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Abstract

Changes in dendritic spines structure and function play a critical role in a number of physiological
processes, including synaptic transmission and plasticity, and are intimately linked to cognitive
function. Alterations in dendritic spine morphogenesis occur in a number of neuropsychiatric
disorders and likely underlie the cognitive and behavioral changes associated with these disorders.
The neuronal guanine nucleotide exchange factor (GEF) kalirin is emerging as a key regulator of
structural and functional plasticity at dendritic spines. Moreover, a series of recent studies have
genetically and functionally linked Kalirin signaling to several disorders, including schizophrenia
and Alzheimer’s disease. Kalirin signaling may thus represent a disease mechanism and provide a
novel therapeutic target.
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Introduction

Most excitatory synapses in the mammalian forebrain are located on small protrusions from
dendrites called dendritic spines. Actin dynamics can rapidly induce changes in spine
morphology, which modulates synaptic properties and the potential for plasticity (Carlisle
and Kennedy, 2005; Alvarez and Sabatini, 2007). Spine dynamics are tightly regulated
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throughout life. During development, spine dynamics play a critical role in neural circuit
formation. In mature neurons, synaptic activity drives spine dynamics, contributing to
remodeling of neural circuits and experience-dependent plasticity (Carlisle and Kennedy,
2005; Alvarez and Sabatini, 2007). Several decades of research have documented changes in
spine size and number associated with a number of physiological, behavioral, and
pathological conditions. Importantly, circuit-level analysis indicates that relatively small
changes in synapse strength or number may have a much greater effect on the overall
function of circuits (Chklovskii et al., 2004; Chen and Nedivi, 2010).

Postmortem neuropathological studies have revealed that dendritic spine morphology and
number are altered in a number of disorders of the central nervous system (Penzes et al.,
2011). These alterations have been well characterized in intellectual disability, Down’s
syndrome (Kaufmann and Moser, 2000), Rett syndrome (Zhou et al., 2006), Fragile X
syndrome (Bagni and Greenough, 2005), autism spectrum disorders (ASD) (Hutsler and
Zhang, 2010), schizophrenia (Glantz and Lewis, 2000; Sweet et al., 2009) and addiction
(Robinson and Kolb, 1997, 2004; Zhou et al., 2007). Furthermore, synaptic pathology has
been associated with neurodegenerative disorders including Alzheimer’s (Knobloch and
Mansuy, 2008), Parkinson’s (Day et al., 2006), and Huntington’s disease (Spires et al.,
2004).

Spine morphogenesis is driven by actin remodeling and membrane trafficking events, which
are regulated by small GTPase signaling (Tolias et al., 2011). When they are in the active,
GTP-bound state small GTPases promote actin remodeling and trafficking; they become
inactive by hydrolyzing GTP to GDP. Abnormal small GTPase signaling has been
associated with several human pathologies. Signaling pathways involving Rac and Ras are
particularly important since a large proportion of genes causing intellectual disability encode
proteins in the small GTPase pathway (Ramakers, 2002; Newey et al., 2005). GTPases are
modulated by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins
(GAPs). GEFs and GAPs are complex, multidomain signaling proteins that may serve as
signaling hubs by integrating multiple signals and have cell- and tissue-specific functions
(Carlisle and Kennedy, 2005). Among these, the Rac/Rho-GEF kalirin has been associated
with a range of psychiatric and neurodegenerative disorders.

Kalirin expression is highly enriched in the forebrain. The most abundant isoform of the
KALRN gene, kalirin-7, is localized to dendritic spines on cortical pyramidal neurons
(Figure 1a—b) where it plays a key role in structural and functional plasticity at excitatory
synapses (Penzes and Jones, 2008). Kalirin facilitates remodeling of the actin cytoskeleton,
leading to changes in spine size and density by activating Racl and its downstream effector,
p21-activate kinase (PAK) (Penzes et al., 2001; Penzes et al., 2003). Kalirin-7 has also been
shown to mediate activity-dependent plasticity in dendritic spines. Xie and colleagues
(2007) found that NMDAR activation-induced spine enlargement and increases in synaptic
expression of AMPARSs were kalirin-7-dependent. Given these well-characterized effects of
kalirin on synaptic plasticity at dendritic spines, it seems likely that changes in expression of
kalirin, mutations, or alterations of its upstream or downstream signaling partners that occur
in human disorders would lead to aberrant dendritic spine number and morphology.
Consistent with this, kalirin has been functionally and genetically implicated in the
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pathogenesis of several human disorders, most of which are associated with changes in
cognitive function and present with dendritic spine pathology (Table 1). Here we will
discuss recent studies linking aberrant regulation of dendritic spine plasticity by altered
kalirin signaling with several psychiatric and neurological disorders.

Kalirin and schizophrenia

Schizophrenia is a psychiatric disorder that affects cognition and perception of reality that
impacts 0.5-1% of the population. Symptoms emerge during late adolescence or early
adulthood. The cause of this disease is unknown and there are no effective treatments for the
negative and cognitive symptoms. One of the most consistent neuropathological findings in
postmortem studies of schizophrenia patients is reduced spine density in forebrain regions.
Spine loss in the dorsolateral prefrontal cortex (DLPFC) (Glantz and Lewis, 2000) and
auditory cortex has been observed in postmortem studies in schizophrenic patients (Sweet et
al., 2009). Loss of dendritic spines has also been reported in the subiculum and CA3
(Kolomeets et al., 2005; Steen et al., 2006). A number of classical regulators of spine
plasticity have been genetically and functionally linked to schizophrenia; conversely, the
protein products of a number of schizophrenia risk genes have been shown to modulate
spine morphology (Penzes et al., 2011). Further investigation of these proteins might shed
light on the molecular mechanisms underlying spine pathology in schizophrenia.
Interestingly, several lines of evidence link altered kalirin signaling with schizophrenia.

In a postmortem study, kalirin mRNA was found to be reduced in the DLPFC of
schizophrenia patients, irrespective of antipsychotic treatment (Hill et al., 2006).
Interestingly, kalirin loss correlated with spine loss on layer 3 PFC neurons (Hill et al.,
2006). Another postmortem study reported changes in protein levels of kalirin-7 (duo), and
other proteins in the kalirin signaling pathway, in the DLPFC and ACC in schizophrenia
patients (Rubio et al., 2012). Regional differences are also becoming apparent in kalirin
expression in schizophrenia. In a recent study, Deo and colleagues demonstrated that
kalirin-9 is upregulated, while other kalirin forms are not altered, in auditory cortex in
schizophrenia (Deo et al., 2012). This upregulated kalirin-9 might contribute to reduced
dendritic branching in the auditory cortex in schizophrenia, as overexpression of the
kalirin-9 isoform in cultured neurons reduced dendritic arborization (Deo et al., 2012).

The above studies implicate kalirin in the pathophysiology of schizophrenia. But what about
etiology, does kalirin play a role? A recent genome-wide association study (GWAS) in a
Japanese population (lkeda et al., 2011) detected association signals with schizophrenia at
the region of the KALRN gene. Although single locus analysis did not reach genome-wide
significance, the study confirmed a shared polygenic risk of schizophrenia between the
Japanese and the Caucasian samples. An independent study also supported this association
(St. Jean, 2008). Following up on these findings, Kushima and colleagues (2010) re-
sequenced all exons of the KALRN gene and identified several rare missense mutations
enriched in patients with schizophrenia as compared to non-psychiatric controls. A number
of these sequence alterations are predicted to have functional and damaging consequences.
The authors detected a significant association of the P2255T mutation (OR = 2.09) as well
as combined association of all mutations (OR = 2.07) with schizophrenia. One of these
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mutaions, T1207M, occurs in the spectrin repeat region, proximal to the RacGEF domain
that is present in all isoforms of kalirin. Interestingly, several of these mutations are in exons
encoding protein domains present in kalirin-9 or -12 but not kalirin-7, including the R2049K
mutation in the RhoGEF domain and the P2255T, P2265S and G2296C mutations that are
just downstream of the RhoGEF domain. Thus, multiple rare missense mutations in KALRN
may contribute to genetic risk in schizophrenia.

Kalirin-interacting proteins and schizophrenia

Recent studies also demonstrate that kalirin-7 physically and functionally interacts with
several proteins previously implicated in schizophrenia. Kalirin-7 directly interacts with
DISC1 (disrupted in schizophrenia) (Millar et al., 2003), the protein product of a leading
schizophrenia susceptibility gene. DISC1 functions as a scaffold for kalirin-7, and modulates
the access of kalirin-7 to Racl, controlling the duration and intensity of Racl activation in
response to NMDAR activation (Hayashi-Takagi et al., 2010). In this context, DISC1
functions as a scaffold that enhances the kalirin-7/PSD-95 interaction. Kalirin’s release from
DISC1 enhances its GEF activity, thus leading to changes in spine structure. Knockdown of
DISC1 in cultured neurons for extended periods of time causes a reduction in spine area
(Hayashi-Takagi et al., 2010). If schizophrenia-associated mutations disrupt DISC1’s
scaffolding function, they would be expected to have deleterious consequences on spine
morphogenesis through altered kalirin signaling (Figure 2).

Kalirin also interacts with and is modulated by the 5-HT, serotonin receptor (Figure 2), a
target of atypical antipsychotics which has also been genetically linked to schizophrenia
(Golimbet et al., 2007). Jones and colleagues (2009) demonstrated that 5-HTo modulates
spine morphogenesis in a kalirin-dependent manner. 5-HT, receptors colocalize with
PSD-95 and kalirin-7 in spines of mature cortical neurons. Treatment of cultured neurons
with the 5-HToa receptor agonist DOI rapidly induced an increase in spine size and PAK
activation, and both of these effects were dependent on kalirin-7 targeting to the PSD (Jones
et al., 2009). Thus, 5-HT, and kalirin-7 are functionally linked, and 5-HT signaling may
modulate kalirin-7 activity and synapse size at mature cortical synapses. Based on these
studies, 5-HT receptors may act as upstream regulators of kalirin-7 signaling and thus may
contribute a neuromodulatory element to kalirin-7 signal integration in spines.

Kalirin-7 also participates in a common pathway with neuregulin 1 (NRG1) and erbB4, two
prominent schizophrenia susceptibility molecules, to regulate the morphology of
interneurons and pyramidal neurons (Cahill et al., 2011; Cahill et al., 2013). The tyrosine
kinase erbB4 is thought to be the principal receptor for NRG1. Polymorphisms in NRG1
have been identified in patients with schizophrenia (Mei and Xiong, 2008). A rare copy
number variant (CNV) for erbB4 has also been associated with schizophrenia; this mutation
results in a protein lacking most of its intracellular kinase domain that has the effect of a
dominant negative protein (Walsh et al., 2008). ErbB4 is highly expressed in interneurons,
and to a lesser extent, in cortical pyramidal cells and dendritic spines (Barros et al., 2009).
This suggested that NRG1/erbB4/kalirin signaling may play a role in interneurons. Indeed,
while kalirin is robustly expressed in pyramidal neurons, it is also expressed in interneurons
(Ma et al., 2001). Interneuronal pathology is thought to play an important role in
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schizophrenia (Lewis et al., 2005). Ma and colleagues (2008a) demonstrated that
endogenous kalirin-7 is localized to the postsynaptic side of excitatory synapses onto
hippocampal interneurons. Consistent with this, Cahill and colleagues found that kalirin
regulates interneuron dendritic growth downstream of NRG1 in mature cortical
interneurons. Treatment of cortical interneurons with NRG1 increases dendritic length in a
kalirin-dependent manner (Cahill et al., 2011). Conversely, cortical interneurons from
erbB2/B4 conditional knockout mice have decreased dendritic length (Cahill et al., 2011). In
cultured cortical interneurons, endogenous kalirin-7 colocalized with erbB4 and erbB4 co-
immunoprecipitated with kalirin-7, indicating that kalirin-7 and erbB4 interact (Cahill et al.,
2011). Kalirin may thus play a role in the normal development and function of inhibitory
circuits, and its functional loss may contribute to the dysfunction of these circuits.

In addition, NRG1 and erbB4 have been shown to affect spine morphology (Li et al., 2007;
Barros et al., 2009), thus kalirin may also function downstream of these molecules in spines
(Figure 2). Indeed, Cahill and colleagues recently describe a role for NRG1/erbB4 signaling
in regulation of dendritic spines (Cahill et al., 2013). These studies found that long-term
incubation with NRG1 led to increased spine size and number, as well as increased AMPA
receptor expression in spines in cortical pyramidal neurons. Loss of ErbB4 by shRNA-
mediated knockdown prevented the effects of NRG1 on spine size, but not on spine density.
Interestingly, the effects of effects of NRG1 and erbB4 on spines were mediated by kalirin.

P21-activiated kinase (PAK) is a key regulator of actin remodeling, and a downstream
effector of kalirin-7 and Racl (Penzes et al., 2003). Interestingly, missense mutations in
PAKS3 have been associated with psychotic disorders, primarily schizophrenia with
premorbid mental retardation (Morrow et al., 2008), and microdeletions that encompass
PAK2 (3g29) have been found in schizophrenia patients (Mulle et al., 2010). These findings
further implicate kalirin signaling in schizophrenia, as mutations in kalirin’s downstream
effectors are genetically associated with the disorder.

In addition changes in expression and activation of PAK may occur in specific brain regions
in schizophrenia patients. PAK1 expression was found to be increased in the DLPFC of
schizophrenia patients and decreased phosphorylation of the catalytic domain of PAK1 was
seen in both the DLPFC and ACC in schizophrenia patients (Rubio et al., 2012). However,
in another study Deo and colleagues did not observe changes in PAK1 expression levels in
the auditory cortex of schizophrenia patients (Deo et al., 2012).

Taken together, these findings support a model whereby proteins associated with
schizophrenia, NRG1, erbB4, DISC1 and 5HT;a, function in the same pathway with
kalirin-7 and PAK to control spine morphogenesis (Figure 2). These proteins might even
form a “signalosome” (Hayashi-Takagi et al., 2010), a multiprotein signaling complex in
dendrites or spines. If the functional output of this pathway is the control of spine plasticity,
alterations in any of the molecules in the pathway/complex might impair the output of the
entire pathway, leading to spine pathology.
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Kalirin and Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by loss of memory,
impairments of other cognitive function, and alterations in behavior that affects 11% of
Americans over the age of 65 (www.alz.org). Neuropathologically, AD is characterized by
the hallmark lesions of plaques (extracellular aggregates of amyloid B protein) and
neurofibrillary tangles (intraneuronal aggregates of hyperphosphorylated microtubule
associated protein tau). However, the strongest correlate of cognitive impairment in AD is
not plaque or tangle burden, but loss of neocortical synapses, (DeKosky and Scheff, 1990;
Selkoe, 2002)(Terry et al., 1991; Scheff and Price, 2003) with excitatory synapses onto
dendritic spines particularly affected (DeKosky and Scheff, 1990; Baloyannis et al., 2007;
Grutzendler et al., 2007). Postmortem analysis has also indicated that synapse loss occurs in
mild cognitive impairment and worsens in AD, suggesting that synapse loss precedes the
onset of AD (Arendt, 2009). Compensatory synaptic changes may counteract the effects of
synapse loss in AD (Fiala et al., 2002). A better understanding of the early stages of the
disease and the compensatory mechanisms that are acting at this stage would profoundly
impact the direction of future investigation of therapeutic interventions in AD.

Substantial evidence now indicates that aggregation of Ap into soluble oligomers
(dimers—protofibrils) is a primary source of synaptotoxicity in AD, even in subjects with
early disease (Lue et al., 1999; Naslund et al., 2000; Selkoe, 2002; Walsh and Selkoe, 2007;
Selkoe, 2008; Koffie et al., 2011; Penzes and Vanleeuwen, 2011). Studies of the synaptic
effects of Ap are further elucidating how it acts to eliminate dendritic spines, and identifying
many potential points at which alterations in kalirin may interact with this process (Hsieh et
al., 2006; Selkoe, 2008; Koffie et al., 2011). Other studies clearly indicate microtubule
associated protein tau is a necessary downstream mediator of some of AB’s synaptotoxic
effects (Shipton et al., 2011). However, tau’s dendritic mechanisms are just emerging
(Zempel et al., 2010), leaving unclear how it may interact with other mediators of dendritic
spine loss engaged by soluble AB. Similarly, whether tau interacts directly with kalirin is
unknown, although kalirin-9 and kalirin-12 contain RhoA GEF domains, and RhoA can
modify tau phosphorylation and its interactions with the cytoskeleton (Amano et al., 2003).

For example, several recent studies have identified other mechanisms by which soluble Ap
may engage kalirin, along with its upstream regulators and downstream targets, in the
pathology of AD (Figure 3) (Sweet et al., 2002; Scarmeas et al., 2005; Emanuel et al., 2011;
Penzes and Vanleeuwen, 2011; Murray et al., 2012). EphB2 receptors are upstream
regulators of kalirin signaling (Penzes et al., 2003) that have been implicated in synaptic
degeneration induced by ApB. Postmortem studies of AD patient brains and studies using
hAPP transgenic mice have found that EphB2 receptors are reduced in the hippocampus in
AD (Simon et al., 2009). Furthermore, treating cultured hippocampal neurons with Ap
oligomers leads to decreased surface expression of NMDARs and EphB2 receptors (Lacor et
al., 2007). In addition, EphB2 and Ap oligomers may interact directly as they can be co-
immunoprecipitated in a cell-free system as well as from primary neuron homogenates
(Cisse et al., 2011). A critical downstream effector of EphB2 and kalirin-7 signaling, PAK,
has also been associated with AD. Postmortem analysis of AD patient brains found that
PAK expression and activation are markedly reduced and that phosphoPAK was
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mislocalized in the hippocampus of AD patients as well as in AD transgenic mice (Zhao et
al., 2006).

Interestingly, kalirin-7 interacts with inducible nitric oxide synthase (iNOS) (Ratovitski et
al., 1999), which has been shown to be neurotoxic in vitro (Mitrovic et al., 1995). Kalirin
inhibits INOS activity by preventing formation of active homodimers in a heterologous
system (Ratovitski et al., 1999). Postmortem studies found that iNOS activity was
significantly increased in AD hippocampus (Youn et al., 2007a). Co-immunoprecipitation
from human brain lysates confirmed that kalirin-7 and iNOS interact in the human brain
(Youn et al., 2007a). Furthermore, over-expression of kalirin-7 in cultured cells reduces
iNOS activity (Youn et al., 2007a). Thus, it has been hypothesized that reduced kalirin-7
expression in the hippocampus of AD patients could account for increased iNOS activity
and possibly cell death (Youn et al., 2007a).

Reduced function or loss of kalirin proteins in spines could precipitate spine collapse,
leading to synapse loss and cognitive decline. There is some evidence to support this
hypothesis. Postmortem studies have found that kalirin mMRNA and kalirin-7 protein are
specifically and significantly reduced in the hippocampus of AD patients compared to
controls (Youn et al., 2007b; Youn et al., 2007a). Similarly, protein levels of kalirin-7, -9,
and -12 are lower in prefrontal cortex in AD than in controls (Murray et al., 2012). Given
the role of kalirin in schizophrenia, and the observations that AD patients with psychosis
have greater impairment of cortical synapses than AD patients without psychosis (Sweet et
al., 2002; Murray et al., In press), Murray and colleagues (Murray et al., 2012) further
evaluated kalirin protein levels in prefrontal cortex in AD subjects with and without
psychosis. They found kalirin-7, -9 and -12 were significantly reduced in the psychotic
subjects in comparison to individuals without psychosis. These reductions occurred
concurrently with increases in the ratio of soluble 42 amino acid A peptide to 40 amino
acid AP peptide (AP1_42:AP1_40), leaving open the question whether the greater kalirin
reductions in psychotic individuals were due to greater pathologic drive from soluble AB
(Murray et al., 2012).

Taken together, postmortem neuropathological and functional data suggest that kalirin
reductions, through interactions with EphB and iNOS and its downstream effector PAK may
contribute to the pathogenesis of AD, and to the additional impairments found in AD
subjects with psychosis. However, currently there is no published genetic evidence
implicating kalirin or these signaling partners in the etiology of AD, thus the postmortem
data indicating kalirin reductions could equally arise as a consequence of dendritic spine
loss. While ultimately disentangling these mechanisms will require direct mechanistic tests
in model systems, a potential causal role of kalirin would be suggested if kalirin reductions
were already present in the earliest stages of AD, or with regard to AD and psychasis, in the
stages of AD preceding onset of this behavioral symptom. The most rapid rise in the
prevalence of psychosis in AD occurs in early to middle stages of cognitive impairment,
(Lopez et al., 2003; Ropacki and Jeste, 2005) and the more rapid cognitive decline
associated with psychosis in AD is detectable even before psychosis onset (Paulsen et al.,
2000; Emanuel et al., 2011). Neuropathologically, Braak stages 3-5 correspond roughly to
the early to middle stages of cognitive impairment, i.e. those associated with earliest
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cognitive symptoms and increasing frequency of psychosis onset (Nelson et al., 2009). In
contrast, Braak stage 6 is associated with end-stage cognitive impairment (e.g. see Fig 2B in
(Nelson et al., 2009)), a stage after most psychosis onset has occurred. We therefore re-
analyzed the data reported in Murray et al, focusing on Braak stage 3-5 subjects (Murray et
al., 2012).

In Braak stage 3-5 cases, the previously identified reductions in kalirin-9, and kalirin-12
isoforms were selective for AD cases with associated psychosis (Fig 4A). Reductions in
kalirin-7 were markedly accelerated in AD cases with psychosis. Kalirin-5 was not reduced
in AD with or without psychosis. These patterns contrasted with that for AB1_42:AP1-40
ratio. The previously reported elevation in AB1_42:APB1_49 ratio in AD with psychosis was
only seen in Braak stage 6, (due largely to a terminal drop in the non-psychotic group, rather
than to further elevation in psychotic subjects).

This reanalysis suggests several tentative conclusions. First, the selectivity of reductions in
kalirin-9 and kalirin-12 in AD subjects with psychosis (and possibly the substantially greater
reductions in kalirin-7) indicate that this molecular mechanism may be unique to the roughly
50% of AD patients at risk for psychotic behaviors, rather than being common to all AD
cases. Second, the kalirin reductions noted above precede any differentiation of soluble
AB1_42:APB1_40 ratio between AD subjects with and without psychosis, indicating that this
unigue mechanism is not just secondary to an increased tempo of AP drive. Third, the lack
of reduction in kalirin-5 in both groups, and the lack of reductions of kalirin-9 and kalirin-12
in the AD group, does not support the detected reductions of kalirin being subsequent to
synapse loss, which should deplete all four isoforms. Rather, as reviewed above, studies of
kalirin outside the context of Ap overproduction indicate that reduced kalirin induces spine
loss and cognitive impairment. Clearly these conclusions require validation in model
systems in which kalirin levels can be manipulated independently of Ap overproduction.

Kalirin and other disorders

Kalirin has been genetically and functionally associated with several other human disorders.
Parkinson’s disease (PD) is a common neurodegenerative disorder that is characterized by
accumulation of cytoplasmic inclusions of a-synuclein, called Lewy bodies, and
degeneration of dopaminergic neurons in the substantia nigra (Tsai et al., 2012). Synphilin-1
is an interacting partner of a-synuclein and promotes formation of cytoplasmic inclusions. A
recent study identified kalirin-7 as a novel interacting partner for synphilin-1 (Tsai et al.,
2012). They found that kalirin-7 enhanced recruitment of synphilin-1 inclusions into
aggresomes and promoted the degradation of these aggresomes via an HDAC6-mediated
mechanism (Tsai et al., 2012).

Huntington’s disease (HD) is a genetic neurodegenerative disorder that is caused by
expanded trinucleotide repeats in the widely expressed huntingtin protein (Group, 1993; Li
et al., 1993). Huntingtin-associated protein 1 (HAP1) is one of only a few known proteins
that interact with huntingtin in a repeat length-dependent manner (Li et al., 1995). Kalirin
has been shown to interact with HAP1 (Colomer et al., 1997). While this interaction requires
further examinations, it is of interest as it may provide insight into the functional
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significance of the interaction between huntingtin and HAP1 and also suggests a potential
role for Rac signaling in HD.

The KALRN gene has been genetically linked to adult ADHD. In a recent study, Lesch and
colleagues (2008) identified 15 SNPs in the KALRN open reading frame that associated with
ADHD. In the same study, SNPs associated with ADHD were also identified in CDH13, the
gene encoding cadherin 13 and CTNNAZ2, the gene encoding aN-catenin (Lesch et al.,
2008). Cadherins have been shown to regulate spine morphology in a kalirin-dependent
manner, thus aberrant function of one or both of these proteins may have detrimental effects
on spine remodeling (Xie et al., 2008).

Kalirin has also been identified as a key factor in regulation of dendritic spines in a mouse
model of addiction. Addiction is a compulsive need for drug use and it has been
hypothesized that drug addiction is the result of aberrant learning mechanisms, which could
be explained by abnormal regulation of plasticity at dendritic spines (Hyman et al., 2006).
Since kalirin plays a key role in regulating structural and functional plasticity at dendritic
spines, it is possible that kalirin may play a role in addiction.

Kiraly and colleagues used Kal7 KO mice to demonstrate that kalirin-7 is required for
normal morphological and behavioral responses to chronic cocaine administration (Kiraly et
al., 2010). In wild-type mice, chronic cocaine treatment induced an increase in kalirin-7
protein and mRNA in the nucleus accumbens (NAc) as well as an increase in dendritic spine
size and density. Interestingly, chronic cocaine treatment in Kal7 KO mice did not alter
spine density and induced a decrease in spine size. Moreover, Kal7 KO mice showed
increased locomotor sensitization to cocaine following chronic treatment and maintained
this higher sensitization for at least one week following the last dose of cocaine. In addition,
Kal7 KO mice showed significantly diminished conditioned place preference for cocaine.
Importantly, Kal7 KO mice showed no difference from wild-type mice in place preference
for food, indicating a cocaine-specific deficit in place conditioning. These studies indicate
that kalirin-7 plays a key role in formation of dendritic spines following cocaine treatment.

Kiraly and colleagues went on to show that expression of larger kalirin splice variants,
kalirin-9 and -12, is upregulated in the Kal7 KO mice following cocaine administration
(Kiraly et al., 2013). They also found that expression of the NMDAR subunit NR2B is
upregulated following cocaine administration in wild-type, but not Kal7 KO mice (Kiraly et
al., 2013). Furthermore, chronic treatment with cocaine has been shown to alter the
expression profile of specific kalirin isoforms by altering usage of isoform-specific
promoters. Chronic cocaine exposure increases the usage of the promoter and the 3’ exon
that are specific to kalirin-7 and A-kalirin-7, while usage of the kalirin-9 specific 3’ exon
was reduced (Mains et al., 2011).

In another recent study, Wang and colleagues assessed changes in kalirin signaling and
AMPAR localization following cocaine sensitization (Wang et al., 2013). They found that
the kalirin-Rac-PAK signaling cascade was activated following cocaine sensitization and
that this signaling is necessary for sensitization-induced upregulation of AMPARS and
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dendritic spine density (Wang et al., 2013). These findings provide evidence that couples
AMPARSs to spine plasticity following cocaine exposure.

Kalirin signaling may also be involved in depression and chronic stress. Chronic restraint
stress (CRS) causes a depression-like behavioral and physiological response in mice,
including decreased time to immobility on a forced-swim test and reduced body weight (Li
et al., 2010). Interestingly, recent studies have demonstrated that kalirin-7 expression is
significantly reduced in the mouse hippocampus following CRS (Li et al., 2010).
Furthermore, administration of estrogen during CRS attenuated the behavioral and
physiological responses and increased kalirin-7 expression (Li et al., 2010).

Genetic studies have identified KALRN as a risk factor for coronary artery disease (Wang et
al., 2007; Ikram et al., 2009). Based on this genetic evidence and the fact that kalirin has
been implicated in nitric oxide (NOS) signaling, recent genetic studies have sought to
determine if KALRN is genetically linked to ischemic stroke. In a case-control study, Krug
and colleagues identified two SNPs in the 5’ region of KALRN gene that associated with
increased risk for ischemic stroke (Krug et al., 2010). However, the link between SNPs in
the KALRN gene and risk for ischemic stroke requires further validation, as another study
was unable to replicate the linkage of all three SNPs in two of the three sample populations
used (Olsson et al., 2011). Another recent study characterized changes in kalirin-7
expression following ischemic stroke in the gerbil hippocampus. Beresewicz and colleagues
(2008) found that under control conditions, kalirin-7 levels were significantly higher in the
ischemia-resistant CA2/3 and DG regions than in the ischemia-vulnerable CA1 region of the
hippocampus. Interestingly, after 5 minutes of ischemia and 1 hour of reperfusion, kalirin-7
was significantly reduced in CA2/3 and DG and was significantly elevated in CAL. In
another study, Jourdain and colleagues (2002) observed cytoskeletal rearrangements in
organotypic hippocampal cultures following oxygen and glucose deprivation, these were
found to be Ca2* and NMDA receptor-dependent. Thus, changes in kalirin-7 levels may act
downstream of NMDA receptors in ischemia to induce cytoskeletal rearrangements.

In sum, accumulating evidence implicates kalirin dysfunction in a broad range of
neurological and psychiatric disorders, in addition to schizophrenia and AD. As all of these
disorders are associated with abnormal spine plasticity and neuronal connectivity, kalirin
may be part of the disease pathway, and may provide a therapeutic target for reversing these
deficits.

Disease-related phenotypes in kalirin knockout mice

Given the role of kalirin in dendritic spine morphogenesis and its association with human
disorders, it seems plausible that alterations in kalirin signaling may contribute to behavioral
alterations relevant for brain disorders. To investigate the effects of kalirin loss in vivo,
Cahill and colleagues generated a mouse line carrying a full knockout of the KALRN gene
(Cahill et al., 2009). Analysis of these mice revealed an age-dependent reduction of spine
density in the cortex and hippocampus (Cahill et al., 2009; VVanleeuwen and Penzes, 2012).
Cortical spine loss is not observed at 3 weeks of age, but is evident at 3 months while
hippocampal spine deficits are not observed until 11 months.
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Behavioral analysis of KALRN KO mice shows that these mice have impaired working
memory but do not show deficits in reference memory, indicating that kalirin may play a
specific role in modulating working memory. Importantly, working memory deficits are a
core endophenotype of schizophrenia. Recurrent excitation in microcircuits in the prefrontal
cortex has been hypothesized to underlie working memory (Durstewitz et al., 2000).
Therefore, decreased dendritic spine density could lead to reduced output of these circuits in
KALRN KO mice and schizophrenia patients. In addition to working memory deficits,
KALRN KO mice exhibit other schizophrenia-related behavioral phenotypes such as
impaired prepulse inhibition, decreased social interaction and locomotor hyperactivity
(Cahill et al., 2009).

The age-dependent onset of cortical morphological and behavioral phenotypes in these mice
parallels the onset of schizophrenia in humans, which also occurs during adolescence or
young adulthood (Lewis and Gonzalez-Burgos, 2008). This could be useful in understanding
the age-dependence of schizophrenia emergence in humans. The molecular and cellular
mechanisms underlying this delayed phenotype emergence are not known, and warrant more
investigation. One contributor could be “phenotype unmasking”, whereby natural changes in
expression levels of similar proteins might uncover the effects of a genetic defect later in
life. While multiple synaptic Rac1-GEFs (kalirin-7, Tiam1, pPIX) are present in both the
hippocampus and cortex in young animals, the expression levels of Tiam1 and BPIX
decrease significantly in the adult cortex, but not hippocampus (Penzes et al., 2008). Thus
by adulthood, kalirin-7 is the predominant synaptic Rac1-GEF in the cortex. Reduction in
kalirin expression may thus lead to enhanced spine elimination or impaired spine
stabilization. Alternatively, Kalirin may play a unique role in the prefrontal cortex, which
would account for regional differences in spines. Interestingly, prenatal knockdown of
DISC1 also results in delayed onset dysfunction of cortical circuits (Niwa et al., 2010),
suggesting that the kalirin/DISC1 interaction may play a role in periadolescent spine
stabilization. An important future direction for these studies is to characterize the
development of spine morphological and behavioral phenotypes that correspond to
presymptomatic and symptomatic stages of the disease.

Ma and colleagues generated another kalirin mouse model, Kal7 KO, in which the exon
unique to kalirin-7 has been deleted (Ma et al., 2008b). While kalirin-7 and Akalirin-7, a
truncated isoform of kalirin-7 that is also expressed in the brain, are absent in the brains of
Kal7 KO mice, kalirin-9 and Kkalirin-12 are upregulated by approximately 50% (Ma et al.,
2008b). Contrary to the KALRN KO mice, Kal7 KO mice have significantly reduced spine
size and density in the hippocampus (Ma et al., 2008b). As loss of the entire KALRN gene
does not affect hippocampal spine density (Cahill et al., 2009), upregulation of other kalirin
isoforms may account for this, as both kalirin-9 and -12 (but not kalirin-7) contain RhoA
GEF domains (Rabiner et al., 2005), which have been shown to play a role in spine
elimination (Tashiro et al., 2000). Although Deo and colleagues did not observe spine loss
after isolated kalirin-9 upregulation in vitro, whether the sustained exposure to upregulated
kalirin-9 obtainable in an in vivo model (alone or in combination with kalirin-12 and
kalirin-7 changes), might be a pathological mechanism in schizophrenia is worth further
investigation.
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Kal7 KO mice have impaired contextual fear learning (Ma et al., 2008b). This learning
deficit seems specific to fear associations, as Kal7 KO mice performed well in radial arm
maze and novel object recognition tasks (Ma et al., 2008b). Consistent with this, in KALRN
KO mice both context and cue-dependent fear conditioning are impaired, suggesting an
amygdala deficit (Xie et al., 2011). Both of these mouse models have deficits in contextual
learning; however, the relevance of these deficits for schizophrenia is unclear. It seems
plausible that behaviors in mouse models do not closely mimic behaviors observed in human
disease because kalirin loss is global in the mouse, whereas it is likely cell population or
region-specific in humans.

Mandela and colleagues recently developed another KALRN knockout model that was
generated by inserting LoxP sites on either side of exon 13 of the spectrin region of
KALRN; cre-mediated excision of this exon prevents production of a functional protein
(Mandela et al., 2012). Global cre expression yields global KALRN knockout mice,
KalSRKO/KO syrprisingly, these mice do not display deficits in PP, but they do show
decreased anxiety-like behavior on an elevated zero maze task. The mice also exhibit
hippocampal deficits, shown by a decrease in passive avoidance conditioning (Mandela et
al., 2012). Pituitary cultures from these mice have reduced basal secretion of growth
hormone and prolactin, indicating a deficit in secretory function. KalSRKO/KO_ The authors
went on to characterize the effects of kalirin loss on the neuromuscular junction and found
that they have abnormal structure of the neuromuscular junction. KalSRXO/KO mice showed
impaired neuromuscular function as evidenced by decreased ability to stay on a rotarod and
decreased ability to perform the wire hang task (Mandela et al., 2012). These studies reveal
and interesting novel role for kalirin outside of the brain. The described phenotypes in the
neuromuscular junction are consistent with the role of kalirin signaling in NRG1-ErbB4
signaling, which is important at the neuromuscular junction.

All three of the kalirin mouse models discussed here exhibit disease-relevant phenotypes
and will be powerful tools for future investigation of mechanisms underlying synaptic
plasticity and pathology (Table 2). However, direct comparisons between these mutants are
not ideal for a number of reasons. First, there is differential expression of other kalirin
isoforms in the Kal7 KO. Furthermore, differences in methods and quality of testing could
also account for some of the variability, since not all phenotypes were analyzed in the same
way in all mutants.

Conclusions and future directions

Taken together, several lines of evidence support a role for kalirin in spine pathology in
brain disorders. In many cases, postmortem studies find that kalirin expression is reduced in
affected individuals, such as schizophrenia and AD. This reduction in kalirin levels could be
caused by diverse mechanisms, including removal from spines and relocation to other
regions (such as the dendrites), proteosomal degradation, reduced transcription and
translation, and altered splicing. Further studies are required to determine whether kalirin
alterations are a cause or consequence of spine pathology. However, in schizophrenia and
AD, it seems that reduced kalirin levels are primary, because other synaptic proteins are not
equally reduced.
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Here we have discussed a series of genetic, morphological, and functional studies that
implicate kalirin as a common mediator of synaptic pathology in a number of psychiatric
and neurological disorders. The strongest evidence to date links kalirin to schizophrenia, but
there is now evidence that suggests a possible role in AD, addiction, chronic stress, stroke,
Huntington’s, and Parkinson’s. This is consistent with the fact that kalirin functions in
common pathways with molecules previously associated with these disorders, to regulate
normal spine formation, maintenance, and plasticity. Kalirin-mediated spine pathology
might thus be a cellular phenotype of interest in these disorders. Therapeutically
manipulating kalirin activity might provide an efficient way to reverse spine plasticity
deficits in some psychiatric and neurological disorders.
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Figure 1. Kalirin-7 is localized to dendritic spines and modulates dendritic spine morphogenesis
(A) This schematic of kalirin isoforms and domains shows the N-terminal Sec14p domain,

followed by nine spectrin-like repeats common to all kalirin isoforms. The Dbl homology
(DH) and pleckstrin homology (PH) domains confer kalirin’s GEF activity. The first GEF
domain activates Racl and is present in kalirin-7, -9 and -12. Kalirin-7 also has a unique C-
terminal PDZ-binding domain. Kalirin-9 and -12 have an SH3 domain and a second GEF
domain that activates RhoA. Kalirin-12 has C-terminal fibronectin 111-like and
immunoglobulin-like domains as well as a kinase domain. (B) Kalirin-7 is localized to
dendritic spines of cortical pyramidal neurons.

Brain Res Bull. Author manuscript; available in PMC 2015 April 01.



yduasnUe J0yINY Vd-HIN 1duIsNUeIN J0YINY Vd-HIN

1duosnuey Joyiny Vd-HIN

Remmers et al. Page 22

NRG1

5HT2a

) <PSD95> ¢ (DISCY)
N N
(CamkKi) *?

Rac1 =%

&R —
F-actin
remodeling

Figure 2. Kalirin-7 interacts with schizophrenia-associated proteins
Under non-pathological conditions, kalirin interacts with a number of schizophrenia-

associated proteins. Activation of postsynaptic NMDARs leads to increased trafficking of
AMPARSs to the post-synaptic density. NMDAR activation also leads to dissociation of the
PDS-95/DISC1/kalirin-7 complex, allowing kalirin-7 to activate Racl. Post-synaptic erbB4
receptors are activated by NRG1 and modulate dendritic spines in a kalirin-dependent
manner. 5-HTp receptor activation also regulates spine density through kalirin. Kalirin-7
activates Racl by exchanging GDP for GTP. Racl in turn activates PAK, which then
initiates actin remodeling. Kalirin-7, DISC1, erbB4, NRG1, 5-HTa, PAK2 and PAK3 have
been genetically associated with schizophrenia.
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Figure 3. Kalirin-7 interacts with Alzheimer’s disease-associated proteins
Amyloid B oligomers bind to dendritic spines in AD, leading to decreased surface

expression of NMDARs and EphB2 receptors. This likely causes decreased kalirin/Rac/PAK
signaling, leading to synapse loss and cognitive impairment. A oligomers, kalirin-7, and
PAK have been associated with AD.
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Figure 4. Reductions in kalirin isoforms relative to control in Braak stages 3-5

(A) and Braak stage 6 (B) subjects. (C) AP ratio by Braak stage. AD—P: AD without

psychosis; AD+P: AD with psychosis; * p < 0.05, ** p<0.001.
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Table 1

Summary of evidence for kalirin association with disease.
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Type of evidence

Disease

Genetic association

Postmortem evidence

Molecular association

Animal models

Schizophrenia

GWAS (St. Jean, 2008;
lkeda et al., 2011)

rare missense mutations
(Kushima et al., 2010)

I mRNA (Hill et al.,
2006)

| kalirin-7 protein (Rubio
etal., 2012)

1 kalirin-9 (Deo et al.,
2012).

DISC1 (Millar et al., 2003;
Hayashi-Takagi et al., 2010;)
NRG1 /ErbB4 (Cahill et al.,
2011; Cahill et al. 2013)
5-HT;A (Jones et al., 2009)
NMDAR (Hayashi-Takagi et
al., 2010)

PSD-95 (Hayashi-Takagi et
al., 2010;)

PAK

KALRN KO (Cahill
et al., 2009)

Kal7 KO (Maetal.,
2008b)

Alzheimer’s disease

I mRNA (Younetal.,
2007h)

| protein (Youn et al.,
2007b; Murray et al.,
2012)

iNOS (Ratovitski et al., 1999)
PAK (Zhao et al., 2006)
EphB2 (Penzes et al., 2003)

ADHD

GWAS (Lesch et al.,
2008)

Cadherins (Xie et al., 2008)

Addiction

Kal7 KO, addiction
in mouse model

(Mains et al., 2011;
Kiraly et al., 2010)

Huntington’s disease

HAP1 (Colomer et al., 1997)

Parkinson’s disease

Synphillin-1 (Tsai et al., 2012)

Stress

Chronic restraint
stress in mice (Li et
al., 2010)

Ischemic stroke

Case-control (Krug et
al., 2010)

Mouse model of
ischemia
(Beresewicz et al.,
2008)

Coronary artery disease

GWAS (lkram et al.,
2009)

association linkage
(Wang et al., 2007)
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Table 2
Summary of mouse models
Phenotypes
Mouse Morphological Behavioral impairments Molecular Other
model:
KALRN KO | V¥ dendritic spine density in Working memory | Rac activation -
hippocampus and cortex (age- Prepulse inhibition
dependent) Social interaction
Locomotor hyperactivity
context and cue-dependent fear conditioning
Kal7 KO | dendritic spine density in Contextual fear learning 1 expression of --
hippocampus and cortex kalirin-9 and -12
KalSRKO/KO | -- | anxiety-like behavior - Impaired
| passive avoidance conditioning secretory and
pituitary
function
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