bioRxiv preprint doi: https://doi.org/10.1101/2022.01.26.477791; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abnormal CCK/CB1R axon targeting in mouse models of
dystroglycanopathy

Daniel S. Miller, Jennifer N. Jahncke', Eric Schnell?3, and Kevin M. Wright*#

"Neuroscience Graduate Program, Oregon Health & Science University, Portland, OR
97239, USA

2Qperative Care Division, Portland VA Health Care System

* Anesthesiology and Perioperative Medicine, Oregon Health & Science University,
Portland, OR 97239, USA

*Vollum Institute, Oregon Health & Science University, Portland, OR 97239, USA

#) Correspondence to Kevin M Wright (wrighke@ohsu.edu). Vollum Institute, 3181 SW
Sam Jackson Park Rd L474 Portland, OR 97239. (503)-494-6955

Keywords: Dystroglycan, dystroglycanopathy, cannabinoid receptor, cholecystokinin,
interneuron, synapse

Competing interests: The authors declare that they have no competing interests.

Acknowledgments

This work was funded by NIH Grants RO1NS091027 (KMW), CureCMD (KMW),
F31NS108522 (DSM), F31NS120649 (JNJ), P3ONS061800 (OHSU ALM), VA 101-
BX004938 (ES), Department of Defense W81XWH-18-1-0598 (ES), and a Tartar Trust
Fellowship (DSM). The contents of this manuscript do not represent the views of the US
Department of Veterans Affairs or the US government.


https://doi.org/10.1101/2022.01.26.477791
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.26.477791; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Dystroglycan (Dag1) is a cell adhesion molecule that links the extracellular matrix
to the actin cytoskeleton, and is critical for normal muscle and brain development.
Mutations in Dag? or the genes required for its functional glycosylation result in
dystroglycanopathy, which is characterized by a wide range of phenotypes including
muscle weakness, brain defects, and cognitive impairments. Whereas Dystroglycan’s
role in muscle and early brain development are well defined, much less is known about
its role at later stages of neural circuit development including synapse formation and
refinement. Recent work has found that selective deletion of Dag? from pyramidal
neurons leads to a loss of presynaptic CCK+ inhibitory neurons (INs) early in
development. In this study, we investigated how IN development is affected in multiple
mouse models of dystroglycanopathy. Widespread forebrain deletion of Dag7 or Pomt2,
which is required for Dystroglycan glycosylation, recapitulates brain phenotypes seen in
severe forms of dystroglycanopathy. CCK+ INs were present in Dag? and Pomt2
mutant mice, but their axons failed to properly target the somatodendritic compartment
of pyramidal neurons in the hippocampus. In contrast, CCK+ IN axon targeting was
largely normal in mouse models of mild dystroglycanopathy with partially reduced
Dystroglycan glycosylation (B4gat1, Fkrp). Furthermore, the intracellular domain of
Dystroglycan appears to be dispensable for CCK+ IN axon targeting. Collectively, these

data show that synaptic defects are a hallmark of severe dystroglycanopathy.
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INTRODUCTION

The formation of neural circuits is a multistep process involving proliferation,
migration, axon guidance, neurochemical and morphological maturation of neuronal
subtypes, and establishment of functional synaptic connections between neurons. Cell
adhesion molecules (CAMs) play critically important roles and often function reiteratively
at multiple stages of neural circuit development. Many CAM families are present at
excitatory and/or inhibitory synapses, including Neurexins/Neuroligins,
Cadherins/Protocadherins, Slitrks, SynCAMs, LRR (leucine rich repeat) proteins, and
Ephrins/Ephs, among others (Chanda et al., 2017; Chen et al., 2017; Dalva et al., 2007;
Giagtzoglou et al., 2009; Pettem et al., 2003; Takahashi et al., 2012; Krueger-Burg et
al., 2017). Synaptic CAMs often act in parallel and redundantly to ensure the fidelity of
synapse formation and function.

Dystroglycan, a CAM widely expressed in muscle and brain, is present in the
post-synaptic compartment of inhibitory synapses throughout the central nervous
system (CNS). Dystroglycan is a central component of the dystrophin-glycoprotein
complex (DGC) known primarily for its role in the etiology of neuromuscular diseases
including Duchenne muscular dystrophy (DMD), Limb-girdle muscular dystrophy
(LGMD), and Congenital muscular dystrophy (CMD). The gene encoding Dystroglycan
(Dag1) yields two subunits, the extracellular alpha dystroglycan (a-DG) and the
transmembrane beta dystroglycan (B-DG). These two subunits are non-covalently
linked, allowing Dystroglycan to function as a link between extracellular ligands and
cytoskeletal and signaling proteins (Ervasti and Campbell, 1991; Holt et al., 2000;

Ibraghimov-Beskrovnaya et al., 1992; Moore and Winder, 2010). Extracellular a-DG
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binds multiple proteins in the nervous system including Laminins, Perlecan, Agrin,
Pikachurin, Slits, Neurexins, and Celsr3 (Campanelli et al., 1994; Dempsey et al., 2019;
Gee et al., 1994; Ibraghimov-Beskrovnaya et al., 1992; Lindenmaier et al., 2019; Peng
et al., 1998; Sato et al., 2008; Sugita et al., 2001; Sugiyama et al., 1994; Wright et al.,
2012). These proteins all contain at least one Laminin G (LG) domain that binds to
sugar moieties present on a-DG. The glycosylation of Dystroglycan is required for LG
domain binding, and over 18 genes have been identified that participate in the synthesis
of the O-mannosyl linked glycan chains on a-DG (Manya and Endo, 2017). Mutations in
these genes impair Dystroglycan function through reduced ligand binding, and lead to
dystroglycanopathy, a form of congenital muscular dystrophy with a wide range of
muscle and brain phenotypes (Blaeser et al., 2013). Patients with severe forms of
dystroglycanopathy frequently present with structural brain abnormalities and exhibit
seizures and cognitive impairments (Barresi and Campbell, 2006; Muntoni et al., 2011;
Taniguchi-lkeda et al., 2016). Dystroglycanopathy patients with moderate severity can
exhibit cognitive impairments even in the absence of identifiable brain malformations,
suggesting that Dystroglycan functions at later stages of neural circuit formation such as
synapse formation and/or maintenance (Godfrey et al., 2007; Clement et al., 2008).

Within the brain, Dystroglycan is expressed in radial glia, pyramidal neurons,
astrocytes, and oligodendrocytes where it plays important roles in the formation of
basement membranes during early brain development (Colognato et al., 2007; Nguyen
et al., 2013; Nickolls and Bonnemann, 2018; Tian et al., 1996; Zaccaria et al., 2001).
Mice lacking Dag1 from the CNS recapitulate many of the phenotypes of severe

dystroglycanopathy, including cortical malformation and hydrocephalus. Cortical
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neurons in these mice fail to migrate properly and cortical layering is severely disrupted
due to disruption of Dystroglycan function in the neuroepithelium and radial glia
(Myshrall et al., 2012; Satz et al., 2008, 2010). At later developmental stages,
Dystroglycan is present at multiple synapses throughout the peripheral and central
nervous system, including at photoreceptor ribbon synapses in the retina (Omori et al.,
2012; Orlandi et al., 2018), inhibitory synapses in the cerebellum (Briatore et al., 2010,
2020; Patrizi et al., 2008), and at a subset of GABAergic inhibitory synapses onto
pyramidal neurons in the cortex and hippocampus (Brunig et al., 2002; Levi et al.,
2002). Recent studies have demonstrated that when Dag1 is selectively deleted from
pyramidal neuron (PyNs), neuronal migration and lamination is normal. However,
cholecystokinin interneurons (CCK+ INs) fail to populate the forebrain or form
cannabinoid receptor-1 (CB1R) positive synapses in these mice (Fruh et al., 2016; Miller
and Wright, 2021). These studies establish a critical role for Dystroglycan function at a
subset of inhibitory synapses in the brain.

Here, we address several outstanding questions related to the role of
Dystroglycan at inhibitory synapses. We show that in severe models of
dystroglycanopathy, CCK+/CB1R+ INs are present, but their somatodendritic axon
targeting and synapse formation are abnormal. In contrast, models of mild
dystroglycanopathy display relatively normal CCK+/CB1R+ IN development.
Furthermore, we find that CCK+/CB1R+ IN axon targeting and synapse formation is
dependent on proper Dystroglycan glycosylation, but the intracellular domain is largely
dispensable. Together, these results have important implications for understanding the

synaptic defects in dystroglycanopathy.
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RESULTS
Forebrain deletion of Dystroglycan models severe dystroglycanopathy

To model severe dystroglycanopathy, we generated two independent conditional
knockout (cKO) mouse lines lacking Dystroglycan from the forebrain. Dystroglycan
floxed mice (Dag 1) (Cohn et al., 2002) were crossed with either Nestin®® or Emx1¢re
mice which both drive recombination in forebrain progenitors (Tronche et al., 1999;
Gorski et al., 2002; Graus-Porta et al., 2001; Guo et al., 2000) (Fig. 1A). Recombination
of floxed alleles begins around embryonic day 11.5 (E11.5) in Nestin®® mice, and E10.5
in Emx1¢ mice (Liang et al., 2012). In adult (P30) Dag1¢°"° mice, Dystroglycan
staining was observed prominently on blood vessels throughout the brain, as well as
puncta concentrated on the cell bodies and proximal dendrites of pyramidal neurons
(PyNs), consistent with its synaptic localization (Fig. 1B). In contrast, Dystroglycan
staining was absent from PyNs and blood vessels in Dag7°© mice (Fig 1B). In
agreement with previous work, Nestin®®;Dag1°K° mice exhibited severe disruption of
normal cortical architecture revealed by both immunohistochemical staining for layer
markers and genetic labeling of layer 5 pyramidal neurons using the Thy 1Y reporter
line (Fig. 1C; Satz et al., 2010; Myshrall et al., 2012). Deletion of Dystroglycan using
Emx1°"e resulted in similar neuronal migration defects, revealed by immunostaining for
cortical layer markers CUX1 (upper layers, 2-4) and CTIP2 (deep layers, 5-6) (Fig. 1D).
In both Dag1°X° lines, the loss of normal cortical layering and presence of heterotopia
recapitulate the type Il lissencephaly phenotype observed in human patients with severe

dystroglycanopathy.
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Dystroglycan is required non-cell autonomously for CCK+ interneuron axon
targeting

Cholecystokinin and cannabinoid receptor-1 expressing interneurons
(CCK+/CB1R+ INs) are largely absent from the cortex and hippocampus when Dag1 is
deleted selectively from PyNs using NEX®“"¢ (Fruh et al., 2016; Miller and Wright, 2021).
However, it is unknown whether these INs migrate and properly innervate their synaptic
targets in mouse models that lack Dag7 throughout the CNS, and therefore more
closely recapitulate dystroglycanopathy. We focused our analysis on the hippocampus,
as its architecture and synaptic layers are largely unaffected in Dag71°%© mice (Fig. 2A-
D). In Nestin®®;Dag1¢°"° mice, CB1R+ IN axon terminals were abundant throughout
the hippocampus (Fig. 2A), with their highest density in the cell body layers (CA1-3)
where they form characteristic basket synapses onto PyNs (Fig. 2A’-A"”’). CCK+ INs
were also present in the hippocampus of Nestin®®;Dag1°4°© mice, but their CB1R+ axon
terminals were noticeably reduced in the PyN cell body layer (SP, stratum pyramidale)
of CA1 and CA3 (Fig. 2B).

The surprising difference in CCK+ IN innervation between NEX®"®;Dag1°k© and
Nestin©"®;Dag1°¢°© mice led us to next examine Emx1¢®;Dag1°%© mice. While Nestin®
drives recombination in all neuronal and glial cells in the forebrain, Emx1¢re
recombination is limited to dorsal forebrain, thereby sparing IN populations that migrate
from the ganglionic eminences in the ventral forebrain (Guo et al., 2000; Gorski et al.,
2002). We confirmed the specificity of Cre-mediated recombination in Emx71°™ mice by
crossing it with Rosa26-0x-STOP-Lox-Hz2B:mCherry raporter mice to label the nuclei of

recombined cells. H2B:mCherry signal was present in excitatory neurons and astrocytes
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throughout the forebrain (Fig. S1A, B, D), but not microglia or interneurons (Fig. S1C,
E). Similar to Nestin®®;Dag1°<°, CCK+ INs were present in throughout the forebrain of
Emx1¢¢;Dag1°Kk® mice, but their axon terminals were distributed throughout the
hippocampus, rather than showing enrichment in the cell body layer (SP) of CA1 and
CA3 (Fig. 2D). We confirmed this reduction in SP innervation in Emx1¢;Dag1°X° mice
by immunostaining for VGLUT3, an independent marker for CCK+ IN axon terminals.
Similar to CB1R staining, the density of VGLUT3+ axon terminals was reduced in the
SP, verifying that CCK+/CB+R+ IN innervation of PyNs is impaired in Emx1°¢"¢;Dag1°<°
mice (Fig. S2). We previously found that CCK+/CB1R+ INs were absent in the
amygdala of NEX®®;Dag1°<° mice (Miller and Wright, 2021). In contrast, CCK+/CB{R+
INs were present in the amygdala of Nestin®*®;Dag1°<° and Emx1°;Dag1°%© mice,
although their innervation was reduced (Fig. S3). Taken together, these results show
that in contrast to NEX®"®;Dag1°“° in which CCK+ INs are largely absent from the
forebrain, CCK+ INs are present in mouse models that more closely resemble severe
dystroglycanopathy (Nestin®*;Dag1°<° and Emx1¢;Dag1°K°), but they fail to

concentrate their axon terminals to form basket synapses on the PyN cell bodies.

Dystroglycan is required for proper CCK+ IN axon targeting during early postnatal
development

We next sought to identify the onset of CCK+ IN axon targeting defects in
Dag1°k© mice. During early postnatal ages, CCK+ IN axons undergo dramatic laminar
rearrangements to preferentially target PyN cell bodies in the hippocampus (Miller and

Wright, 2021; Morozov et al., 2003a; 2003b; 2009). As CB1R staining is largely absent
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from CCK+ IN axons before birth, we examined the development of CCK+ IN axons
beginning at P5 when CB1R+ axons are readily visible in the hippocampus (Berghuis et
al., 2007; Eggan et al., 2010; Mulder et al., 2008; Vitalis et al., 2008). At P5 in
Emx1¢re;Dag1¢°° mice, CB1R+ axons were initially observed in the stratum radiatum
(SR) of the hippocampus where immature PyN dendrites are located (Fig. 3A, C, F).
Between P10 to P30, the density of CB1R+ axons became significantly reduced in the
SR, coinciding with a progressive increase in the pyramidal cell body layer (SP).
Compared with controls, the density of CB1R+ axons in the hippocampus of
Emx1¢¢;Dag1°Kk® mice was significantly reduced in the SP layer at all ages examined,
beginning at P5 (Fig. 3B, D, E). By P30, after IN synapse formation and targeting are
largely complete, the density of CB1R+ axons was increased in the PyN dendrite layers
(SO, SR) compared with controls. In Emx1¢¢;Dag1°€° mice at P30, the density of
CB1R+ axons in the SP was nearly identical to the SO and SR (Fig. 3D, F). Collectively,
these results demonstrate that Dystroglycan is critical during the first two postnatal

weeks for the proper laminar distribution of CCK+ IN axons in the hippocampus.

Dystroglycan glycosylation is required for CCK+ interneuron axon targeting
Dystroglycan binds several ligands through extensive glycan chains present on
its extracellular a-DG subunit. The vast majority of cases of dystroglycanopathy are due
to mutations in genes required for glycan chain synthesis, rather than Dag1 itself
(Bouchet-Séraphin, Vuillaumier-Barrot, and Seta, 2015; Manya and Endo, 2017;
Muntoni et al., 2007). Therefore, to determine whether the glycan chains on a-DG are

required for CCK+ IN axon targeting, we examined several mouse lines with varying
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degrees of Dystroglycan glycosylation deficiency. Ispd-"*"t7%" mutant mice exhibit a
complete loss of Dystroglycan glycosylation and ligand binding capacity due to a
nonsense point mutation in an enzyme (also known as Crppa) essential for the
extension of sugar chains on Dystroglycan (Praissman et al., 2016; Roscioli et al., 2012;
Willer et al., 2012; Wright et al., 2012). Ispd-7°"-79" mice display severe brain
malformation similar to human patients with the most severe forms of
dystroglycanopathy, Walker-Warburg Syndrome (WWS) and Muscle-Eye-Brain Disease
(MEB) (Fig. 4A). Examination of the cortex of PO Ispd-7°"t79" mutant mice revealed
breakdown of the pial basement membrane and severe disruptions in cortical
architecture (Fig. 4B). Immunostaining for deep cortical layer marker CTIP2 revealed
severe cortical dysplasia, with ectopic CTIP2+ neurons present in heterotopia
characteristic of neuronal migration defects seen in human dystroglycanopathy (Fig.
4C). At PO, CB4R+ axons were present in the SR layer of the hippocampus of
Ispd-"97L79" mice (Fig. 4D). Unfortunately, Ispd-"°"-79" mutant mice die within hours of
birth, likely due to respiratory defects, precluding further analysis of CB1R+ axons at
later developmental time points.

To circumvent the perinatal lethality of /spd-"°"-7" mutants while also eliminating
Dystroglycan glycosylation, we took a conditional genetic approach to delete the gene
encoding Pomt2 (protein O-mannosyltransferase 2). In mammals, Pomt2 functions in a
heterocomplex with Pomt1, and both Pomt1 and Pomt2 are required for the initial O-
mannosyl linkage for the glycan chains present on Dystroglycan (Manya et al., 2004). In
both humans and mice, mutations in POMT1 and POMT2 cause loss of Dystroglycan

glycosylation and a severe form of dystroglycanopathy associated with brain
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malformations (Hu et al., 2016; van Reeuwijk et al., 2005; Yanagisawa et al., 2007). In
contrast to Ispd-"°"7%" mutants, forebrain-specific Pomt2 conditional knockout mice
(Emx1¢re;Pomt2°KC) survived until at least P20. Emx1¢";Pomt2°° mice had severe
cortical migration defects similar to Nestin®*;Dag1°© and Emx1¢;Dag1°K° mice (Fig.
5B). To determine whether the hippocampal architecture was affected by loss of
Dystroglycan glycosylation, we performed immunostaining for CTIP2 to label excitatory
neurons in the CA regions and dentate gyrus. In contrast to the cortex, hippocampal
architecture was largely intact, with most hippocampal neurons in the CA regions
migrating normally, and the dentate gyrus exhibiting occasional ectopic clusters of
neurons (Fig. 5B). We next examined whether CCK+/CB1R+ IN axon targeting was
affected in these mice. CCK+/CB1R+ INs were present in the brains of
Emx1¢¢;Pomt2°K° mice, but their CB1R+ axon terminals were noticeably reduced in the
PyN cell body layer (SP, stratum pyramidale) of the CA1 and CA3, similar to our
observations in Nestin®*®;Dag1°€° and Emx1¢;Dag1°k® mice (Fig. 5C). We confirmed
the loss of CCK+ IN axons from the SP with immunostaining for VGLUT3, an
independent synaptic marker for CCK+ IN terminals (Fig. 5D). Similar to CB1R staining,
the density of VGLUT3+ axon terminals was selectively reduced in the SP of
Emx1¢¢;Pomt2°KO mice. These results conclusively demonstrate that CCK+ IN

innervation of PyNs requires functional glycosylation of Dystroglycan.

CCK+ interneuron axon targeting is relatively normal in mouse models of mild

dystroglycanopathy.
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We next examined whether CCK+ IN axon targeting was altered in mice with
partial reduction of Dystroglycan glycosylation that model milder forms of
dystroglycanopathy. The B-1,4-glucuronyltransferase B4gat1 (previously known as
B3gnt1) is required for Dystroglycan glycan chain synthesis (Buysse et al., 2013;
Praissman et al., 2014; Willer et al., 2014). Mice with a homozygous missense mutation
in B4gat1 (B4gat1M1557/M155T) exhibit a ~65% reduction in Dystroglycan glycosylation,
reduced ligand binding capacity, mild muscular dystrophy, and mild neuronal migration
defects present only at the cortical midline (Fig. 6A; Wright et al., 2012). Compared with
controls, B4gat1M155T/M155T mjce exhibited grossly normal cortical layers as shown by
immunohistochemical staining for layer marker CUX1 (Fig. 6B). Examination of CCK+
INs in the hippocampus showed that they were present, and there was only a modest
reduction of CB1R+ axons in the SP (Fig. 6C, D).

We next examined mice carrying a homozygous missense mutation in Fkrp
(fukutin related protein, FkrpP448L/P448L) "that models a human mutation found in a patient
with Dystroglycanopathy (Brockington et al., 2001) and have a partial reduction of
Dystroglycan glycosylation (Fig. 7A; Chan et al., 2010). Similar to B4gat 11557/ M155T
mutant mice, the cortex of FkrpP448/P448L mutants exhibited no obvious neuronal
migration defects as assessed by CUX1 immunostaining (Fig. 7B). CCK+/CB1R+ IN
axons were also largely unaffected the hippocampus of Fkrp mutant mice (Fig. 7C, D).
CCK+/CB1R+ IN axons in B4gat 111557/ M155T gnd FkrpP448L/P448L mutant mice were also
grossly normal in other forebrain brain regions including the cortex, amygdala, and
nucleus of the olfactory tract (Fig. S4). Collectively, these results indicate that while

CCK+/CB1R+ IN axon targeting is severely disrupted in mice completely lacking
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glycosylated Dystroglycan (Emx1¢;Pomt2°K°), it is relatively normal in mice with partial

loss of Dystroglycan glycosylation (B4gat1M1557/ M155T and FkrpP448L/P448L),

The cytoplasmic domain of Dystroglycan is not required for CCK+ interneuron
axon targeting

In addition to binding extracellular ligands, Dystroglycan is capable of binding
cytoskeletal proteins and transducing signals through its intracellular f-domain. To
determine whether signaling through p-DG was required for CCK+/CB1R+ IN axon
innervation in the hippocampus, we examined mice lacking the intracellular domain of -
DG (Dag1/") (Fig. 8A, Satz et al., 2009; Satz et al., 2010). Immunostaining for
cortical layer marker CUX1 (L2-4) revealed normal brain architecture in Dag 1/t
mutant mice (Fig. 8B). CCK+/CB1R+ axon distribution in the hippocampus was largely
normal and showed intact cell soma targeting of PyNs in SP of CA1, although there was
a slight increase in axon density in SO (Fig. 8D). Examination of other forebrain regions
in Dag 1/~ mutant mice revealed abundant CCK+ IN terminals throughout the cortex,
amygdala, and nucleus of the lateral olfactory tract (Fig. S5). Collectively, these results
suggest that the intracellular domain of B-DG is not required for CCK+ IN innervation of

PyNs.

DISCUSSION
Recent work identified a key role for neuronal Dystroglycan in the establishment
and function of a subset of inhibitory synapses in the forebrain (Fruh et al., 2016; Miller

and Wright, 2021). Deletion of Dag1 selectively from pyramidal neurons
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(NEXCr;Dag1°K°) led to a nearly complete loss of CCK+/CB+R+ INs that was observed
during the first few postnatal weeks. In this study, we sought to better understand how
CCK+/CB1R+ IN development is affected in mouse models that more accurately reflect
dystroglycanopathy, where Dystroglycan function is lost more broadly throughout the
CNS (Fig. 1). Using two distinct models that delete Dag1 throughout the developing
forebrain (Nestin®®;Dag1°%© and Emx1¢"¢;Dag1°k©), we found that CCK+/CB1R+ INs
were present, but the laminar organization of their axon terminals and their ability to
form basket synapses onto pyramidal neuron cell bodies in the hippocampus was
impaired (Fig 2). The inability of CCK+/CB+4R+ axon terminals to concentrate in cell
body layers began to manifest during the first postnatal week, when dynamic changes in
laminar innervation by CCK+/CB1R+ axons normally occur (Fig. 3). We also found that
the ability of Dystroglycan to regulate CCK+/CB+1R+ IN innervation requires its
glycosylation, as Emx1¢;Pomt2°KC mice showed an identical phenotype (Fig. 5). In
contrast, mice with a partial loss in glycosylation that model a milder form of
dystroglycanopathy (B4gat1M1557/M155T and FkrpP448L/P448L) had relatively normal
CCK+/CB+4R+ IN innervation (Figs. 6 and 7). These results suggest that while
Dystroglycan glycosylation is essential for CCK+/CB1R+ IN development, the residual
Dystroglycan function present in B4gat 17557/ M155T gnd FkrpP448L/P448L mutants is
sufficient for most aspects of brain development and for CCK+/CB1R+ axon targeting to
proceed normally. Finally, using Dag7/v®~ mutants, we showed that signaling through
the intracellular domain of Dystroglycan is not required for normal CCK+/CB1R+ IN

development and innervation (see Table 1 for summary of phenotypes).

14


https://doi.org/10.1101/2022.01.26.477791
http://creativecommons.org/licenses/by-nc-nd/4.0/

available under aCC-BY-NC-ND 4.0 International license.

Table 1. Summary of phenotypes
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Dystroglycan Cells/brain  Axon CB1R .
Mouse line status regions targeting axons Phenotype
affected defect present Severity
#Nex®-Dag1°<° No DG Excitatory Y N it
neurons
No DG Forebrain
Emx1°-Dag1°<° excitatory Y Y ++++
neurons, glia
Nestin°®-Dag1?“® ~ No DG CNS Y Y +++
No glycosylated Forebrain
Emx1°*-Pomt2°*° DG excitatory Y Y ++++
neurons, glia
# icKO. ¢ No DG in adult Excitatory
r£§%7 G e excitatory neurons N Y -
neurons (adult)
Deletion of B-DG
Dag 17" intracellular All Y Y +
domain
Ispd7" (PO) Absence of o-DG 4 N/A Y N/A
glycosylation
FkrpP#eL a-DG Al Y Y ¥
hypoglycosylation
Bagat11557 snDiE Al Y Y ¥
hypoglycosylation

Table 1. *Phenotypic severity scale ranges from mild (+) to severe (+++++). No
phenotype is denoted by (-). #Data from Miller and Wright, 2021.

What is the function of Dystroglycan in CCK+ interneuron development?

What is the precise role of Dystroglycan in the development of CCK+
interneurons and their synapses? Synaptogenesis requires multiple distinct steps: (1)
synaptic partner recognition (2) recruitment and assembly of core inhibitory/excitatory
synaptic machinery (3) differentiation and maturation of synaptic identity, and (4)
synaptic maintenance (Sudhof, 2018). Based on data from this study and previous work
from our group and others, mice lacking Dystroglycan exhibit defects in the
development of CCK+ INs at the earliest time point they (or their CB1R+ axons) can be

reliably identified (PO-P5). This period precedes the peak of inhibitory synapse

15


https://doi.org/10.1101/2022.01.26.477791
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.26.477791; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

formation (P9), suggesting that Dystroglycan functions at early stages of
synaptogenesis such as synaptic partner recognition (Favuzzi et al., 2019). Early
studies characterizing the development of CCK+ INs in the rat brain demonstrated that
CCK+ INs are capable of forming synaptic connections at early postnatal ages (P3-4)
(Morozov and Freund, 2003). Later work showed that putative CCK+ INs were capable
of firing action potentials at late embryonic ages (Calvigioni et al., 2017). Although the
peak of inhibitory synapse formation occurs around P9 using general inhibitory synapse
markers (VGAT), individual IN subtypes may establish synapses onto their targets at
different times. For instance, chandelier cells begin innervating PyN axon initial
segments around P12 and complete synaptogenesis by P28 (Tai et al., 2019).
Unfortunately, determining the precise onset of synapse targeting and formation for
most IN subtypes, including CCK+ INs, is often limited by a lack of genetic tools for

visualizing and manipulating IN subtypes during developmental stages.

Role of the Dystrophin-Glycoprotein Complex (DGC) in CCK+ IN development
In brain and muscle tissue, Dystroglycan forms a complex with Dystrophin and
several other proteins, collectively known as the Dystrophin Glycoprotein Complex
(DGC). Like Dystroglycan, Dystrophin is also expressed throughout the forebrain and
has been associated with inhibitory synapses in multiple brain regions (Knuesel et al.,
1999). Patients with mutations in Dystrophin develop Duchenne Muscular Dystrophy
(DMD), and frequently exhibit cognitive impairments in the absence of brain
malformations, suggesting a general role for the DGC in synapse development or

function (Jagadha and Becker, 1988; Moizard et al., 2000; Naidoo and Anthony, 2020).
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Interestingly, a mouse model of DMD lacking all Dystrophin isoforms (mdx) exhibits
defects in CCK+ IN synapse development and abnormal CB1R/VGLUTS innervation in
the hippocampus, similar to the results we observed in Dag7°<® and Pomt2°£° mice in
this study (Krasowska et al., 2014). A better understanding the relationship between
Dystroglycan and Dystrophin at inhibitory synapses in the brain will be important for
developing therapies for dystroglycanopathy and DMD.

The impairment in CCK+ IN development suggests a trans-synaptic role for
Dystroglycan, although its pre-synaptic binding partners remain unknown. Our data in
Emx1¢e;Pomt2°K° mice point to a critical role for the glycan chains on Dystroglycan
mediating this binding. All of the known proteins that bind to the glycan chains present
on Dystroglycan do so through at least one Laminin G (LG) domain. Potential binding
partners include presynaptic Neurexins, which contain multiple LG domains (Sugita et
al., 2001). The Neurexin (NRXN1-3) family of synaptic cell-adhesion molecules are
highly alternatively spliced, and specific isoforms are differentially expressed by CCK+
and PV+ interneurons (Ullrich et al., 1995; Fucillo et al., 2015). a-DG biochemically
interacts with particular splice isoforms of Neurexins present in CCK+ INs (Sugita et al.,
2001; Boucard et al., 2005; Reissner et al., 2014; Fucillo, et al., 2015). A recent study
conditionally deleting all three Neurexins in PV and SOM interneurons found only a
modest decrease of inhibitory synapses in the cortex, indicating that Neurexins may
play a more important role in synapse function than synapse formation and
maintenance (Chen et al., 2017). However, whether Neurexins are required for CCK+
IN development has not been examined, leaving open the possibility that Neurexins

interact with Dystroglycan to regulate CCK+ IN synapse formation. Alternatively, other
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pre-synaptic LG domain containing cell adhesion proteins could interact with

Dystroglycan to form a trans-synaptic adhesion complex.

What are the consequences of altered CCK+ IN development in
dystroglycanopathy?

Recently, CCK+ INs have been implicated in a wide variety of important neural
circuit functions that support diverse forms of cognition in mice, including spatial coding,
fear extinction, and working memory (Busquets-Garcia et al., 2018; Del Pino et al.,
2017; Nguyen et al., 2020; Rovira-Esteban et al., 2019; Veres et al., 2017; Whissell et
al., 2019). CCK+ INs play a role in the expression of long-term potentiation (LTP) in the
hippocampus (Jensen et al., 2021), and mice lacking Dystroglycan from PyNs (Nex®")
also exhibit defects in (LTP) (Satz et al., 2010). These mice also lack most CB+1R axon
terminals, raising the possibility that reduced CB+R function contributes to LTP defects
(Miller and Wright, 2021). Indeed, conditional deletion of Cnr1 from CCK+ INs also
leads to defects in LTP (Monory et al., 2015). Collectively, these results suggest that
CCK+ INs and their CB1R+ axons are important for multiple forms of memory in mice.

Mouse models recapitulate many key neuroanatomical defects and pathological
mechanisms in human dystroglycanopathy. What can these results in mouse models
tell us about the role of Dystroglycan in regulating inhibitory synapse development
and/or function in patients with dystroglycanopathy? Cognitive impairments are
frequently observed in human patients with dystroglycanopathy and Duchenne
Muscular Dystrophy (Clement et al., 2008). Whether impairments in CCK+ IN

development or function contribute to neurological symptoms in dystroglycanopathy is
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unknown. In human fetal brains, CB1R+ axons from putative CCK+ INs can be detected
as early as gestational week 19 and are highly concentrated in limbic regions of the
brain including the cortex, hippocampus, and amygdala (Glass et al., 1997; Mato et al.,
2003; Wang et al., 2003). Similar to rodents, CCK+ IN axon terminals undergo dramatic
laminar redistribution during development, ultimately forming characteristic perisomatic
basket synapses onto excitatory neuron cell bodies (Eggan et al., 2007; Eggan et al.,
2010a; Eggan et al., 2010b). Currently, it is unknown whether specific populations of
interneurons such as CCK+ INs develop properly in the brains of patients with

dystroglycanopathy, and this will be important to determine for future therapeutic efforts.

Therapeutic implications for CNS defects in dystroglycanopathy

Defining where, when, and how Dystroglycan functions during development of
the nervous system is critical for determining therapeutic strategies for treating
dystroglycanopathy. Conditional knockouts of Dag? have been essential for unraveling
its cell type specific functions in neuroepithelial cells, neurons, astrocytes,
oligodendrocytes. They have also revealed that many of the major neuroanatomical
defects seen in severe dystroglycanopathy emerge early in neurodevelopment. One
open question is whether restoring Dystroglycan function via gene therapy or
pharmacological intervention can rescue synaptic connections or synapse function in
the context of structural brain abnormalities. It is unlikely that structural brain defects will
be amenable to correction with gene therapy due to the role Dystroglycan plays at the
earliest stages of brain development. However, synaptogenesis is one of the final

stages in the development of functional neural circuits, raising the possibility that
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synaptic defects may be correctable (Liu et al., 2012). Encouragingly, postnatal gene
therapy restored Dystroglycan glycosylation and rescued behavioral impairments in a
mouse model of dystroglycanopathy with brain malformations (Hu et al., 2016).
Furthermore, mouse models of dystroglycanopathy have revealed that residual levels of
Dystroglycan glycosylation may be sufficient to prevent the development of muscular
dystrophy symptoms (Kanagawa et al., 2009). These findings are consistent with our
observations in the nervous system in this study, as mice with a partial reduction in
glycosylation (B4gat1M?55T/ M155T and FkrpP448L/P448L) have structurally normal brains and
relatively normal CCK+/CB1R+ IN innervation. Partial restoration of Dystroglycan
glycosylation in muscle via AAV-mediated delivery of FKRP or ribitol supplementation
ameliorates disease severity, suggesting that similar approaches may also improve
CNS function (Awano et al., 2015; Cataldi et al., 2018, 2020; Qiao et al., 2014).
However, due to the genetic heterogeneity underlying hypoglycosylation in
dystroglycanopathy, alternative strategies have been proposed that bypass the need for
restoring Dystroglycan glycosylation altogether (Gumlaw et al., 2020). In sum,
understanding Dystroglycan’s roles in brain development will allow for more effective
gene therapies aimed at restoring cognitive function in human patients with

dystroglycanopathy.

CONCLUSION
We demonstrate that Dystroglycan is critical for the postnatal development of CCK+
interneuron axon targeting in the hippocampus of mouse models of severe

dystroglycanopathy. Functional glycosylation of Dystroglycan is essential for its synaptic

20


https://doi.org/10.1101/2022.01.26.477791
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.26.477791; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

organizing function, while its intracellular domain appears to play a minor role. Mice with
a partial reduction in glycosylation have relatively normal CCK+ axon targeting,
suggesting that even partial restoration of glycosylation may have some therapeutic
benefit. These findings suggest that CCK+ interneuron axon targeting defects may

contribute to cognitive impairments in dystroglycanopathy.

MATERIALS AND METHODS

Animal husbandry

All animals were housed and cared for by the Department of Comparative Medicine
(DCM) at Oregon Health and Science University (OHSU), an AAALAC-accredited
institution. Animal procedures were approved by OHSU Institutional Animal Care and
Use Committee (Protocol # 1IS00000539), adhered to the NIH Guide for the care and
use of laboratory animals, and provided with 24 hour veterinary care. Animal facilities
are regulated for temperature and humidity and maintained on a 12 hour light-dark cycle
and were provided food and water ad libitum. Animals older than postnatal day 6 (P6)
were euthanized by administration of CO2, animals <P6 were euthanized by rapid

decapitation.

Mouse strains and genotyping

The day of birth was designated postnatal day 0 (PO). Ages of mice used for each
analysis are indicated in the figure and figure legends. Mouse strains used in this study
have been previously described and were obtained from Jackson Labs, unless

otherwise indicated (Table 2): Dystroglycan conditional mice Dag 1o (JAX #009652;
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Cohn et al., 2002; Moore et al., 2010), Dag1”- (JAX #006836; Williamson et al., 1997),
Dag1/vo (Satz et al., 2009), Emx1'RES-Cre (JAX #005628; Gorski et al., 2002; Guo et al.,
2000), Nestin®™ mice (JAX #003771; Tronche et al., 1999; Graus-Porta et al., 2001;
Dubois et al., 2006). The generation and genotyping of mutant B4gat1M?%°T and Ispd-""
mice was previously described (Wright et al., 2012). The R26-SL+28-mCherry reporter
mouse (JAX #023139; Peron et al., 2015) was used to conditionally express red
fluorescent protein in nuclei upon Cre-mediated deletion of a floxed STOP cassette. All
mice were maintained on a C57BL/6 background. To generate control and Dystroglycan
conditional knockout mice, Nestin®®*;Dag1*-or Emx1°®*;Dag1*- mice were bred with
Dystroglycan homozygous floxed mice (Dag1F¥FloX). Cre positive age-matched
littermates were used as controls. Genomic DNA extracted from toe or tail samples
(Quanta BioSciences) was used to genotype animals. The presence of the Cre allele in
Nestin®® and Emx1¢ mice was detected using generic Cre primers (JAX). Floxed

alleles were detected as previously described (Michele et al., 2002).

Table 2. Mouse strains

Common name | Strain name Reference Stock #
Dag1” B6.129-Dag1™<cam/j Williamson et al., 1997 | 006836
Dag1™* B6.129(Cg)-Dag 1" Keam Cohn et al., 2002 009652
Dag 1/ N/A Satz et al., 2009 N/A

Ispa7" C3.B6-Ispd™™%/J Wright et al., 2012 022019
B4gat1M755T B6(C3)-B4gat1™"%/ Wright et al., 2012 022018
FkrpP44et C57BL/6NJ-Fkrpe™t9ma/j Chan et al., 2010 034659
R26-S-H28-mCherry | 6 GH(ROSA)26Sor ™! 1Ksve Peron, et al., 2015 023139
Emx1°re B6.129S2-Emx1imi(cre)kiy g Gorski et al., 2002 005628
Nestin“"® B6.Cg-Tg(Nes-cre)'"/J Tronche et al., 1999 003771

Perfusions and tissue preparation
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Brains from mice younger than P15 were dissected and drop fixed in 5 mis of 4%
paraformaldehyde (PFA) in phosphate buffered saline (PBS) overnight for 18-24 hrs at
4 degrees C. Mice P15 and older were deeply anesthetized using CO2 and
transcardially perfused with ice cold 0.1M PBS for two minutes to clear blood from the
brain, followed by 15 mis of ice cold 4% PFA in PBS. After perfusion, brains were
dissected and post-fixed in 4% PFA for two or 24 hours. Brains were rinsed with PBS,
embedded in 4% low-melt agarose (Fisher: Cat# 16520100), and sectioned at 40 um
using a vibratome (VT1200S, Leica Microsystems Inc., Buffalo Grove, IL) into 24-well

plates containing 1 ml of 0.1M PBS.

Immunohistochemistry

Single and multiple immunofluorescence detection of antigens was performed as
follows: Free-floating vibratome sections (40 um) were briefly rinsed with PBS, then
blocked for 1 hr in PBS containing 0.2% Triton-X (PBST) plus 10% normal donkey
serum. Sections were incubated with primary antibodies (Table 3) diluted in PBST at 4
degrees C overnight (18-24 hrs). For staining of Dystroglycan synaptic puncta, an
antigen retrieval step was performed prior to incubation in primary antibody. Briefly,
sections were incubated in sodium citrate solution for 15 min at 95 degrees in a water
bath. Following incubation in primary antibody, sections were rinsed briefly with PBS
then washed with PBST three times for 20 min each. Sections were then incubated with
a cocktail of secondary antibodies (1:1000, Alexa Fluor 488, 546, 647; Fisher) in PBST
for 90 min at room temperature. Sections were washed with PBS three times for 20 min

each and counterstained with Hoescht 33342 (Life Technologies, Cat# H3570) for 10
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min to visualize nuclei. Finally, sections were mounted on slides using Fluoromount-G

(Fisher; SouthernBiotech) and sealed using nail polish.

Table 3. Primary antibodies used for immunohistochemistry

Target Host Dilution  Source Catalog # RRID
8}3%332‘;9'3’03” Mouse 1:200 Millipore 05-593 AB_309828
CB1R Guinea pig  1:2000 Synaptic Systems 258-104 AB_2661870
Ctip2 Rat 1:500 Abcam ab18465 AB_2064130
Cux1 Rabbit 1:250 Santa Cruz Biotech sc-13024 AB_2261231
GFP Chicken 1:1000 Abcam 13970 AB_300798
Laminin Rabbit 1:1000 Sigma L9393 AB 477163
NECAB1 Rabbit 1:2000 Sigma HPA023629 AB1848014
NeuN Mouse 1:250 Millipore MAB377 AB 2298772
Somatostatin Rabbit 1:2000 Peninsula Labs T-4103 AB 518614
VGlut3 Rabbit 1:2000 Synaptic Systems 135-203 AB_ 887886
VIP Rabbit 1:1000 ImmunoStar 20077 AB 572270
Microscopy

Imaging was performed on a Zeiss Axio Imager M2 fluorescence upright microscope
equipped with an Apotome.2 module for structured illumination microscopy. The
microscope uses a metal halide light source (HXP 200 C), Axiocam 506 mono camera,
and 10X/0.3 NA EC Plan-Neofluar, 20X/0.8 NA Plan-Apochromat objectives. Z-stack
images were acquired and processed as maximum projection images using Zeiss Zen
Imaging software, and analyzed offline in ImageJ/FIJI (Schindelin et al., 2012). Images
used for quantification between genotypes were acquired using the same exposure
times. Brightness and contrast were adjusted in FIJI to improve visibility of images for

publication. Figures were composed in Adobe lllustrator CS6 (Adobe Systems).

Quantification
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Quantification of CB1R terminals in the hippocampus was performed on 5 um z-stacks
acquired using a 20X objective. 10-12 images of the CA1 were acquired from 5-6
sections per animal (technical replicates), and at least three animals per genotype
(biological replicates) were used for analysis. Sections were taken from equivalent
rostro-caudal positions including the dorsal hippocampus (Bregma between -1.48 to -
1.94 mm) using coordinates from the mouse brain atlas (Franklin and Paxinos, 1997).
All images used for quantification were processed identically. Briefly, background
subtraction (Rolling ball radius = 50) and mean filtering (Smooth function in FIJI) were
applied to each image to enhance the detection of CB4R terminals by thresholding. To
measure CB1R signal, a threshold was manually set and applied equally across images
to detect only CB+R signal. Hoechst signal in the SP (CA regions) were used to align
the placement of the ROI in the SO, SP, and SR. Raw integrated density values were
averaged across all images for each animal and hippocampal layer, and normalized to

the mean intensity of the control group (set to 100% for each ROI).

Statistical analysis

All phenotypic analyses were conducted using tissue collected from at least three mice
per genotype from at least two independent litters. The number of mice used for each
analysis (“n”) are indicated in the text and figure legends. No specific power analyses
were performed, but sample sizes were similar to our previous work and other published
literature (Wright et al., 2012; Clements et al., 2017, 2018; Lindenmaier et al., 2019).
Phenotypes were indistinguishable between male and female mice and were analyzed

together. In many cases, highly penetrant phenotypes revealed the genotypes of the
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mice and no blinding could be performed. For comparisons between two groups,
significance was determined using a two-tailed Students t-test. Statistical significance
was set at alpha = 0.05 (P < 0.05) and data presented as means + s.e.m. All statistical

analyses were performed in Prism Graphpad (San Diego, CA).
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Figure 1. Central nervous system deletion of Dystroglycan leads to cortical
migration defects resembling severe dystroglycanopathy. (A) Schematic of
Dystroglycan showing glycan chains on the extracellular alpha subunit (a-DG), and the
transmembrane beta subunit (3-DG). Dystroglycan is localized to radial glial endfeet
where it binds laminin at the cortical surface. Deletion of Dystroglycan from the

27


https://doi.org/10.1101/2022.01.26.477791
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.26.477791; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

neuroepithelium (Dag7°KC;Nestin°"®) leads to breaches in the basement membrane and
neuronal heterotopia (ectopic cortical neurons). (B) Coronal sections from P30
Dag1¢°ntol:Emx1¢re mice (left) immunostained for Dystroglycan (IIH6, green) shows
abundant staining of blood vessels in the cortex and hippocampus (white asterisks,
bottom panel). In Dag1c°"°:Emx1° mice (bottom left panel) Dystroglycan puncta
(green) are found on cell bodies (Hoechst, magenta) in the pyramidal cell body layer
(SP) of CA1. In Dag1°K%;Emx1°" mice (right), vascular and synaptic Dystroglycan
staining are absent from the cortex and hippocampus. CA1 layers: SO, stratum oriens;
SP, stratum pyramidale; SR, stratum radiatum. (C) Sections from Dag1¢°"/:Nestinc®
(left) and Dag1°%©;Nestin®" mice (right) crossed with a Thy 1Y reporter mouse to
sparsely label layer 5-6 pyramidal neurons (green). CUX1 (magenta) labels layer 2-4
pyramidal neurons. (D) Coronal sections from Dag1¢°"°:Emx1¢r (left) and
Dag1°K%;Emx1¢ mice (right) immunostained for cortical layer markers CUX1 (green,
L2-4) and CTIP2 (magenta, L5-6). Single channel images (gray) are shown below.
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Figure 2. Dystroglycan is required for CCK+ interneuron axon targeting of
pyramidal neurons. (A, B) Immunostaining for CB1R (green) labels CCK interneuron
axon terminals in the hippocampus of P60 Dag1¢°":Nestin®" (A) and
Dag1°K%;Nestin®™® mice (B). In Dag1¢°":Nestin™ mice (A), CB1R+ axon terminals are
concentrated in the pyramidal cell body layer (SP) of CA1 (A’) and CA3 (A”). In
Dag1°K%;Nestin® mice (B), CB1R+ axon terminal density was reduced in the pyramidal
cell body layer (SP) of CA1 (B’) and CA3 (B”’). (C, D) Immunostaining for CB1R (green)
in the hippocampus of P60 Dag1¢°":Emx1¢" (C) and Dag1°<°;Emx1°¢" mice (D)
shows reduced CB1R+ axon terminal density in the SP of CA1 (D’) and CA3 (D”’)
compared with Dag1¢°":Emx1¢ mice (C-C’’). Hoechst (magenta) shows the location
of the SP. Single channel CB1R images (gray) are shown to the right.
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Figure S1. Emx1°re drives recombination in forebrain excitatory neurons and
astrocytes, but not interneurons or microglia. (A) Left; endogenous red fluorescence
in the forebrain of P60 Emx1¢e;R26-S--H2B-mCherry reporter mice. Right; coronal section of
the forebrain from Emx1¢e;R26-S--H2B-mChery mice showing robust nuclear mCherry
signal (magenta) in the cortex and hippocampus. (B-D) mCherry+ nuclei overlap with
markers of multiple cell types in the brain including astrocytes (GFAP, green) (B),
microglia (Iba1, green) (C), and neurons (NeuN, green) (D). Insets show enlarged
images of mCherry+ nuclei overlapping with cell type markers. (E) mCherry+ nuclei did
not overlap with markers for interneuron cell bodies (white arrowheads). CA1 layers:
SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
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Figure S2. Abnormal distribution of VGLUT3+ terminals in Dag7°K°;Emx1°" mice.
(A) Immunostaining for VGLUT3 (green) in the hippocampus of P60 Dag1c°m/:Emx1¢re
(left panels) and Dag1°£%;Emx1°" mice (right panels). Hoechst (magenta) labels the
dentate gyrus and pyramidal cell body layer (SP) of CA1 and CA3. High magnification
(20X) images of VGLUT3+ axon terminals (green) in the CA1 (B’, B”’), and CAS3 (C’,
C”’) of Dag1¢onto:Emx1¢ and Dag1°k®;Emx1¢" mice. Single channel images of
VGLUTS3 signal (gray) are shown below (hippocampus) and to the right (CA1) of merged
images. Dotted white boxes indicate locations of high magnification images. SO,
stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum
lacunosum-moleculare; SL, stratum lucidum.
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P30

Figure S3. CCK+ interneuron innervation is impaired in the amygdala of Dag7°K°
mice. (A, B) Immunostaining for CB1R (green) and Hoechst (magenta) shows abnormal
CCK+ innervation in the amygdala of (A) Dag1°k®;Nestin®" and (B) Dag1°%%;Emx1¢re
mice (right panels). Single channel CB1R images (gray) are shown below.
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Figure 3. Dystroglycan is required for CCK+ IN axon targeting during early
postnatal development. (A-D) Immunostaining for CB1R+ axon terminals (green) in
the hippocampus (A, B) and CA1 (C, D) of Dag1¢°"°:Emx1°c" mice (top rows) and
Dag1°€%;Emx1°™ mice (bottom rows) from postnatal day 5 to 30 (P5-30). White
arrowheads indicate neuronal migration errors in Dag7°€%;Emx1¢™ mice. Yellow boxes
indicate approximate locations of high magnification images in C and D. (C-D) High
magnification (20X) images of CB1R+ axon terminals (green) in the CA1 of
Dag1¢entrol:Emx1¢r (C), and Dag1°K%;Emx1¢" mice (D) from P5-P30. Hoechst
(magenta) labels the pyramidal cell body layer (SP). Single channel images of CB1R
signal (gray) are shown to the right. (E) Quantification of CB+R pixels in hippocampal
CA1 layers SO, SP, and SR of Dag1¢m:Emx1¢r (gray) and Dag1°<%;Emx1°" (pink)
mice (*P < 0.05, unpaired two-tailed Student’s t-test; n = 3-4 mice/genotype). Data
points represent individual animals. Data are presented as mean values + s.e.m, and
normalized to Dag 1% Emx1¢" signal in each CA layer. (F) Quantification of non-
normalized CB1R signal in the SO, SP, and SR of Dag7¢°"°:Emx1¢ (black) and
Dag1°€%;Emx1°" (pink) mice from P5-P30. (*P < 0.05, unpaired two-tailed Student’s t-
test; n = 3-4 mice/genotype). Data are presented as mean values + s.e.m. CA1 layers:
SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
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Figure 4. CCK+ interneuron terminals are present at birth in Ispd-7°" mutant mice
lacking Dystroglycan glycosylation. (A) Schematic showing lack of sugar chains on
alpha Dystroglycan (a-DG) and impaired laminin binding due to a point mutation in /spd
(right). (B) Sections from PO mice immunostained for the basement membrane marker
laminin (green) and Dystroglycan (IIH6, magenta). In Ispd-"°”* control mice (left),
laminin and Dystroglycan co-localize at the cortical surface, whereas Ispd-"°7t7" mutant
mice display loss of Dystroglycan staining and disruption of basement membrane
architecture. (C) Sections immunostained for CTIP2 (L5, green) shows disrupted cortical
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layers and ectopic neurons in heterotopia of Ispd-79"t79" mutant mice (right). (D)
Hippocampal sections from PO Ispd-"°"* control (left) and Ispd-"*"-7°" mutant mice (right)
were immunostained for CB+R to label nascent CB1R+ axon terminals. CB1R+ axon
terminals populate the SR of both control and mutant mice. Single channel images
(gray) are shown below merged images. CA1 layers: SO, stratum oriens; SP, stratum
pyramidale; SR, stratum radiatum.
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Figure 5. CCK+ interneuron axon targeting requires functional Dystroglycan
glycosylation. (A) Schematic showing loss of sugar chains on alpha Dystroglycan (a.-
DG) due to conditional knockout of the glycosyltransferase gene Pomt2 (right). (B)
Coronal sections immunostained for cortical layer marker CUX1 (L2-3, green, top
panels) revealing abnormal neuronal migration in Pomt2°K°;Emx 1€ mice (right panel).
Hippocampal sections stained for CTIP2 (green, bottom panels) show ectopic neurons
in the dentate gyrus of Pomt2°K0;Emx1° mice (right panel). (C, D) Immunostaining for
CB1R (C) and VGLUT3 (D) (green) shows abnormal distribution of CCK-IN axon
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terminals in the hippocampus of P20 Pomt2°K%;Emx1° mice (right panels). High
magnification images (20X) of the CA1 and CA3 (yellow boxed regions) and single
channel CB1R images (gray) are shown below. CA1 layers: SO, stratum oriens; SP,
stratum pyramidale; SR, stratum radiatum.
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Figure 6. CCK+ interneuron axon targeting is only modestly affected in
B4gat1V155T mutant mice with partial loss of Dystroglycan glycosylation. (A)
Schematic showing fewer sugar chains on alpha Dystroglycan (a-DG) due to a point
mutation in glycosyltransferase gene B4gat1 (right). (B) Sections immunostained for
layer marker CUX1 (L2-3, green) shows normal migration of cortical neurons in
B4gat1M155TM155T mytant mice (right). (C) Immunostaining for CB1R shows axon
terminals (green) in the hippocampus of P49 B4gat1M7357* control (left panels) and
B4gat1M155TM155T mutant mice (right panels). High magnification images (20X) of the
CA1 (yellow boxed regions) and single channel CB1R images (gray) are shown below.
(D) Quantification of CB1R pixels in CA1 layers SO, SP, and SR from B4gat 17557+
control (gray) and B4gat1M755TM155T mytant mice (pink) (*P < 0.05, unpaired two-tailed
Student’s t-test; n.s., not significant). Data are presented as mean values + s.e.m. Data
are normalized to the signal measured in control mice for each CA layer. CA1 layers:
SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
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Figure 7. CCK+ interneuron axon targeting is only modestly affected in Fkrp44é.
mutant mice with partial loss of Dystroglycan glycosylation. (A) Schematic
showing fewer sugar chains on alpha Dystroglycan (a-DG) due to a point mutation in
the gene Fkrp (right). (B) Sections immunostained for layer marker CUX1 (L2-3, green)
shows normal migration of cortical neurons in FkrpP#48L/P448L mutant mice (right). (C)
Immunostaining for CB1R shows axon terminals (green) in the hippocampus of
FkrpP448L+ control (left panels) and FkrpP448/P448L mutant mice (right panels). High
magnification images (20X) of the CA1 (yellow boxed regions) and single channel CB1R
images (gray) are shown below. (D) Quantification of CB+4R pixels in CA1 layers SO,
SP, and SR from FkrpP#48* control (gray) and Fkrp#48/P448L mutant mice (pink) (*P <
0.05, unpaired two-tailed Student'’s t-test; n.s., not significant). Data are presented as
mean values + s.e.m. Data are normalized to the signal measured in control mice for
each CA layer. CA1 layers: SO, stratum oriens; SP, stratum pyramidale; SR, stratum
radiatum.
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Figure S4. CCK+ interneuron innervation in the cortex and amygdala is normal in
models of mild dystroglycanopathy. (A) Immunostaining for CB1R+ axon terminals
(green) in the cortex (top), amygdala (middle) and nucleus of the lateral olfactory tract
(nLOT, bottom) of P30 Fkrp™#48L* control (left panels) and FkrpP#48L/P448L mutant mice
(right panels). (B) Immunostaining for CB1R+ axon terminals (green) in the cortex (top),
amygdala (middle) and nucleus of the lateral olfactory tract (nLOT, bottom) of P30
B4gat 11557+ control (left panels) and B4gat1M755TM155T mytant mice (right panels).
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Figure 8. Deletion of the cytoplasmic domain of /-Dystroglycan leads to minor
alterations in CCK+ interneuron axon targeting. (A) Schematic showing
transmembrane p-Dystroglycan subunit. Dag 7/~ mutant mice (right) lack the
intracellular domain of #-Dystroglycan. (B) Sections immunostained for layer marker
CUX1 (L2-3, green) shows normal migration of cortical neurons in P30 Dag1/yt-
mutant mice. (C) Sections from Dag77v°"* control (left panels) and Dag1/V'°- mutant
mice (right panels) immunostained for CB1R+ axon terminals (green). Single channel
images of CB1R (gray) in the hippocampus and CA1 are shown below the merged
images. Yellow boxes indicate approximate locations of CA1 high magnification (20X)
images (bottom panels). (D) Quantification of CB4R pixels in CA1 layers SO, SP, and
SR from Dag17v°"* control (gray) and Dag 1/~ mutant mice (pink) (*P < 0.05, unpaired
two-tailed Student’s t-test; n.s., not significant). Data are presented as mean values *
s.e.m. Data are normalized to the signal measured in control mice for each CA layer.
CA1 layers: SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
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Figure S5. CCK+ interneuron innervation appears normal in multiple forebrain
regions of p-Dystroglycan mutant mice. (A-C) Immunostaining for CB1R+ axon
terminals (green) and Hoechst (magenta) in the cortex (A), amygdala (B), and nucleus
of the lateral olfactory tract (C) of P30 Dag1~V'*™* control (left panels) and Dag 7Yt
mutant mice (right panels). Single channel images of CB1R (gray) are shown below.
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