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Abstract
The class-I MHC-restricted T-cell associated molecule (CRTAM), an activation molecule expressed in activated Natural Killer cells

(NKT) and CD8+ T cells, is highly expressed in the cerebellar cortex, both in neurons and glial cells. During cerebellar development,
granule cell migration over Bergmann glia cells depends on neuronal/glia glutamatergic signaling, suggesting a regulated cell-cell in-

teraction process, opening the possibility of CTRAM and Nectin-like 2 involvement. Through the use of the well-established model of
chicken cerebellar Bergmann glial cells and a wound/healing assay, we describe herein that glutamate represses CRTAM expression,
enhancing migration. These results reveal an unexpected function of CTRAM in the cerebellum.

Keywords: CRTAM; Nectin-Like 2; Cell Migration; Glutamate Receptors; Bergmann Glial Cells

Abbreviations
AP-1: Activator Protein 1; Bis I: Bis-indolylmaleimide I; BGC: Berg-

mann Glial Cells; CADM1- 4: Cell Adhesion Molecule Genes; CNRS13: Three Conserved Non-Coding Region Sequences; CNS: Central

Nervous System; CRTAM: Class-I MHC-Restricted T-Cell Associated

Molecule; GCPs: Granule Cell Progenitors; Glu: Glutamate; IFN-:
Interferon-gamma; IGL: Inner Granule Cell Layer; IL-22: Interleu-

cine 22; JNK: c-Jun N-Terminal Kinase; KA: Kainic Acid; ML: Mole-

cular Layer; Necl-2: Nectin like-2; NMDA: N-Methyl-D-Aspartate;
NKT: Natural Killer T Cells; PCL: Purkinje Cell Layer; SynCAMs:
Nectin-Like Molecules or Synaptic Cell Adhesion Molecules; TCR: T
Cell Receptor; ZEB1: zinc finger E-box binding protein.
CRTAM in cell migration at cerebellum

The class-I MHC-restricted T-cell associated molecule (CR-

TAM), or CD355, a member of the immunoglobulin superfamily, is
an activation molecule predominantly expressed in activated human Natural killer T cells (NKT) and CD8+ T cells [1-3]. CRTAM
expression has been associated with IFN-γ production in CD8+ T
cells and with NK cell cytotoxicity towards a tumor cell line [4]. A

small population of IFN-γ- and IL-17-producing CD4+ T cells also
express CRTAM upon activation. A transient CRTAM expression
in CD8+ T cells, NK and NKT cell following activation has been re-

ported [2-6]. The involvement of CTRAM in the establishment of T
helper 1 cells, Th1 and Th17 proinflammatory responses have also

been documented [7]. Interaction of CRTAM with its ligand, Nectinlike 2 (Necl-2), enhances IFN-γ and IL22 (interleukin 22) production in CD8+ T cells and cytotoxicity of NK against tumors [4,6].

CRTAM expression in cell lymphocytes is triggered by cell acti-

vation, specifically for TCD8+, NK, and TCD4+ cells. CRTAM plays
multiple and diverse roles in lymphocyte function. It promotes

TCD8+ cell adhesion and retention within the lymph node and induces a late phase of cell polarity during activation [7].

The ablation of CRTAM has been reported. CRTAM -/- cells

show increased T cell receptor (TCR)-mediated proliferation and
reduced IFN gamma and IL22 production [7]. Moreover, these cells
exhibit defects in cell polarity, a function that has been associated

to its Postsynaptic density protein (PSD95), Drosophila disc large
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suppressor (Dig1), and zonula occludens-1 protein (ZO-1) (PDZ)-
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Nectin-like molecules or synaptic cell adhesion molecules (Syn-

binding domain [7,8]. Blocking CRTAM-Necl2 interaction impairs

CAMs) are four membrane proteins belonging to the immunoglob-

viral infection and impaired autoimmune diabetes induction in

with three Ig-like domains for adhesive interactions, a single trans-

thymus growth, impacting structural maintenance of thymic lobes
[9]. CRTAM KO mice exhibit reduced protective immunity against

vivo [10]. Needless to point out, CRTAM signaling is required for
the induction of CD4+ CTL and IFN-γ production.

CRTAM is an evolutionary conserved receptor-like molecule; it

exhibits two Ig domains in the extracellular region, with ﬁve cysteine residues, four of which participate in the formation of the Iglike domains [3].

In the mouse, CRTAM mRNA is detectable in spleen, brain, and

testis, and in humans, it is present in the spleen, thymus, intestine,
lymph nodes, lungs, testis, ovaries, and colon [2,3].

The rapid, swift, and robust induction of CRTAM expression in T

and NK cells suggests that its function is time-dependent, and thus

its expression must be tightly regulated. CRTAM gene expression
involves a transcriptional mechanism. The regulatory elements
and the signaling pathway that regulates CRTAM gene activation

has been analyzed. A web-based global alignment tool was used to

identify the potential regulatory factors that control CRTAM gene

expression, within approximately 6 kb of the 5-flanking region of
human, mouse, rat, and dog CRTAM gene. Three conserved non-

coding region sequences (CNRS1-3) spread along 3 kb, 5´ from
the ATG translation codon, were described. These CNRS regions
shared a significant identity, between 50% and more than 75% se-

quence identity in the more significant 100 bp long elements [11].

The CRTAM gene is controlled by a TCR/JNK (c-Jun N-terminal

kinase) dependent signaling pathway, in which the participation of
a distal cis-element in the CRTAM promoter recognized by the Acti-

vator Protein 1 (AP-1) transcription factor is plausible [11]. Recent
studies show that CRTAM is a molecular target for ZEB1 (zinc fin-

ger E-box binding protein), a homeodomain/Zn finger transcrip-

tion factor. Overexpression of ZEB1 represses CRTAM promoter
activity, as well as endogenous CRTAM levels in human T cells [12].

Tissue-speciﬁc regulatory mechanisms for CRTAM gene expres-

sion are expected; the constitutive expression CRTAM protein in
cerebellar Purkinje cells strongly supports this interpretation. In-

terestingly, CRTAM is highly expressed in the cerebellum, and this
expression is mainly localized in Purkinje neurons, although it is
also present in granule cells [3]. CRTAM/Necl-2 heterodimers may

contribute to neuronal interactions, specifically in cell-cell interactions between Purkinje neurons and adjacent cells in the cerebellum [3,6].

ulin (Ig) superfamily and encoded by the cell adhesion molecule

genes (CADM1-4). SynCAM proteins have an extracellular sequence
membrane region, and a short cytosolic sequence with binding
motifs for FERM and PDZ domains [13]. SynCAMs 1-4 function in

neurons as synaptic cell adhesion molecules and they are widely
expressed throughout the developing of Central Nervous System

(CNS) exhibiting a distinct spatiotemporal expression pattern indi-

cating that SynCAM-mediated adhesion may help to spatially deﬁne
cellular interactions in the brain [14,15].

Differential expression of adhesion molecules contributes to

deﬁning topographic maps and neuronal circuitry [16]. SynCAMs
exhibit a distinct spatiotemporal expression pattern; this framework is observed in all regions: particularly in the Cerebellum, SynCAMs display highly distinct expression in cerebellar granule and
Purkinje cells [15]. Nevertheless, in the developing hippocampus,

SynCAMs appear to be expressed predominantly in neurons, and

localize to synapses in vitro, consistent with their role as synaptic
plasma membrane proteins in the brain [14].

SynCAM 2 expression is pronounced in the Purkinje cell layer

and has been detected in cerebellar granule cells. In adults, it ap-

peared uniformly low across all cell populations of the cerebellum.

SynCAM 3 was the most prominent family member in the cerebel-

lum; at postnatal day 15, its expression was higher and limited to
granule cells, but it was not detected in the Purkinje cell layer expression at this time point. In the adult mice, the granule cell expression of SynCAM 3 appeared even stronger, and signiﬁcant expression of SynCAM 3 was additionally observed in Purkinje cells.

SynCAM 2 and 3, in conjunction with N-cadherin, have been shown
to participate in the formation of synapses in the hippocampus [17]

and SynCAM 3 has been localized to non-junctional cell-cell con-

tact sites in neural tissue [18]. In the Cerebellum, SynCAM 4 was
the second most prominently expressed family member. Strikingly,

at P15, SynCAM 4 showed an expression pattern inverse to that of

SynCAM 3; a very high SynCAM 4 expression was evident only in
the Purkinje cell layer and this pattern persisted into adulthood
with some weak expression by the granule cells [15].

During the development of the CNS, synapse formation is re-

quired for wiring neuronal circuits and continues to remodel adult

networks [13]. SynCAMs can be the primary activator of synapse
formation as they participate in the assembly of specialized cellcell junctions such as neuronal synapses. SynCAM 1 (Nectl-2) can

promote synapse formation and restrict synaptic plasticity to regulate the wiring and remodeling of neuronal circuits. Recently, a
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significant SynCAM1/Nectl-2 contribution to excitatory synapse
number in the developing and adult brain was shown [19]. Syn-
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(BGC) to a position under the Purkinje cells, where they form the
inner granule layer (IGL) [21]. A number of regulatory factors in-

CAM1/Nectl-2 is expressed throughout the central and peripheral

cluding neurotransmitters as glutamate (Glu), neuropeptides like

molecules supports the functional association of CRTAM and Syn-

cell-derived factor-1), glycosphingolipids (9-O-acetyl ganglioside3,

nervous system, with the highest levels of SynCAM1/Nectl-2 de-

tected in the cerebellum. The coordinate expression of these two
CAM1/Nectl-2, suggesting strongly that these molecules play a role

in the cellular interactions of the cerebellum and an essential role
in the function of Purkinje neurons [3]. Analysis of the SynCAM-

adhesion molecule expression profile reported a weak expression
of SynCAM1/Nectl-2, and it was also detected in the Purkinje and
granule cell layer at both P15 and adult stages. CRTAM interacts

with SynCAM1/Nectl-2 suggesting that the expression pattern can
be similar to this molecule in the different compartments of the
brain.

Cerebellum development and glutamate regulation
The cerebellum is structure critically involved in motor control.

The cerebellar cortex is composed of a laminar structure of three

layers. The first layer (outside), is an outer molecular layer (ML)
that contains granule neuron axons, Purkinje cell dendrites, Berg-

mann glial fibers, basket cells, and stellate cells; in the second layer
(middle), a Purkinje cell layer (PCL) that contains the Purkinje

cells and Bergmann glial bodies; and finally, an inner granule cell

layer (IGL) that contains the granule cells and Golgi cells [20-22].
To establish the correct cerebellum structure, the development of

the laminar cerebellum requires the coordinated interaction between three main cell types, the Purkinje cells, glial cells, and granule cells.

During cerebellar development, neuronal differentiation in-

volves migration, directional growth, synaptogenesis, and selective survival. Neuronal migration during brain development was
ﬁrst proposed for cerebellar granule cells, assumed that granule

cells translocate from their birthplace to their ﬁnal destination,
where they reside during the adult life which may indicate that the

migration of immature neurons is essential for the formation of
normal neuronal cytoarchitecture [23]. Radial glia is the leading

cellular population required for the migration of several neuronal
progenitors, like Purkinje cell progenitors [24], while Bergmann

glia is essential to guide the migration of postmitotic GCPs in postnatal cerebellar development [25]. After birth, cerebellum devel-

somatostatin, glycoproteins, growth factors as the brain-derived
nerve factor or the insulin growth factor-1, cytokines (stromal

9-O-acetyl GD3) and phospholipids (platelet-activating factor) fa-

cilitate or exert a direct stimulatory activity or an immediate in-

hibitory effect on the migration of interneurons in different cortical layers of the postnatal Cerebellum [23]. Glutamate (Glu) is the

main excitatory neurotransmitter in the Central Nervous System of

most vertebrates [27], acting through the activation of ionotropic

(ligand-gated ion channels) and metabotropic (G-protein coupled)
receptors, expressed in neurons and glial cells [28]. A membrane
to nucleus signal transduction cascades that regulate gene expression at the transcriptional level has been described in BGC exposed

to Glu [29-31]. Glutamate signaling is present in the developing

cerebellum, where granule cells migrate from the germinal external granular layer along the previously established Bergmann glial

fibers [32]. Disruption of glial/neuronal Glu signal transduction,

through inhibition of the Glu receptors and transporters, impairs

granule cell migration, synaptogenesis, and proper cerebellar ar-

chitecture [33]. It is quite evident that Glu-driven differential gene
expression patterns in neurons and glial cells are the molecular
frameworks of this sophisticated developmental program [34].

Glutamate down-regulation of CRTAM and nectin-like 2 inhibits Bergmann glial cell migration in vitro
Although some reports have shown that CRTAM is expressed in

the cerebellum, more studies are needed for the understanding of

its role in the brain. Among the various proteins involved in cer-

ebellar development, CRTAM is of particular interest, given the fact

that its transcription is controlled by AP-1 [11], and that is highly
expressed in the Cerebellum [3]. AP-1 is a common mediator of

Glu-dependent transcriptional response in BGC [35-37]. Taking ad-

vantage of the well-characterized BGC culture, we sought to gain
insight into Glu-mediated cell migration, concerning CRTAM and
Necl-2 and describe in the next sections, the glutamate-mediated

downregulation of CRTAM and Nectin-like 2 expression, which impedes cell migration.

To look for membrane proteins involved in cell-cell interactions

opment continues: between the second and fourth days postnatal

during cerebellar development and the effect of Glu, wound heal-

the end of the second postnatal week, GCPs exit the cell cycle and

cell migration [38]. While the control demonstrated typical recov-

(P2-P4), several signaling pathways promote granule cell progeni-

tors (GCPs) proliferation [26]. Concomitantly, between birth and
move into the inner regions of the EGL where they extend parallel
fibers and migrate along the radial fibers of Bergmann glial cells

ing assays were performed on confluent BGC (monolayers were

wounded and followed for 48 h), which are widely used to evaluate

ery, treatment with 1 mM Glu led to a diminished time-dependent
migratory capacity of the BGC (p* < 0.05) (Figure 1A).
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Figure 1: Glutamate inhibits Bergmann glia migration. CRTAM and Nectin-like 2 co-localization affect cell migration in Bergmann glial

cells. Primary cultures of BGCs prepared from 14-day-old chick embryos as (Ortega., et al. 1991) were plated in 12-well plastic cell culture

plates (1 x 106) in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM glutamine and 50 μg/ml

gentamicin, and maintained at 37°C with 5% CO2. At 85% conﬂuence (3 - 4 days), monolayers were switched to low-serum DMEM media
(0.5% FBS) for 8 h and treated with the PKC inhibitor Bis I (1 µM) for 30 minutes in fresh DMEM media before Glutamate (Glu, 1 mM)
treatment (A and B) or pretreated 2 h with anti-CRTAM (1:100) and anti-Necl-2 (1:100) antibodies (C and D). To assay cell migration, BGC

monolayers were immediately wounded with a wide pipette tip to create a cleared line; cell migration was monitored at 0, 12, 24, and 48
h. The wound closure process was photographed at 0, 12, 24, and 48 h using a Nikon Eclipse TS100 Microscope with a Premiere MA88-

500 camera. (B and D) To determine the distance, pixels in the denuded area were quantified for each condition at the indicated times

using the Adobe Photoshop software. Data are expressed as the mean ± standard error of at least three independent experiments. A oneway ANOVA and a post hoc Student- Newman-Keuls test analysis were used to determine which conditions were significantly different
(Prism, GraphPad Software) (**, p < 0.01; ***, p < 0.001).

Taking into consideration that ionotropic Glu receptors of the

AMPA subtype expressed in this cell system are devoid of the iono-

tropic receptor AMPA type subunit 2, and therefore are Ca2+-per-

meable [39,40], a possible link to PKC activation was hypothesized

[41]. Pretreatment with Bisindolylmaleimide (BisI), a PKC inhibi-

Bergmann glia migration as treated monolayers showed a 2.5 to

3.3-fold decrease in migration, respectively when compared with
control (p ** < 0.01, Figure 1C and 1D).

The most abundant glutamatergic synapse in the vertebrate

tor, attenuated Glu-mediated migratory inhibition, and treatment

brain is between the Purkinje cell dendrites and the axonal termi-

regulates the migratory capacity of BGC through PKC activation.

significant expression of CRTAM in Purkinje cells [3] that prompted

of BisI alone demonstrates no significant effect on cell migration
when compared to control (Figure 1B), suggesting that glutamate

After confirming CRTAM, and Nectin-like 2 expression with PCR

(Figure 2A), we assessed if these receptors affect cell migration.

Antibodies for CRTAM and Nectin-like 2 were enough to inhibit

nals of the granule cells (parallel fibers), and that these synapses
are entirely encompassed by Bergmann glial cells [42]. There is a

us to consider a possible role for Glu in controlling the expression

of CRTAM and Nectin-like 2. It has been previously demonstrated
that in cultured Bergmann glial cells, Glu triggers a membrane-to-

nucleus signaling cascade involved in transcriptional repression of

Citation: Esther López-Bayghen., et al. “Class-I MHC-Restricted T-Cell Associated Molecule (CRTAM) Expression in Cerebellum". Acta Scientific Neurology
3.7 (2020): 03-11.

Class-I MHC-Restricted T-Cell Associated Molecule (CRTAM) Expression in Cerebellum
07

the chglast gene [43], which involved PKC activation. As PKC acti-

etate (TPA), a PKC activator, also decreased CRTAM and Nectin-like

which is also a mediator of glutamate transcriptional responses

tor could mimic this effect, and reciprocally, a PKC inhibitor could

vation is associated with AP-1, in silico analysis of the CRTAM putative promoter region highlighted an AP-1 DNA binding site [11],

in Bergmann glia [35,43]. When Bergmann glia cells monolayers
were exposed to glutamatergic ligands, Kainic acid (KA) and N-

methyl-D-aspartate (NMDA), a decreased expression of CRTAM,
and Nectin-like 2 mRNAs were recorded, like treatment with Glu

(Figure 2). Interestingly, this effect was mimicked by KA, as well as
by NMDA, reflecting the involvement of AMPA, and NMDA subtypes

2 levels, like treatment with glutamate, which was lost with BisI

pre-treatment (Figure 2). Therefore, we examined if a PKC activablock it. A detailed analysis of both promoters in the context of our

cultured cells is needed, and it is currently in progress in our labo-

ratory, focusing on delineating the signaling triggered by glutamate
that represses crtam gene transcription.

As determined with immunofluorescence, the treatment with

of receptors, both linked to the Ca2+ influx and Ca2+/diacylglicerol-

either Glu or TPA resulted in decreased expression and loss of co-

Interestingly, pre-treatment with BisI attenuated KA, and

signaling, through a PKC dependent pathway, negatively regulates

dependent PKC activation [29,44].

NMDA’s effect on expression (p*< 0.05). Tetradecanoyl phorbol ac-

localization of CRTAM and Nectin-like 2 proteins (Figure 3); how-

ever, this effect was lost when pretreated with BisI. Thus, glutamate
CRTAM and Nectin-like 2 expression, and by these means glial cell
migration.

Figure 2: Glutamatergic stimuli reduced the expression of CRTAM and Nectin-like 2 via PKC. Total RNA from the brain, cerebellum

(rat tissue, positive controls) and BGCs was extracted using the Trizol protocol (manufacturer’s instructions). qRT-PCR was performed
with the KAPA SYBR FAST One-Step qRT-PCR Kit, to assess the expression of CRTAM, Necl-2, and S17. (A) Representative qRT-PCR am-

plified products of CRTAM and Necl-2 in the rat brain, cerebellum and BGCs; S17 chick ribosomal mRNA is the internal control. To
determine CRTAM and Necl-2 regulation, BGCs were initially pretreated with Bis I (1 μM) for 30 minutes or not, followed by treatment

with glutamate (Glu, 1 mM), kainic acid (KA, 500 μM), NMDA (500 μM) + Glycine (0.01 mM), TPA (100 nM) or DMSO (control) for 2 h.
After 24 h, RNA was isolated, and relative mRNA expression for CTRAM (B) and Nectin-like 2 (C) was determined. The relative abun-

dance of mRNA was expressed as sample versus control in comparison to S17 mRNA, calculated using the 2−ΔΔCt method. Data are

expressed as the mean ± SE of at least three independent experiments by triplicate. A one-way ANOVA was performed and a post hoc
Student- Newman-Keuls test analysis were used to determine which conditions were significantly different (Prism, GraphPad Software)
(*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 3: Glutamate downregulates CRTAM and Nectin-like 2 protein expression and co-localization. BGCs were grown in eight-well

Lab-Tek Chamber Slides to explore CRTAM and Nectin-like 2 protein localization, and stimulated with Glutamate (Glu, 1 mM), TPA (100
nM), or DMSO (control) for two hours. Bis I (1 μM) was added 30 min before treatment where indicated. Cells were fixed 24 h after glutamate or TPA treatment with 3.4% of paraformaldehyde and immunostained with antibodies anti-CRTAM (1:100, green) or anti-Nectin-li-

ke 2 (1:100, red), nucleus stained with DAPI (blue). Fluorescence was examined using a Leica confocal microscope (Leica TCS-SPE, oil 63x
objective (zoom 1)).

Conclusion
Figure 4 summarizes the Glu-dependent transcriptional control

involved in the ability of glial cells to guide the migration. Glu sig-

naling, through a PKC dependent pathway, negatively regulates CRTAM and Nectin-like 2 gene and protein expression, thus affecting
cell migration capacity. CRTAM and Nectin-like 2 expression and

localization are affected by glutamatergic signaling, strengthening
the notion of a pivotal role of glial cells in the development and

Acknowledgments
This project was supported in part by grants from Conacyt

255087 to AO and 155605 to ELB. The authors acknowledge the
secretarial assistance of Ing. Lucero Cervantes Pozos.

Conflict of Interest

The authors declare no financial interest or any conflict of interest.

structural arrangement of the cerebellar molecular layer.
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Figure 4: Model for CRTAM regulation in the cerebellum. CRTAM and Necl-2 are downregulated by glutamate via PKC in Bergmann glial

cells. During cerebellum development, the migration cells from the external granule layer (EGL) to the internal granule layer (IGL) is the
dominant process. In the late development period (P15-20), migration is bringing down, accompanied by a decrease of CRTAM and Necl-2

expression in Bergmann glial cells (BGC). Glutamatergic synapses now are the preeminent function between Purkinje cells (PC) and BGCs
in the mature cerebellum, the glutamate (Glu) release by PC is capture by BGC.
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