two distinct C19-positive populations were seen in ap-
proximately equal numbers, as follows: (1) GFP-positive neu-
rons, which represent WT cells expressing insulin receptors that
are normally detectable with the C19 antibody; and (2) GFP-
negative �2m�/�TAP�/� cells in which C19 labeling has been
rescued (Fig. 5C,D,G). Lower-power views (Fig. 5D, 10�) as well
as analysis of confocal Z-stacks allowed unambiguous identifica-
tion of GFP-negative, C19-positive neurons. The fact that insulin
receptor � (C19) immunostaining is present in identical num-
bers of GFP-positive (WT) and GFP-negative (MHCI-deficient)
neurons, when the genotypes are plated at equal density, indi-
cates that insulin receptor staining is restored in most, if not all,
MHCI-deficient dentate granule cells. Since pure �2m�/�

TAP�/� hippocampal neurons never show C19 staining, these
rescue experiments demonstrate that insulin receptor labeling in
MHCI-deficient neurons can be rescued in trans by WT MHCI-
expressing neurons.

Discussion
Here we show that MHCI negatively regulates synapse number
by inhibiting the synapse-promoting effects of the insulin recep-
tor. Endogenous MHCI forms a complex with the insulin recep-
tor, prevents constitutive insulin receptor signaling, and limits
synaptic density where insulin receptors are expressed. In MHCI-
deficient brain, insulin receptor signaling is elevated, and reduc-
ing insulin receptor signaling rescues synapse number. These
studies identify a regulatory interaction between MHCI and in-
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(yellow, merge). Scale bar, 10 �m. E, P30 mouse hippocampus immunostained for IR� (green)
and MHCI (red). Boxed region (top right) is magnified in bottom. Punctate MHCI labeling is
detected in processes in apposition to IR�-positive axons in stratum lucidum of hippocampus
(merge). sp, Stratum pyramidale; sl, stratum lucidum. Scale bars: top, 100 �m; bottom, 10 �m.
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sulin receptors in neurons, and suggest
that increased synapse number in MHCI-
deficient brain is a direct consequence of
disrupting MHCI–insulin receptor inter-
actions in vivo.

Endogenous levels of MHCI normally
limit synapse number in the healthy brain,
because decreasing MHCI expression sig-
nificantly increases synapse density in
hippocampus (Fig. 1E) and cortex (Glynn
et al., 2011; Elmer et al., 2013). MHCI ex-
pression increases in aging and diseased
neurons (Edström et al., 2004; Sinkus et
al., 2013; Yang et al., 2013), and when
MHCI levels are experimentally in-
creased, cortical synapse density decreases
(Glynn et al., 2011; Elmer et al., 2013).
The transcription factor MEF2 (myocyte
enhancer factor 2), a negative regulator of
synapse density (Flavell et al., 2006), is re-
quired for these experimentally elevated
MHCI levels to reduce cortical synapse
density. However, MEF2 is not required
for normal levels of MHCI to regulate
synapse number, because inhibiting
MEF2 does not increase synapse density
in WT cortical neurons (Elmer et al.,
2013). Thus, MHCI can negatively regu-
late synapse density via two partially dis-
tinct molecular pathways: higher-than-
normal MHCI levels exaggerate the
synapse-inhibiting effects of MEF2 to im-
pair synaptic connectivity, while normal
levels of MHCI limit the synapse-
promoting effects of the insulin receptor,
ensuring that synapses are established in
appropriate quantities.

The current results suggest that synapse
number may be elevated in �2m�/�

TAP�/� animals in other regions of the
brain that express insulin receptors, in-
cluding cerebral cortex (data not shown).
Indeed, synapse number is elevated in
neonatal mixed cortical cultures and adult
cortical slices from �2m-deficient animals
(Glynn et al., 2011). Thus, MHCI-
dependent control of synapse number is
not hippocampus specific, but also de-
fines connectivity in other regions of the
developing and adult brain. Reduced
cell surface MHCI expression in �2m�/�

TAP�/� and Kb�/�D b�/� animals is asso-
ciated with reduced axon pruning in the
lateral geniculate nucleus (LGN; Huh et
al., 2000; Datwani et al., 2009; Lee et al.,
2014), suggesting that MHCI normally
limits synapse number in the LGN, and
perhaps elsewhere, by promoting synapse elimination.

Our coimmunoprecipitation results (Fig. 2B) suggest that in-
sulin receptors interact with a subset of the MHCI proteins ex-
pressed in mouse brain. Spatial specificity conferred by the
overlap of these particular MHCI proteins and insulin receptors
may explain why synapse density is altered in MHCI-deficient

mice, while several other processes that are influenced by neuro-
nal insulin signaling, including food intake, body weight, and life
span (Brüning et al., 2000), are indistinguishable from WT (Fig.
6D–F). Generally, the nonimmune functions of MHCI may be
restricted to cell populations that express the appropriate MHCI-
binding partner combinations.
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Our immunostaining results suggest that the C19 antibody
may specifically detect the population of insulin receptors that is
capable of insulin-stimulated responses, as a result of their asso-
ciation with MHCI. How does the loss of MHCI occlude a cyto-
plasmic epitope of the insulin receptor? The epitope is not
occluded by insulin receptor phosphorylation, since triggering
insulin receptor phosphorylation does not occlude it in WT neu-
rons (Fig. 7A,B). Instead, occlusion most likely reflects an

MHCI-dependent change in the cytoplasmic structure of the in-
sulin receptor, perhaps analogous to cytoplasmic changes that are
triggered by extracellular insulin binding. Cocrystalization of the
MHCI–insulin receptor complex could ultimately help identify
the sites in both proteins that mediate their interaction, and pro-
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vide insights into the consequences of this interaction for the
structural dynamics of the insulin receptor. It will also be of in-
terest to determine how MHCI-dependent conformational
changes in the insulin receptor influence other aspects of the
complex, branching signal transduction cascades that mediate
different cellular readouts of insulin receptor activation in neu-
ronal and non-neuronal cell types.

Two separate lines of evidence suggest that MHCI can influence
neuronal insulin receptor function in a non-cell-autonomous man-
ner. First, insulin receptors and MHCI do not colocalize in the
hippocampus, but are expressed in closely apposed cellular do-
mains (Fig. 4E). Second, insulin receptor � (C19) immunolabel-
ing is rescued in MHCI-deficient neurons when cocultured with
WT MHCI-expressing neurons (Fig. 5). Remarkably, WT neu-
rons rescue the MHCI-sensitive epitope of the insulin receptor
throughout MHCI-deficient neurons, not simply at sites of phys-
ical contact, suggesting that this rescue may be mediated by sol-
uble factors released by WT neurons in a paracrine manner. One
possibility is that �2m, the soluble light chain required for stable
cell surface expression of many MHCI proteins, may be released
by WT neurons or glia, stabilizing MHCI on the cell surface in
�2m�/�TAP�/� neurons. However, soluble �2m does not re-
store C19 immunolabeling in pure �2m�/�TAP�/� cultures
(Fig. 7C), suggesting that this is unlikely. It is also unlikely that
secreted insulin is responsible, since insulin levels in CSF and
serum are normal in �2m�/�TAP�/� animals (Fig. 6B,C), and
applying insulin to WT neurons does not disrupt C19 binding
(Fig. 7A,B). Some MHCI proteins contain extracellular �- and
�-secretase cleavage sites (Carey et al., 2007), raising the possibil-
ity that MHCI itself, released from WT neurons, could mediate
the rescue of insulin receptor immunostaining in cocultured
MHCI-deficient cells. Alternatively, local MHCI–insulin recep-
tor interactions might induce cell-wide changes in intracellular
second messengers that modify insulin receptor conformation.
Together, the current results support a model in which neuronal
MHCI can modify insulin receptor conformation and insulin
sensitivity in a non-cell-autonomous manner.

This non-cell-autonomous effect of MHCI on insulin recep-
tors is surprising in light of the fact that insulin receptors copre-
cipitate MHCI (Fig. 2B). There are several possible explanations
for this apparent contradiction. First, our cocultures show that
MHCI can influence insulin receptors in trans, but do not rule
out the possibility that cis-interactions can occur in WT neurons.
Second, MHCI and insulin receptors have large extracellular do-
mains, and could potentially make direct physical contact in
trans, analogous to trans-synaptic neuroligin–neurexin interac-
tions in neurons, or MHCI–immunoreceptor interactions at the
immunological synapse. Third, the MHCI–insulin receptor mac-
romolecular complex isolated from brain lysates may include
additional bridging proteins that span the gap between two neu-
rons. These studies show that endogenous MHCI forms a mac-
romolecular complex with insulin receptors, is expressed near
insulin receptor-positive neurons, and can rescue insulin recep-
tor conformation in trans.

The tonic insulin receptor activation observed in MHCI-
deficient animals suggests that endogenous MHCI normally in-
hibits activation of the insulin receptor in the presence of
relatively low, basal levels of insulin. Activation in the absence of
ligand is a predicted feature of allosterically activated transmem-
brane receptors like the insulin receptor (Monod et al., 1965;
Changeux and Edelstein, 2005). These receptors are thought to
spontaneously interconvert between inactive and active states
(Monod et al., 1965; Hubbard and Miller, 2007; De Meyts et al.,

2009). In this model, ligand stabilizes an active conformation of
the receptor, while another external factor is required to stabilize
the unliganded receptor in an inactive conformation. Maintain-
ing receptors in an inactive state when ligand levels are low is
critical for cellular health and homeostasis. Indeed, mutations
that increase the constitutive activity of receptors have been im-
plicated in a number of neuropsychiatric disorders, and drugs
that stabilize constitutively active receptors in their inactive con-
formation, termed inverse agonists, have been explored for their
therapeutic potential (Bond and Ijzerman, 2006; Rodríguez-
Puertas and Barreda-Gomez, 2006; Berg et al., 2008). Our studies
indicate that endogenous MHCI limits constitutive activation of
neuronal insulin receptors when insulin levels are relatively low.
MHCI can form a macromolecular complex with insulin recep-
tors in liver cell membranes (Chvatchko et al., 1983; Fehlmann et
al., 1985; Phillips et al., 1986; Liegler et al., 1991), suggesting that
MHCI might similarly regulate insulin receptor conformation
and function outside the nervous system.

Here we show that MHCI regulates insulin signaling and syn-
apse number in the developing, healthy brain. One open question
is whether similar mechanisms contribute to pathological
changes in insulin responsiveness and synapse number in the
aging or diseased brain. By increasing the threshold for insulin
receptor activation, MHCI ensures that dynamic insulin sensitiv-
ity is preserved, even on a background of basal circulating insulin.
Neurons with reduced cell surface MHCI are profoundly insulin
insensitive at the level of the receptor, due to ongoing tonic insu-
lin receptor activation (Fig. 1A,B). Neuronal insulin insensitivity
is associated with neuropathology and cognitive decline in indi-
viduals with Alzheimer’s disease, normal aging, and type II dia-
betes (Gispen and Biessels, 2000; Biessels et al., 2002; Craft and
Watson, 2004). Changes in the expression of inflammatory me-
diators are also prominent in these states, although their causal
importance in disrupting the neuronal insulin response remains
unclear (Akiyama et al., 2000; Terao et al., 2002; Monsonego and
Weiner, 2003; Alexandraki et al., 2006; Weiner and Frenkel, 2006;
Parachikova et al., 2007; Tilg and Moschen, 2008). The current
results raise the possibility that inflammation-associated changes
in neuronal MHCI levels could disrupt both neuronal insulin
sensitivity and synaptic connectivity by dysregulating insulin re-
ceptor signaling.
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