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Abstract
Intracellular signaling mechanisms translate extracellular signals, such as neuronal activity, into
effects on dendrite complexity. Deciphering these mechanisms has considerable impact on
understanding how the brain develops and what can go wrong in developmental disorders. How
neurons regulate intracellular signaling to control their dendrite morphology remains poorly
understood and is likely to be determined at the level of individual neuronal types. Calcium/
Calmodulin-dependent protein kinase IV (CaMKIV) is a signaling mechanism involved in the
regulation of gene expression and dendrite growth. Expression of CaMKIV is developmentally
regulated in the cerebral cortex, with highest expression occurring concomitant with the period of
extensive dendrite growth and elaboration. Interestingly, cortical neurons heterogeneously
expressed CaMKIV in postnatal rat cortices and cortical neurons in vitro. We tested if this
differential CaMKIV expression mediated distinct arborization patterns in the dendrites of
pyramidal and nonpyramidal neurons. In fact, CaMKIV mediated dendrite complexity via
regulation of specific morphological features of the dendrite arbor: branching and elongation, but
not primary dendrite formation. We found that siRNA knockdown of CaMKIV decreased basal
dendrite complexity indicating that endogenously expressed CaMKIV mediated dendrite
complexity. CaMKIV was also required for activity-induced dendrite elaboration. Active
CaMKIV expression in cortical neurons increased dendrite elaboration indicating that enzymatic
activity was involved. These data indicated neuronal CaMKIV expression was required for basal
and activity-induced dendrite complexity. Further, the data presented in this study indicates
CaMKIV contributes to the diversity of dendrite arbors via restricted expression and regulation of
distinct modes of dendrite elaboration.
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One of the most striking features of neurons is the morphological diversity of dendrites. Two
major questions in dendrite development and complexity are how neurons establish specific
morphological patterns and the role of neuronal activity in these events. Basic features of
neuronal morphology are established prior to the arrival of afferent fibers, but as afferent
fibers arrive and establish adult like distribution patterns, dendrites elaborate and dendrite
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spines form (Wise et al., 1979). Elevation and attenuation of neuronal activity in vivo
respectively enhanced (Holloway, 1966; Volkmar and Greenough, 1972; Greenough and
Volkmar, 1973) and diminished (Wiesel and Hubel, 1963; Benes et al., 1977; Rajan and
Cline, 1998) dendrite complexity. Neurons in vitro respond likewise to neuronal activity
(McAllister et al., 1996; Redmond et al., 2002; Vaillant et al., 2002; Yu and Malenka, 2002).
Further, in vivo dendrites dramatically reorganize in response to afferent input (Steffen and
Van der Loos, 1980; Wong and Ghosh, 2002). Molecular mechanisms that respond to
neuronal activity are critical and when absent in humans and mice result in diminished
mental capability and altered dendrite complexity (Rubinstein, 1990; Soekarman and Fryns,
1994; Bourtchuladze et al., 1994; Glazewski et al., 1999; Elgersma et al., 2004).

The mechanism by which neuronal activity conveys information to the receiving neuron
resulting in structural change in dendrite complexity is, without doubt, complex (Redmond,
2008). In fact, the specific response may be dictated at the resolution of individual cortical
neuronal types. For example, Juraska (1982) reported an increase in layer 3, but not layer 5,
pyramidal neuron dendrite length while spine density increased in both layers 3 and 5 after
eye opening in the rat. The mechanism for this differential response may involve a different
reliance on glutamate receptors for mediating activity-induced morphological changes (Chen
et al., 2009; Redmond et al., 2002). A difference in expression or differential regulation of
intracellular signaling molecules may also contribute (Ha and Redmond, 2008; Sík et al.,
1998).

In addition to regulation at the level of individual neuronal types, morphological
determinants of dendrite complexity, including dendrite length, number, and branches, are
independently regulated within a neuronal type. For example in layer 6 pyramidal neurons,
the full-length TrkB receptor mediated branching of proximal dendrites whereas a truncated
TrkB receptor mediated elongation of dendrites (Yacoubian and Lo, 2000). The difference
these two TrkB receptor variants created in the dendrite arbor and complexity has significant
implications for neuronal connectivity and signal processing (Häusser et al., 2000).

Although neuronal activity exerts a tremendous impact on neuronal circuits and
connectivity, how a neuron regulates specific features of the dendrite arbor in response to
activity is only beginning to be understood. However, the mechanisms mediating neuronal
activity induced changes in neuronal complexity are well known and include calcium influx
via voltage sensitive calcium channels (VSCC) and N-methyl-D-aspartate (NMDA)
receptors (Redmond et al., 2002; Yu and Malenka, 2003; Wayman et al., 2006) and
activation of calcium/calmodulin dependent protein kinase (CaMK) and extracellular signal
related kinase (ERK) pathways to regulate cAMP Response Element Binding protein
(CREB)-mediated gene transcription (Redmond et al., 2002; Vaillant et al., 2002; Wayman
et al., 2006). The ERK pathway was recently found to differently modulate the
morphological determinants of dendrite complexity (Ha and Redmond, 2008). This result
indicates intracellular signaling mechanisms can transduce extracellular signals to regulate
the mode of dendrite elaboration resulting in specific dendrite patterns. The extent to which
other intracellular signaling mechanisms are selective in regulating the mode of dendrite
elaboration is unclear. In the present study, we determined that CaMKIV mediated selective
components of morphological complexity in basal conditions and in response to neuronal
activity.

EXPERIMENTAL PROCEDURES
2.1 - Cortical Cultures

Cultures of cerebral cortical neurons were established from Long-Evans embryonic day 18
(E18) rat embryos as described in Ha and Redmond (2008). Briefly, cortices were dissected
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in ice-cold Hanks Balanced Salt Solution and incubated in a papain (Worthington
Biochemical) solution containing L-cysteine (Sigma) in dissociation media (DM). The
cortices were then transferred to an inhibitor solution containing trypsin (Sigma) and bovine
serum albumin (BSA) in DM. The cortices were triturated in Basal Medium Eagle
supplemented with 5% fetal bovine serum, 1mM L-glutamine, and penicillin/streptomycin
(all Invitrogen). Dissociated cortical cells were plated onto poly-D-lysine and laminin (BD
Biosciences) coated coverslips at a density of 0.5 × 106 cells/well in 12 well plates, 0.25 ×
106 cells/well in 24 well plates, and 1.5 × 106 cells per 35mm dish. Cells were maintained in
Basal Media Eagle supplemented with 1mM glutamine, 1% N-2, 5% fetal bovine serum, and
penicillin/streptomycin. Media was changed at 4 days in vitro (DIV) for cultures maintained
for 8 DIV.

2.2 – Neuronal transfection and stimulation
Neurons were transfected with previously described mammalian expression plasmids by a
modified calcium phosphate method (Redmond et al., 2002). Transfection experiments were
performed in duplicate wells and repeated multiple times. Neurons in 12 well plates were
singly transfected with 0.7ug of pEGFP (Clonetech) or co-transfected with pEGFP and
either CaMKIVwt, CaMKIVca, or parent vector (pv) (Sun et al., 1994) at 3 DIV at a molar
ratio of 1:4 (GFP:CaMKIV). Cultures were stimulated as indicated at either 4 DIV or 7 DIV
with 50mM potassium chloride (KCl) or as a control, 50mM sodium chloride (NaCl).

2.3 - siRNA
Three different double stranded siRNAs specific to rat CaMKIV were synthesized
(Invitrogen) and screened for efficient CaMKIV knockdown. Effectiveness and duration of
treatment necessary for siRNA to decrease CaMKIV was assayed by Western blots of HEK
293 cells transfected with siRNA and CaMKIVwt or CaMKIVres. siRNA transfections were
performed using Lipofectamine 2000™ (Invitrogen). HEK 293 cells in 24 well plates were
transfected with 0.7 μg of either GFP tagged wild type CaMKIV (CaMKIVwt) or siRNA
resistant CaMKIV (CaMKIVres) with or without 7 pmoles (85ng) siRNA. Cells were
harvested as indicated at 48hrs or 72hrs post-transfection. Cell lysates were western blotted
and probed with anti-CaMKIV antibodies (1:2000; BD Transduction labs). The blots were
then stripped and reprobed with anti-GFP antibodies (Invitrogen). To determine effective
knockdown in neurons, 4 DIV cortical cultures plated in 24 wells were transfected with 0.2
μg plasmid DNA (pEGFP, CaMKIVwt or CaMKIVres) and 7 pmoles (85ng) of either
siRNA or scrambled siRNA. At 48hrs, 72hrs, and 90 hrs post-transfection cultures were
fixed with 4% paraformaldehyde (PFA) and 4% sucrose in phosphate-buffered saline (PBS),
immunostained with anti-CaMKIV antibodies, imaged and intensity quantified as described
below. All cultures were labeled with Hoechst to determine cell viability. No notable
increase in the number of apoptotic cells was detected. Any neurons showing signs of cell
death (blebbed or crenated nuclei) were excluded from analyses.

The third siRNA tested (siRNA#3) efficiently knocked down CaMKIV expression and was
the siRNA used for all siRNA experiments. The sense and anti-sense sequence of siRNA#3
is CUAAGAAGCGGCUGACUAC and GUAGUCAGCCGCUUCUUAG, respectively. The
sense and anti-sense sequence of scrambled siRNA is GCCAGCGUCGAAGUACUAA and
UUAGUACUUCGACGCUGGC, respectively. No matches for the scrambled siRNA were
identified in searches of multiple databases including the nucleotide and reseq databases.
siRNA insensitive CaMKIV wild type (CaMKIVres) was generated by incorporating two
base pair mismatches in the siRNA recognition region. Point mutations in CaMKIVres were
generated using site directed mutagenesis kit (Stratagene). CaMKIVwt and CaMKIVres
were inserted into pEGFP by PCR to generate GFP tagged versions.
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2.4 - Immunocytochemistry and Immunohistochemistry
Neuronal cultures were fixed with 4% paraformaldehyde (PFA)/4% sucrose in PBS, washed
with PBS and incubated in blocking buffer containing 3% BSA, 0.3% TritonX-100, 0.02%
sodium azide, 3% goat serum in PBS. Coverslips were immunostained with CaMKIV
(1:500; BD Transduction Labs), CaMKIV (1:500; Santa Cruz), GFP (1:1000; Invitrogen),
ER81 (1:5000; Covance), pCREB (1:100; Cell Signaling), and MAP2 (1:1000; Sigma)
antibodies in blocking buffer overnight at 4°C. Coverslips were then incubated with mouse
or rabbit Alexa-488, -568 or -647 conjugated secondary antibodies (1:600; Invitrogen) for
2hr at room temperature. Cell nuclei were stained with Hoechst (Sigma). Any neurons
showing signs of cell death (blebbed or crenated nuclei) were excluded from further
analyses. Coverslips were mounted on slides using Aquamount.

Postnatal day 7 and 14 (P7 and P14) rats were perfused with 4% PFA in PBS. Brains were
cryoprotected in 30% sucrose in PBS at 4°C. The brains were then embedded with Tissue
TeK™ OCT compound and 40 μm coronal sections collected using a Leica cryostat. These
free floating sections were immunostained as above for dissociated cells with CaMKIV
(1:2000; Santa Cruz) and visualized with mouse or rabbit Alexa-488 and Alexa-568
conjugated secondary antibodies (1:600; Invitrogen). Cell nuclei were stained with Hoechst
(Sigma). Sections were mounted on gelatin-coated slides and coverslipped using
Aquamount. Images of stained cortical sections were captured by a Hamamatsu digital
camera attached to a Zeiss Axiovert fluorescent microscope with a 4X objective.

2.5 - Western Blotting
E18 cortical neurons cultured in 35mm dishes were harvested in 2X Laemmli sample buffer
by boiling lysis at 4, 8 and 10 DIV. Equal amounts of cell lysates were loaded onto 10%
SDS-PAGE and transferred to nitrocellulose membranes. Membranes were incubated in
blocking buffer (5% milk in TBST) for 1hr at room temperature and then probed with anti-
CaMKIV (1:2000; BD Transduction Labs) antibodies in blocking buffer at 4°C overnight.
Blots were incubated with HRP-conjugated secondary antibodies and visualized using
chemiluminescence (Pierce). Blots were stripped and reprobed with mouse anti-GAPDH
(1:20,000; Ambion) antibodies as a loading control.

2.6 – Image acquisition and analyses
Images were acquired by Hamamatsu digital camera attached to the Zeiss Axiovert
fluorescent microscope with 20X and 40X objectives. To identify CaMKIV expressing
(positive) and non-expressing (negative) neurons, configurations for CaMKIV images were
first optimized. To standardize image acquisition, multiple transfected and non-transfected
neurons were acquired without pixel saturation and capture parameters were kept the same
for all the neurons imaged within the same experiment. Images of GFP and CaMKIV
labeled neurons were captured for analyses using the standardized image configuration
parameters. CaMKIV immunofluorescence intensity in neuronal nuclei was measured and
CaMKIV mean intensity was normalized to background mean intensity. This normalized
mean value was used as CaMKIV mean intensity of the neuron. Based on endogenous
expression neurons were categorized as CaMKIV positive (CaMKIV expressing) and
negative neurons (CaMKIV non-expressing). Intensity analyses were performed using
Openlab software (Improvision).

Pyramidal and non-pyramidal neurons were analyzed. These two classes of neurons were
distinguished based on distinctive features. Pyramidal neurons have a characteristic
appearance that includes a pyramidal shaped cell body from which a major primary dendrite
(i.e. apical dendrite) extends and gradually tapers away from the soma to terminate in a
branched pattern known as an apical tuft. Several minor dendrites (i.e. basal dendrites) arise
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from the base of the pyramidal soma. Examples of pyramidal neurons are shown in figures 2
and 4. Nonpyramidal neurons are characterized by several primary dendrites of equivalent
size that extend from the cell body. Nonpyramidal neurons are multipolar and, unlike
pyramidal neurons, lack an apparent dendrite polarity. Examples of nonpyramidal neurons
are shown in figure 3. The conservation in vitro of characteristic neuronal morphologies
suggests that the essential mechanisms involved in the specification of neuronal morphology
functions in vitro even in the absence of directional guidance cues. Dendrites greater than 10
μm in length were manually traced using Openlab software (Improvision) and quantified for
total dendrite length, apical dendrite length (pyramidal), longest dendrite length (non-
pyramidal), number of branch points, and number of primary dendrites. Branching index
was calculated as follows: (number of branch points/average dendrite length) × 100. In
general approximately 20 neurons of each cell type from 2 experiments were analyzed.
Actual N values are given with each figure. In siRNA experiments, CaMKIV
immunofluorescence intensity was determined as above. The experimenter was blind to all
samples.

Graphpad prism software was used for statistical analysis. Data are shown as mean ±
standard error. Asterisks indicate statistically significant differences as determined by
Student’s t-test (two-tailed, p values as indicated with the data). Analysis of Variance
(ANOVA) with Bonferroni post-hoc analyses were also performed and yielded similar
results as the Student’s t-test.

RESULTS
3.1 - CaMKIV is developmentally regulated and expressed by subsets of cortical neurons

We have previously shown by Western blot analysis that CaMKIV expression in the
postnatal rat cortex increased dramatically in the first and second postnatal week before
peaking at postnatal day 15 (Redmond et al., 2002). During this time all cortical neurons are
undergoing extensive dendrite elaboration (Miller, 1981; Miller and Peters, 1981). To
explore the role of CaMKIV in dendrite elaboration, the spatial expression of CaMKIV in
postnatal day 7 (P7) and postnatal day 14 (P14) rat cortices was examined. Unlike many
other signaling proteins, immunostaining with anti-CaMKIV specific antibodies revealed
heterogeneous expression in the P7 and P14 cortex. At both ages CaMKIV expression was
detected in layers 2–5 and the subplate (Figure 1A–D). A similar pattern of expression has
been reported in the adult brain (Nakamura et al., 1995). This heterogeneity in CaMKIV
expression was preserved in E18 cortical cultures (Figure 1E–J). Some neurons displayed
intense CaMKIV immunostaining and others were not immunostained. Cell count analyses
indicated the 4 DIV cultures were highly neuron rich with 97% of the cells immunostained
for the neuron specific protein, MAP2. Of the MAP2 labeled neurons 40% were CaMKIV
immunostained. This result indicates CaMKIV was expressed by some but not all neurons.

At P7, CaMKIV expression was most pronounced in layer 5 cells (Figure 1A–B). To
determine if CaMKIV was expressed in layer 5 cortical neurons in vitro, cultures were
immunostained with antibodies to CaMKIV and ER81, a layer 5 specific marker. ER81 is an
Ets transcription factor that is selectively expressed in layer 5 neurons from E15 to the adult
(Hevner et al., 2003; Yoneshima et al., 2006). ER81 and CaMKIV were coexpressed in
some but not all neurons in vitro. Cell count analyses determined that 20% of the ER81
immunostained neurons were also CaMKIV immunostained. Together these data suggest
CaMKIV expression was heterogeneous across and within cortical layers.

The heterogeneity in CaMKIV expression in vitro and in vivo prompted us to question
whether the heterogeneous expression of CaMKIV contributed to a difference between the
CaMKIV expressing and nonexpressing neurons. The cerebral cortex is composed of two
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distinct classes of neurons, pyramidal and nonpyramidal, that display multiple differences
including dendrite arborization patterns, neuronal connectivity and electrophysiological
properties. We examined pyramidal neurons for CaMKIV expression and detected both
CaMKIV immunostained (positive) and unstained (negative) pyramidal neurons (Figure
2A). Similarly, CaMKIV positive and negative nonpyramidal neurons were detected. This
result indicated CaMKIV expression was not restricted to, nor did CaMKIV define, one of
these two general morphological neuronal types.

3.2 - CaMKIV expressing pyramidal and nonpyramidal neurons displayed greater dendrite
complexity

CaMKIV has been shown to be developmentally upregulated in vivo (Redmond et al.,
2002). To determine whether CaMKIV expression was upregulated in vitro concurrent with
dendrite elaboration as it is in vivo, Western blot analyses were performed. CaMKIV
expression in vitro was concurrent with the period of dendrite elaboration and was high by 8
DIV (Figure 1K). To distinguish between an increase in the number of cells expressing
CaMKIV versus an increase in amount of CaMKIV per cell, cell counts were performed at 4
and 8 DIV. At 4 and 8 DIV 40% and 44%, respectively, of MAP2 labeled neurons were
colabeled with CaMKIV. This indicates very little change in the population of MAP2
neurons that expressed CaMKIV. This result and the consistency in the CaMKIV expression
pattern in P7 and P14 (Figure 1) cortices suggests the increase in CaMKIV detected by
Western blot analyses is due to an increase in the amount of CaMKIV expressed in each
neuron rather that an increase in the number of cells that express CaMKIV. We also asked
whether CaMKIV signaling was active in neurons that expressed CaMKIV in vitro by
examining phosphorylation of CREB, a prominent downstream nuclear target. CaMKIV
expression coincided with CREB phosphorylation (Figure 1L). This positive correlation
suggests CaMKIV was active in these neurons. Together our data infers that CaMKIV
contributes to neuronal differentiation.

A hallmark of neuronal differentiation is an increase in morphological complexity (Marĺn-
Padilla, 1992). Although overexpression of active CaMKIV promoted dendrite growth
(Redmond et al., 2002), whether endogenous CaMKIV functions in dendrite complexity has
not been determined. To examine whether endogenous CaMKIV mediates a difference in
dendrite complexity, the dendrite arbor of individual cortical neurons that expressed
CaMKIV was quantified and compared to those that did not express CaMKIV. To visualize
dendrite arbors, neurons were transfected with a mammalian expression plasmid encoding
green fluorescent protein (GFP). GFP fills the entire dendrite arbor of individual neurons
allowing visualization and reconstruction of the transfected neuron. The neuronal
morphology and connectivity of pyramidal and nonpyramidal neurons is strikingly different
(Gilbert, 1983). Further, the dendrite arbor is a significant factor in determining neuronal
functionality including electrophysiological properties and connectivity (Häusser et al.,
2000). These two neuronal populations also display different magnitudes of dendrite growth
and remodeling in the adult (Lee et al., 2006). Therefore, the dendrites of pyramidal and
nonpyramidal neurons were reconstructed and examined separately.

Pyramidal neurons that expressed CaMKIV endogenously (CaMKIV positive) displayed
more complex dendrite morphologies when compared to neurons that did not express
CaMKIV (CaMKIV negative) (Figure 2A,B; compare white to white hatched bars).
CaMKIV positive pyramidal neurons displayed 53% greater dendrite extent (measured by
total dendrite length) when compared to CaMKIV negative pyramidal neurons (652.4±36.6
versus 425.2±36.8). CaMKIV positive nonpyramidal neurons also showed 76% greater
dendrite extent than CaMKIV negative nonpyramidal neurons (784±56.1 versus
445.7±31.6).
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Total dendrite length is a good cumulative measure of dendrite extent. However, the
dendrite pattern and specific features of the dendrite arbor are hidden in this analysis. The
relative contribution of features, such as the number of primary dendrites, number of
branches, and length of individual dendrites critically impacts the complexity and potential
connectivity of the dendrite arbor. For example, cerebellar Purkinje neurons extend a single
primary dendrite that is extensively branched whereas a typical cortical nonpyramidal
neuron extends several primary dendrites that are branched, but less so than Purkinje
neurons. Although the final dendrite arbor is distinctive, neurons undergo identical events in
dendrite development to acquire their mature dendrite morphology. These events include
dendrite initiation, dendrite elongation, and dendrite branching (Scott and Luo, 2001). We
quantified dendrite initiation, branching, and elongation to determine whether CaMKIV
regulates the mode by which the dendrite arbor forms. Dendrite initiation was quantified by
counting the number of primary dendrites. Dendrite branching was quantified by
determining the number of branch points and the branching index. Dendrite elongation was
quantified by measuring the length of the apical dendrite of pyramidal neurons and the
length of the longest dendrite of nonpyramidal neurons.

Pyramidal neurons displayed no significant difference between CaMKIV positive and
negative neurons in the number of primary dendrites (Figure 2B; 3.6±0.3 versus 3.1±0.2).
However, CaMKIV positive pyramidal neurons displayed 61% greater number of dendrite
branches (11.4±0.7 versus 7.1±0.8) than CaMKIV negative neurons. In addition, the apical
dendrites of CaMKIV positive pyramidal neurons were 47% longer (197.7±16.6 versus
134.4±10.9). Like pyramidal neurons, nonpyramidal neurons displayed no significant
difference in the number of primary dendrites, but did display more branches and longer
individual dendrite lengths (Figure 2B). The number of dendrite branches was two fold
greater in CaMKIV positive nonpyramidal neurons than CaMKIV negative nonpyramidal
neurons (113% greater; 11.7±0.8 versus 5.5±0.5). The longest dendrite of CaMKIV positive
nonpyramidal neurons was 51% longer (172.8±14.6 versus 114.5±7.4) than CaMKIV
negative neurons. Together these data indicate the greater dendrite extent in CaMKIV
positive neurons is due to greater branching and elongation rather than initiation of new
dendrites. Further, pyramidal and nonpyramidal neurons displayed a similar pattern of
differences between CaMKIV positive and negative neurons. These data suggest that
CaMKIV may participate in mediating a conserved mechanism that controls the mode of
dendrite complexity in both neuronal populations.

3.3 - Endogenous expression of CaMKIV potentiated activity-induced dendrite complexity
Neuronal activity has been shown to increase dendrite growth and complexity in vivo and in
vitro (reviewed in Wong and Ghosh, 2002). CaMKIV has been identified as a molecular
player in activity-induced dendrite growth (Redmond et al., 2002; Kamata et al., 2007).
However, the contribution of endogenous CaMKIV to activity-induced dendrite elaboration
has not been shown. Therefore, we next tested whether neurons that expressed CaMKIV
endogenously displayed an amplified response to neuronal activity. First, we examined the
response of CaMKIV negative neurons to increased activity induced by KCl stimulation
(Figure 2B; compare white to gray bars). Pyramidal and nonpyramidal neurons had a greater
than two fold increase in total dendrite length when compared to control treated CaMKIV
negative neurons (pyramidal, 900±67.7 versus 425.2±36.8; nonpyramidal, 1059±104.6
versus 445.7±31.6). This increase in dendrite extent was due to a dramatic increase in
dendrite branching (pyramidal, 16.7±1.3 versus 7.1±0.8; nonpyramidal, 17±1.8 versus
5.5±0.5). CaMKIV negative pyramidal, but not nonpyramidal, neurons showed a significant
increase in primary dendrites (4.3±0.4 versus 3.1±0.2). Interestingly, stimulation did not
alter dendrite elongation in CaMKIV negative neurons.
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Next we examined the response of CaMKIV positive pyramidal and nonpyramidal neurons
to KCl stimulation (Figure 2B; compare white hatched to gray hatched bars). CaMKIV
positive pyramidal and nonpyramidal neurons displayed nearly two-fold increase in total
dendrite length when compared to control treated CaMKIV positive neurons (pyramidal,
1221±79.1 versus 652.4±36.6; nonpyramidal, 1496±97.2 versus 784±56.1). Both pyramidal
and nonpyramidal CaMKIV positive neurons displayed a greater than two fold increase in
branching after stimulation (pyramidal, 23.1±1.5 versus 11.4±0.7; nonpyramidal, 28±1.9
versus 11.7±0.8). CaMKIV positive nonpyramidal, but not pyramidal, neurons showed a
significant increase in primary dendrites (41%; 7.2±0.4 versus 5.1±0.3). Whereas
endogenous CaMKIV expression significantly increased dendrite elongation (apical dendrite
length and longest dendrite length) in basal culture conditions (compare white to white
hatched), stimulation did not additionally increase dendrite elongation (compare white
hatched to gray hatched). This result suggests that dendrite elongation, specifically CaMKIV
mediated dendrite elongation is not potentiated by neuronal activity.

Both CaMKIV negative and CaMKIV positive neurons showed significantly increased
measures of dendrite elaboration after KCl stimulation. To determine whether endogenous
CaMKIV expression potentiated activity induced changes in dendrite elaboration, we
compared the morphological responses after stimulation of CaMKIV positive neurons to
those of CaMKIV negative neurons (Figure 2A,B; compare gray to gray hatched bars).
CaMKIV positive pyramidal and nonpyramidal neurons had a significantly greater total
dendrite length when compared to CaMKIV negative neurons (pyramidal, 1221±79.1 versus
900±67.7; nonpyramidal, 1496±97.2 versus 1059±104.6). Both pyramidal and nonpyramidal
CaMKIV positive neurons displayed a greater amount of branching than CaMKIV negative
neurons after stimulation (pyramidal, 23.1±1.5 versus 16.7±1.3; nonpyramidal, 28±1.9
versus 17±1.8). Dendrite elongation (apical dendrite length and longest dendrite length) was
greater in CaMKIV positive pyramidal and nonpyramidal neurons after stimulation than in
CaMKIV negative neurons (pyramidal, 174.2±11.5 versus 140±6.5; nonpyramidal,
194.7±14.7 versus 134±7.3). CaMKIV positive nonpyramidal, but not pyramidal, neurons
showed a significant greater number of primary dendrites (7.2±0.4 versus 5.8±0.3). Analyses
of endogenous CaMKIV and pCREB levels by mean intensity measurements after
stimulation at 8 DIV revealed a significant positive correlation between endogenous
CaMKIV expressing neurons and pCREB after KCl stimulation (Figure 2D). Together these
data suggest that endogenously expressed CaMKIV mediates a greater increase in dendrite
elaboration in response to neuronal activity. Interestingly, this response was specific to
dendrite branching and less so to dendrite initiation and elongation.

3.4 - Expression of wild-type CaMKIV potentiated activity-induced dendrite complexity
Previously we showed that CaMKIV expression increased concurrent with dendrite
elaboration and endogenous CaMKIV expression corresponded with an extensive dendrite
arbor. We next tested whether the intracellular level of CaMKIV limited dendrite
elaboration. We also wanted to know if CaMKIV could promote dendrite elaboration in
younger neurons. To answer these two questions, we coexpressed GFP and wild-type
CaMKIV in neurons and analyzed dendrite complexity at 5 DIV instead of 8 DIV. For these
analyses dendrite morphology was quantified independent of endogenous CaMKIV
expression. Therefore, control transfected cultures consist of a mixed population of neurons,
some expressing CaMKIV endogenously and others not. Expression of wild-type CaMKIV
(CaMKIVwt) for 2 DIV did not induce a significant difference in dendrite extent, as
measured by total dendrite length (Figure 3A,C; compare white and gray bars). Effectors of
activity-induced signaling have been shown to restructure the dendrite arbor without
significantly altering total dendrite extent (Inglis et al., 2002; Yacoubian and Lo, 2000). To
determine if CaMKIVwt induced restructuring of the dendrite arbor without altering the
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total dendrite extent, we quantified dendrite number, branch point number, and individual
dendrite length. These three measures of dendrite complexity were also unaltered in
CaMKIVwt expressing neurons (Figure 3C). This indicates that CaMKIVwt did not alter
dendrite complexity via changes in growth or homeostatic changes in features of
complexity.

It is possible that the introduced CaMKIVwt is not fully activated in these young neurons
(Chow et al., 2005). To test the role of CaMKIV activation in dendrite complexity, we first
examined whether activity increased dendrite complexity at 5 DIV in control transfected
cultures. As above, analyses of control transfected cultures were done independent of
endogenous CaMKIV expression. Consistent with our previous results, KCl stimulation of
control transfected cultures significantly increased dendrite complexity of both pyramidal
and nonpyramidal neurons (Figure 3; compare white to white hatched bars). Dendrite length
increased 37% in pyramidal neurons and 80% in nonpyramidal neurons (pyramidal,
695±58.8 versus 508.7±26.2; nonpyramidal, 898±81.6 versus 499.7±38.1). The activity-
induced increase in dendrite length resulted from a significant increase in dendrite branching
and not dendrite initiation or elongation. Pyramidal and nonpyramidal neurons displayed
50% and 123%, respectively increased number of branch points (pyramidal, 12.1±1.1 versus
8.1±0.6; nonpyramidal, 15.2±1.5 versus 6.8±0.7) and the branching index increased 35%
and 40%, respectively (pyramidal, 7.6±0.6 versus 5.6±0.6; nonpyramidal, 11.5±1.1 versus
8.2±0.9). These data indicate that KCl increased complexity by increasing dendrite
branching, and not by alterations in dendrite elongation or initiation. Further, these data
indicates the increase in dendrite complexity was due to new growth and not restructuring of
existing dendrites.

We next tested whether CaMKIVwt expression potentiated activity-induced dendrite
complexity. Both pyramidal and nonpyramidal neurons expressing CaMKIVwt had greater
dendrite complexity after stimulation than in basal conditions (Figure 3A,C; compare gray
and gray hatched bars). In fact, multiple parameters of dendrite complexity including total
dendrite length, dendrite number and dendrite branching were elevated. Pyramidal neurons
expressing CaMKIVwt showed a 68% increase in total dendrite length (946±91.4 versus
562.1±39.4), a 113% increase in dendrite number (6.6±0.7 versus 3.1±0.3), and a 129%
increase in dendrite branching (19.7±1.7 versus 8.6±0.7). Average dendrite length was not
altered by increased activity in CaMKIVwt expressing neurons (data not shown). In
addition, dendrite elongation, as measured by apical dendrite length was not altered by
increasing activity in CaMKIVwt expressing neurons. When considered together, these three
morphological parameters (average dendrite length, primary dendrite number, and branch
point number) indicate a high branching index. In fact, the branching index increased three
fold (13.9±1.7 versus 4.5±0.4).

Similarly, nonpyramidal neurons showed a 108% increase in total dendrite length
(1035±76.4 versus 497.3±40.1), a 79% increase in dendrite number (10.2±0.7 versus
5.7±0.4), a 271% increase in dendrite branch points (21.5±1.7 versus 5.8±0.8), and a 216%
increase in the branching index (21.8±1.9 versus 6.9±0.8). However, there was no detectable
change in dendrite elongation as measured by the longest dendrite length. Average dendrite
length was also unaltered by increased activity in CaMKIVwt expressing neurons (data not
shown). These results show CaMKIVwt potentiated the ability of both pyramidal and
nonpyramidal neurons to elaborate dendrites in response to stimulation. Interestingly,
CaMKIVwt signaling was biased in that it preferentially potentiated an effect on dendrite
branching and initiation rather than elongation in these younger cortical neurons. These
results indicate CaMKIVwt promoted a highly branched dendrite arbor in response to
stimulation.
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3.5 - Active CaMKIV mediated dendrite elaboration independent of stimulation
To test whether an enzymatically active CaMKIV is sufficient to mediate select components
of dendrite complexity we expressed constitutively active CaMKIV (CaMKIVca) along with
GFP in E18 cortical neurons and analyzed dendrite complexity (Figure 3B,C; black bars).
Pyramidal neurons that expressed CaMKIVca showed 63% greater total dendrite length
when compared to control transfected neurons (826.1±43.6 versus 508.7±26.2). CaMKIVca
expressing nonpyramidal neurons showed an even more dramatic (2.5 fold) difference in
total dendrite length (1251±211.4 versus 499.7±38.1). CaMKIVca expression nearly
doubled (15.0±1.3 versus 8.1±0.6) the number of branch points of pyramidal neurons and
nearly tripled (15.9±1.9 versus 6.8±0.7) the number of branch points of nonpyramidal
neurons. However, CaMKIVca expression had no significant effect on the number of
primary dendrites. This result, when compared to the increase in primary dendrites detected
in stimulated CaMKIVwt transfected neurons (gray hatched bars) suggests additional
activity-induced mechanisms might also have contributed to dendrite initiation after
stimulation. Although CaMKIVca expression did not alter the length of apical dendrites of
pyramidal neurons, the length of the longest dendrite increased 85% (184.8±26.3 versus
99.9±6.8) in nonpyramidal neurons. These results show active CaMKIV, independent of
external stimulation, was sufficient to replicate augmentation induced by neuronal activity
of dendrite branching in pyramidal and nonpyramidal neurons and dendrite elongation in
nonpyramidal neurons.

3.6 - CaMKIV was critical for dendrite complexity
To test whether CaMKIV was essential for dendrite complexity we screened several siRNAs
matching CaMKIV for effective reduction of CaMKIV expression. Of the siRNAs targeting
CaMKIV tested the most effective CaMKIV siRNA is shown in figure 4A. This siRNA to
CaMKIV knocked down overexpressed wild type CaMKIV in HEK cells. Two silent point
mutations were created in the siRNA-targeted region of CaMKIV to generate CaMKIVres.
The siRNA did not reduce expression of CaMKIVres, indicating CaMKIVres was resistant
to siRNA knockdown. In addition, a scrambled siRNA had no effect on wild type and
CaMKIVres expression. Together these data indicate the siRNA effectively knocked down
CaMKIV expression. We next tested if CaMKIV siRNA effectively knocked down
endogenous CaMKIV in E18 cortical neurons. CaMKIV siRNA was cotransfected with GFP
into cultured neurons and CaMKIV expression assayed 72 hours post transfection by
quantitative immunofluorescence. This analysis indicated the siRNA dramatically knocked
down endogenous CaMKIV expression [333.2±45.3 versus 880.9±66.5 (scramble RNA) or
874.1±54.2 (no RNA) mean intensity] in cortical neurons (Figure 4B).

Knockdown of endogenous CaMKIV with this siRNA resulted in less complex neurons than
control and scramble siRNA transfected neurons (Figure 4C,D; compare black to white or
gray bars). Total dendrite length was reduced 39–52% in CaMKIV siRNA transfected
neurons compared to controls [pyramidal, 399.2±34.5 versus 655.3±67.1 (scramble RNA) or
685.4±67.5 (no RNA); nonpyramidal, 367.4±27.4 versus 606.8±65.4 (scramble RNA) or
758.2±61.9 (no RNA)]. The reduction of dendrite branching was most dramatic. Both
pyramidal and nonpyramidal CaMKIV siRNA transfected neurons had a 60% decrease in
the number of dendrite branches [pyramidal, 4.70±0.4 versus 10.60±1.3 (scramble RNA) or
11.75±1.6 (no RNA); nonpyramidal, 3.90±0.4 versus 8.40±1.0 (scramble RNA) or 9.80±0.9
(no RNA)]. Further, the branching index decreased 48% and 32% in pyramidal and
nonpyramidal neurons, respectively [pyramidal, 3.8±0.4 versus 7.8±0.7 (scramble RNA) or
7.3±0.7 (no RNA); nonpyramidal, 4.9±0.6 versus 8.2±0.8 (scramble RNA) or 7.2±0.4 (no
RNA)].
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An effect on primary dendrites and elongation was also detected in CaMKIV siRNA
transfected neurons. The number of primary dendrites was decreased with CaMKIV siRNA
[pyramidal, 3.45±0.5 versus 4.90±0.4 (scramble RNA) or 4.35±0.4 (no RNA);
nonpyramidal, 4.65±0.4 versus 6.0±0.4 (scramble RNA) or 5.65±0.3 (no RNA)]. Apical
dendrite length in CaMKIV siRNA transfected pyramidal neurons when compared to
scramble RNA transfected was shorter (137.0±14.0 versus 184.6±17.3). Nonpyramidal
neurons transfected with CaMKIV siRNA showed a decrease in longest dendrite length
when compared to control (no RNA transfected) (109.7±8.3 versus 163.1±14.9). Although
scramble RNA transfected nonpyramidal neurons compared to the no RNA transfected
control showed a decrease in longest dendrite length (118.7±12.0 versus 163.1±14.9), this
result was not replicated in later experiments (Figures 5B and 6). These results indicate
CaMKIV was essential for basal dendrite complexity.

3.7 - Rescue of CaMKIV siRNA knockdown restored dendrite complexity
To test whether the deficits in dendrite complexity in the siRNA transfected neurons were
specifically due to the loss of CaMKIV we performed rescue experiments. Neurons were
cotransfected with GFP and either CaMKIVwt or CaMKIVres and either CaMKIV siRNA
or scrambled siRNA. At 72 hours post transfection CaMKIV siRNA effectively knocked
down coexpressed CaMKIVwt but not CaMKIVres in HEK cells (Figure 4A) and in cortical
neurons (Figure 5A; 403±42.6 versus 1008±63.7 mean intensity).

Consistent with knockdown of endogenous CaMKIV, both pyramidal and nonpyramidal
neurons cotransfected with CaMKIVwt and CaMKIV siRNA had reduced total dendrite
length, number of branch points, and measures of dendrite elongation (apical dendrite length
and longest dendrite length) (Figure 5B). Pyramidal neurons cotransfected with CaMKIVwt
and CaMKIV siRNA showed a 58% decrease in total dendrite length (335.6±34.5 versus
801.4±52.5), a 35% decrease in dendrite number (3.2±0.3 versus 4.9±0.4), a 70% decrease
in dendrite branch point number (3.9±0.6 versus 12.8±0.8), and a 33% reduction in apical
dendrite length (113±10.8 versus 168.2±10.0) when compared those transfected with
scramble siRNA (Figure 5B; compare black to white hatched bars). CaMKIVwt and
CaMKIV siRNA cotransfected nonpyramidal neurons showed a similar diminished dendrite
complexity with a 54% decrease in total dendrite length (367.4±25.2 versus 797.8±63.4), a
59% decrease in dendrite branch point number (4.5±0.5 versus 11±1.2), and a 40%
reduction in longest dendrite length (88.8±6.3 versus 148.8±13.1) when compared to
CaMKIVwt and scramble siRNA cotransfected neurons.

Whereas CaMKIV siRNA decreased dendrite complexity in CaMKIVwt transfected
neurons, it did not alter dendrite complexity in CaMKIVres transfected neurons (Figure 5B;
compare checkered bars with gray, gray hatched, white, and white hatched bars). Total
dendrite length, primary dendrite number, branch point number, branching index, apical
dendrite length, and longest dendrite length were not significantly different between
scramble and no RNA transfected neurons. Coexpression of CaMKIVres with CaMKIV
siRNA completely restored to normal all parameters of dendrite complexity decreased by
CaMKIV siRNA (Figure 5B; compare checkered to black bars). The ability of CaMKIVres
to rescue CaMKIV siRNA inhibition of dendrite complexity indicates the diminished
dendrite complexity was due to the specific loss of CaMKIV.

3.8 - CaMKIV was critical for activity-induced dendrite elaboration
Previously we showed that constitutively active CaMKIV was sufficient to mediate
increased dendrite complexity (Figure 3). Further, endogenously expressed CaMKIV and
CaMKIVwt potentiated activity-induced dendrite complexity (Figures 2 and 3). We next
asked whether CaMKIV was necessary for activity-induced dendrite complexity. Neurons
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were cotransfected with GFP and either CaMKIV siRNA or scramble RNA and either
stimulated with KCl or as a control, NaCl. Knockdown of CaMKIV blocked activity-
induced dendrite complexity. CaMKIV siRNA transfected neurons were less complex than
control and scramble RNA transfected neurons (Figure 6; compare black to white and gray
bars). Total dendrite length was not significantly different in KCl stimulated CaMKIV
siRNA transfected neurons compared to unstimulated controls [pyramidal,
686.4±45.0(CaMKIV siRNA+KCl) versus 733.6±53.8 (scramble RNA+NaCl) or
674.9±38.9 (no RNA+NaCl); nonpyramidal, 672.2±41.6 (CaMKIV siRNA+KCl) versus
679±44.1 (scramble RNA+NaCl) or 640.9±45.8 (no RNA+NaCl)]. CaMKIV siRNA also
significantly blocked activity-induced increase in the number of dendrite branches
[pyramidal, 10.8±0.9 (CaMKIV siRNA+KCl) versus 16.0±1.9 (scramble RNA+KCl) or
17.0±1.3 (no RNA+KCl); nonpyramidal, 9.2±1.2 (CaMKIV siRNA+KCl) versus 15.4±1.4
(scramble RNA+KCl) or 14.8±1.3 (no RNA+KCl)]. An increased branching index was also
blocked in CaMKIV siRNA knocked down neurons after stimulation [pyramidal, 6.2±0.5
(CaMKIV siRNA+KCl) versus 8.0±1.0 (scramble RNA+KCl) or 9.6±0.9 (no RNA+KCl);
nonpyramidal, 8.0±0.9 (CaMKIV siRNA+KCl) versus 10.2±1.3 (scramble RNA+KCl) or
11.9±0.9 (no RNA+KCl)]. Consistent with earlier results (Figure 2), measurements of
elongation (apical dendrite length and longest dendrite length) were not increased with KCl
stimulation of control or CaMKIV siRNA transfected neurons. Scramble RNA transfected
nonpyramidal neurons showed an increase in longest dendrite length. An increase in
elongation was not detected in any other experiments suggesting this result is likely a
nonspecific effect. Consistent with our previous results (Figure 4) CaMKIV siRNA in
unstimulated (basal) conditions attenuated apical dendrite length, longest dendrite length,
branch point number, branching index, and total dendrite length. Together these results
indicate that CaMKIV is necessary to mediate basal and activity-induced dendrite
elaboration.

DISCUSSION
We report in the present study that knockdown of CaMKIV expression with RNAi
decreased dendrite extent and complexity in basal conditions. However, previous studies
reported differing results when CaMKIV activity was decreased. When kinase dead and
dominant negative CaMKIV were expressed in neurons total dendrite growth decreased
(Redmond et al, 2002; Wayman et al., 2004; Tai et al., 2008). Kamata et al. (2007) added a
nuclear localization sequence (NLS) to kinase dead CaMKIV and reported similar results;
basal total dendrite growth was attenuated. However, Wayman et al. (2004; 2006) expressed
a NLS tagged dominant negative CaMKIV and failed to detect a significant effect on total
dendrite growth. It is not clear why the two NLS tagged CaMKIVs yielded different results.
Dissimilar efficacies and mechanisms of action as inhibitors of endogenous CaMKIV may
have contributed to the differing results. We used RNAi to specifically knockdown
endogenous CaMKIV expression and rescued expression with a RNAi resistant CaMKIV.
The attenuation and rescue of total dendrite growth we report in the current CaMKIV RNAi
studies more stringently demonstrate that dendrite complexity is CaMKIV-dependent and
support the conclusion that endogenous CaMKIV is crucial for mediating dendrite growth.

The features of a dendrite arbor are independently regulated so that a dendrite arbor acquires
a distinct three dimensional architecture characteristic of a particular neuronal type (e.g.
cerebellar Purkinje neurons and cortical layer 5 pyramidal neurons). We report in the current
study that CaMKIV modulated the dendrite arbor through increased formation of dendrite
branches and elongation of primary dendrites. We found that both pyramidal and
nonpyramidal CaMKIV endogenously expressing neurons had greater branching that was
diminished when CaMKIV was knocked down but was rescued by expression of siRNA
resistant CaMKIV. Further, expression of a constitutive active CaMKIV increased
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branching in pyramidal and nonpyramidal neurons. Data from our study also support a role
for CaMKIV in dendrite elongation. Pyramidal and nonpyramidal neurons that expressed
endogenous CaMKIV had longer apical dendrites and longer individual dendrite lengths,
respectively. The longest dendrite length of nonpyramidal neurons was decreased when
endogenous and expressed wild type CaMKIV were knocked down and was rescued by
expression of siRNA resistant CaMKIV. Knockdown of endogenous CaMKIV in pyramidal
neurons trended to decreased apical dendrite length. However, apical dendrite length was
decreased with siRNA knockdown of expressed wild type CaMKIV that was rescued by
siRNA resistant CaMKIV. A constitutive active CaMKIV increased longest dendrite length
of nonpyramidal neurons but not the apical dendrite length of pyramidal neurons. This
difference in response of pyramidal and nonpyramidal neurons hints that mechanisms
downstream of CaMKIV mediating elongation may be differently regulated in these two
morphological cell types. Together these results show that CaMKIV not only regulated total
dendrite growth (e.q. total amount of dendrites), but did so in a manner that specifically
regulated the pattern of the dendrite arbor.

CaMKIV mediation of increased branching would enhance local connectivity of the neuron.
Increased elongation of dendrites, however, could result in invasion of adjacent cortical
columns and layers, like that reported when activity was altered in the somatosensory cortex
(Hickmott and Steen, 2005). Activity can also significantly alter a neuron’s dendrite arbor in
the adult animal (Hickmott and Steen, 2005; Kozorovitskiy et al., 2005; Lee et al., 2006).
CaMKIV null, dnCaMKIV, and CaMKIV overexpressing transgenic mice display behaviors
consistent with CaMKIV involvement in specific forms of learning (Ho et al., 2000; Kang et
al., 2001; Wei et al., 2002; Fukushima et al., 2008; Takao et al., 2010). CaMKIV’s role in
regulating dendrite arbors in the adult cerebral cortex awaits examination. Although it is
uncertain if this effect is primary or a secondary effect due to altered granule cells,
cerebellar Purkinje neurons show attenuated dendrite arbors in CaMKIV null mice (Kokubo
et al., 2009).

Neurons of the cerebral cortex show distinctive responses to neuronal activity (Juraska,
1982; Häusser et al., 2000). Although the factors determining these distinctive responses are
poorly understood, neuronal type (pyramidal or nonpyramidal), complement of
neurotransmitters (e.g. glutamate and GABA), location (laminar position and cortical
region), and developmental age contribute (Juraska, 1982; Häusser et al., 2000; Maravall et
al., 2004). In this study we show CaMKIV modulates specific features of the dendrite arbor
in response to activity. Further, we show that activity-induced dendrite complexity is
dependent on CaMKIV. Together our data suggests CaMKIV contributes to the diversity of
dendrite complexity via restricted expression and mediation of the mode of dendrite
elaboration. Like CaMKIV, the ERK pathway also selectively modulated features of the
dendrite arbor. Whereas CaMKIV increased dendrite branching and elongation, ERK
signaling increased the formation of primary dendrites and dendrite branching but did not
alter dendrite elongation (Ha and Redmond, 2008). Quantification of dendrite growth, a
measure of the cumulative dendrite arbor, indicated ERK and CaMKIV were required for
dendrite elaboration, but did not reveal the mode-specific changes in dendrite complexity
mediated by ERK and CaMKIV (Redmond et al., 2002). The results from the current study
suggest that distinct signaling pathways exert selective morphological outcomes even
though the stimulus and route of calcium entry are identical.

Different responses to neuronal activity are also elicited by the site of calcium entry.
Calcium that enters via VSCCs is different in its ability to activate signaling mechanisms
that induce dendrite growth and gene transcription than calcium that enters via NMDA
receptors (Bading et al., 1993; Redmond et al., 2002). However, calcium entry via Transient
receptor potential channel 6 (TRPC6) increased dendrite complexity similar to that of VSCC
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(Tai et al., 2008). As reported with VSCC activation, CaMKIV and CREB mediated
signaling were essential for conveying TRPC6 induced dendrite complexity. Interestingly,
TRPC6 expression increased hippocampal neuron dendrite branching and total dendrite
length but did not increase primary dendrites (Tai et al., 2008). Dendrite elongation was not
examined. This result, along with the current study indicate multiple routes of calcium entry
at the plasma membrane can activate CaMKIV resulting in comparable morphological
changes. Further, these results suggest the mechanism and dynamics of CaMKIV activation
are shared. Together these studies suggest that the pathway activated has a significant role in
determining the biological outcome independent of the route of activation.

CaMKIV is primarily nuclearly localized and phosphorylates nuclearly localized proteins
such as CREB and CBP to regulate gene transcription (Jensen et al., 1991; Sun et al., 1994;
Mayr and Montminy, 2001; Impey et al., 2002). Tai et al. (2008) and Redmond et al. (2002)
showed CaMKIV mediated dendrite growth was via CREB and CBP-regulated transcription.
We found that CREB phosphorylation was elevated in CaMKIV expressing neurons.
Pyramidal and nonpyramidal neurons displayed similar CaMKIV mediated changes in
dendrite complexity suggesting a conserved CaMKIV downstream signaling mechanism.
Together these data suggests the CaMKIV mediated dendrite branching and elongation
reported in this study are also via CREB-mediated signaling.

In the quest to understand how neurons translate activity into neuron specific changes in the
dendrite arbor we have found that cortical neurons differentially express CaMKIV in vivo
and in vitro. As a result, the outcome on basal and activity-induced dendrite complexity is
distinguishable based upon CaMKIV expression. Neurons that expressed CaMKIV
displayed more complex dendrite arbors. Neurons are also able to temporally regulate the
activation of ubiquitously expressed signaling proteins, such as ERK, to elicit different
morphological responses to neuronal activity (Ha and Redmond, 2008). Together these data
indicate neurons spatially and temporally control activity-induced mechanisms to regulate
biological outcomes such as dendrite complexity.
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ABBREVIATIONS

ANOVA Analysis of Variance

BSA Bovine Serum Albumin

CaMKIV Calcium/Calmodulin-dependent protein kinase IV

CaMKIVca constitutively active CaMKIV

CaMKIVres siRNA resistant CaMKIV

CaMKIVwt wild type CaMKIV

CBP CREB Binding Protein

CREB cAMP Response Element Binding protein

DIV days in vitro

E15 Embryonic day 15

E18 Embryonic day 18
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ER81 Ets transcription factor

ERK Extracellular signal related kinase

GABA Gamma-Aminobutyric Acid

GAPDH Glyceraldehyde 3-phosphate Dehydrogenase

GFP Green Fluorescent Protein

HEK 293 Human Embryonic Kidney 293 cells

MAP2 Microtubule Associated Protein 2

NLS Nuclear Localization Sequence

NMDA N-methyl-D-aspartate

P7 Postnatal day 7

P14 Postnatal day 14

PCR Polymerase Chain Reaction

pCREB CREB phosphorylated on Serine 133

pEGFP plasmid encoding Enhanced Green Fluorescent Protein

PFA Paraformaldehyde

RNA Ribonucleic Acid

RNAi RNA interference

siRNA small interfering RNA

TrkB TrkB tyrosine kinase receptor

TRPC6 Transient receptor potential channel 6

VSCC voltage sensitive calcium channel
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Highlights

Developing cortical neurons heterogeneously expressed CaMKIV in vivo and in
vitro.

siRNA knockdown of CaMKIV decreased basal and activity-dependent dendrite
complexity.

CaMKIV is required for activity-dependent dendrite elaboration.

CaMKIV mediated specific modes of dendrite elaboration: branching and
elongation.
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Figure 1. CaMKIV was expressed in a subset of cortical neurons and upregulated in vitro
A–D. CaMKIV expression in the P7 and P14 rat cortex was heterogeneous. P7 and P14 rat
cortices were immunostained with antibodies specific for CaMKIV (A,C) and the nuclei
counterstained with Hoechst (B,D).
E–J. Representative images of E18 cortical cultures that were co-immunostained with anti-
CaMKIV (E, H) and either anti-MAP2 (F) or anti-ER81 (I) antibodies are shown. Nuclei
were counterstained with Hoechst (G, J). Scale bars are 20 μm. (E–G) CaMKIV
immunostained (arrowheads) and unstained cells (arrows) were MAP2 labeled neurons. (H–
J) CaMKIV and ER81 co-immunostained cells (arrows) as well as CaMKIV immunostained
but ER81 unstained cells (arrowheads) were seen.
K. Western blot analyses of E18 cortical cultures harvested at the days in vitro (DIV)
indicated and probed with antibodies specific to CaMKIV and as a loading control GAPDH.
L. Quantification of mean CaMKIV and mean pCREB intensities in E18 cortical cultures
that were co-immunostained with CaMKIV and pCREB at 8 DIV. Shown are 197 neurons
from two independent experiments.
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Figure 2. CaMKIV immunostained pyramidal and nonpyramidal neurons showed greater
dendrite complexity in basal conditions and in response to neuronal activity
A. Shown are examples of E18 cortical pyramidal neurons at 8 DIV that were transfected
with GFP and stimulated with either 50mM KCl or 50mM NaCl as a control and
immunostained with anti-CaMKIV and anti-GFP antibodies. Arrows indicate GFP
transfected pyramidal neurons that are CaMKIV immunostained (CaMKIV +ve) and
unstained (CaMKIV −ve) neurons. Scale bars are 20 μm.
B. CaMKIV immunostained (positive; hatched bars) and unstained (negative; solid bars)
pyramidal and nonpyramidal neurons were analyzed for total dendrite length, primary
dendrite number, branch point number, branching index, and either apical dendrite length
(pyramidal neurons) or longest dendrite length (nonpyramidal neurons). Cultures were
stimulated with either 50mM KCl (gray bars) or 50mM NaCl (white bars) as a control. Note
that the neurons expressing CaMKIV endogenously had greater dendrite complexity. A
minimum of 20 neurons from each class of cells from two independent experiments was
analyzed. *p < 0.05, **p 0.002 (Student’s t-test, two-tailed).
C. Representative Western blot of E18 cortical neurons that were stimulated with either
50mM KCl or with 50mM NaCl (control) at 3 DIV and harvested at 4 DIV. Blots were
probed with CaMKIV and GAPDH specific antibodies. GAPDH is used as a loading
control. Three independent experiments did not reveal a significant difference between
treatment conditions.
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D. CREB was phosphorylated in CaMKIV expressing neurons after stimulation.
Quantification of nuclear mean intensities of CaMKIV and pCREB in E18 cortical neurons
at 8 DIV that were immunostained with CaMKIV and pCREB after treatment with 50mM
KCl. Shown are 162 cells from two independent experiments.
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Figure 3. CaMKIV potentiated activity-induced dendrite complexity
A. Shown are images of E18 cortical nonpyramidal neurons that were co-transfected with
GFP and either empty vector (control) or wild-type CaMKIV (CaMKIVwt) plasmids at 3
DIV, stimulated with either 50mM KCl or 50mM NaCl at 4 DIV, and at 5 DIV
immunostained with anti-GFP antibodies. Scale bars are 16 μm.
B. Shown are images of nonpyramidal neurons that were co-transfected with GFP and either
empty vector (control) or constitutively active CaMKIV (CaMKIVca) plasmids at 3 DIV
and immunostained with anti-GFP antibodies at 5 DIV. Scale bars are 16 μm.
C. Quantification of pyramidal and nonpyramidal neurons that were transfected with
CaMKIVwt (gray bars) or control (pv; white bars) and either stimulated (KCl; hatched bars)
or control treated (NaCl; solid bars) as indicated. CaMKIVca (black bars) transfected
pyramidal and nonpyramidal neurons were untreated. Pyramidal and nonpyramidal neurons
were analyzed for total dendrite length, primary dendrite number, branch point number,
branching index, and either apical dendrite length (pyramidal neurons) or longest dendrite
length (nonpyramidal neurons). Note that CaMKIVca transfected neurons and CaMKIVwt
transfected neurons that were stimulated with KCl showed a significant increase in dendrite
complexity. A minimum of 20 neurons for each class of cells from two independent
experiments was analyzed. *p value < 0.05, **p value ≤ 0.002 (Student’s t-test, two-tailed).
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Figure 4. siRNA knockdown of CaMKIV decreased dendrite complexity
A. Western blot analyses for CaMKIV and GFP expression in HEK 293 cells that were
transfected as indicated with either GFP tagged wild type CaMKIV (CaMKIVwt) or siRNA
resistant CaMKIV (CaMKIVres) plasmids and either CaMKIV siRNA or scrambled siRNA.
CFP was transfected as a control and detected with GFP antibodies. Cells were harvested at
72hrs post-transfection. Note that siRNA knocked down wild type CaMKIV (lane 2) but not
CaMKIVres (lane 5). Shown is a representative Western blot from two independent
experiments.
B. Analyses of endogenous CaMKIV mean intensities in GFP transfected rat cortical
neurons indicating siRNA knocked down endogenous CaMKIV. E18 cortical cultures were
co-transfected with GFP and either CaMKIV siRNA or scrambled siRNA at 4 DIV and
immunostained with anti-CaMKIV and anti-GFP antibodies at 72hrs post-transfection. A
minimum of 20 cells was analyzed per group from two independent experiments. *p value <
0.05 (Student’s t-test, two-tailed).
C. Shown are images of GFP and CaMKIV immunostained neurons that were co-transfected
as indicated with GFP and either scrambled siRNA or CaMKIV siRNA at 4 DIV and
immunostained with anti-CaMKIV and anti-GFP antibodies 72hrs post-transfection. Arrows
indicate the GFP transfected pyramidal neuron in the CaMKIV and GFP immunostained
images. Scale bars are 20 μm.
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D. CaMKIV siRNA transfected neurons showed a significant decrease in dendrite
complexity. Pyramidal and nonpyramidal neurons transfected with GFP (white bars) or co-
transfected with GFP and either scrambled siRNA (gray bars) or CaMKIV siRNA (black
bars) were analyzed for total dendrite length, primary dendrite number, branch point
number, branching index, and either apical dendrite length (pyramidal neurons) or longest
dendrite length (nonpyramidal neurons). A minimum of 20 neurons from each class of cells
from two independent experiments was analyzed. Asterisks above black bars indicate GFP
+siRNA transfected neurons were significantly different from GFP and GFP+scramble. *p
value < 0.05, **p value ≤ 0.002 (Student’s t-test, two-tailed).
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Figure 5. CaMKIVres rescued CaMKIV siRNA decrease in dendrite complexity
A. Analyses of CaMKIV mean intensities in GFP transfected cortical neurons indicated
CaMKIV siRNA knocked down coexpressed CaMKIVwt but not coexpressed CaMKIVres.
E18 cortical cultures were co-transfected with GFP and either CaMKIV siRNA (black and
checker board bars) or scrambled siRNA (white hatched and gray hatched bars) and either
wild type CaMKIV (CaMKIVwt; black, white, and white hatched bars) or siRNA resistant
CaMKIV (CaMKIVres; checker board, gray, and gray hatched bars) at 4 DIV. Cultures were
immunostained with anti-CaMKIV and anti-GFP antibodies at 72hrs post-transfection. A
minimum of 20 cells was analyzed per group from two independent experiments. *p value <
0.05 (Student’s t-test, two-tailed).
B. CaMKIV siRNA decreased CaMKIVwt, but not CaMKIVres, mediated dendrite
complexity. Cortical neurons were co-transfected with GFP and either CaMKIVwt or
CaMKIVres and either scrambled siRNA or CaMKIV siRNA as indicated above in A.
Transfected neurons were analyzed for total dendrite length, primary dendrite number,
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branch point number, branching index, and either apical dendrite length (pyramidal neurons)
or longest dendrite length (nonpyramidal neurons). A minimum of 18 neurons from each
class of cells from two independent experiments was analyzed. Asterisks above solid black
bars indicate CaMKIVwt+siRNA transfected neurons were significantly different from
CaMKIVres+siRNA transfected neurons. *p value < 0.01 (Student’s t-test, two-tailed).
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Figure 6. CaMKIV mediated activity-induced dendrite complexity
CaMKIV siRNA decreased activity-induced dendrite complexity. Quantification of
pyramidal and nonpyramidal neurons that were co-transfected with GFP and either
scrambled siRNA (gray, R-L hatched bars) or CaMKIV siRNA (black, L-R hatched bars) at
4 DIV, stimulated (KCl; white, gray, black bars) or control treated (NaCl; dotted, R-L
hatched, L-R hatched bars) as indicated at 7 DIV, and analyzed at 8 DIV. Transfected
neurons were analyzed for total dendrite length, primary dendrite number, branch point
number, branching index, and either apical dendrite length (pyramidal neurons) or longest
dendrite length (nonpyramidal neurons). A minimum of 20 neurons from each class of cells
from two independent experiments was analyzed. *p value < 0.05; **p value < 0.002
(Student’s t-test, two-tailed).
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