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SUMMARY
The 22 γ-protocadherins (γ-Pcdhs) potentially specify thousands of distinct homophilic adhesive
interactions in the brain. Neonatal lethality of mice lacking the Pcdh-γ gene cluster has, however,
precluded analysis of many brain regions. Here, we use a conditional Pcdh-γ allele to restrict
mutation to the cerebral cortex and find that, in contrast to other central nervous system
phenotypes, loss of γ-Pcdhs in cortical neurons does not affect their survival or result in reduced
synaptic density. Instead, mutant cortical neurons exhibit severely reduced dendritic arborization.
Mutant cortices have aberrantly high levels of protein kinase C (PKC) activity and of
phosphorylated (inactive) myristoylated alanine-rich C-kinase substrate, a PKC target that
promotes arborization. Dendrite complexity can be rescued in Pcdh-γ mutant neurons by
inhibiting PKC, its upstream activator phospholipase C, or the γ-Pcdh binding partner focal
adhesion kinase. Our results reveal a distinct role for the γ-Pcdhs in cortical development and
identify a signaling pathway through which they play this role.

INTRODUCTION
Aberrant dendrite development is associated with the synaptic dysfunction that characterizes
autism spectrum disorders and mental retardation. In patient samples and in the brains of
transgenic mice engineered to model these disorders, a reduction in dendrite complexity
accompanied by disruptions in spine morphology and synaptic density is observed (Dierssen
and Ramakers, 2006; Kishi and Macklis, 2010; Kwon et al., 2006). Given that adhesion
molecules are major contributors to the progression of synaptogenesis (Sanes and Yamagata,
2009), it follows that they should also be implicated in dendrite arborization, as has
increasingly been found to be the case. The ~19,000 distinct ectodomain splice variants of
the Drosophila immunoglobulin superfamily molecule Dscam1 mediate homophilic self-
recognition of a neuron’s dendrites and are necessary for repulsive signaling that leads to
arbor spread (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007; Wojtowicz et al.,
2007). Intriguingly, mammalian DSCAM and DSCAML1, despite lacking the splicing
diversity of Drosophila Dscam, appear to serve a similar function in the developing mouse
retina (Fuerst et al., 2009). Interactions between alternatively spliced neurexins and
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neuroligins, which are important for synapse function (Varoqueaux et al., 2006), have also
been shown to promote growth of dendritic arbors in Xenopus (Chen et al., 2010).

Several members of the cadherin superfamily, which encompasses ~20 classical cadherins
and ~80 protocadherins (Pcdhs), have been implicated in dendrite arborization in addition to
synapse development. Drosophila CadN (Zhu and Luo, 2004) and mammalian N-cadherin
(Marrs et al., 2006; Tanabe et al., 2006) are critical for the normal formation of dendrite
arbors in several neuronal types, as are the catenins, cadherin signaling partners (Yu and
Malenka, 2003; Elia et al., 2006). Functions of the diverse Pcdhs, which contain varying
numbers of cadherin repeats in their ectodomains but do not signal through catenins, are less
understood. However, roles in dendrite arborization have been established for Drosophila
Flamingo, a seven-transmembrane Pcdh, and for its mammalian Celsr homologs (Gao et al.,
2000; Grueber et al., 2002; Shima et al., 2007). Perhaps the most intriguing neuronal Pcdhs
are those belonging to three gene clusters, Pcdh-α, Pcdh-β, and Pcdh-γ, encompassing ~1
megabase on human chromosome 5q31, with similar arrangements in other vertebrates (Wu
and Maniatis, 1999; Wu, 2005). The Pcdh-γ gene cluster contains 22 “variable” (V) exons
expressed from their own promoters and spliced to three short, invariant “constant” (C)
exons (Tasic et al., 2002; Wang et al., 2002a; Wu and Maniatis, 1999). Each V exon
encodes six cadherin repeats, a transmembrane domain, and a cytoplasmic domain of a
single isoform, with a shared carboxyl (C) terminus encoded by the C exons. Pcdh-γ genes
are expressed throughout the developing central nervous system, including the cortex, with
each neuron expressing a subset (Wang et al., 2002b; Kaneko et al., 2006; Zou et al., 2007).
The γ-Pcdhs promiscuously form cis-tetramers that interact in a strictly homophilic manner
in trans, which indicates that this family could specify at least 104 distinct adhesive
interfaces (Schreiner and Weiner, 2010).

Mice in which all 22 Pcdh-γ genes have been deleted (Pcdh-γdel/del) die within hours of
birth (Wang et al., 2002b). Here we use a conditional Pcdh-γ mouse mutant and a fore-
brain-restricted Cre line to circumvent this neonatal lethality. We show that loss of the γ-
Pcdhs results in a severe reduction in cortical neuron dendrite arborization during the third
and fourth postnatal weeks. Through both biochemical analyses of developing cortical
tissues and pharmacological manipulation of cortical neuron cultures, we provide evidence
that the γ-Pcdhs promote dendrite development by negatively regulating PKC activity via
focal adhesion kinase (FAK) and phospholipase C (PLC), maintaining myristoylated
alanine-rich C-kinase substrate (MARCKS) in its dephosphorylated, active state.

RESULTS
Reduction of Cortical Layer I without Lamination Defects in Pcdh-γ Mutants

To identify functional roles for the γ-Pcdhs in cortical development, we crossed Pcdh-γfcon3

conditional mutant mice (Prasad et al., 2008) with a line expressing Cre from the Emx1
locus (see Figures S1A–S1G available online). The Emx1-Cre line has been used
extensively to excise floxed alleles in progenitors that give rise to primary glutamatergic
neurons as well as astrocytes in the cortex, while sparing ganglionic eminence-derived
GABAergic cortical interneurons (Gorski et al., 2002). We confirmed that Emx1-Cre
efficiently recombined the Pcdhγfcon3 allele by immunostaining in neonatal Emx1-Cre;
Pcdh-γfcon3/+ brains (Figures S1A–S1G).

Emx1-Cre; Pcdh-γfcon3/fcon3 mutants were born in Mendelian ratios and were viable and
fertile. Gross examination of the brain revealed no obvious abnormalities or changes in
overall size. Comparison of sections through the primary somatosensory cortex (S1),
however, revealed that the mutant cortex was thinner than that of controls. Close
examination showed that this was due entirely to a reduction of the superficial, cell-sparse
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layer I: layers II–VI were remarkably similar in side-by-side micrographs of controls and
mutants (Figures 1A and 1B), and quantitative analysis of a variety of cortical layer markers
indicated no difference in cell number or in lamination (Figures S1H–S1M). Layer I
thinning occurred between postnatal day 18 (P18) and P28, with the distance between layer
II and the pia reduced by 42% (n = 48 total measurements from three animals per genotype;
Figure 1C). Apoptosis was similarly low in control and mutant cortex throughout the
postnatal period (Figures S1N and S1O), and loss of the γ-Pcdhs in the primary neurons of
the cortex also did not affect the numbers of cortical interneurons (Figures S1P and S1Q;
data not shown).

Reduced Dendrite Arborization in the Absence of γ-Pcdhs
Because cortical layer I is composed mainly of apical dendritic tufts of deep-layer pyramidal
neurons, loss of layer I in the mutants could be due to defects in dendrite arborization. To
investigate this, we crossed Emx1-Cre; Pcdh-γfcon3 mice with the Thy1-YFPH transgenic
line (Feng et al., 2000), in which a population of layer V neurons throughout the cortex
strongly expresses yellow fluorescent protein (YFP). We analyzed confocal stacks from 100
μm vibratome sections of Emx1-Cre; Pcdh-γfcon3/fcon3; Thy1-YFPH mutants and littermate
controls between P18 and 3 months of age. As in controls, mutant layer V pyramidal
neurons extended apical dendrites into layer I (Figures 1D and 1E), and their axons correctly
exited the cortex through the internal capsule to form the corticospinal tract (data not
shown).

Individual neurons were reconstructed through confocal stacks by using a program
(Neuromantic) to disambiguate processes from those of any neighboring YFP+ cells. We
found that loss of dendrite complexity in mutant neurons could account for the reduction in
layer I that we observed (Figures 1D and 1E). We quantified two measures of apical tuft
complexity: number of dendritic segments (between branch points) and number of
bifurcations (branch points). By both measures, arborization of apical tufts was significantly
reduced in the absence of γ-Pcdhs (Figures 1F and 1G; n = 20 tufts per genotype, per time
point). Immunostaining for markers of axons, astrocytes, and Cajal-Retzius cells did not
reveal any other abnormalities within the mutant layer I (Figure S2A).

We also measured dendrite arborization in confocal reconstructions of whole neurons
(Figures 2A and 2B) by using Sholl analysis with crossings measured at 10 μm increments
from the soma. Arborization of mutant layer V neurons was not reduced at P18 but was
severely disrupted by P28 (Figures 2C, 2D, and 2G). Similar analyses of 3-month-old mice
showed that the reduced complexity of mutant dendritic arbors persisted into adulthood
(Figures 2E and 2G; n = 20 neurons per genotype, per time point). This was observed
throughout the entire dendritic arbor: when basal and oblique dendritic compartments were
quantified separately, the results were essentially identical (Figures S2B–S2D). By 3
months, a population of layer II/III pyramidal neurons in Thy1-YFPH mice accumulates
sufficient YFP signal to image their dendritic arbors. This allowed us to ask whether the
defects we observed were limited to layer V neurons or represented a broader effect of γ-
Pcdh on cortical neurons. Sholl analysis demonstrated that dendritic arbor complexity was
also significantly reduced in mutant layer II/III neurons (Figures 2F and 2G).

We next asked whether deleting the Pcdh-γ genes after dendritic arbors had already formed
would cause their existing complexity to be lost. We addressed this question by crossing
Pcdh-γfcon3/fcon3 mice with a tamoxifen-inducible Cre-ER transgenic line (Guo et al., 2002).
We injected Cre-ER; Pcdh-γfcon3/fcon3; Thy1-YFPH conditional mutants and controls with
tamoxifen at P28 and performed Sholl analysis on layer V neurons 4 weeks later. In parallel
littermates injected with the same tamoxifen dose, we confirmed that the Pcdh-γfcon3 allele
was excised in all or nearly all neurons, as observed previously (Garrett and Weiner, 2009).
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Loss of the γ-Pcdhs after P28 did not lead to a reduction in dendrite complexity at 2 months
(Figure 2G; n = 20–26 neurons per genotype). Together, these data suggest that the γ-Pcdhs
are critical for the elaboration of dendritic arbors between P18 and P28, but not for their
maintenance.

Identification of a PKC Signaling Pathway Dysregulated in Pcdh-γ Mutant Cortex
Little is known about signaling events downstream of γ-Pcdhs. Thus, we screened cortical
tissues from Pcdh-γ mutants for dysregulation of signaling pathways implicated in dendrite
arborization (Jan and Jan, 2010; Urbanska et al., 2008) by assessing the phosphorylation
state of component proteins. For the majority of the proteins examined, including PDK-1,
ERK, AKT, PTEN, and mTOR, no differences in phosphorylation could be detected (Figure
S3A). In contrast, we found that levels of phosphorylated MARCKS, an actin-binding
membrane-associated protein (Hartwig et al., 1992; Li et al., 2008; Swierczynski and
Blackshear, 1995), were significantly higher in Pcdh-γ mutant cortex samples as dendrite
branching defects emerged (Figure 3A). MARCKS phosphorylation was also elevated in
Pcdh-γdel/del neuronal cultures (Figure S3B). This is consistent with the observed dendritic
phenotype, because phosphorylation of MARCKS leads to its dissociation from actin and
the plasma membrane and results in reduced dendrite complexity in cultured hippocampal
neurons (Hartwig et al., 1992; Li et al., 2008; Swierczynski and Blackshear, 1995).

MARCKS is a classic substrate for PKC, which phosphorylates it on serine residues 152,
156, and 163 (Heemskerk et al., 1993). PKC activity itself can be a negative regulator of
dendrite complexity (Metzger and Kapfhammer, 2000), suggesting a possible upregulation
of PKC activity in Pcdh-γ mutant cortex. Direct biochemical measurement of PKC activity
in cortical membrane preparations showed that it was, indeed, significantly higher between
P20 and P24 in mutants compared to controls (Figures 3B and S3D). We also
immunoprecipitated specific PKC isoforms and measured activity from the isolated material.
Activities of PKC-α, PKC-δ, and PKC-γ (Figures S3E–S3H) were all similarly increased in
the mutant cortex, suggesting a common mechanism leading to their dysregulation. Classical
PKC isoforms, such as PKC-α and PKC-γ, require both intracellular Ca2+ and
diacylglycerol (DAG) to become activated, whereas novel isoforms, such as PKC-δ, require
only DAG (Rosse et al., 2010). The fact that all three of these isoforms are hyperactive in
Pcdh-γ mutant cortex thus suggested that PLC activation, which leads to production of
DAG, might also be elevated. A major brain isoform, PLCγ1, is activated by
phosphorylation at tyrosine 783; in western blots of cortical lysates, Y783-phospho-PLCγ1
levels were indeed significantly higher in mutants at P20 (Figure 3C).

Although aberrant upregulation of PLC and PKC leading to MARCKS
hyperphosphorylation is a plausible mechanism for explaining the dendritic defects
observed, it leaves open the question of how the γ-Pcdhs regulate such a pathway. Little is
known about intracellular binding partners of the γ-Pcdhs; recently, however, it was shown
that FAK binds to the γ-Pcdh constant domain, and this inhibits its autophosphorylation on
tyrosine residue 397, a key step in its activation (Chen et al., 2009). Additionally, FAK’s
Y397 autophosphorylation site interacts with the C-terminal SH2 domain of PLCγ1, and
overexpression of FAK can increase PLCγ1 activity indirectly (Zhang et al., 1999;
Tvorogov et al., 2005). We thus examined whether FAK phosphorylation might be
aberrantly high in the cortex of postnatal Pcdh-γ mutants. Levels of phospho-FAK were
indeed significantly higher in the mutant cortex compared to controls at P20 (Figure 3D). In
confirmation, we also found increased levels of phosphorylated p130-CAS, a downstream
substrate of FAK, in mutants (Figure S3C).
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Rescue of Dendrite Arborization in Pcdh-γ Mutant Neurons
To establish a system in which we could manipulate neurons pharmacologically and
genetically, we cultured dissociated neurons from Pcdh-γdel/del and control cortex. To label
the morphology of individual neurons at random, we lipofected cultures (~1%–5%
efficiency) with a construct encoding YFP and measured dendrite arborization by Sholl
analysis at 2, 8, and 14 days in vitro (DIV). Consistent with in vivo analyses, we found that
dendrite complexity was significantly reduced in mutant neurons (Figures 4A, 4B, and 4I;
Figures S4A–S4F). As expected for homophilic adhesion molecules, loss of the γ-Pcdhs
affected dendrite arborization in a cell-autonomous manner, as shown by Cre transfection of
individual Pcdh-γfcon3/fcon3 neurons (Figures S4G and S4H).

Next, we cultured cortical neurons in the presence of three pharmacological inhibitors. We
broadly inhibited PKC isoforms with Gö6983 (Gschwendt et al., 1996), which significantly
rescued dendrite arborization in mutant neurons toward control levels (Figures 4E and 4I),
as did the addition of U73122, a potent inhibitor of PLC activity (Bleasdale et al., 1989)
(Figures 4G and 4I). A recently characterized inhibitor of FAK, PF-573228 (referred to as
PF-228; Slack-Davis et al., 2007), completely rescued the phenotype, increasing
arborization in mutant neurons such that they were indistinguishable from controls (Figures
4A, 4C, 4F, and 4I).

MARCKS associates with the plasma membrane in part through a basic effector domain
(ED). PKC phosphorylation of four serines in the ED causes MARCKS to lose its
associations with actin and the membrane (Swierczynski and Blackshear, 1995; Hartwig et
al., 1992). In hippocampal neurons, transfection of MARCKS or a nonphosphorylatable
version with all four ED serines mutated to asparagines (N/S-MARCKS), but not a
pseudophosphorylated mutant with these serines replaced by aspartates (D/S-MARCKS)
(Spizz and Blackshear, 2001), led to significant increases in dendrite arborization (Li et al.,
2008). We tested these constructs for their ability to rescue arborization in Pcdh-γ mutant
neurons. Cultures were transfected at 1 DIV and fixed for Sholl analysis at 8 DIV; all
MARCKS constructs were efficiently expressed in transfected neurons (Figures S4I–S4K).
Compared to controls, both MARCKS-GFP and N/S-MARCKS-GFP (but not D/S-
MARCKS-GFP) greatly increased arborization in mutant neurons to levels even above those
of untransfected control neurons (Figures 4D, 4H, and 4I).

Although these experiments alone cannot exclude the possibility that γ-Pcdhs affect
dendrite branching through a distinct pathway parallel to the PKC pathway, this is unlikely.
The activity of this pathway, but not other dendrite arborization-associated pathways, is
significantly upregulated in acutely isolated mutant cortex; there would be little explanation
for this if the γ-Pcdhs affected a parallel pathway. Second, if the γ-Pcdhs affected a parallel
pathway, treatment with Gö6983 or PF-228 should increase branching in both control and
mutant neurons without affecting the difference between them. However, we found that
these inhibitors had a greater effect on mutant neurons than on control neurons (Figure 4J),
with each treatment narrowing the difference in branching between the two genotypes.
Finally, consistent with MARCKS being a major downstream component of signaling
regulated by the γ-Pcdhs, overexpression of MARCKS brought branching in mutant and
control neurons to nearly identically high levels (Figure S4L).

Together, our experiments provide strong support for a model in which the γ-Pcdhs bind to
FAK and inhibit its activation, as shown by Chen et al. (2009). This inhibition leads to
reductions in the activities of PLC and PKC, resulting in the maintenance of actin-
associated, nonphosphorylated MARCKS at the membrane, thus promoting dendrite
arborization. In the absence of the γ-Pcdhs, the activity of this FAK-PLC-PKC pathway is
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elevated, resulting in increased phosphorylation of MARCKS and the observed defects in
arborization.

DISCUSSION
Here, we generated mice with forebrain-restricted loss of the γ-Pcdhs and used them in
experiments that identify (1) an in vivo function for these diverse adhesion molecules in
regulating dendrite arborization during cortical development and (2) a PKC/MARCKS
signaling pathway through which the γ-Pcdhs exert this function. Previous analyses showed
a role for the γ-Pcdhs in neuronal survival in the spinal cord (Wang et al., 2002b; Prasad et
al., 2008), retina (Lefebvre et al., 2008), and hypothalamus (Su et al., 2010). Surprisingly,
we found no evidence for increased apoptosis in Pcdh-γ mutant cortex. This could reflect
greater genetic redundancy in the control of cortical neuron survival and/or a differential
requirement for the γ-Pcdhs in distinct neuronal types. The latter possibility is supported by
previous observations: distinct spinal cord (Prasad et al., 2008), retinal (Lefebvre et al.,
2008), and hypothalamic (Su et al., 2010) populations exhibit increased apoptosis to
different extents in the absence of γ-Pcdhs. Although it is tempting to suggest that
interneurons require γ-Pcdhs, whereas “projection” neurons, such as layer V neurons, do
not, this may be too simplistic: Lefebvre et al. (2008) documented significant apoptosis of
Pcdh-γ mutant retinal ganglion cells, as well as of interneurons. Recently, Lin et al. (2010)
identified the adaptor protein PDCD10/CCM3 as an interaction partner of the γ-Pcdh
constant domain and downstream effector of the γ-Pcdhs’ regulation of neuronal survival.
Though PDCD10 is ubiquitously expressed in the developing brain (Petit et al., 2006), there
may be other unidentified γ-Pcdh/PDCD10 signaling partners whose restricted expression in
particular neuronal types modulates dependence on the γ-Pcdhs for survival.

Our results raise the question of which cell types are involved in γ-Pcdh interactions
regulating dendrite arborization. Are the defects we observe due to disrupted signaling
between neurons, between neurons and glia, or among a neuron’s own dendrites? Given the
cellular heterogeneity of the cortex, it is remarkable that our biochemical analyses were able
to detect increased activity of the FAK and PKC in vivo. Because they are derived from the
cortical ventricular zone in which the Emx1-Cre transgene is active, astrocytes, which
express multiple γ-Pcdhs (Garrett and Weiner, 2009), are also mutant in Emx1-Cre; Pcdh-
γfcon3/fcon3 cortex. Because much of the neuropil volume is taken up by astrocytes, the γ-
Pcdhs may regulate this PKC pathway in glia as well as in neurons. That would be
consistent with our prior demonstration that γ-Pcdh-mediated astrocyte-neuron interactions
regulate spinal cord development (Garrett and Weiner, 2009). One intriguing question is
whether the γ-Pcdhs could interact either directly or epistatically with DSCAM and
DSCAML1. Although the mouse genes do not exhibit the splicing diversity of the fly gene,
their mutation leads to defects similar to those in flies, suggesting that DSCAM proteins act
as a general “nonstick coating” on dendrites (Fuerst et al., 2009). Neurons may thus require
other diverse molecules (e.g., γ-Pcdhs) to mediate neuron-specific interactions that can
locally overcome a repulsive effect of the DSCAMs. Indeed, there are indications that
DSCAMs and Pcdhs are functionally antagonistic. In Dscam or DscamL1 mutants, there is a
significant reduction in normal retinal cell death (Fuerst et al., 2009), in contrast to the
increased cell death observed in Pcdh-γ mutant retinas (Lefebvre et al., 2008). Furthermore,
overexpression of DSCAM in cultured neurons has been shown to decrease dendritic
arborization (Alves-Sampaio et al., 2010).

Finally, our results are consistent with several prior studies that show the following: (1) the
γ-Pcdh constant domain binds to and inhibits FAK (Chen et al., 2009); (2) overexuberant
dendrite arborization upon conditional deletion of FAK in cortical neurons in vivo (Beggs et
al., 2003); (3) PKC activation suppresses arborization in cerebellar Purkinje cells (Metzger
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and Kapfhammer, 2000; Schrenk et al., 2002); and (4) dendrite arborization in hippocampal
neurons depends on unphosphorylated MARCKS (Li et al., 2008). Here, we have linked
these observations into a common pathway whose activity is normally suppressed by the γ-
Pcdhs to allow dendrite arborization. A key remaining question is whether the γ-Pcdhs
regulate this pathway constitutively or only upon the strictly homophilic trans-interactions
that we have recently described as the mechanism of γ-Pcdh adhesion (Schreiner and
Weiner, 2010).

EXPERIMENTAL PROCEDURES
Additional experimental details can be found in the Supplemental Experimental Procedures.

Cortical Cultures
Cortical cultures were prepared as described (Ghosh and Greenberg, 1995). Transfections
were performed at 1 DIV. Each coverslip was incubated with 0.5 μg DNA and 0.5 μl
Lipofectamine 2000 (Invitrogen) for 2 hr before being changed back to complete Neurobasal
media. The MARCKS constructs were described in Swierczynski and Blackshear (1995).
Pharmacological inhibitors were added at 6 DIV: 1 μM Gö6983 (Tocris), 100 nM U73122
(Tocris), and 1 μM PF-228 (Sigma-Aldrich).

Tissue Preparation and Immunofluorescence
Fixation, preparation, cutting, and staining of brain tissues was performed as described
(Garrett and Weiner, 2009).

Western Blotting and Immunoprecipitation
Sample preparation, immunoprecipitation, western blotting, and band quantification was
performed as described (Schreiner and Weiner, 2010).

PKC Activity Measurements
PKC activity was measured in crude membrane preparations with the PepTag
nonradioactive protein kinase C assay (Promega) according to manufacturer’s instructions.

Image Analysis
Images were collected by using a Leica DM5000B epifluorescence microscope or a Leica
SP2 AOBS laser-scanning confocal microscope.

Layer I Thickness Measurements—Images collected from the S1 region of control and
mutant cortex were imported into NIH ImageJ. A line was drawn perpendicular to the
surface of the brain from the top of layer II to the meninges and measured at multiple
mediolateral points throughout the dorsal cortex.

Reconstructions—z stacks collected from 100 μm vibratome sections were imported into
Neuromantic (http://www.reading.ac.uk/neuromantic/). Neurons were reconstructed by
tracing dendrite branches in each confocal plane in the stack and then either analyzed for
numbers of bifurcations and segments (for apical tufts) or exported to ImageJ for Sholl
analysis. Images of cultured neurons were reconstructed using NeuronJ. Sholl analyses of
reconstructions from Neuromantic or NeuronJ were performed with the Sholl Analysis
plugin for ImageJ (Anirvan Ghosh Laboratory, UCSD). Area under the curve for each Sholl
plot was calculated and data compared with two-way analysis of variance with Bonferroni
posttests.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of Layer I Apical Branches in Pcdh-γ Mutant Cortex
(A and B) Sections through P28 Emx1-Cre; Pcdh-γfcon3/fcon3 cortex demonstrate a reduction
in thickness of layer I (black bars) despite normal lamination in layers II–VI. (C) This
reduction occurs between P18 and P28. (D–E′) Apical tufts of layer V neurons in Thy1-
YFPH-expressing controls (D, YFP; D′, reconstruction) and Emx1-Cre; Pcdh-γfcon3/fcon3

mutants (E and E′) were analyzed for complexity. (F and G) Dendrite segments (between
two branch points) and bifurcations (branch points) were reduced at P18 (F), but this
phenotype worsened significantly by P28 (G). Images are from P28 mice; scale bar
represents 100 μm in (A) and (B) and 75 μm in (D)–(E′). **p < 0.01; ***p < 0.001.
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Figure 2. Reduced Dendrite Arborization in Pcdh-γ Mutant Cortical Neurons
(A–B′) Sholl analyses were performed on reconstructed layer V neurons in S1 of Thy1-
YFPH-expressing controls (A and A′) and Emx1-Cre; Pcdh-γfcon3/fcon3 mutants (B and B′).
(C, D, and G) Arborization was similar in mutants and controls at P18 (C and G) but was
significantly reduced in mutants by P28 (D and G). (E, F, and G) This disruption persisted at
3 months (E and G). Dendrite arborization was also significantly decreased in layer II/III
neurons at 3 months (F and G). If the Pcdh-γ locus is disrupted only after P28 by tamoxifen
injection in Cre-ER; Pcdh-γfcon3/fcon3 mice and analyzed 4 weeks later, arborization is
similar to controls (G). Graphs in (C)–(F) plot the means ± SEM of Sholl crossings at
indicated distances from soma; graph in (G) plots area under the curve of these Sholl graphs
(as percentage of matched control). Scale bar represents 150 μm. ***p < 0.001; **p < 0.01.
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Figure 3. Aberrant Upregulation of a FAK/PKC/MARCKS Signaling Pathway in Pcdh-γ
Mutant Cortex
(A) Western blots were performed on cortical lysates from Emx1-Cre; Pcdh-γfcon3/fcon3

mutants (KO) and littermate controls by using antibody specific for the S152/S156
phosphorylated form of MARCKS or all MARCKS. Levels of phospho-MARCKS
(normalized to total MARCKS to control for equal loading; shown as arbitrary ratio units
with P20 control set at 1) were significantly higher in the mutant cortex. (B) Levels of PKC
activity were measured from membrane preparations of mutant and control cortex. PKC
activity (graphed as relative to control values at each age) was significantly higher at P20
and P24, despite similar levels of three PKC proteins (α, δ, and γ). (C) Levels of phospho-
PLCγ1 (Y783; normalized to total PLCγ1 levels) were ~3-fold higher in the mutant cortex
at P20. (D) Levels of phospho-FAK (Y397; normalized to total FAK) were significantly
higher in the mutant cortex at P20. Graphs show means ± SEM of three experiments; **p <
0.05; ***p < 0.01; ns, not significant.
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Figure 4. Rescue of Dendrite Arborization in Pcdh-γ Mutant Cortical Neurons
(A–D) Cortical neurons were cultured from neonatal control and Pcdh-γdel/del mice and
transfected with a plasmid encoding YFP to reveal morphology. (C–I) Cultures were treated
with vehicle (DMSO) only or with specific pharmacological inhibitors of PKC (Gö6983; E
and I), PLC (U73122; G and I), or FAK (PF-228; C, F, and I). Inhibition of FAK completely
rescued dendritic arborization in mutant neurons, whereas inhibition of PKC or PLC
partially rescued arborization. In some cultures, neurons were transfected with constructs
encoding GFP-tagged MARCKS (D, H, and I), an unphosphorylatable mutant (N/S-
MARCKS; I), or a pseudophosphorylated mutant (D/S-MARCKS; I). Overexpression of
wild-type or N/S-MARCKS (but not D/S-MARCKS) rescued dendritic arborization in
mutant neurons. (J) Addition of pharmacological inhibitors had a significantly greater effect
on mutant neurons than on control neurons, consistent with the γ-Pcdhs regulating a linear
FAK-PKC pathway. Scale bar represents 50 μm. Graphs show means ± SEM from three
experiments; *p < 0.05; ***p < 0.001; ns, not significant.
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