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Abstract
Proper development of the central nervous system (CNS) requires the establishment of appropriate
connections between neurons. Recent work suggests that this process is controlled by a balance
between synaptogenic molecules and proteins that negatively regulate synapse formation and
plasticity. Surprisingly, many of these newly identified synapse-limiting molecules are classic
“immune” proteins. In particular, major histocompatibility complex class I (MHCI) molecules
regulate neurite outgrowth, the establishment and function of cortical connections, activity-
dependent refinement in the visual system, and long-term and homeostatic plasticity. This review
summarizes our current understanding of MHCI expression and function in the CNS, as well as
the potential mechanisms used by MHCI to regulate brain development and plasticity.
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Introduction
Although there has been evidence for years for cross-talk between the immune and nervous
systems following injury, the dogma in the field of neuroimmunology has been that the
healthy CNS is “immune-privileged” because of a lack of classical immune molecules in the
CNS [1–2]. Recently, however, a paradigm shift in the field of neuroimmunology has
occurred due to the discovery that immune molecules, such as cytokines, complement, and
major histocompatibility complex (MHC) proteins, are expressed in the developing and
adult brain where they play important roles in development and plasticity [3–6].

In contrast to the extensive literature on the role for MHCI molecules in the immune system,
the function of MHCI molecules in the CNS is much less well understood. Nevertheless, the
past few years have witnessed significant progress on this topic. This review focuses on
MHCI molecules in CNS development and plasticity. Roles for other immune molecules in
the CNS, as well as for mediating injury in the peripheral nervous system, have been
recently reviewed [3–4, 7–8].
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MHCI and MHCI receptors in the immune system
One of the defining features of MHC molecules is their complexity (Figure 1). They are
both polygenic—containing multiple genes—and polymorphic—containing multiple
variants of each gene [9]. MHC genes are the most polymorphic genes known [10–12].
Classical MHCI α-chains are encoded by three genes in humans, denoted HLA-A, -B and –
C [11]. In mice, these genes are H2-K, -D and –L [11]. In addition, multiple genomic
insertions and deletions have created many non-classical (class Ib) MHCI genes [9], many
of which are not well characterized [13]. The specific genes and variants that an individual
expresses comprise its MHC haplotype.

In the immune system, MHCI proteins mediate both the adaptive and innate immune
responses [13]. Classical MHCI proteins consist of a transmembrane α-chain and an
obligate, extracellular light chain, called β2-microglobulin (β2m) [13]. The α-chain contains
a polymorphic groove that binds to proteolytically-digested peptides from intracellular
proteins for presentation on the surface [13] of all nucleated cells. Usually these are self-
peptides but MHCI will present non-self peptides if a cell is infected with a virus, for
example. Non-self peptides are recognized by T-cell receptor complexes (TCR) on cytotoxic
T cells, leading to the initiation of an immune response. Immune signaling molecules called
cytokines are released early in the immune response and initiate a cascade of events
including increased MHCI expression and eventual lysis of cells displaying foreign peptide
[14]. In addition to TCRs, MHCI molecules also bind to receptors on natural killer (NK)
cells including (in mice) paired immunoglobulin-like (Pir) and Ly49 receptors to regulate
NK-mediated lysis of target cells [15–16]. PirA is an activating, and PirB is an inhibitory,
NK receptor. There are numerous activating and inhibiting Ly49 receptors in mice that are
expressed in a strain-specific manner [16]. When bound to MHCI molecules on target cells,
PirB and Ly49 inhibitory receptors prevent NK immune synapse formation [16].

MHCI and MHCI receptor expression in the CNS
MHCI expression

MHCI molecules are found in an isoform- and region-specific manner throughout the CNS
[17–18]. MHCI mRNA is expressed in marmosets, cats, rats, and mice in neurons and glial
cells in the visual and olfactory systems, cerebral cortex, striatum, hippocampus,
cerebellum, and spinal cord [17, 19–28]. MHCI protein is present in the developing and
adult mammalian CNS, with the highest levels occurring during early postnatal development
[22, 29]. Although MHCI protein was historically thought to be absent from the surface of
neurons [2, 24, 30–31], recent work clearly indicates that MHCI protein is expressed on the
surface of axons and dendrites and its distribution is developmentally regulated [17, 29, 32].
MHCI protein is also located at synapses both pre- and postsynaptically [17, 29, 32] (Figure
2a). MHCI proteins may also be translated locally in dendrites since MHCI mRNAs are
trafficked to dendrites of hippocampal neurons [33], where they are enriched in FMRP-
mRNA complexes [34]. Finally, although MHCI is not present on astrocytes and microglia
in cortical tissue [35], it is found on astrocytes in culture [36], on microglia following their
activation [37], and in the hippocampus of aged mice [38].

The recognition that MHCI is expressed in the healthy CNS initially resulted from its
identification as an activity-regulated gene in an unbiased differential display screen [17].
Decreasing activity through intracranial infusion of tetrodotoxin (TTX) decreases MHCI
mRNA levels in the lateral geniculate nucleus (LGN). Similarly, decreasing retinogeniculate
activity through monocular injection of TTX also decreases MHCI mRNA levels in the
LGN. Conversely, increasing activity through intracranial kainic acid infusion increases
levels of MHCI mRNA in the hippocampus and cortex [17].
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MHCI expression is also regulated by activity in cultured neurons, but there are conflicting
reports as to the direction of the effect. Some reports show an increase in MHCI mRNA and
surface protein (sMHCI) in mature cultured hippocampal neurons after TTX [24, 30] and an
increase in internal MHCI protein after activity blockade in young cortical cultures [32].
However, other studies report decreases in total [39] and sMHCI [32] after TTX treatment of
hippocampal and young cortical cultures, respectively. While this discrepancy could be due
to differences in culture age and experimental timeline, it is also possible that differences in
immunostaining protocols could have revealed distinct subsets of MHCI. Most MHCI
antibodies recognize tertiary structure, making their binding highly sensitive to
conformational changes. So, the ability of most antibodies to stain sMHCI is lost following
even light permeabilization [32]. Clearly, more work needs to be done to dissect the role that
physiological activity plays in the regulation of sMHCI in the CNS.

MHCI receptor expression
MHCI receptors are also expressed in the CNS. Some components of the TCR complex are
present in the brain. For example, CD3ζ is found throughout the CNS [40–41] and CD3ε is
expressed specifically in the cerebellum [42]. However, there is no evidence for TCRα
expression [43] and the TCRβ gene locus is not recombined in neurons, implying that
functional TCRs are not present in the CNS [43]. Conversely, mRNA for the NK receptor,
PirB, is expressed throughout the CNS and PirB protein is found in hippocampal neurons,
especially in axonal growth cones and at synapses [44]. Moreover, soluble, recombinant
PirB binds to cortical neurons in a partially MHCI-dependent manner [44]. PirB has clear
effects on CNS development and plasticity as discussed below and is able to recruit
components of the same signaling pathway it uses in NK cells to suppress immune synapse
formation [35, 44]. Like PirB, Ly49 receptor protein is expressed in neurites of young
cultured cortical neurons [45]. Finally, the mouse killer cell immunoglobulin-like receptor-
like 1 (KIRL) gene is also expressed in the brain and produces a truncated protein similar to
other inhibitory immune receptors [46]. It should be noted, however, that this receptor may
not be functional in the CNS since it is missing the transmembrane and cytoplasmic motifs
typically required for intracellular signaling [46].

Activity-dependent refinement and plasticity
The first report on the functional effects of MHCI in CNS development identified defects in
the activity-dependent refinement of retinogeniculate projections in mice deficient in
sMHCI (β2m−/− and β2m−/−TAP1−/−) (Table 1, Figure 2b) [40]. In the absence of β2m and/
or TAP1, which mediates peptide loading onto the heavy chain, MHCI molecules fail to exit
the endoplasmic reticulum for expression on the cell surface [13, 29, 32]. Similarly, mice
that lack the classical MHCI isoforms H2-Kb and H2-Db (KbDb−/−), and mice deficient in
CD3ζ, exhibit defects in LGN refinement that mimic those found in β2m−/− mice (Figure
2b) [40, 47]. However, CD3ζ−/− mice also have altered RGC dendritic structure, therefore
future experiments must elucidate whether the retinogeniculate refinement defects in
CD3ζ−/− mice are specific to the LGN or are a result of abnormal RGC development [48].
Interestingly, there are no defects in retinogeniculate refinement in mice engineered to
express a truncated, inactive form of PirB (PirBTM mice) [44], suggesting that MHCI acts
through a different signaling pathway to regulate retinogeniculate refinement. Later in
development, the mammalian visual cortex is refined into specific regions called ocular
dominance (OD) columns (ODCs; see Glossary & Figure 2c). Although this developmental
refinement is unchanged in KbDb−/− [47] and in PirBTM mice [44], OD plasticity following
monocular enucleation (ME) is enhanced in these mice (Figure 2d), suggesting that classical
MHCI molecules restrict OD plasticity through PirB.
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An important consideration in interpreting all of these results involving knockout mice is
that these genes are knocked out in all cells throughout development, including neurons and
glial cells. Although several lines of evidence described below indicate that neuronal MHCI
plays an important role in plasticity, the role for glial MHCI during CNS development is
unknown. One intriguing possibility is that MHCI expression on microglia may be involved
in their critical role in synaptic pruning [49].

While β2m−/−TAP1−/− mice lack sMHCI in all cells, the development of NSE-Db mice has
allowed researchers to investigate MHCI gain-of-function specifically in neurons [50].
These mice also exhibit altered retinogeniculate refinement, but in the direction opposite to
MHCI loss-of-function mice. However, the way in which LGN refinement is altered is
distinct. In NSE-Db mice, total LGN area is smaller and projections from the contralateral
eye are more restricted than in wild-type mice, with no change in the ipsilateral projection
[51]. In contrast, in the β2m−/−TAP1−/− mice, the ipsilateral projection normalized to total
dLGN area is significantly increased [40]. Although the reasons for these differences need to
be clarified, in general these results reinforce the conclusion that MHCI mediates the
elimination of inappropriate connections in the developing visual system [5].

In addition to regulating visual system development, MHCI also modulates development of
the cerebellum and olfactory system. MHCI molecules are expressed throughout the
cerebellum, but are not required for activity-dependent refinement of climbing fiber
projections to Purkinje cells [19–20]. As discussed below, MHCI instead appears to regulate
synaptic plasticity and motor learning in the cerebellum [19–20]. In the olfactory system, the
non-classical H2-Mv proteins are expressed in vomeronasal sensory neurons (VSN) [25].
Consistent with a possible role for MHCI in axon guidance, VSN axons are targeted to
different areas of the posterior accessory bulb (AOB) depending on whether they express
H2-Mv proteins [25]. Moreover, H2-M1 and H2-M10 (from the H2-Mv family) are required
for trafficking of the vomeronasal pheromone receptor V2R to the surface of neurons in the
vomeronasal organ (VNO). These V2Rs are mislocalized in the VNO dendrites of β2m−/−

mice, leading to behavioral changes related to pheromone detection [21]. It is currently
unknown if MHCI regulates activity-dependent refinement or plasticity in the olfactory
system.

The establishment and function of CNS connections
Axonal and dendritic growth

In addition to controlling activity-dependent refinement of connections, MHCI also controls
axonal and dendritic outgrowth. Neurite outgrowth and polarization is regulated by MHCI in
very young, 1–2 days in vitro (div), cultures from embryonic day 15 (E15) mouse
hippocampus [52]. MHCI limits the growth of axons from at least two kinds of neurons.
Extension of axons from retinal explants toward thalamic explants from NSE-Db mice is
stunted [53] and addition of recombinant MHCI similarly inhibits neurite outgrowth from
retinal explants [54] and cultured dorsal root ganglion cells [51]. MHCI may also limit
dendritic complexity since genetic loss of CD3ζ increases the dendritic complexity of retinal
ganglion cells in vivo [48]. Similarly, RNA interference (RNAi)-mediated knockdown of
CD3ζ increases dendritic complexity, while activation of CD3ζ reduces it, in young,
cultured cortical neurons [41]. Ly49 signaling may also regulate neurite outgrowth since
treatment of cultured cortical neurons with a Ly49 antibody inhibits neurite outgrowth and
promotes cell survival, while an anti-MHCI antibody has the opposite effects [45]. These
MHCI or Ly49 antibodies decrease or increase, respectively, levels of synapsin in cultured
cortical neurons [45]. Together, these reports indicate a potential role for MHCI in neuronal
differentiation but many questions remain unanswered, including whether endogenous
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MHCI regulates axonal and dendritic growth directly or indirectly through effects on
synaptic activity (discussed in further detail below).

Synapse density
MHCI also negatively regulates the initial establishment of connections in the CNS.
Although there is no change in the density of synapsin-positive puncta in 14 div cultured
hippocampal neurons from β2m−/−TAP1−/− mice [39], synapse density is increased in layer
5 of visual cortex throughout postnatal development and into adulthood in mice deficient in
sMHCI (β2m−/−) [32] (Figure 2e). The greatest increase in synapse density in β2m−/− cortex
relative to wild-type occurs between postnatal day 11 (P11) and P23, a period of rapidly
increasing cortical connectivity [32]. Synapse density is also increased in young cultured
cortical neurons in which sMHCI is acutely knocked down, but is decreased in cells that
overexpress H2-Kb [32]. Similarly, levels of presynaptic proteins in the dentate gyrus and
CA3, but not CA1, regions of the hippocampus are reduced in H2-Db overexpressing mice
at P39 [51]. Finally, MHCI negatively regulates the density of GABAergic synapses in
young cortical cultures [32]. Together, these results indicate that MHCI restricts synapse
density within the visual cortex and possibly also in the hippocampus of NSE-Db mice, but
not in the hippocampus of β2m−/−TAP1−/− mice. It will be important in the future to
determine whether MHCI negatively regulates synapse density by limiting the formation of
synapses, promoting their elimination, or a combination of both.

Synaptic transmission
MHCI molecules also regulate synaptic transmission in hippocampal and cortical neurons,
but in distinct ways. Although there is no change in the amplitude of field excitatory
postsynaptic potentials (fEPSPs) [40] or pharmacologically isolated AMPA receptor
(AMPAR)-mediated fEPSPs [55] from hippocampal slices, miniature excitatory
postsynaptic current (mEPSC) frequency, but not amplitude, is increased by 40% in mature
cultured hippocampal neurons from β2m−/−TAP1−/− mice [39]. Combined with the increase
in synaptic vesicle number measured from electron micrographs, these findings suggest that
loss of MHCI selectively alters presynaptic release properties, but not synapse density in the
hippocampus [39]. In contrast, MHCI clearly alters synapse number and function in the
visual cortex. mEPSC frequency, but not amplitude, is doubled in cortical slices from P20
β2m−/−TAP1−/− mice [39], consistent with increases in synapse density and/or presynaptic
release properties. Similarly, mEPSC frequency is increased in young cortical cultures
transfected with β2m siRNA, and decreased in neurons overexpressing H2-Kb. In these
cortical cultures, mEPSC amplitude is also altered following both manipulations, indicating
that MHCI negatively regulates synaptic strength as well as synapse density [32]. In young
cortical neurons, MHCI also regulates inhibitory synaptic transmission; mIPSC frequency,
but not amplitude, is increased following β2m knockdown and is decreased in neurons
overexpressing H2-Kb [32]. Because glutamatergic transmission is affected to a greater
extent than GABAergic transmission, the balance of excitation to inhibition on cortical
neurons is altered by changing MHCI levels [32].

Recent work suggests that MHCI molecules normally inhibit NMDA receptor (NMDAR)
function and regulate trafficking of AMPARs after NMDAR stimulation [55]. Loss of
MHCI leads to de-repression of NMDAR function, reflected as a decrease in the AMPAR/
NMDAR ratio in hippocampal slices from β2m−/−TAP1−/− mice. Following NMDA
application, AMPAR trafficking is also altered in β2m−/−TAP1−/− mice. Basal NMDAR
expression, GluN2B/3A subunit composition, and synaptic localization of NMDARs are not
changed, suggesting that MHCI may regulate channel properties to repress NMDARs [55].
Taken together, these studies show that MHCI proteins bidirectionally regulate both the
initial establishment and strength of synapses in the CNS in a region-specific manner.
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Synaptic Plasticity
There are primarily two types of plasticity that govern the formation and maintenance of
connections in the CNS—Hebbian and homeostatic plasticity (see Glossary). MHCI
molecules are critical for Hebbian plasticity. In β2m−/−TAP1−/− mice, hippocampal long-
term depression (LTD) is absent and long-term plasticity (LTP) is enhanced, suggesting that
endogenous MHCI limits synaptic strength [40] (Figure 2f). MHCI does not regulate
hippocampal plasticity through PirB since LTP/LTD is normal in PirB−/− mice [56].
However, it may act through a receptor complex that contains CD3ζ, since CD3ζ−/− mice
exhibit the same defects in LTP/LTD as β2m−/−TAP1−/− mice [40] (Figure 2f).
Interestingly, hippocampal LTP appears to be normal in NSE-Db mice; changes in LTD in
these mice have not been reported [51]. MHCI also regulates synaptic plasticity in the
cerebellum. KbDb−/− mice exhibit a lower induction threshold for LTD, consistent with
enhanced rotarod learning [19]. Finally, MHCI may act downstream of late-LTP induction,
since its levels are increased in mice expressing constitutively active cAMP response
element-binding (CREB) [57].

LTP- and LTD-induced changes in synaptic strength often require NMDAR -dependent
alterations in AMPAR function or trafficking [58]. The LTP/LTD phenotypes of
β2m−/−TAP1−/− mice suggest that MHCI molecules may alter the trafficking or function of
NMDARs and AMPARs, an idea supported by the observed effects of MHCI on mEPSC
amplitude and NMDAR function discussed above [55]. Additional experiments are needed
to determine if LTP in the visual cortex is altered following manipulation of MHCI or its
receptors and how MHCI might act downstream of late-LTP induction.

MHCI also mediates homeostatic plasticity. In mature hippocampal neurons, application of
TTX for 3–6 days increases both mEPSC frequency and amplitude [39]. This homeostatic
increase in synaptic transmission is impaired in β2m−/−TAP1−/− neurons, which fail to scale
their responses appropriately [39]. Presynaptic terminals in β2m−/− TAP1−/− neurons are
already enlarged prior to, and fail to increase after, TTX treatment, as indicated by synapsin
immunoreactivity [39]. Moreover, postsynaptic density protein 95 (PSD-95) puncta size is
normal prior to TTX treatment, but also fails to scale up in these mice [39]. This suggests
that synaptic scaling in β2m−/−TAP1−/− synapses is impaired. A shorter, 24hr application of
TTX in young cortical neurons increases glutamatergic synapse density and this increase is
blocked by overexpression of MHCI, suggesting that MHCI mediates the TTX-induced
increase in synapse density [32]. Given the conflicting reports on the effect of TTX on
sMHCI expression discussed above, additional work is necessary to dissect the role of
MHCI in synaptic scaling and determine how this role changes depending on the
developmental age and brain region. Additionally, it will be important to determine if local
synaptic activity regulates the insertion of MHCI in the membrane on a rapid time-scale.

MHCI signaling
Despite the clear importance of MHCI in modulating synaptic connectivity, function, and
plasticity during CNS development, the mechanisms that underlie these effects remain
mostly unknown. The varied phenotypes resulting from perturbation of MHCI and its
receptors in the CNS suggest that MHCI likely utilizes different binding partners and
signaling pathways depending on the environmental stimulus, cell type and developmental
stage –much like its interactions with receptors in the immune system. It is generally
assumed that MHCI itself does not initiate much intracellular signaling because its
cytoplasmic tail is so short; thus, MHCI likely functions through binding to other proteins.
In the CNS, MHCI activity may be mediated through transmembrane immune proteins, such
as components of the TCR complex and the NK cell receptors PirB and Ly49, on
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neighboring neurons [59] (Figure 3a). Indeed, PirB binds to neurons in a partially MHCI-
dependent manner and PirBTM mice exhibit similar changes in OD plasticity as KbDb−/−

mice [44, 47], suggesting that MHCI signaling through PirB may regulate OD plasticity.
Similarly, defects in retinogeniculate refinement and hippocampal plasticity in CD3ζ−/−

mice phenocopy those seen in β2m−/−TAP1−/− mice, suggesting that a receptor complex
containing CD3ζ may mediate the effects of MHCI molecules in these processes [40].
However, the enhanced motor learning in the cerebellum observed in β2m−/−TAP1−/− mice
is opposite that found in CD3ε−/− mice [19, 42]. CD3ζ and CD3ε typically function as co-
receptors in the TCR complex, yet functional TCRs are not expressed in the CNS [43].
Thus, defining how these co-receptors alter brain development, and if their functions are
MHCI-dependent, are important questions. Generation of conditional and inducible
transgenic mice to knock out MHCI, PirB, and the many Ly49 receptors, specifically in the
CNS at identified time-points during postnatal development, is also needed to clarify these
issues.

In addition to signaling in-trans through binding to immune receptors, MHCI may also alter
neuronal function in the same cell by signaling through in-cis interactions with adjacent
proteins. MHCI binds to NK receptors both in-cis and in-trans [11, 44, 60] (Figure 3a) and
in-cis interactions of MHCI with other transmembrane receptors (Figure 3b) have been
documented in non-neuronal cell types [61–64]. The MHCIb molecule, hemochromatosis
(HFE), regulates trafficking of the transferrin receptor [65]. MHCI also binds to insulin-like
growth factor receptors (IGFI and II), the interleukin-2 receptor (IL2R), intercellular
adhesion molecule (ICAM), and the epidermal growth factor receptor (EGFR) [62, 66].
MHCI binding to the insulin receptor alters its surface expression and affinity for ligand
[63–64, 67]. It remains to be determined if most of these interactions, or novel ones, occur in
the CNS (Figure 3c). Future work in this field will focus on identifying novel binding
partners for MHCI proteins and elucidating immune receptor signaling in neurons.

Adding further complexity to any potential model of MHCI signaling is the lack of
understanding of where the MHCI proteins are located that mediate each of its functions in
the developing brain. MHCI protein is present in most compartments of neurons—axons,
axonal growth cones, and dendrites—throughout development. At synapses, MHCI
molecules are present both pre- and postsynaptically [29]. Although postsynaptic MHCI
clearly controls synapse density [32], the function of presynaptic MHCI has not yet been
identified. The expression of MHCI [32] and PirB [44] on axonal growth cones and the role
of H2-Mv proteins in axon targeting in the olfactory system [25] suggests that MHCI
molecules could regulate axon guidance, in addition to their role in inhibiting axonal
outgrowth [53–54]. MHCI is also closely associated with synaptic vesicles in presynaptic
terminals in the cerebral cortex [29](Figure 2a), where it may regulate synaptic vesicle
number and recycling through as yet undefined mechanisms [32, 39] (Figure 3d). MHCI
protein can be shed from the cell surface or cleaved by membrane-bound metalloproteases
and released as soluble, fully conformed MHCI [53, 68] (Figure 3e). Addition of
recombinant MHCI at picomolar levels inhibits neurite outgrowth from retinal explants;
supporting the idea that secreted MHCI molecules are capable of activating receptors on
nearby neurons [54], but the function of MHCI shedding in most aspects of brain
development and function remain unknown. Finally, glial cells may also contribute to the
role for MHCI in the CNS since they may also express MHCI proteins [35–37], but the
function of glial MHCI in CNS development and plasticity has not been elucidated.

Concluding Remarks
Over the past ten years it has become clear that MHCI molecules play a significant non-
immune role in the development and plasticity of the CNS. A common theme to date is that
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MHCI and its receptors act to inhibit neural development. They inhibit axonal and dendritic
growth [45, 51, 53–54], limit the initial establishment of cortical connections [32], and
mediate synaptic weakening through LTD, as well as activity-dependent refinement of
connections in the developing visual system [17, 19, 39–40, 44, 47]. The similarity of this
negative regulation to that recently identified for another class of immune proteins—those in
the complement cascade system--which promote microglial-mediated synapse elimination in
the CNS, suggests a broad function for “immune” molecules in the brain to limit
connectivity during development [7, 69]. Nevertheless, despite recent progress in
understanding the roles for MHCI in CNS development and plasticity, many basic questions
about the mechanism through which MHCI exerts its functions remain unknown (Box 1).

Box 1

Outstanding Questions

• What are the receptors and other binding partners for MHCI proteins in the
brain?

• How do these interactions mediate the effects of MHCI on neuronal
differentiation, synapse formation, function, and plasticity?

• Given the diversity of MHCI family members, are there specific functions for
individual classical and non-classical MHCI proteins?

• How does localized synaptic activity alter MHCI protein expression on neurons,
and within what time-scale?

• What role does MHCI in CNS glia play in brain development and function?

• What role does antigen presentation by MHCI molecules play during normal
CNS development?

The role for MHCI in limiting CNS connectivity has important implications for injury and
repair, in that blocking the growth-inhibition effects of MHCI might promote regeneration in
the CNS. Indeed, MHCI and PirB limit axonal outgrowth following injury in vitro and in
vivo [70]. PirB binds to myelin-derived axon growth inhibitory molecules, including
Nogo-66, myelin-associated glycoprotein (MAG) and oligodendrocyte-myelin glycoprotein
(OMgp), and is essential for the effects of myelin in inhibiting neurite growth [71]. PirB
signaling also inhibits Trk receptors that function to promote axonal outgrowth [70].
Compensatory neuronal sprouting following hippocampal lesion is also impaired in NSE-Db
mice [51]. Interestingly, MHCI has been reported to either have no effect on [72], or to
enhance [73], corticospinal tract (CST) regeneration and locomotor function following
spinal cord injury. Finally, the absence of MHCI and PirB enhances neuroprotection
following stroke [35]. Stroke increases neuronal expression of PirB and MHCI and mice
lacking these proteins exhibit smaller infarcts, enhanced corticospinal axonal projections,
and decreased numbers of reactive astrocytes, supporting the conclusion that MHCI
signaling contributes to brain injury after ischemia [35]. Interestingly, the function of MHCI
in the spinal cord may be cell-type-dependent since MHCI molecules maintain synapses
onto sciatic motor neurons following injury, rather than limit their density as in the brain
[74–75].

The role for MHCI in limiting neural connectivity and function also has potentially profound
implications for neurodevelopmental disorders and neurological and psychiatric diseases.
Specific MHCI haplotypes and mutations in MHCI genes have been implicated in autism
spectrum disorders [76–78] and schizophrenia [79–83]. Moreover, MHCI levels on neurons
are regulated by cytokines [30, 84–86] and cytokine levels are altered in the blood, brain,
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and cerebrospinal fluid (CSF) in many neurodevelopmental and neurodegenerative disorders
[87–99]. This suggests that a peripheral immune response could alter brain cytokines
through a porous blood-brain barrier in early development, following injury, or in disease [3,
93, 100] and thereby alter connectivity and/or function in the CNS through changes in
MHCI levels. Because MHCI molecules and its receptors play critical roles in CNS
function, understanding MHCI signaling in the CNS may illuminate not only novel
mechanisms of neural development, but also new pathways to target for treating injury and
many diverse psychiatric and neurological disorders.
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Glossary

Activity-
dependent
retinogeniculate
refinement

A classic experimental model for the activity-dependent refinement
of connections in the CNS is the mammalian visual system. Retinal
ganglion cell (RGC) axons from each eye overlap in the lateral
geniculate nucleus (LGN) early in development, but are later refined
in an activity-dependent manner into eye-specific regions[105]. This
mechanism of activity-dependent refinement is not restricted to the
visual system. Regions throughout the CNS use this mechanism to
prune their circuits

Homeostatic
plasticity/synaptic
scaling

Refers to the ability of neurons to adjust to chronic changes in
extrinsic network activity so that their overall excitability remains
stable over time[104]. Chronic application of TTX to neurons
increases basal activity following drug removal, whereas incubation
with picrotoxin results in a compensatory decrease in basal synaptic
transmission [104]

Ocular dominance
(OD) plasticity

In adult mice, most of the primary visual cortex receives input from
the contralateral eye; this area is called the monocular zone. A
smaller region receives input from both eyes, and is called the
binocular zone (BZ). Early in development inputs from both eyes
innervate a wide area of visual cortex and these inputs are refined in
an activity-dependent manner into the adult BZ. Monocular
enucleation (ME, removal of one eye), or monocular deprivation
(MD, eyelid suture), shifts activity to that only coming from the
available/open eye. If this occurs during a specific time early in
development termed a “critical period”, OD will shift to represent
inputs that favor the remaining eye, forming much wider binocular
zones. This process is called OD plasticity (Figure 2c)[106]
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Figure 1.
Genomic map of the human and mouse major histocompatibility complex (MHC). A
simplified schematic of the human and mouse MHC genomic regions (not drawn to scale).
Annotations were taken from the mouse Genome Reference Consortium (GRC) m38/mm10
(2011) and human GRCh37/hg19 (2009) assemblies. The MHC spans approximately 3.6 Mb
and is located on chromosome 6 of humans and 17 of mice. The classical MHCI genes (red)
are highly polymorphic, whereas the non-classical MHCI genes (orange) are not. Class II
and III genes are indicated by dark gray and light gray boxes, respectively, but have not
been annotated here (see [9] for more detail on these regions). The light chain of MHCI
molecules, β2-microglobulin, is encoded on a separate chromosome (15 in humans and 2 in
mice). Classical MHC class I genes include HLA-A, HLA-B, and HLA-C in humans, and
H2-K, D, L and B in mice. H2-L is very closely related to H2-D and appears to be present
only in the BALB/c mouse strain. As such, H2-L is left out of current assemblies based on
the C57BL/6 strain, but has been retained here for completeness. H2-B is a gut restricted
classical MHCI gene. There are many nonclassical MHC class I genes that include MICA,
MICB, HLA-E, HLA-G, HLA-F, and HFE in humans and MICA, MICB, Q, T, M and HFE
in mice. The general arrangement of the MHC is similar between humans and rodents, with
the main difference being that MHCI genes in mice have become separated at either end of
the MHC by class II and III genes.
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Figure 2. MHCI localization and function in the CNS
(a) Post-embedding immuno-electron micrographs of adult rat cortex show MHCI protein
labeled with gold (black dots) present presynaptically in synaptic vesicle pools (magenta
arrows), postsynaptically (blue arrows), including within the postsynaptic density, and in the
synaptic cleft (yellow arrow) [29]. Scale bar: 0.2 μm. (b) P13 mice deficient in sMHCI
(β2m−/−TAP1−/−) or CD3ζ fail to properly refine their retinogeniculate connections. Images
show the expanded ipsilateral retinogeniculate projections in the knockout mice compared to
wild-type (WT) [40]. (c) Schematic showing the mouse visual system and the monocular
enucleation (ME) paradigm to test ocular dominance (OD) plasticity as shown in (d). The
pathway from the open eye through the lateral geniculate nucleus (LGN) to the visual cortex
is colored green, while that from the enucleated eye is gray. Within visual cortex, solid
shading indicates regions of monocular activity and crosshatching indicates the binocular
zones (BZs). The numbers to the right of the gray area of cortex indicate cortical layers. (d)
Using the paradigm described in (c), changes in OD plasticity were measured by changes in
the width of Arc mRNA induction (white signal) ipsilateral to the remaining eye. Mice
lacking functional PirB (PirBTM) exhibit enhanced OD plasticity after ME compared to
WT, indicated by an increased width of Arc mRNA induction (between yellow arrows) [44].
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Layers of visual cortex are marked on the right. Scale bar: 500 μm. (e) Synapse density is
greater in layer 5 of visual cortex in mice lacking sMHCI (β2m−/−) compared to WT at all
ages examined (P8 – adult), as quantified from transmission electron micrographs [32]. The
greatest increase in synapse density occurs during the initial establishment of cortical
connections (P11–P23). (f) Mice lacking sMHCI protein (β2m−/−TAP1−/−) or the MHCI co-
receptor CD3ζ exhibit enhanced hippocampal LTP and an absence of LTD compared to WT
mice, indicating a role for MHCI in restricting synaptic strength. Adapted, with permission,
from [29] (a), [40] (b, f), [44] (c, d) and [32] (e).
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Figure 3. Schematic of potential mechanisms for MHCI signaling
The presence of MHCI protein both pre- and postsynaptically, as well as the potential for in-
cis (same cell) or in-trans (between cell) interactions with receptors and other nearby
proteins, must be considered in models of MHCI function. Both types of interactions could
occur with MHCI pre- or postsynaptically, but have been drawn in only one orientation for
simplicity. The pathways illustrated in this figure are based on data from the CNS described
in this review and from roles for MHCI in the immune system, since several of these
possibilities have not yet been confirmed in neurons or glial cells. (a) MHCI can interact
with immune receptors like PirB or Ly49 in-cis or in-trans [101–102]. MHCI also appears to
signal through the TCR coreceptor CD3ζ in the brain, but the presumed additional members
of the receptor complex containing CD3ζ in the brain remain unknown [43]. (b,c) MHCI
proteins can interact with other plasma membrane proteins in-cis and alter their trafficking,
surface expression, and/or sensitivity to ligand [103]. (d) MHCI proteins are associated with
synaptic vesicle pools as determined by immuno-electron microscopy and biochemical
fractionation [29, 35]. (e) MHCI can also be shed from the plasma membrane of neurons and
may initiate signaling on nearby cells [54]. The differing sizes of MHCI are meant to
illustrate MHCI diffusing away from the synapse.
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Table 1

Roles of MHCI and its receptors in CNS development

Manipulation Region Phenotype (relative to WT or
control)

Experimental details Refs

MHCI

β2m−/− (sMHfCI deficient) Retinogeniculate projection Expanded ipsilateral projection,
no change in LGN area

In vivo: P13 [40]

Visual cortex Increased synapse density (EM) In vivo: P8, P11, P23,
P60

[32]

Increased glutamatergic synapse
density (ICC: vGlut1, GluN2A/
B)

Cultures: 8 div

Hippocampus No change in neurite outgrowth Cultures: 1 div [52]

Cerebellum Normal CF-PC synapse
elimination & CF-PC EPSC
amplitude

Slices: 12–16 weeks
old

[20]

β2m−/−TAP1−/− (sMHCI deficient) Retinogeniculate projection Expanded ipsilateral projection,
no change in LGN area or retinal
waves

In vivo: P13 [40]

Expanded ipsilateral projection
& abnormal segregation of
inputs

In vivo: P34 [47]

Thalamocortical projection Enhanced OD plasticity (Arc
induction)

In vivo: P22–31

Visual cortex Increased mEPSC frequency, no
change in amplitude

Slices: P19–21, Layer
4

[39]

Hippocampus Increased # of SVs at synapses,
no change in PSD length,
decreased perforated PSDs (EM)

In vivo: P44–45

Enhanced LTP, absent LTD, no
change in fEPSP slope (CA1)

Slices: P30–44 [40]

Increased mEPSC frequency, no
change in amplitude

Cultures: 14 div [39]

Impaired synaptic scaling
following TTX for 3–6 days

No change in synapse density
(ICC: synapsin, tubulin)

Increased size of synapsin &
vGlut1/2 puncta, no change in
PSD-95 puncta

No change in protein levels of
GluN1, GluN3A, GluA1,
GluA2, or synaptophsyin
(biochemistry)

Tissue: P28–35 [55]

Decreased GluA/GluN ratio,
increased slope of GluN-
mediated fEPSP, no change in
proportion of silent synapses,
GluN2A/B composition

Slices: P13–P16

No change in surface GluA1,
GluA2, GluN1, GluN2B, or
synapse density (ICC: SV2,
GluN1)

Cultures: 16–20 div

Increased surface GluA1
following NMDA treatment
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Manipulation Region Phenotype (relative to WT or
control)

Experimental details Refs

(ICC), blockade of NMDA-
induced decrease in surface
GluA1 (biochemistry), increased
surface GluA2 in response to
NMDA (biochemistry)

Kb−/−Db−/− Retinogeniculate projection Expanded ipsilateral projection,
no change in LGN area

In vivo: P34 [47]

Thalamocortical projection Enhanced OD plasticity (Arc
induction, transneuronal tracing)

In vivo: P22–31

Cerebellum Normal CF-PC synapse
elimination, PC dendritic arbors,
& synapse density on CFs (ICC:
vGlut2)

Slices: P19–25, 12–16
wks

[19, 20]

CF-PC EPSC amplitude normal,
enhanced PF PPF and reduced
PPD

Slices: P19, P19–25

Lower induction threshold for
LTD at PF-PC synapses

Slices: P19–P25 [19]

Increased rotarod learning and
retention

In vivo: 8–12 week
males

Hippocampus Reduced neurite outgrowth,
delayed neuronal polarization

Cultures: 1–2 div [52]

β2m RNAi (acute sMHCI
knockdown)

Visual Cortex Increased glutamatergic synapse
density (ICC: vGlut1, GluN2A/
B)

Cultures: 8 div (no
effect, 13 div)

[32]

Increased GABAergic synapse
density (ICC: synapsin,
GABAAR) Is this GABA-A or
GABA-B?

Cultures: 8 div

Increased mEPSC frequency and
amplitude

Increased mIPSC frequency, no
change in amplitude

Altered E/I balance

NSE-H2Db (neuronal MHCI
overexpression)

Retinogeniculate projection Smaller contralateral, but not
ipsilateral, projection, &
decreased LGN area

In vivo: P11 [51]

Reduced RGC axonal outgrowth
toward thalamic explants caused
by secreted (shed) MHCI

Retina-thalamic
explants, 4–5 div

[53]

Hippocampus Reduced synapsin expression in
DG & CA3, but not CA1

In vivo: P39 [51]

No change in basal synaptic
transmission (CA1)

Slices: P28–42

No change in LTP (CA1)

Enhanced neurite outgrowth,
increased numbers of neurites
per cell

Cultures: 1–2 div [52]

H2Kb-GFP (acute overexpression) Visual Cortex Decreased glutamatergic
synapse density (ICC: vGlut1,
GluN2A/B)

Cultures: 8 div (no
effect, 13 div)

[32]

Decreased GABAergic synapse
density (ICC: synapsin, GABA-
A)

Cultures: 8 div
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Manipulation Region Phenotype (relative to WT or
control)

Experimental details Refs

Decreased mEPSC frequency
and amplitude

Decreased mIPSC frequency, no
change in amplitude

Altered E/I balance

Prevents the TTX-induced
increase in glutamatergic
synapse density

Exogenous soluble β2m (to decrease
homotypic MHCI heavy chain)

Visual Cortex Increased glutamatergic synapse
density (ICC: vGlut1, GluN2A/
B)

Cultures: 8 div (no
effect, 13 div)

[32]

Hippocampus Decreased axon outgrowth Cultures: 1–2 div [52]

MHCI/peptide monomers Retina Inhibition of neurite outgrowth
by self-MHC I molecules,
regardless of the peptide
presented

Explants: 2 div [54]

Hippocampus Inhibition of axon outgrowth by
self-, but not non-self-, MHCI
monomers

Cultures: 1–2 div [52]

MHCI antibodies Cortex Increased neurite density &
decreased synapsin levels and
neuron number

Cultures: 5 div [45]

PIRB

PirBTM (functionally PIRB
deficient)

Retinogeniculate projection Normal In vivo: P15 [44]

Thalamocortical projection Normal refinement (Arc
induction)

In vivo: P19, P34

Enhanced OD plasticity (Arc
induction, transneuronal tracing)

In vivo, ME (P19–25, 22–31, 31–
36); MD (P19–25, 25–40)

Extended OD plasticity after
crtitical period (Arc induction)

In vivo, ME (P100–
P110)

PirB−/− Hippocampus fEPSP amplitude normal (CA3-
CA1)

Slices: age not
specified

[56]

No change in CA3-CA1 LTP or
LTD

Slices, LTP: P42–P56,
LTD: P15–20

CD3ζ

CD3ζ−/− Retinogeniculate projection Expanded ipsilateral projection,
no change in retinal waves

In vivo: P13, P16 [40, 48]

Retina Increased RGC dendritic
branching

In vivo: P12 & P33 [48]

Altered dendritic stratification
and segregation of ON/OFF
inputs onto RGCs

In vivo: P33

Reduced frequency of retinal
waves in second, but not in first,
week

In vivo: P3, P10

Hippocampus Enhanced LTP, absent LTD, no
change in fEPSP slope

Slices: P30–44 [40]

CD3ζ RNAi & DN Cortex Increased dendritic branching
and width, reduced dendritic
motility

Cultures: 5 div [41]

CD3ζ antibody Hippocampus Decreased dendritic branching Cultures: 5–7 div [41]
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Manipulation Region Phenotype (relative to WT or
control)

Experimental details Refs

CD3ε

CD3ε −/− Cerebellum Decreased PC dendritic
branching and vGlut1 intensity;
no change in PF-PC or CF-PC
basal synaptic transmission or
CF-PC synapse elimination;
enhanced PF-PC PPF

Slices: P7 [42]

Impaired rotarod performance at
high speed

In vivo: adult

Ly49

Ly49 antibody Cortex Decreased neurite density,
increased synapsin levels and
neuron number

Cultures: 5 div [45]

Abbreviations: Arc: activity regulated cytoskeleton-associated protein; a gene that is upregulated by neuronal activity, CF: climbing fiber, DG:
dentate gyrus, div: days in vitro, DN: dominant negative, E/I: excitatory/inhibitory, EM: electron microscopy, EPSC: evoked postsynaptic current,
fEPSP: field evoked postsynaptic potential, ICC: immunocytochemistry, LGN: lateral geniculate nucleus, LTP: long term potentiation, LTD: long
term depression, MD: monocular deprivation, ME: monocular enucleation, mEPSC: miniature excitatory postsynaptic current, mIPSC: miniature
inhibitory postsynaptic current, OD: ocular dominance, P: postnatal day, PC: Purkinje cell, PF: parallel fiber, PPD: paired-pulse depression, PPF:
paired-pulse facilitation, PSD: postsynaptic density, RGC: retinal ganglion cell, sMHCI: surface MHCI, SV: synaptic vesicle, TTX: tetrodotoxin.
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