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Normally, dendritic size is established prior to adolescence and
then remains relatively constant into adulthood due to a homeo-
static balance between growth and retraction pathways. How-
ever, schizophrenia is characterized by accelerated reductions of
cerebral cortex gray matter volume and onset of clinical symptoms
during adolescence, with reductions in layer 3 pyramidal neuron
dendritic length, complexity, and spine density identified in multi-
ple cortical regions postmortem. Nogo receptor 1 (NGR1) activa-
tion of the GTPase RhoA is a major pathway restricting dendritic
growth in the cerebral cortex. We show that the NGR1 pathway is
stimulated by OMGp and requires the Rho guanine nucleotide
exchange factor Kalirin-9 (KAL9). Using a genetically encoded
RhoA sensor, we demonstrate that a naturally occurring missense
mutation in Kalrn, KAL-PT, that was identified in a schizophrenia
cohort, confers enhanced RhoA activitation in neuronal dendrites
compared to wild-type KAL. In mice containing this missense
mutation at the endogenous locus, there is an adolescent-onset
reduction in dendritic length and complexity of layer 3 pyramidal
neurons in the primary auditory cortex. Spine density per unit
length of dendrite is unaffected. Early adult mice with these struc-
tural deficits exhibited impaired detection of short gap durations.
These findings provide a neuropsychiatric model of disease captur-
ing how a mild genetic vulnerability may interact with normal
developmental processes such that pathology only emerges
around adolescence. This interplay between genetic susceptibility
and normal adolescent development, both of which possess inher-
ent individual variability, may contribute to heterogeneity seen in
phenotypes in human neuropsychiatric disease.
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S chizophrenia (SZ) is a debilitating disease that affects ~1% of
the population (1). Clinical symptoms, such as auditory hallu-
cinations and delusions, emerge during the second or third
decade of life. Recent studies, however, have emphasized that it is
impairments in cognitive and sensory processes underlying the
clinical symptoms that are the greatest contributors to functional
impairment and long-term disability (2—4). Specifically, auditory
processing deficits have been consistently described at the neuro-
physiological level and include increased threshold for detecting
differences between successive auditory stimuli and decreased
amplitude of the mismatch negativity response to silent gaps, pro-
cesses which require an intact of the auditory cortex (5, 6). Cur-
rent therapeutics have limited efficacy for cognitive and sensory
function impairments and confer substantial morbidity owing to
undesired side effects, underscoring the need for therapeutics tar-
geting underlying molecular mechanisms.

Pyramidal cells (PCs) represent the most abundant neuronal
type in the cerebral cortex (7), and their integrity is essential to
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the cognitive and sensory processes that are disrupted in SZ
(5,8). Among the most consistent and highly replicated findings
from human postmortem studies of SZ are reductions in den-
drite length, branching, and spine density in layer 3 PCs (9).
Interestingly, these deficits appear to be more reliably defined
in layer 3, as layer 5 PCs have not been consistently shown to
be impaired in postmortem studies of SZ (10). Because den-
dritic spines are the site of most excitatory synapses, much
research to date has aimed to determine mechanisms of their
reduction in SZ. However, total spine number is a function of
both total dendrite length and spine density. Moreover, den-
dritic length and branching determine a PC’s receptive field
(11, 12), help to segment computational compartments (13),
and contribute substantially to how the received signals are
integrated and transmitted to the cell body (14, 15). Thus, there
is a compelling need to investigate dendritic length and branch-
ing alterations in SZ.

Significance

Dendrites are long branching processes on neurons that con-
tain small processes called spines that are the site of connec-
tions with other neurons, establishing cortical circuitry.
Dendrites have long been considered stable structures, with
rapid growth prior to adolescence followed by maintenance
of size into adulthood. However, schizophrenia is character-
ized by accelerated reductions of cortical gray matter vol-
ume and onset of clinical symptoms during adolescence,
with reductions in dendritic length present when examined
after death. We show that dendrites retain the capacity for
regression and that a mild genetic vulnerability in a regres-
sion pathway leads to onset of structural impairments in
previously formed dendrites across adolescence. This sug-
gests that targeting specific regression pathways could
potentially lead to new therapeutics for schizophrenia.
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One of the driving physiological requirements for dendritic
morphogenesis is the flexibility for adjustment in development
and in response to experience (16). Initial rapid growth estab-
lishes a nearly full-sized dendritic arbor prior to adolescence
(17). While dendrites retain the physiological flexibility to
undergo modest changes in branch points or angles to refine
circuitry, the overall net arbor size remains relatively constant
across adolescence and into adulthood due to a homeostatic
balance between growth and retraction pathways (17, 18).

Although rapid dendritic growth is complete prior to adoles-
cence, this developmental epoch is a particularly active period
of structural changes in the brain, leading to loss of cortical
gray matter volume (19-22). In SZ, this reduction in gray mat-
ter volume is accelerated (23, 24), coincident with the onset of
clinical symptoms (25, 26). The predominant component of cor-
tical gray matter is neuropil, which comprises dendrites and
axonal processes (27). It is possible that accelerated gray matter
reductions during adolescence in SZ may be, in part, due to
regression of dendritic architecture beginning during that time.
It stands to reason, then, that a genetic susceptibility in a path-
way involved in dendritic morphogenesis may be further exacer-
bated during the adolescent transition and lead to the onset of
clinical symptoms of SZ.

Among the genes found to influence dendritic morphogene-
sis (16, 28) is Kalrn. Of the multiple isoforms generated from
the Kalrn gene through alternative splicing, the longer isoforms
(KAL9 and KAL12) possess two guanine nucleotide exchange
factor (GEF) domains, the second of which activates the
GTPase RhoA. A missense mutation (rs143835330) coding for
a proline to threonine amino acid change in the Kalrn gene
(Kalrn-PT) was first identified in a resequencing analysis in
individuals with SZ (29). The P—T change in Kalrn-PT is adja-
cent to the RhoA GEF domain in the KAL9 and KALI12 iso-
forms (29) and was shown to act as a modest gain of function
for RhoA activity in a heterologous overexpression system (30).
The activity of the first GEF domain, which activates Racl, was
shown to be unaltered by the Kalrn-PT mutation (30).

Importantly, RhoA regulation of dendritic morphogenesis
requires molecular precision. Although constitutively active
RhoA reduces dendritic morphogenesis in rodent PCs (31, 32),
expression of dominant negative (DN) RhoA fails to affect den-
dritic outgrowth (33). Thus, targeting specific pathways upstream
of RhoA activation is necessary to rescue structural impairments.
For example, p75 is a neurotrophin receptor which directly binds
to Nogo receptor (NGR) and, in response to ligand binding,
subsequently activates RhoA (34, 35). In cerebellar granule neu-
rons, the KAL9 isoform of the Kalrn gene has been shown to
directly bind to p75 and provide the GEF domain required for
RhoA activation (34). The NGR1/p75/KAL9 pathway is known
to restrict neurite outgrowth (34). Specifically disrupting NGR1-
mediated signaling via Nogo neutralizing antibodies promotes
neurite outgrowth and extension in vitro (34, 36), and in vivo
knockdown of neuronal-specific Nogo-A leads to increases in
both branching and total length in Layer 2/Layer 3 (L2/3) den-
drites (37). Interestingly, increased levels of Nogo messenger
RNA as well as elevated levels of KAL9 protein have been
described in SZ (38, 39), suggesting enhanced activity of this
pathway may contribute to the impairments in dendritic mor-
phogenesis in disease. Although to date Nogo is the most well
studied, numerous myelin-associated inhibitors (MAIs) have
been identified as additional NGR1 ligands and similarly serve
to limit neurite outgrowth (40). Interestingly, a highly potent
MALI, oligodendrocyte-myelin glycoprotein (OMGp), increases
in expression across adolescence (41).

Thus, we hypothesized that Kalrn-PT would act as a RhoA
gain of function in neurons and lead to adolescent-onset reduc-
tions in dendritic length and complexity.
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Results

KAL9-PT Augments RhoA Activity in Neurons at Baseline and
Following Exposure to the NGR1 Ligand OMGp. Previous work
from our laboratory demonstrated that expression of Kalrn-PT
on the KAL9 background (KAL9-PT) increased RhoA activity
compared to KAL9-WT in an in vitro heterologous overexpres-
sion system (30). However, primary neuronal culture is superior
in that it captures features of normal neuronal development
and endogenous kalirin expression, features lacking in heterol-
ogous systems. Thus, we derived cortical neuronal cultures
from E18 rats and overexpressed either KAL9-wildtype (WT)
or KAL9-PT at equivalent levels (P = 0.26 between genotypes,
SI Appendix, Fig. S1). At the time of transfection with the
Kalirin-containing plasmids, neurons were also transfected with
a fluorescence resonance energy transfer (FRET)-based geneti-
cally encoded RhoA sensor (RhoA2G) (42). As previously
described (43), regions of interest (ROIs; 5- to 10-pm boxes)
were defined along the dendritic shaft and soma, affording the
ability to determine RhoA activation with subcellular localiza-
tion. Baseline RhoA activity was recorded over 5 min and an
average value for each ROI calculated. To determine if RhoA
is activated downstream of OMGp, following this 5-min base-
line imaging, neurons were exposed to OMGp peptide (1ng/pL;
R&D Systems), after which neurons were continually imaged
for a subsequent 15 min.

Representative neurons indicated (white hatched boxes) are
shown in Fig. 1 4 and D, with activity represented as a heat
map. While overexpression of KAL9-WT showed no increase in
baseline RhoA activity in dendrites compared to controls,
KAL9-PT increased RhoA activity relative to KAL9-WT or con-
trols (Fig. 1C), with differences observed in midproximal ROIs
along the dendritic shaft (Fig. 1B).

In experiments where neurons were exposed to OMGp (Fig.
1 D-F), we observed a significant increase in RhoA activation
in proximal dendritic ROIs over baseline in all groups, as illus-
trated by a time course tracking the 1-min mean AF/F RhoA
activity (Fig. 1E) or a summary graph of the 1-min maximum
AF/F RhoA activity of neurons under indicated conditions
(Fig. 1F). Furthermore, neurons expressing KAL9-PT showed
an enhanced response to OMGp relative to KAL9-WT (Fig.
1D). Note, no signiﬁcant change in soma area (GFP only =
190.91 + 9.89 um?; KAL9-WT = 201.67 + 13.68 pm* KAL9-PT
=205.89 + 9.96 pm?%; P = 0.63) or soma perimeter (GFP only =
5215 + 1.2 pm; KAL9-WT = 54.43 + 2.25 pm; KAL9-PT =
53.42 + 1.16 pm; P= 0.62) was observed in neurons expressing
either Kal9 construct (n = 10 neurons).

OMGp Signaling in Pyramidal Neurons Limits Dendritic Arborization
via an NGR1- and KAL9-Dependent Pathway. In cerebellar granule
neurons, KAL9 mediates GEF activation of RhoA downstream
of NGR/p75 signaling (34). This serves to limit early neurite
outgrowth. We hypothesized that in excitatory pyramidal neu-
rons, KAL9 might also regulate RhoA signaling downstream of
NGR1 signaling via this same pathway. We further hypothe-
sized that in pyramidal neurons, this pathway may act on den-
dritic arbors. To test this, we first utilized hippocampal slice
culture, as the role of NGR1 in reducing dendritic arbor size
has been well characterized in this system (44). We overex-
pressed NGR1 in CAl PCs and observed decreased dendritic
length and complexity compared to GFP-only control, as previ-
ously described. Concomitant transfection with a previously val-
idated short-hairpin RNA directed at KAL9 (34) (see also SI
Appendix, Fig. S2 for evidence of effective knockdown) rescued
this phenotype, suggesting that KAL9 is required for NGR1
signaling to restrict dendritic growth (Fig. 2).

NGR1 is known to signal through multiple pathways, thus
we conducted a second series of experiments to further define
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Fig. 1. KAL-PT confers gain of function for RhoA activity in primary neurons. (A) Representative images of RhoA sensor activity as measured by FRET
imaging in neurons control, KAL9-WT, and KAL9-PT transfected with indicated Kal9 plasmids neurons (transfected at DIV8, imaged at DIV14 to 18). ROIs
are indicated by dashed white boxes, with 1 ROI within the soma and 2 to 10 defined along the dendritic shaft. Activity is represented as a heat map,
with warmer colors indicating increased activity. (B) KAL9-PT shows increased RhoA sensor activity in proximal dendritic shaft ROIs (*P < 0.05 versus KAL-
WT). n = 11 to 15 neurons per condition. (C) The average RhoA activity across proximal ROIs (1-5)/neuron shows a significant increase in RhoA activity in
KAL-PT compared to control and KAL-WT. n = 13 to 15 neurons per condition. Data shown are + SEM*P < 0.04. (D) Representative images of RhoA sensor
activity as measured by FRET imaging in neurons expressing indicated Kal9 plasmids at baseline (Top) and in response to OMGp exposure (Bottom) at indi-
cated timepoints. (E) Graph of the average AF/F RhoA activity (F = 0 to 5 min average of all ROIs) of indicated ROls/conditions from representative images
(D, Top) over indicated time course following OMGp addition (1 ng/pL, indicated by light blue shading). (F) The 1-min max AF/F RhoA activity for all ROIs
of indicated conditions following OMGp addition. n = 15 to 28 neurons per condition (four to six proximal shaft ROIs per neuron). Data shown are + SEM
***P < 0.0001, *P < 0.03. (Scale bar, 10 um.)
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Fig. 2.
or shKAL9. (B) Sholl analysis of total intersections shows a decrease in dendritic complexity with NGR1 overexpression (*P = 0.03) that is rescued by con-
comitant transfection with shKAL9. (C) Sholl analysis of total length shows a decrease in dendritic length with NGR1 overexpression (*P = 0.01) that is res-
cued by concomitant transfection with shKAL9. n = 20 to 24 neurons per condition from three independent experiments. Data shown are + SEM.
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the role of KAL9 in mediating NGR1-dependent effects on
dendritic architecture. To do this, we used the MAI, OMGp,
which has previously been shown to act through NGRI1 to
inhibit early neurite outgrowth (45). However, OMGp has been
observed to be abundantly expressed by adult central nervous
system neurons where its role remains unknown (46). Thus, we
hypothesized that OMGp would signal through the NGR1 and
require KAL9 to restrict dendritic arborization in pyramidal
neurons (Fig. 34). Treatment of dissociated cortical neurons
(48-h treatment from day-in-vitro (DIV)12 to 14) with OMGp
(200 ng) leads to reductions in both length (P < 0.0001) and
complexity (P < 0.0001) of dendritic arbors (Fig. 3 B and C),
suggesting a potential role for this protein in regulating den-
dritic architecture. We next genetically ablated NGR1 (87
Appendix, Fig. S2) using a previously validated shRNA con-
struct (44) and found that knockdown of NGR1 expression mit-
igates the effect of OMGp on dendritic architecture (Fig. 3 D
and E). This suggests OMGp functions via the NGR1 signaling
pathway to inhibit dendrite growth. Finally, we genetically
ablated KAL9 expression (SI Appendix, Fig. S2) through use of
a validated shKAL9 construct (34) and also observed OMGp
failed to produce a significant effect on dendritic architecture
in the absence of KAL9 (Fig. 3 F and G). Pharmacologic inhibi-
tion of RhoA with the commercially available RhoA inhibitor
CT04 prevents the OMGp-induced phenotype, suggesting that
RhoA activation is a necessary downstream mechanism (S/
Appendix, Fig. S4). Taken together, these findings demonstrate
OMGp can restrict dendritic length and complexity in cortical
neurons, and this effect requires both NGR1 and KAL9 and
involves downstream RhoA activation.

Given the increased RhoA activity downstream of KAL9-PT,
we next sought to determine if the effect of OMGp signaling on
dendrites via NGR1/p75/KAL9 was enhanced by KAL9-PT
compared to wild type. To test this, we transfected dissociated
cortical cultures with either KAL9-WT or KAL9-PT on DIVS,
then stimulated with either phosphate buffered saline alone or
200 ng OMGp for 48 h on DIV12 to 14. Neurons were fixed,
and dendritic arbors were reconstructed. As Fig. 3 shows,
OMGp significantly decreased both length and complexity of
dendritic arbors in both KAL9 genotypes. This effect was more
pronounced in the KAL9-PT neurons versus KALO-WT [P =
0.012 between KAL9-WT (+) OMGp and KAL9-PT (+)
OMGp for dendritic length; P = 0.01 between KAL9-WT (+)
OMGp and KAL9-PT (+) OMGp for dendritic intersections],
suggesting KAL9-PT enhances NGR1-RhoA signaling resulting
in more pronounced dendritic growth deficits (reference SI
Appendix, Fig. S3 for representative images across conditions).

Kalrn-PT Mice as a Model of the P—T Missense Mutation. To deter-
mine the impact of the Kalrn-PT mutation in vivo and preserve
the physiologic stoichiometry of kalirin, we introduced the mis-
sense mutation at the endogenous locus of the C57BL/6J
mouse strain using CRISPR/Cas9 gene editing technology. We
designed a custom targeted single guide RNA (sgRNA94) and
a repair oligonucleotide containing the C—A missense muta-
tion constituting Kalrm-PT (SI Appendix, Table S1 and
Supplemental Methods). In addition to the missense mutation, a
silent mutation located in the third base pair of the codon har-
boring the missense mutation was introduced (C—T). This
silent mutation produced a unique restriction site for Hinfl.
Thus, restriction digest could be used for rapid and reliable
genotyping assays once the line was established.

A founder male mouse who was homozygous for the Kalrn-
PT mutation was chosen for line establishment (SI Appendix,
Fig S5). Confirmatory Sanger sequencing was performed to ver-
ify presence of both the missense and silent mutations in the
correct region. To confirm absence of any unintended off-target
effects, we used prediction software to generate 18 sites with
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high homology to our guide sequence. Our founder mouse was
confirmed to be free of off-target effects at all sites tested by
both PCR and Sanger sequencing (SI Appendix, Table S2 and
Supplemental Methods). To establish the Kalrn-PT line, we bred
our founder mouse with a purchased wild-type female of the
C57BL/6J strain. Although the founder mouse was confirmed
to be homozygous for the Kalrn-PT mutation, this was assessed
only in peripheral cells derived from a tail snip sample and did
not account for any mosaicism that exists in the gametes.
Knock-in mice are known to possess mosaicism (47), thus we
monitored the rate of mutation transmission in the F1 genera-
tion as well as performed Sanger sequencing to confirm geno-
types in all F1 generation derived from the founder mouse. It
was determined that our founder mouse was transmitting the
Kalrn-PT mutation with ~50% efficiency, and all F1 offspring
retained for the line were confirmed to have only the missense
and silent mutations at the desired locus. Subsequent genera-
tions were determined to be transmitting the mutation at
expected Mendelian ratios.

We next evaluated whether the Kalrn-PT mutation was asso-
ciated with altered levels of Kalrn mRNA and protein. Kalirin
isoform expression is known to be developmentally dependent,
with isoforms 9 and 12 being the predominate isoforms for the
first 2 wk of age before kalirin-7 expression increases and
becomes the dominant isoform (48, 49). Our assays were per-
formed on postnatal day 28 to 35 animals, an age at which
Kalirin-7 would be expected to be the most abundant isoform.
We performed quantitative real-time PCR using primers spe-
cific for the three most abundant kalirin isoforms, specifically
Kalirin-7,-9, and-12. There was no influence of genotype on the
expression levels of any of the major Kalirin isoforms. Given
recent data that demonstrate an increased frequency of exon
skipping in Kalirin (exon 36) associated with SZ (50), we also
examined if there was any impact of the Kalrn-PT mutation on
increased frequency of this naturally occurring splice variant.
There was no change in the relative expression of this variant as
a result of genotype. Importantly, there was no change in tran-
script expression levels of the affected isoforms (i.e., Kalirin-9
and -12), and there was no compensatory change in expression
levels of Kalirin-7. We further confirmed endogenous levels by
evaluating the protein expression by Western blot. Again, there
was no change in levels of any of the major Kalirin isoforms as a
result of genotype (SI Appendix, Fig S5).

Dendritic Morphogenesis Is Impaired in Kalrn-PT Mice In Vivo.
Abnormalities in sensory processing (5) as well as reductions in
PC somal size (51), spine density (52), and neuropil (53) have
all been described in SZ. These functional and structural defi-
cits implicate impairments in layer 3 of primary auditory cortex
(A1) (8). Thus, we initially chose to focus on layer 3 PCs in Al
to test the effects of Kalrn-PT on dendritic morphology (S
Appendix, Fig. S6). We generated a cohort of 12-wk + 3 d mice
and used Golgi—Cox staining to detail neuronal structure. A
total of five animals/genotype/sex were included, and vaginal
cytology on female animals was collected at time of killing.
Based on pilot studies, the variabilities across neurons from the
same layer and region within animal were found to be quite
small. We thus chose six neurons per animal for imaging and
reconstruction. While our sample size was underpowered to
detect primary effects of sex, our groups were balanced for sex
across genotypes, ensuring that we did not introduce systematic
bias. We did nonetheless test the effect of sex in our small sam-
ple size to ensure that there was no significant effect of sex on
any of the dendritic measures in our cohort (SI Appendix, Table
S3), and thus the groups were combined to provide a total of
10 wild-type and 10 Kalrn-PT homozygous animals. Using Sholl
analysis, we found significant reductions in dendritic length and
complexity across both the apical (Fig. 4 C and D) and basilar
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Fig. 3. Dendritic growth restriction by OMGp requires both NGR1 and KAL9. (A) Schematic of the OMGp-NGR1/p75/KAL9 pathway that impedes dendritic
arborization. (B) OMGp (200 ng, 48h) treatment of DIV12 to 14 cortical neurons reduces total dendritic length (C) and complexity. (D) Genetic ablation of
NGR1 expression mitigates the effect of OMGp treatment on dendritic length (E) and complexity in cortical neurons. (F) Genetic ablation of KAL9 expres-
sion mitigates the effect of OMGp treatment on dendritic length (G) and complexity in cortical neurons. Overexpression of KAL9-PT shows further reduc-
tions in dendritic (H) length and (/) complexity in response to OMGp treatment compared to overexpression of KAL9-WT. n = 26 to 30 total neurons per
condition from three independent experiments; data were averaged within experiment and experiment used as biological replicate. Data shown are +
SEM ***P < 0.0001, **P < 0.01, *P < 0.05.
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(Fig. 4 E and F) arbors (P = 0.0002 and P < 0.0001, respectively).
Representative reconstructions are shown in Fig. 4 A and B.
In contrast to layer 3 PCs, those found in layer 5 have not
been consistently shown to be impaired in postmortem stud-
ies of SZ (10). Using the same approach as described above,
we found that there was no significant difference in dendritic
length or complexity in layer 5 PCs between genotypes (S/
Appendix, Fig. S7).

In addition to reductions in dendritic length and complexity
in L3 PCs in SZ, human postmortem studies consistently dem-
onstrate reduced L3 dendritic spine number and spine density
per unit of tissue in Al in SZ (9, 54). To determine if dendritic
spine density was also altered in Kalrn-PT mice, we used the
Golgi material generated from our 12-wk cohort described
above. We added an additional animal per genotype in order to
balance estrus phase across female animals (two animals/phase/
genotype from three phases: estrus, metestrus, proestrus; S/
Appendix, Table S34). Balancing estrus phase across groups
ensured we did not introduce any systematic bias, and previous
work in rodent cortex has shown that steady-state cortical spine
density does not differ across estrus phase (55). Nonetheless,
we did evaluate estrus phase as a potential covariate despite
our small sample size and found no significant effect (S
Appendix, Table S3B), consistent with the literature. Fig. 5 A
and B shows a representative image of a PC containing a sec-
ondary apical dendrite along which spines were manually
counted, along with representative images from Kalrn-WT
(Top) and Kalrm-PT (Bottom) mice. Quantitative data are
shown in Fig. 5C, demonstrating no mean difference in spine
density per unit dendrite length across genotypes (P = 0.73).
However, spine number and spine density per unit of tissue are
a function of both total dendritic length and spine density per
unit length. Previous work has shown that colocalization of spi-
nophilin and phalloidin can be used to identify dendritic spines
(9, 56-59). As shown in Fig. 5 D and E, we found a reduction
in tissue density of immunoreactive puncta dual labeled for spi-
nophilin and phalloidin in Kalrn-PT mice compared to Kalrn-
WT (P = 0.05). Furthermore, given the reductions in dendritic
length and complexity, we also tested if total gray matter vol-
ume reductions were present. Volume measurements per-
formed on the neocortex of a small cohort of 12-wk-old mice
showed a 4% reduction in gray matter volume, though this did
not achieve statistical significance (P = 0.24, SI Appendix, Fig. S8).

Kalrn-PT Mice Exhibit Increased Gap Duration Threshold. To test if
the structural deficits observed in auditory cortex L3 PCs were
associated with functional impairments, we sought to test cortical
auditory function in a 12-wk cohort of wild-type and Kalm-PT
mice. We used the acoustic startle response paradigm in which the
extent of response inhibition by a prepulse (prepulse inhibition,
PPI) is quantified. When the prepulse is a noise at a lower sound-
level pressure than the startle-eliciting noise (noise-PPI), PPI is
dependent upon subcortical auditory processing (60). Conversely,
detection of silent gaps embedded in noise has been shown to
require the primary auditory cortex (61, 62). If the animal detects
the gap, the startle response is inhibited. Thus, use of a modified
PPI paradigm in which the prepulse is a silent gap (Gap-PPI) can
be used to assess the integrity of the auditory cortex.

We generated a cohort of male and female mice, aged 12 wk
(n = 11 Kalrn-WT, n = 12 Kalrn-PT), and tested them for base-
line acoustic startle response, noise-PPI, and Gap-PPI (S7
Appendix, Fig S9). We established that there is no significant
difference in baseline acoustic startle response between geno-
types (Kalrm-WT = 0.435 + 0.049N, Kalrn-PT = 0.339 + 0.
041N, P = 0.15). Noise-PPI is similarly equivalent between gen-
otypes, suggesting that subcortical auditory processing is unaf-
fected by the Kalrn-PT mutation. To assess cortical auditory
processing, we examined thresholds for Gap-PPI, defined as
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the shortest gap durations to elicit significant PPI. The thresh-
old for Gap-PPI increased from 4 ms in Kalrn-WT mice to 20
ms in the Kalrn-PT mice (SI Appendix, Fig S9, thresholds indi-
cated by arrows). Taken together, these results suggest that,
compared with Kalrn-WT mice, the Kalrn-PT mice exhibit
decreased detection of gap in noise at shorter gap durations.

Kalrn-PT Exerts Effects across Development. Despite onset of
clinical symptoms being delayed until late adolescence/early adult-
hood, SZ is considered a neurodevelopmental disease. The neuro-
developmental hypothesis of SZ has received support from recent
research that implicates shared genetic risk with other syndromes
typically considered “neurodevelopmental disorders” with child-
hood onset (autism spectrum disorder, intellectual disability), and
the high degree of comorbidity suggests an underlying pathology
for SZ that targets early brain development (63). Dendritic arbori-
zation is known to occur early in development, with arbors reach-
ing near adult size by P21 in mice, and subsequent changes acting
primarily to refine circuitry (64, 65). Thus, to determine if the
dendritic impairment observed in the 12-wk cohort arose early in
development, we generated a cohort of 4-wk + 3 d mice. Six neu-
rons/animal were imaged and manually reconstructed in Neuro-
Lucida, and a total of five animals/sex/genotype were included (S
Appendix, Fig S11). Similar to the 12-wk cohort, there was no
effect of sex on any of the dendritic measures, and thus the sexes
were combined to provide 10 animals/genotype in the final anal-
yses. We analyzed the age effect within genotypes and found a
significant genotype*age interaction for both length and intersec-
tions. Specifically, basilar dendritic length (Fig. 6C) and com-
plexity (Fig. 64) remained stable across development within
Kalrn-WT mice. Conversely, there is a regression in basilar arbor
length (Fig. 6C) and complexity (Fig. 64) within Kalrn-PT mice
across development. In contrast, apical arbors exhibit modest
continued growth across adolescent development (Fig. 6 B and
D), consistent with previous reports of L3 PCs across adoles-
cence in rodents (26). In Kalrn-PT mice, however, the arbors
remain static in length and complexity across adolescence (Fig. 6
B and D). Sholl analyses for each parameter measured within
genotype across ages are shown in SI Appendix, Fig. S10.

Discussion

We hypothesized that the Kalrn-PT mutation expressed in
KAL9 (KAL9-PT) would increase baseline RhoA activity in
neurons, specifically within the subcellular distribution consis-
tent with the protein’s normal expression. We further hypothe-
sized that this activity would be downstream of NGR1 signaling
and have functional effects on dendritic morphology. Using
genetically encoded RhoA sensors, we find increased RhoA
activity, both baseline and in response to OMGp stimulation, in
the proximal dendritic shaft in cortical neurons overexpressing
KALO9-PT. We further found that genetic knockdown of KAL9
mitigates the structural impairment seen in dendrites due to
NGR1 overexpression. We demonstrated that OMGp acts via
NGRI in PCs to restrict dendritic length and complexity, an
effect which requires KAL9 and is enhanced by KAL9-PT.
OMGp stimulation increases RhoA activation in the dendrite,
and inhibition of RhoA activation blocks the effect of OMGp
stimulation on dendritic architecture. In a genetic mouse model
of the Kalrn-PT mutation, we found impairments in dendritic
morphology of L3 pyramidal neurons in auditory cortex that
resulted from dendritic arbor regression across adolescence.
These dendritic structural impairments occur in the absence of
changes in spine density per unit of dendrite length, while nota-
bly inducing a modest reduction in tissue density of presump-
tive spines as measured by spinophilin/phalloidin dual-reactive
puncta. Finally, we show that early adult Kalrn-PT mice demon-
strate an impaired auditory gap detection threshold.
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Fig. 4. Kalrn-PT leads to reductions in den-
dritic architecture at 12 wk. Dendritic
reconstructions from Golgi-stained PCs in
A1 of 12-wk-old (A) Kalrn-WT and (B)
Kalrn-PT mice demonstrate reduced den-
dritic complexity and length in (C and D)
apical arbors as well as (E and F) basilar
arbors. (n = 10 mice per genotype, 6 neu-
rons per animal.) Results shown are from
repeated-measures ANOVA with main
effect of genotype. P values for each analy-
sis are indicated within the corresponding
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KAL9 as a Spatially Restricted RhoGEF. Kalrn belongs to a con-
served family of proteins that possess GEF domains. The KAL9
isoform, a dual GEF containing two active domains, is largely
excluded from dendritic spines (30), instead localizing primarily
to the dendritic shaft. This distinct subcellular localization sug-
gests it tightly regulates RhoA activity within a specific microdo-
main within the neuron. KAL9 likely exerts its effects primarily
through cytoskeletal rearrangements within the dendrites. Our
findings in neurons support the notion that KAL9 regulates
RhoA activity in dendrites, as we see increased baseline RhoA
activity in the proximal shaft, but not soma, of neurons overex-
pressing KAL9-PT. While OMGp stimulation increases RhoA
activation above baseline across all conditions, we see a signifi-
cantly increased response in RhoA activation following OMGp
stimulation in neurons overexpressing KAL9-PT compared to
either control or KAL9-WT alone. Importantly, we do not see a
significant difference in RhoA activation downstream of OMGp
between KAL9-WT overexpression compared to control, suggest-
ing that the stoichiometry is likely limited by NGR1 availability
and the enhancement in RhoA activation seen with KAL9-PT
results from increased GEF activity per molecule of KALS9.

The role of RhoA activation in dendritic biology is complex.
Although constitutively active RhoA reduces dendritic morpho-
genesis in rodent PCs (31, 32), expression of DN RhoA fails to
affect dendritic outgrowth during development (33). These finding
suggest RhoA activity may be significantly restricted during den-
dritic development, and modulation of specific effectors is
required to block its activity. Previous work in cerebellar granule
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neurons identified KAL9 as a critical component of the NGR1/
p75 signaling pathway, with KAL9 being responsible for activation
of RhoA in neurites (34). However, given NGR1’s numerous sig-
naling mediators in different cell types in the brain (37), we
sought to determine if KAL9 regulated NGR1 specifically in pyra-
midal neurons. To test this, we performed a series of experiments
involving both overexpression as well as genetic knockdown
approaches. The effect of NGR1 overexpression on dendritic
morphology in CAl hippocampal pyramidal neurons has been
extensively characterized (44), allowing us to utilize this system to
test if KAL9 is necessary to mediate NGR1’s effects. We show
that KAL9 is necessary for the effect of NGR1 overexpression on
dendritic architecture in CAl pyramidal neurons, as genetic
knockdown of KAL9 rescues the structural impairments induced
by NGRI1 overexpression. Next, we demonstrate that the MAI
OMGp acts as a ligand for NGR1 to restrict dendritic length and
complexity. OMGp’s inhibition of dendritic growth is reversed by
genetic ablation of KAL9, suggesting KAL9 is required for
OMGp’s effects on dendritic architecture. Interestingly, KAL9-PT
enhances OMGp’s inhibition of dendritic growth. While KAL9
likely signals through numerous pathways (66), it is unlikely that
an orthogonal pathway or an off-target effect of the sSiIRNA used
is responsible for these findings as genetic ablation of KAL9 alone
does not cause a significant change in dendritic architecture com-
pared to control. Taken together with our findings of increased
RhoA activation downstream of OMGp stimulation, this suggests
that KAL9-PT enhances OMGp’s effect on dendrites through an
RhoA-dependent mechanism.
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Dual GEFs and Neuropsychiatric Disease. Rho GTPases have
emerged as key regulators of dendritic morphogenesis and, not
surprisingly, are increasingly found to be associated with neuro-
psychiatric diseases whose pathology includes abnormal den-
dritic architecture. For example, a large proportion of genes
implicated in intellectual disability encode small GTPases (67,
68). More recent evidence further suggests that disruptions in
regulators of small GTPase activity, namely dual GEFs, are
associated with human neurodevelopmental diseases. A hotspot
of de novo mutations in Trio, a dual-GEF paralog of KAL9, was
recently described in autism spectrum disorder (69). An exome-
wide significant enrichment in Trio loss-of-function mutations
has also more recently been described in SZ (https://schema.
broadinstitute.org/gene/ENSG00000038382). KALRN itself has
been implicated in multiple neuropsychiatric diseases, perhaps
most notably SZ (70). The KALRN-PT mutation was initially
discovered in a resequencing analysis of a SZ cohort, conferring
an OR > 2 (29). More recently published evidence found a
transcriptome-wide increase in exon skipping in KALRN tran-
scripts in SZ (50). The exon skipped at a greater rate in SZ was
exon 36, present only in the dual-GEF isoforms, KAL9 and
KALI12. The increasing body of evidence implicating dual GEFs
in human neurodevelopmental disease, in particular SZ, under-
scores the potential importance of tightly regulating small
GTPase activity with precise spatial and temporal resolution.

Dendrites in Disease and Development. A consistent feature
across the above mentioned neurodevelopmental disorders
(see Dual GEFs and Neuropsychiatric Disease), most notably
SZ, is impaired dendritic architecture. Specifically, reductions
in both dendritic spine number and density as well as den-
dritic length are among the most reproducible findings in
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Fig. 5. Kalrn-PT does not reduce dendritic
spine density per unit length of dendrite
compared to Kalrn-WT. (A) Representative
Golgi image of a PC imaged for spine den-
sity analysis. Red arrowheads indicate des-
ignated length along primary apical den-
drite wherein any secondary arising within
that area was included for density analysis.
(B) Representative images of dendritic seg-
ments on which spines were counted
(Kalrn-WT image shows 0.49 spines/um,
Kalrn-PT image shows 0.51 spines/um). (C)
No change in spine density was observed as
a result of genotype (Kalrn-WT average
0.49 spines/um, Kalrn-PT average 0.52
spines/um; P = 0.73; n = 10 animals/geno-
type). (D) Colocalization of phalloidin-
labeled (red) and spinophilin-immunoreac-
tive (green) puncta in layer 3 of A1 from
Kalrn-WT and Kalrn-PT mice (n = 10 ani-
mals per genotype). In total, 10 sites per
animal were imaged. Representative
images for each genotype are shown. (E)
Data shown are number of dual-reactive
L puncta/um?® of tissue for each animal. There
is a decrease in dual-labeled puncta in the
Kalrn-PT mice compared to WT (*P = 0.05).
All data shown are + SEM.
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postmortem studies of SZ (10). Since dendrites are a principal
component of cortical gray matter, it is possible that their
reduction in SZ is a contributing factor to the observed reduc-
tions in gray matter volumes in disease. Importantly, baseline
gray matter volumes are not reduced in clinical high-risk
groups between those that will later go on to develop SZ and
those that will remit (71-73). Instead, the reductions emerge
during adolescence and young adulthood concurrent with the
transition to symptomatic illness.

Thus, understanding molecular mechanisms leading to impair-
ments of dendritic growth, development, and maintenance in
SZ requires developmental context. While overexpression and
knockdown models are powerful tools in allowing us to under-
stand the basic biology of molecules with respect to active
domains, signaling pathways, etc., they fail to recapitulate nor-
mal developmental patterning and physiologic levels of
expression. CRISPR/Cas9 affords the ability to selectively edit
the genome with high precision, including inserting single
base pair mutations at a specific locus (74, 75). Thus, we
employed this modality to generate a mouse line containing
the Kalrn-PT missense mutation at the endogenous locus to
better study the effects of modest gain-of-function RhoA
activity in Kalrn across development.

In mice, the final form of the dendritic tree is largely estab-
lished by the first 2 wk of postnatal life, well prior to adoles-
cence (17). Afterward, large-scale structures are remarkably
stable, although small degrees of growth have been observed in
L2/3 pyramidal neurons using long-term imaging approaches
(18). Results from genetic knockdown studies in vivo suggest
that mature cortical neurons retain the ability for growth but
typically remain stable in size due to competing inhibitory path-
ways (17). Our data support this notion, as we show that apical
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dendrites are capable of continued growth across adolescence
in WT mice, albeit only a modest increase.

Our data from the Kalrn-PT mice suggest that emergence of
a structural phenotype results not from failure of normal den-
dritic growth early in development but, rather, regression of the
existing dendrites during adolescence. Specifically, the dendritic
arbors in the Kalrn-PT mice appear to reach a normal final
form in preadolescence, indicating that they undergo the rapid
growth phase early in development without interference. How-
ever, structural deficits emerge across adolescence and are evi-
dent by early adulthood, suggesting a pathological disruption of
normal developmental processes. Our data show that apical
arbors fail to achieve modest continued growth across adoles-
cence. Since they achieve a normal preadolescent form, it is
unlikely that this failure to grow is a deficit in a growth pathway
but, rather, is more likely attributable to increased activity in a
regression pathway. This is supported by our observation that
the basilar arbors regress across adolescence in Kalrn-PT mice
whereas wild-type basilar arbors remain stable, again suggesting
that Kalrm-PT confers a pathological increase in dendritic
regression emergent across adolescence.

Previous data suggest a role for MAIs in regulating cytoskel-
etal dynamics and neurite length (45, 76-78). Thus, an impor-
tant consideration is whether the adolescent onset of dendritic
regression seen in our Kalrn-PT mice reflects enhanced OMGp
signaling as seen in our in vitro studies. OMGp is expressed
both on the membranes of oligodendrocytes as well as by
mature neurons (40, 46). In mice, OMGp increases from PO
onwards, reaching maximum levels in adulthood (40). This
developmental patterning of expression poises OMGp to play a
key role across adolescence and into adulthood, likely function-
ing in normal dendritic growth restriction and stabilization. The
synergistic interaction of increasing expression of OMGp across
normal adolescence with a genetic vulnerability (in this case,
Kalrn-PT) that enhances RhoA signaling downstream of NGR1
would then result in dendritic regression emerging by early
adulthood.

Dendrites, Auditory Processing Integrity, and SZ. Dendritic length
and branching determine a PCs receptive field (11, 12), help to
segment computational compartments (13), and contribute
substantially to how the received signals are integrated and
transmitted to the cell body (14, 15). Dendrites in early adult
Kalrn-PT animals demonstrate less length and complexity than
their wild-type counterparts. To determine any effect on spines
as a result of this pathology, we measured dendritic spine
density per unit length of dendrite as well as a measure of pre-
sumptive spine objects using identification of dual-reactive spi-
nophilin/phalloidin puncta, a measure previously shown to
overlap with dendritic spines in vivo (59). Notably, this pathol-
ogy results only in reduced dendritic spine tissue density due to
the dendritic arbor changes themselves, as there was no accom-
panying change in spine density per unit length of dendrite.
Postmortem findings in SZ similarly show a reduction in den-
dritic length and in dendritic spine tissue density (10). Den-
dritic spines receive the majority of glutamatergic synapses in
the cortex. In the auditory cortex, most of the spines receive
narrowly tuned frequency inputs and, as such, serve to spatially
and biochemically segregate frequency tuning (79). The
reduced numbers of spines would therefore be hypothesized to
impair frequency discrimination and processing of auditory
information, ultimately producing the auditory sensory process-
ing impairments seen in SZ (5).

One of the most reproducible electroencephalogram findings
in SZ is decreased amplitude of the mismatch negativity
response and change in sound properties, such as silent gaps in
noise (6, 80). Gap detection, which in rodents can be indirectly
assessed via the inhibition of the acoustic startle response when
a prepulse, consisting of a gap in a noise background, is
detected, requires integrity of the auditory cortex. In contrast,
noise-PPI reflects sensorimotor gating that relies on subcortical
circuitry and can still be elicited when the cortex is silenced or
lesioned (61, 62). We found that Kalrn-PT mice have reduced
inhibition specific to short gap duration (4 ms in Kalrn-WT ver-
sus 20 ms in Kalrn-PT), indicative of an impairment in gap
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across adolescence in Kalrn-WT and Kalrn-
PT mice. (A) Mean basilar intersections
across age groups demonstrate a significant
regression across adolescence in the Kalrn-
PT animals, with no change in Kalrn-WT
animals. (B) Mean apical intersections
across age groups shows a significant
increase in complexity in Kalrn-WT animals,
with no change in Kalrn-PT animals. (C)
Mean basilar length across age groups
shows a regression across adolescence in
Kalrn-PT, but not Kalrn-WT, animals. (D)
Mean apical length increases across adoles-
cence in Kalrn-WT animals, with no change
in Kalrn-PT animals. All datasets shown are
from the previously defined cohorts, n = 10
animals/genotype. Data are displayed =+
SEM. P values for individual arbor analyses
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detection threshold. The inability to detect short gap durations
suggests a very specific auditory information processing deficit.
These findings provide a useful model in which structural
impairments within auditory cortical neurons are associated
with a specific auditory cortical processing deficit rather than a
global impairment in sensorimotor gating.

Conceptualizing Genetic Vulnerabilities across Normative Development.
The data presented within show that Kalrn-PT induces adoles-
cent-onset dendritic regression via enhancement of NGR1 signal-
ing to RhoA. These findings contribute to the expanding under-
standing of how alterations in the dual GEFs Kalirn, and, its
paralog, Trio contribute to risk for SZ. Moreover, we provide a
model for how a mild genetic vulnerability may interact with the
normal developmental timeline such that pathology only emerges
in or after adolescence. This interplay between genetic suscepti-
bility and normal adolescent development, both of which possess
inherent interindividuality variability, may predict the heteroge-
neity seen in phenotypes in human neuropsychiatric disease.

Methods

CRISPR/Cas9.

CRISPR reagent production. A truncated sgRNA (81) targeting KALRN was
designed using CRISPR Design Tool (82). An sgRNA specific forward primer and a
common overlapping reverse PCR primer (S/ Appendix, Table S1) were used to
generate a T7 promoter containing sgRNA template as described (83). This DNA
template was transcribed in vitro using a MEGAshortscript Kit (Ambion). The
Cas9 mRNA was prepared using a MEGAshortscript kit (Ambion) as described
(84). Following synthesis, the sgRNAs and Cas9 mRNA were purified using the
MEGAclear Kit (Ambion), ethanol precipitated, and resuspended in DEPC-
treated water. A single-stranded 130 nucleotide DNA repair template (“repair
oligo,” reference SI Appendix, Table S1) harboring the knock-in sequence
(C—A) as well as a silent mutation (C—T) introducing a unique Hinf1 restriction
site was purchased as polyacrylamide gel electrophoresis purified Ultramer DNA
(Integrated DNA Technologies). Final codon change was from CCC (wild-type) to
ACT (knock-in). The oligo was complementary to the nontarget strand (85).
Knock-in mouse production. sgRNA (50 ng/pL), Cas9 mRNA (75 ng/uL), and
the repair oligo (100 ng/uL) were mixed and injected into the cytoplasm of
C57BL/6J one-cell mouse embryos as described (84).

Mouse genotype analysis. Mice were genotyped by PCR amplification (refer-
ence S/ Appendix, Table S1 for primer sequences, KALF2 and KALR2) followed
by restriction digestion with Hinf1 (FastDigest) to produce PCR amplicons that
were either 302 base pairs (bp) (wild-type) or 138 bp + 164 bp (knock-in).
Undigested PCR amplicons of founder and all F1 offspring were also analyzed
by Sanger sequencing.

Off-target analysis. The top 18 predicted off-target sites (S Appendix, Table
S2) using Cas9 Online Designer software (86) were analyzed by PCR amplifica-
tion followed by Sanger sequencing.

Golgi.
Tissue generation. Cohorts of mice were killed at age 12 wk + 3 d and 4 wk +
3 d. These ages correspond in general to young adulthood and preadolescence,
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respectively, in mice (87, 88). Age-matched cohorts that included males and
females of the two genotypes of interest (wild-type and homozygous Kalrn-
PT) were processed together throughout. Vaginal cytology was collected on all
early adult female mice at the time of killing. Mice were killed by lethal CO,
inhalation followed by decapitation. Golgi staining was performed using the
FD Rapid GolgiStain Kit (FD Neurotechnologies, Inc) according to manufac-
turer’s instructions.

For the analysis of spine density, we chose to focus on proximally arising

secondary apical dendrites for several reasons: 1) we found significant reduc-
tions in dendritic length and complexity in apical arbors, demonstrating that
Kalrn-PT is exerting effects on apical dendrites; and 2) the focus on secondary
apical dendrites allowed us to institute highly consistent criteria for selection.
The latter is particularly important given that spine density is known to vary
depending on distance from the soma.
Auditory cortex mapping. Animals were coded so that the experimenter
remained blind to genotype throughout. Using Slidebook 6.0 (Intelligent
Imaging Innovations) software, a 4x montage image of a Golgi-stained coro-
nal section was obtained and aligned with the corresponding Nissl plate con-
taining A1 (which spans ~2.18 to 3.64 mm posterior to Bregma and 4.5 mm
lateral to the midline) in the mouse brain atlas. An average of four sections
per animal contained A1. An outline of A1 was drawn at 4x magnification,
using the dorsal extent of the posterior commissure as an anatomical fiduciary
(S1 Appendix, Fig. S5). Within A1, deep layer 3 was defined as 30 to 50% of the
distance between the pial surface and white matter border (S/ Appendix, Fig.
S5), and sampling of PCs was performed as described below (see
Immunohistochemistry).

Immunohistochemistry. An additional cohort of mice aged 12 wk + 3 d was
generated. Mice were killed as above (see Golgi, Tissue Generation); the
brains were sagittally hemisectioned, and the left hemisphere was fixed in 4%
paraformaldehyde overnight at 4°C. Tissue was then transferred to 18%
sucrose solution for sectioning on a cryostat. The cerebellum was removed,
and the tissue block was mounted and cut rostral to caudal at 40-um thick sec-
tions. Every eighth section was pulled for Nissl staining. Nissl sections were
used for guidance to determine tissue sections that contained auditory cortex.
Detailed methods from our laboratory for auditory cortex mapping are found
in ref. 9. One section containing auditory cortex per animal was used for
immunohistochemistry (IHC).

In order to visualize dual-labeled immunoreactive puncta, we used two
markers in combination: a rabbit polyclonal antibody directed against spino-
philin (Millipore AB5669) at a dilution of 1:1,500. The second was the f-actin
binding mushroom toxin phalloidin (Invitrogen A12380) conjugated to Alexa
Fluor 568. Spinophilin is highly enriched in spine heads (56, 58). Phalloidin
binds f-actin, which is also highly enriched in dendritic spines (57).

Please see S/ Appendix for expanded Methods.

Data Availability. All study data are included in the article and/or supporting
information.
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