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Neurons in the central nervous system lose their intrinsic capacity for axon regeneration as theymature, and it is
widely hypothesized that changes in gene expression are responsible. Testing this hypothesis and identifying the
relevant genes has been challenging because hundreds to thousands of genes are developmentally regulated in
CNS neurons, but only a small subset are likely relevant to axon growth. Here we used automated high content
analysis (HCA) methods to functionally test 743 plasmids encoding developmentally regulated genes in neurite
outgrowth assays using postnatal cortical neurons. We identified both growth inhibitors (Ephexin, Aldolase A,
SoluteCarrier 2A3, andChimerin), and growth enhancers (Doublecortin, Doublecortin-like, Kruppel-like Factor 6,
and CaM-Kinase II gamma), some of which regulate established growth mechanisms like microtubule dynamics
and small GTPase signaling. Interestingly, with only one exception the growth-suppressing genes were
developmentally upregulated, and the growth-enhancing genes downregulated. These data provide important
support for the hypothesis that developmental changes in gene expression control neurite outgrowth, and
identify potential new gene targets to promote neurite outgrowth.
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Introduction

After injury to themature central nervous system(CNS), axons largely
fail to regenerate. Besides the well-established presence of growth-
inhibitory molecules in the CNS environment (Case and Tessier-Lavigne,
2005; Yiu and He, 2006), another major reason for this regeneration
failure is that mature CNS neurons have an intrinsically low capacity for
axon growth. This is particularly apparent in contrast to the developing
CNS. Indeed, many axons in the embryonic and early postnatal CNS are
capable of regeneration, including those in the brachium of the tectum
(So et al., 1981), the nigral-striatal tract (Kawano et al., 2005), and the
spinal cord (Bregman et al., 1989; Hasan et al., 1993; Saunders et al.,
1998). Following a rapid developmental transition, neurons largely lose
the capacity for regeneration. Importantly, experiments with age-
mismatched co-cultures have shown consistently that the age of the
neuron, and not the age of the recipient tissue, largely determines the
success of regeneration (Chen et al., 1995; Senut et al., 1995; Dusart et al.,
1997;Hafidi et al., 2004; Blackmore and Letourneau, 2006). Furthermore,
retinal ganglion cells that are cultured at low density in defined, serum-
free media, still show an age-dependent decrease in the rate of axon
growth (Goldberg et al., 2002). Thus, changes intrinsic to developing
neurons render them less able to regenerate as they mature. However,
the precise nature of these neuron-intrinsic changes remains unclear.

One likely possibility is that developing neurons alter the
expression of genes involved in axon growth, either by decreasing
the expression of growth-promoting genes, increasing the expression
of growth-suppressive genes, or some combination of the two (Moore
et al, 2009). We tested the hypothesis that developmentally regulated
genes control axon growth in this fashion by high content analysis of
primary postnatal cortical neurons. Previous work used microarray
analysis to profile gene expression in FACS-purified CST neurons
during early postnatal periods (Arlotta et al., 2005). Starting from this
publicly available microarray data, we tested 428 developmentally
regulated genes and identified eight that consistently affected neurite
length. Among these eight genes, we found that all 4 growth
suppressing genes were developmentally upregulated, and 3 of 4
growth enhancing genes were developmentally downregulated. This
screen is an important step in identifying developmentally regulated
genes that control neurite outgrowth.

Results

Establishing a neurite outgrowth screen using high content analysis of
primary postnatal cortical neurons

We hypothesized that changes in gene expression in postnatal
cortical neurons reduce the intrinsic capacity for axon growth
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(Goldberg et al., 2002; Blackmore and Letourneau, 2006; Moore et al.,
2009). To identify candidate genes we took advantage of publicly
available microarray data comparing gene expression in purified
corticospinal motor neurons (CSMNs) between embryonic day 18
(E18) and postnatal day 14 (P14) (Arlotta et al., 2005). This dataset
was initially created to identify genes involved in cell specification,
but fortuitously spans the time when CST neurons lose regenerative
capacity in vivo (Bregman et al., 1989). Using RMA normalization
(Irizarry et al., 2003) and a cut-off of three-fold or greater changes, we
identified 237 genes that decreased and 834 genes that increased in
expression between E18 and P14.

In principle, gene function can be queried either by overexpression
or knockdown. Here we focused on gene overexpression.We obtained
a library of nearly 16,000 mammalian expression vectors (Open-
Biosystems), which contained plasmid DNA corresponding to 445 of
our candidate genes represented redundantly by 743 clones. To screen
these hundreds of candidate genes we adopted the strategy of
electroporation in 96-well format, based on (Buchser et al., 2006),
which allows many genes to be tested in a single experiment. We
established conditions for transfecting cortical neurons with about 50%
efficiency, as assessed by expression of EGFP and mCherry fluorescent
reporters (Supplemental Fig. 1). Although relatively high, 50% transfec-
tion efficiency still requires some means to specifically identify
transfected neurons for downstream analysis. Thus we optimized a
strategy of co-transfection with a fluorescent reporter plasmid. To test
rates of co-transfection we used an OpenBiosystems clone encoding
GFAP, a glial-specific intermediate filament protein chosen mainly
because it is not expressed endogenously in neurons. As expected, we
did not detect GFAP by immunohistochemistry in untransfected
neurons (Fig. 1). Three days after transfection with pCMV-SPORT6
GFAP, we detected GFAP expression in 34% of neurons.When GFAPwas
co-transfectedwithmCherry plasmid at a ratio of 6:1, more than 80% of
mCherry-positive neurons also expressed GFAP. We obtained similar
rates of co-transfectionwith other clones from the library, including one
of our “hit” genes, doublecortin (data not shown and Fig. 3). These
results validate the effectiveness of transfection by electroporation in
96-well format, verify that plasmids from the expression library drive
protein expression in cortical neurons, and establish that in our system,
detection of a co-transfected fluorescent reporter is a high-probability
indicator of expression of a candidate gene.

To quantify neurite outgrowth we used an automated microscope
(Cellomics KSR, and subsequently Cellomics ArrayScan VTI) and
Cellomics Neuronal Profiling software. Transfected neurons were
cultured in 96-well culture plates in a stereotyped pattern, such that
neurons transfected with each plasmid were located in six replicate
wells on three separate plates. After three days neurons were fixed
and visualized using immunohistochemistry for neuron-specific βIII
tubulin. The automated microscope acquired images of neurons,
automatically traced βIII-tubulin positive neurites (Fig. 1), and
reported morphological parameters for each cell, including the total
length of neurites and fluorescence intensities of mCherry and βIII
tubulin. Data were exported to Spotfire DecisionSite software for
further analysis (see Methods and below). Throughput in the screen
was limited by immunohistochemistry, which was done by hand
using multichannel pipettes, and, to a lesser extent, the preparation of
the cortical neurons. Nevertheless, by combining electroporation in
96-well format with automated image analysis and streamlined data
analysis, we could comfortably test around 50 plasmids and acquire
detailed morphological data from around 50,000 neurons per week.

Hit genes include both positive and negative regulators of neurite growth

We first screened developmentally increasing genes, predicting
that genes expressed highly in mature neurons, which regenerate
poorly, might act to suppress growth when overexpressed in
immature neurons. We obtained 499 plasmids corresponding to 310
different genes whose mRNA expression increased at least 3-fold in
CSMNs between E18 and P14 (Arlotta et al., 2005). P1 cortical neurons
were co-transfected with test plasmids and mCherry reporter,
cultured for three days, and subjected to automated image analysis
to quantify neurite length of transfected (mCherry-positive) neurons.
Plasmids were prepared and screened in groups of 24, including three
controls. The first control received no plasmid, and was used to set a
threshold for background fluorescence to identify mCherry-positive
cells in other wells. The second control received only mCherry
plasmid, which is not expected to affect neurite length. The third
control received plasmid encoding KLF4, a transcription factor that we
recently identified as a reliable suppressor of neurite length (Moore
et al., 2009; Fig. 2). Compared to the average of other plasmids, KLF4
decreased neurite length by a minimum of 20% in all experiments,
with an average decrease of 30.1% (±6.4% SEM). Thus KLF4 serves as
an essential positive control, and its presence in each set of
experiments confers high confidence in the ability of our screen to
detect changes in neurite outgrowth.

Despite intense effort to control experimental variability, average
neurite length differed considerably among experiments, even in
control wells that received no plasmid. Therefore, in order to com-
pare plasmids across the entire screen, we normalized the data using
Z-scores based on neurite lengths within each group of 24 genes (see
Methods). Using a cutoff of Z-score ±1.5, our primary screen of 310
genes identified 30 genes with increased neurite lengths and 40 genes
with decreased neurite length (Fig. 2A and Supplementary Table 1).
Because of unavoidable noise in the data, we anticipated that only
some of these represented true “hits.” To reduce the number of false
positives and identify genes with large and statistically significant
effects we re-tested these preliminary hits in a secondary screen.
Plasmids were again tested in groups of 24 containing “no plasmid”,
mCherry, and KLF4 controls. In addition, we also included eight genes
that had produced Z-scores near 0 in the primary screen; as predicted
by the primary screen, none of these genes significantly affected
neurite length compared to mCherry control (pN .05, ANOVA).
Therefore, for the purpose of the secondary screen, we refer to this
set of genes collectively as control genes. Including these multiple
control genes in triplicate experiments enabled statistical tests
(ANOVA with post-hoc Dunnett's) to determine whether the effects
of the preliminary hit genes rose above the level of variability
observed in controls. As shown in Fig. 2B, we identified four genes that
reliably decreased neurite length, and one that increased neurite
length. Importantly, a viability assay detected no change in cell
survival after transfection with these hit genes (Table 1). In sum, high
content analysis of developmentally increasing genes identified five
genes with strong and reproducible effects on neurite length. Of these,
four significantly decreased neurite growth, as predicted by our
hypothesis.

In our second screen we predicted that genes more abundant in
embryonic neurons, which regenerate robustly, might enhance
neurite outgrowth when transfected into older neurons. Ideally, this
screen would be performed in mature neurons that display reduced
baseline outgrowth compared to P1. However, low viability of older
neurons rendered this impractical. We therefore used P5 cortical
neurons, which represent the oldest age that, in our hands, allowed
sufficient cell survival for high content analysis (data not shown). In
these cells we screened developmentally decreasing genes, using 244
plasmids corresponding to 135 unique genes. As in the previous screen,
plasmids were tested in groups of 24, each containing no-plasmid,
mCherry, and KLF4 controls. KLF4 again reliably suppressed neurite
growth, demonstrating the sensitivity of our assay (Fig. 2C). Theprimary
screen identified 13 plasmids that suppressed growth (Z-scoreb−1.5),
and 15 that increased growth (Z-scoreN1.5) (Supplementary Table 1).
Re-testing of these preliminary hits identified three genes with robust
effects, all of which increased neurite length (Fig. 2D) without affecting
cell survival (Table 1). One of these genes, KLF6, is a transcription factor



Fig. 1. Cortical neurons transfected in 96-well format are identified by co-transfected mCherry reporter and efficiently traced by Cellomics instrumentation. (A–G) P1 cortical
neurons were co-transfected with mCherry and either EGFP or GFAP. (A–C) Control neurons transfected with mCherry and EGFP express βIII tubulin (arrowhead, A) and mCherry
(arrowhead, B), but do not express GFAP (arrowhead, C). (D–E) Neurons transfected with mCherry and GFAP express both mCherry (arrow, E) and GFAP (arrow, F).
(G) Quantification shows that 80% of mCherry-positive neurons express GFAP after co-transfection. More than 300 neurons were quantified per condition. (H–K) P1 cortical neurons
transfected with mCherry were cultured for 3 days prior to fixation, staining, and automated scanning (Kineticscan, Cellomics). Only cells identified as neurons by βIII tubulin
staining (I), and successfully transfected withmCherry reporter (arrows, J) were included in subsequent analysis. (D) Digitized overlay shows effective tracing of cell processes. Scale
bars, 100 µm.
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from the same family as our growth-suppressive control gene KLF4.
Subsequent experiments on this family of transcription factors
identified an important role for KLFs in controlling neurite growth of
CNS neurons during development; these results are reported elsewhere
(Moore et al., 2009). The other two genes are two closely related
microtubule associated factors, doublecortin (DCX) and doublecortin-
like (DCL; see below).

DCX and DCL enhance axonal outgrowth in postnatal CNS neurons

To validate and further characterize the effects of our “hit” genes
on neurite growth, we selected a subset for further analysis. To take
advantage of existing reagents and to facilitate validation, we
prioritized genes previously described in the neurite outgrowth
literature. DCX is a microtubule binding protein with a well
established role in neuronal migration and an emerging role in
neurite outgrowth (Kawauchi and Hoshino, 2008). Doublecortin-like
kinase (DCLK) contains an N-terminal domain that is highly
homologous to DCX, and a C-terminal kinase domain. However,
sequencing of the doublecortin-like kinase clone that emerged as a
“hit” gene showed it to be isoform 4, a truncated isoform that lacks the
kinase domain entirely. This isoform is 79% homologous to DCX, and is
thus referred to as doublecortin-like (DCL) (Vreugdenhil et al., 2007).
DCX expression is known to decrease postnatally throughout the
brain (Francis et al., 1999; Gleeson et al., 1999); our immunohisto-
chemistry confirmed the developmental downregulation of DCX in
the cortex and in the corticospinal tract in the spinal cord (Fig. 6). In
transfected cortical neurons in culture we used an antibody to directly
detect the presence of over-expressed DCX. Importantly, neurons that
expressed high levels of exogenous DCX (i.e. with average DCX signal



Fig. 2. An overexpression screen of developmentally regulated genes. Cortical neurons (P1, A, B; P5, C,D) were co-transfected with test genes and mCherry, and cultured for 3 days.
(A, C) In primary screens of both up-regulated (A) and down-regulated (C) genes, plasmids were tested in sets of 24 that included three controls (no plasmid, mCherry (open circles),
and growth-suppressive KLF4 (open squares)). Average neurite lengthwas calculated from at least 100 transfected neurons, and a Z-scores was calculated for each gene based on the
average and standard deviation across all test genes in the set (see Methods). (A, C) Each point represents the Z-score from a plasmid in one experiment. , and shaded areas indicate
plasmids selected for re-screening (Z-scoresNorb1.5). (B,D) In secondary screens, genes were tested in sets of 24 that includedmCherry (leftmost bar) and eight genes with no effect
in the primary screen (Z near 0; seeMethods). Neurite lengthwas normalized to the average of the control genes. Bars represent the average normalized length across three replicate
experiments. Black bars represent genes that differed significantly from controls (pb0.05, ANOVA with post-hoc Dunnett's).
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that was higher than untransfected control neurons) showed an
increase in average neurite length (Fig. 3). These data directly
correlate increased DCX expression with enhanced neurite length in
postnatal cortical neurons. Furthermore, because the effects on
neurite outgrowth were similar regardless of whether transfected
cells were identified based on DCX or mCherry expression, these
results further validate co-transfection with mCherry as an effective
screening strategy.

We next hand-traced neurons transfected with DCX or DCL, using
an anti-Tau1 antibody to differentiate effects on axons and dendrites.
DCX and DCL caused similar phenotypes characterized by long
neurites with looped trajectories (Fig. 4). Hand tracing confirmed
that total neurite lengthwas significantly increased (Fig. 5), as was the
length and number of Tau1-positive axons. Branching of axons was
significantly suppressed by DCL, with a non-significant trend in the
same direction by DCX. Thus, increased expression of DCX and DCL in
postnatal cortical neurons increased the number and length of axons
while suppressing axon branching.

We next asked whether the effects of overexpression of DCX and
DCL might be generalized to other postnatal CNS neuronal popula-
tions, using retinal ganglion cells (RGCs) as a test case. DCX expression
decreases strongly throughout the postnatal brain, but developmental



Table 1
Hit genes do not affect cell survival. P5 cortical neurons were untransfected (no
plasmid), or transfected with EGFP (control) or with hit genes, prior to culture for
3 days and measurement of cell death using Sytox orange. 95% of neurons cultured
without supplements died (***pb .001, ANOVA with post-hoc Dunnett's). Transfection
efficiencies were above 50% in all experiments. No hit genes significantly altered cell
survival compared to controls (nN1000, N=3, ANOVA with post-hoc Dunnett's).

Gene % survival

No transfection 51.4 (±5.6)
No supplements 5.6 (±1.8)***
EGFP 46.9 (±5.6)
ALDOA 47.3 (±5.8)
CAMK2G 46.8 (±8.2)
CHN1 46.4 (±7.6)
DCL 46.2 (±7.9)
DCX 47.1 (±6.1)
KLF6 43.7 (±5.7)
NGEF 45.6 (±5.8)
SLC2A3 44.7 (±7.2)
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regulation specifically in RGCs is less clear (Francis et al., 1999;
Gleeson et al., 1999; Lee et al., 2003). Immunohistochemistry for DCX
in the embryonic retina produced strong labeling in the ganglion cell
layer and in the optic nerve (Fig. 6). Because only RGCs project axons
to the optic nerve, we conclude that embryonic RGCs express DCX.
Immunoreactivity for DCX declined after birth, and was undetectable
in the adult ganglion cell layer or optic nerve, demonstrating
downregulation of DCX protein by maturing RGCs. To test the effects
of overexpression of DCX and DCL we purified postnatal RGCs using
established immunopanning techniques previously shown to gener-
ate N99% pure cultures (Barres et al., 1988; Goldberg et al., 2002;
Moore et al., 2009). In postnatal RGCs in culture, overexpression of
DCX and DCL produced phenotypes similar to those observed in
cortical neurons, with an increase in total neurite length and looped
trajectories of neurites (Fig. 7). Thus, overexpression of DCX in at least
two different types of postnatal CNS neurons strongly enhances
neurite growth.
Fig. 3. DCX overexpression correlates with longer neurites. P5 cortical neurons were transfec
and are faintly immunoreactive for DCX. (C). Neurons co-transfected with mCherry and dou
(F). (G) Each dot represents the average DCX immunofluorescence intensity of a single tran
below 500 arbitrary units, while 87% of DCX-transfected neurons had an average intensity ab
Neurons that were brightly immunofluorescent for DCX extended longer neurites that thos
Scale bar is 50 µm.
NGEF overexpression leads to defects in morphological differentiation

NGEF (also called ephexin) emerged as a strong suppressor of
neurite length in our screen. NGEF is a guanylnucleotide exchange
factor that acts downstream of ephrin/EphA4 signaling to activate the
small GTPases Cdc42, Rac1, and RhoA (Shamah et al., 2001). In
accordance with the microarray data from purified CSMNs (Arlotta
et al., 2005), northern blotting has also demonstrated strong
upregulation of NGEF in postnatal brain (Shamah et al., 2001). To
examine the phenotype produced by NGEF overexpression in more
detail, we manually traced transfected P1 cortical neurons using anti-
βIII tubulin to label all neurites and anti-Tau1 to label axons. As shown
in Fig. 8, the most striking effect of overexpression was a failure to
extend neurites; although 92.7% of control neurons extended neurites
N10 µm after three days in culture, only 47.6% of NGEF-transfected
neurons extended neurites (pb .001, Chi-square, nN30 per experi-
ment, N=3). NGEF-transfected neurons appeared healthy, with large
uncondensed nuclei, and often extended lamellaepodial protrusions
(arrows, Fig. 10). Furthermore, when NGEF-transfected neurons did
extend neurites, these neurites were shorter on average than control
neurons (Fig. 5), and also displayed defects in polarization. Whereas
79.6% of control neurons displayed asymmetric Tau1 localization
in neurites (a hallmark of neuronal polarization), only 48.3% of
neurite-bearing neurons transfected with NGEF had a clear Tau1-
positive axon (pb .001, Chi-square, nN30 per experiment, N=3).
We conclude that overexpression of NGEF in early postnatal cortical
neurons produces a variety of defects in neurite initiation, polariza-
tion, and extension.

Discussion

We have developed a screening method using high content
analysis to test large numbers of genes in overexpression assays in
postnatal cortical neurons. By screening developmentally regulated
genes we identified eight genes that robustly affect neurite growth.
Interestingly, these genes follow a pattern in which most of those
ted with mCherry ± doublecortin. (A–F). Control neurons express mCherry (arrows, B)
blecortin (D–F) express mCherry reporter (E) and are brightly immunoreactive for DCX
sfected (mCherry+) neuron. Nearly 100% of control neurons had an average intensity
ove 500. (H) Average neurite length of transfected neurons (βIII tubulin+, mCherry+).
e with dimmer immunofluorescence (pb0.01, paired t-test, nN300 in each treatment).



Fig. 4. Overexpression of DCX and DCL increase axon length in postnatal cortical neurons. P5 cortical neurons were transfectedwith EGFP (A–D), or EGFP plus DCX (E–H) or DCL (I–L).
After three days, neurons were immunostained for βIII tubulin (B,F,J) and Tau1 (C,G,K). Arrows identify axons from transfected (EGFP+) neurons. Compared to controls, neurons
transfected with DCX or DCL extend long axons with looped trajectories (arrows, H, L). Scale bar is 100 µm.
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whose expression increases during this postnatal period reduced
neurite growth, and all of those whose expression decreases
during development increased neurite growth. Follow-up experi-
ments demonstrated novel effects of NGEF in suppressing neurito-
genesis, and of DCX and DCL in enhancing axon growth in postnatal
neurons.

High content analysis identifies neurite growth genes

Advances in automated microscopy and image analysis, robotic
liquid handling, and data analysis have combined to make high
content analysis (HCA) a powerful strategy to test the functions of
large numbers of genes and bioactive compounds. We have harnessed
these technologies to study gene regulation of neurite outgrowth. We
previously used HCA to screen genes in embryonic hippocampal
neurons, and identified the transcription factor KLF4 as a potent
suppressor of neurite outgrowth (Moore et al., 2009). The current
study is among the first examples of a large-scale overexpression
screen in postnatal CNS neurons. Primary neurons, particularly
postnatal CNS neurons, have stringent survival requirements, are
relatively difficult to transfect, and display high intra-experiment
variability of neurite outgrowth. Previous solutions to these problems
have included the use of cell lines as substitutes for neurons (Yamada
et al., 2007; Loh et al., 2008), the use of non-vertebrate neurons more
amenable to RNAi treatments (Sepp et al., 2008), or screens of
chemical libraries (Sivasankaran et al., 2004). These screens have
yielded important insights into the regulation of neurite outgrowth,
but it is likely that some important information can be obtained only
by specific study of gene perturbation in primary mammalian
neurons. Indeed, as we discuss below, DCX overexpression appears
to have cell-specific effects that differ even between embryonic
hippocampal neurons and postnatal cortical neurons, highlighting the
importance of studying neurite outgrowth in a specific neuronal
population of interest.
Potential limitations of our screening approach

We queried gene function only by overexpression, and not by
knockdown. Overexpressed proteins can display non-physiological
functions, while knockdown, which confers higher confidence in
biological relevance, risks both false positive and false negative results
due to slow protein turnover, protein redundancy, and off-target
effects. The most powerful approach would be complementary
knockdown and overexpression screens, but despite considerable
effort, we have not yet developed a knockdown method that is
reliable enough in postnatal cortical neurons to support a screen. Thus
complementary knockdown screens await technique development.

A second issue concerns the use of P5 neurons, rather than fully
mature neurons, in our screen for growth enhancers. In our hands,
cortical neurons older than P5 exhibit poor survival in culture, which
complicates interpretation of reductions in neurite outgrowth and
also makes HCA impractical. Prior to initiating these experiments, a
significant concern was that in the absence of a control gene that
enhanced neurite outgrowth, our use of P5 neurons, which retain a
relatively high capacity for neurite outgrowth, might make the assay
insensitive to growth-promoting genes. Importantly, however, our
results indicate otherwise. Although it is possible that our screen
missed genes with activities that are specific to more fully mature
neurons, the results of this screen and our previous work (Moore
et al., 2009) clearly demonstrate the ability of our assay to detect
growth promotion.



Fig. 5. DCX, DCL, and NGEF affect length, number, and branching of axons and dendrites. P5 cortical neurons were transfected with EGFP (control), or co-transfected with EGFP and
DCX, DCL, or NGEF. Images of EGFP + neurons were acquired and traced using Neurolucida. All EGFP + neurons with neurites were included in A, D and G. For other graphs, only
polarized neurons with clear tau1-positive processes were included. (A–C) NGEF decreased and DCX and DCL increased average neurite length. DCX and DCL significantly increased
the length of axons, and DCL significantly increased dendrite length. (D–F) NGEF decreased and DCL increased the average number of neurites, whereas DCX and DCL significantly
increased the average number of axons (E), but not the number of dendrites (F). (G–H) DCL significantly decreased the amount of branching for both axon and dendrites. N≥40.
*pb0.05, **pb0.01 ANOVA with post-hoc Dunnett's.
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Our use of a heterogeneous population of cortical neurons affects
interpretation of our findings. One potential concern is the presence of
GABAergic interneurons, but we find that nearly 80% of transfected
neurons in our assay are non-GABAergic (Supplemental Fig. 1).
Nevertheless, cortical projection neurons are highly heterogeneous,
and it is unlikely that our assay would detect genes that affected any
one population (such as CST neurons) specifically. Our screen is
therefore expected to detect genes that act generally across diverse
populations of CNS neurons. In this regard it is interesting to note that
“hit” genes identified in these mixed cortical assays, including KLF
transcription factors and now DCX, exert similar effects in RGCs
(Moore et al., 2009). Thus, our mixed cortical system appears effective
in identification of general regulators of CNS neurite outgrowth.

DCX and DCL kinase enhance neurite growth in vitro

DCX and DCL are microtubule associated proteins best known for
their roles in supporting neuronal migration (Kawauchi and Hoshino,
2008). However, it is increasingly clear that DCX and DCL also play
essential roles in neurite outgrowth, possibly by acting to bundle and
stabilize microtubules in the “wrist” region at the base of growth
cones, or alternatively by mediating microtubule/actin interactions in
the actin-rich periphery of growth cones (Tsukada et al., 2005;
Shmueli et al., 2006; Bielas et al., 2007; Tint et al., 2009). In vivo,
double knockout of DCX and DCLK (although not single knockout of
either) dramatically disrupts the growth of efferent cortical projec-
tions, establishing a necessary role for these MAPs in axon growth in
vivo (Deuel et al., 2006; Koizumi et al., 2006). Here we have shown for
the first time that overexpression of DCX or DCL is sufficient to
enhance neurite outgrowth from postnatal neurons, which normally
express low levels of DCX. In contrast to the striking phenotype we
observe in postnatal neurons, previous studies and our own
unpublished observations show that overexpression of DCX has no
effect on neurite length in embryonic hippocampal neurons (Cohen
et al., 2008; Tint et al., 2009). Because the expression of DCX declines
in CNS neurons postnatally, it may be that overexpression of DCX and



Fig. 6. DCX is regulated in developing cortex and in RGCs. (A–D) Horizontal cortical sections and transverse spinal cord sections from P1 and adult animals were immunostained for
DCX (green). DCX Immunoreactivity is bright throughout P1 cortex (A) and in the CST in P1 spinal cord (arrow, C), but is very dim in adult cortex (B) and spinal cord (D). (E–J) Retinas
(E–H) and optic nerves (I, J) were cryosectioned and stained for DCX. DCX immunoreactivity (green) is abundant in the retinal ganglion cell layer at E15 and P1 (asterisk, E, F) but is
downregulated by P9 (G) and undetectable in the adult (H). In the optic nerve, DCX is readily detectable at P1 (I), but undetectable in the adult (J). Scale bars are 100 µm (A–D, I, J) and
50 µm (E–H).
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DCL in postnatal neurons reveals functions that are masked in
embryonic neurons with higher endogenous levels of DCX. This
point illustrates the importance of screening candidate growth-
promoting genes in postnatal neurons; a screen performed in
embryonic neurons may have missed the growth-promoting effects
of DCX and DCL.

Because DCX and DCL are required for axon growth during
embryogenesis and are absent in most mature CNS neurons, they
are in principle candidates for therapeutic overexpression after axonal
injury. Studies exploring this therapeutic potential will need to
address a number of questions. First, although DCX expression is low
in mature neurons, we don't know how it responds to injury. Second,
because the activities of DCX and DCL are highly regulated, simple
overexpression may not be sufficient to restore function. The affinities
of DCX and DCL for microtubules and actin are regulated by
phosphorylation, involving multiple kinases, phosphatases, and
scaffolding proteins (Gdalyahu et al., 2004; Schaar et al., 2004; Tanaka
et al., 2004; Shmueli et al., 2006; Bielas et al., 2007). Furthermore,
components of this regulatory network are themselves developmen-
tally regulated (Tsukada et al., 2003; Shmueli et al., 2006; Bielas et al.,
2007). Manipulating this regulatory network after injury to maximize
DCX/DCL's growth-enhancing activities will likely be essential to
developing any DCX/DCL-based therapy. Finally, it will be important
to explore how DCX/DCL, which target axon growth regulation at the
level of axonal cytoskeletal dynamics, (Zhou and Snider, 2006; Erturk
et al., 2007; Pak et al., 2008), might synergize with strategies that
target the cell body response at the level of gene transcription or
metabolism (Park et al., 2008; Moore et al., 2009).

NGEF suppresses neurite growth in vitro

We have shown, for the first time, that forced overexpression of
NGEF leads to substantial suppression of neurite outgrowth. NGEF
(originally named Ephexin) is a guanylnucleotide exchange factor of
the Dbl family, which acts as a downstream effector of ephrin/EphA4
signaling. By regulating the activities of small GTPases cdc42, rac1, and
RhoA, NGEF is well positioned to regulate actin dynamics and axonal
outgrowth (Shamah et al., 2001). In agreement with the microarray
data used here, Northern blotting has shown strong upregulation of
NGEF in the postnatal brain (Shamah et al., 2001). One model of NGEF
activity is that unphosphorylated NGEF activates Cdc42, Rac1, and
RhoA indiscriminately, but that upon ephrin binding to EphA4
receptors, NGEF is phosphorylated and preferentially stimulates
RhoA activity, causing growth cone collapse and a blockade of axon
growth (Sahin et al., 2005). Ephrins are expressed in the spinal cord
after injury and act to suppress axon regeneration (Benson et al.,
2005; Niclou et al., 2006), so the increased expression of NGEF in
mature neuronsmay confer a higher sensitivity to growth-suppressive
ephrin signaling.

Our finding that overexpression of NGEF suppresses neurite
growth in the absence of exogenous ephrins is somewhat unexpected.
It has been proposed previously that in the absence of ephrin signaling
NGEF's basal activation of small GTPases acts to support neurite
growth. Indeed, knockdown of NGEF in retinal ganglion cells that
were not treatedwith ephrin caused a decrease in axon growth (Sahin
et al., 2005). It is possible that ephrin As may be present in the culture
media. Alternatively, our results may be due to a difference in cell
types. NGEF has not been previously studied in postnatal cortical
neurons, and we have not characterized the relative abundance or
activation of rho-family GTPases in control or NGEF-overexpressing
neurons in culture. It is possible that in this signaling context, high
levels of NGEF expression act to suppress neurite growth even in the
absence of ephrin stimulation. Final conclusions regarding NGEF
function in postnatal cortical neurons must await loss of function
experiments. Nevertheless, given the striking increase in NGEF
expression during postnatal development, we speculate that abun-
dant NGEF inmature neuronsmight act to suppress regeneration after
injury. It would be particularly interesting to test whether axonal
regeneration is enhanced in mature neurons that lack NGEF
expression.



Fig. 7. Overexpression of DCX or DCL increases neurite length in postnatal RGCs.
Purified P4 RGCs were transfected with EGFP (control) or EGFP plus DCX or DCL,
cultured for 2 days, and stained for tubulin. Transfected RGCs were identified by EGFP
(arrows). Compared to control (A,B), RGCs transfected with DCX (C,D) or DCL (E,F)
showed increased neurite outgrowth and curved/looped neurite trajectories. (G) Total
neurite length was significantly increased in neurons transfected with DCX or DCL
(*pb0.05, **pb0.01, ANOVA with post-hoc Dunnet's). N=3 experiments, with N100
transfected neurons/treatment. Error bars show SEM. Scale bar, 100 µm.

Fig. 8. NGEF suppresses neurite growth in postnatal cortical neurons. P1 cortical
neurons were co-transfected with EGFP (control, A–D) or NGEF plus EGFP (NGEF, E–H)
and cultured for 3 days. Control neurons (A–D) extend long processes, some of which
are identified as axons by Tau1 immunoreactivity (C). Neurons transfected with NGEF
(E–H, arrows) often extended no neurites but appeared viable with large, uncondensed
nuclei and abundant lamellar protrusions (insets, E–H). Scale bar is 50 µm.
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Other hits

Although we have yet to perform follow-up experiments on all the
hit genes identified in our screens, previous reports suggest potential
roles in regulating neurite outgrowth during development. For
instance, our finding that overexpression of CaMKIIG enhances
neurite outgrowth is consistent with findings regarding other CaMK
family members (reviewed in (Wayman et al., 2008). CaMKI family
members appear to regulate axonal outgrowth (Wayman et al., 2004),
whereas CaMKII family members are prominent in regulating
dendritic morphogenesis. For instance, overexpression of CaMKIIB
has been shown previously to increase dendritic arborization (Fink
et al., 2003). Thus, our finding that a member of CaMK family affects
neurite outgrowth might be predicted from the literature, although
this particular family member (CaMKIIG) has not previously been
shown to regulate neurite growth. Similarly, CHNI (alpha-chimaerin)
negative regulates the small GTPase Rac1, and is a mediator of growth
cone collapse in response to sempahorins and ephrins (Brown et al.,
2004; Shi et al., 2007). Another hit gene, ALDOA (aldolase A) belongs
to a family of glycolytic enzymes and was initially a surprising hit.
Intriguingly, however, aldolases have recently been shown to have an
unexpected ability to bind and stabilize mRNA in neurons, thereby
increasing the expression of genes including neurofilaments (Canete-
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Soler et al., 2005; Stefanizzi and Canete-Soler, 2007). Future
experiments can determine whether the ability of ALDOA to suppress
neurite outgrowth might be related to this mRNA-binding activity.

In summary, our screening of developmentally regulated genes
has identified a number of genes that regulate neurite outgrowth.
Follow-up experiments validated the ability of the screen to identify
both positive and negative growth regulators. By using primary
postnatal neurons, we have identified previously unappreciated
effects on neurite outgrowth by relatively well-studied genes such
as DCX/DCL and NGEF. Notably (with a single exception), develop-
mentally upregulated genes suppressed neurite growth, and devel-
opmentally downregulated genes enhanced growth. These intriguing
results support the concept that a coordinated transcriptional
program underlies the transition between a high growth state and a
low growth state (see, Moore et al., 2009). By expanding our
screening efforts to cover more of the genome we will be able to
test this idea in detail.

Experimental methods

Microarray analysis

Microarray data, series GSE2039 (Arlotta et al., 2005), were
downloaded from the NCBI Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/). RMA normalization was performed as
described in (Irizarry et al., 2003) using the software package RMA
Express (http://rmaexpress.bmbolstad.com). Data were exported to
Microsoft Excel, and probe values were averaged across replicate
chips for comparison across age. A three-fold change in average probe
intensity in either direction was used as a cutoff to select genes for
screening.

Plasmid preparation

A glycerol stock library from the NIH Mammalian Genome
Collection (Gerhard et al., 2004)was purchased fromOpen Biosystems
(Thermofisher, Huntsville, Alabama), which included human (IRAT)
andmouse (IRAV) clones in a pCMV-SPORT6 backbone. Glycerol stocks
were used to inoculate 5 ml of LB media containing 100 µg/ml
ampicillin, and miniprep spin columns (Qiagen) were used to prepare
plasmid DNA. A concentration of ≥200 ng/µl and an OD ratio (260/
280) N1.8 were minimal quality control standards. A protein
considered inactive, mCherry (Shaner et al., 2004), was cloned into
pCMV-SPORT6 plasmid to serve as control.

Preparation of 96-well plates and coverslips

96-well plates (Perkin Elmer #6005182, Waltham, MA) were
coated with 10 µg/ml Poly-D-Lysine (PDL, Sigma #P7886) for at least
24 h, rinsed five times with water, coated overnight at 4 °C with
10 µg/ml laminin (Sigma #L2020), and rinsed before addition of
200 µl neuronal media (see below). For experiments involving hand
tracing of neurons, glass coverslips were prepared by dipping in 95%
ethanol followed by brief flaming. Coverslips were coated with PDL
and laminin as described above.

Media preparation

EnrichedNeurobasal (ENB)mediawasmodified from(Meyer-Franke
et al., 1995) and containedNeurobasalmedium(Invitrogen#12348017),
100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen
#15140122), 5 µg/ml insulin (Sigma #I6634), 100 µM sodium pyruvate
(Invitrogen #11360070), 4 µg/ml triiodo-thyronine (Sigma #T6397),
200 µM L-glutamine (Invitrogen #25030149), 50 µg/ml N-acetyl-L-
cysteine (Sigma #A8199), B27 supplement (Invitrogen #17504044),
100 µg/ml transferrin (Sigma #T1147), 100 µg/ml bovine-serum albu-
men (Sigma #A4161), 63 ng/ml progesterone (Sigma #P8783), 16 µg/
ml putrescine (Sigma #P7505) and 400 ng/ml sodium selenite (Sigma
#S5261). In experiments with cortical neurons, 20 ml of this media was
placed on confluent glial cultures in T-75 flasks (Nunc #156499)
overnight for glial conditionedmedium,whichwas removed andfiltered
prior to use.

Glial cell cultures

Astrocyte cultures were prepared as described in (De Hoop et al.,
1998). Briefly, cortex from 3 P1 rat pups were dissected into ice-cold
Hibernate E (Brainbits), minced with a razor blade, transferred to
10 ml dissociation media (Hiberate E containing 0.25% trypsin (Gibco
#15090 and 150 µg/ml DNAse (Sigma #5025)), and incubated for
15 min at 37 °C with constant shaking. Remaining cell clumps were
allowed to settle for five minutes, and the supernatant was
transferred to a collection tube containing 3 ml horse serum (Gibco
#26050-070). Cell clumps were incubated for an additional 15 min in
Dissociation Media at 37 °C with constant shaking. 3 ml of horse
serum was added, and cells were triturated 10 times in a 10 ml
pipette. Cell suspensions were passed through 70 µm mesh (BD
Falcon #352350), pelleted (180×g, 5 min), and resuspended in 10 ml
culture media (MEM (Gibco #11095-080), Pen-Strep (Gibco #15145-
014), 10% horse serum, 0.6% glucose (Sigma #67021). 1 ml of cell
suspension was placed in a T-75 flask (Nunc #156499) containing
20 ml of culture media. Media were changed every 3 to 4 days, and
cultures were used to condition neuronal culture media after two
weeks.

Neuronal dissociation

Retinal ganglion cells (RGCs) were purified by immunopanning as
previously described (Meyer-Franke et al., 1995). For cortical neurons
we developed a method to maximize viability using sequential
digestion with papain and trypsin followed by sequential trituration
of cell clumps while periodically removing the overlying cell
suspension to minimize mechanical stress on dissociated cells.
Postnatal rats (P1 or P5) were sacrificed by decapitation and the
brains placed in ice-cold Hibernate E (minus CaCl2) (Brainbits #HE-Ca
500). Meninges were removed. Frontal cortex was isolated, minced
finely with a razor blade, and incubated in 10 ml dissociation media
(Hibernate E containing 20 U/ml papain (Worthington #3126)) and
150 µg/ml DNAse (Sigma #5025)), and incubated for 30 min at 37 °C
with constant shaking. Cell clumps were rinsed by pelleting (10×g,
10 min) and resuspended in Hibernate E+2% B27, then pelleted,
resuspended in 1.5 ml Hibernate E+2% B27, and gently triturated
three times with a lightly fire polished pipette. Remaining cell clumps
were pelleted, rinsed in 10 ml of Hibernate E (no B27), then pelleted
and resuspended in 10 ml Hibernate E containing 0.25% trypsin
(Gibco #15090 and 150 µg/ml DNAse (Sigma #5025)). Cells were
incubated for 30 min at 37 °C with constant shaking, then pelleted
and resuspended in 5 ml Hibernate E+2% B27. Cells were then
sequentially triturated by resuspending in 1.5 ml Hibernate E+2%
B27, triturating three times with a lightly fire polished pipette, then
letting cell clumps settle for two minutes. The supernatant was
removed to a separate collection tube, and the process repeated until
no cell clumps were visible. Typically a total of 12–14 mls of cell
suspension containing a total of 8–10 million cells was collected.

Transfection

For cortical neurons, transfection techniques were modified from
(Buchser et al., 2006). Dissociated neurons were pelleted and
resuspended in Internal Neuronal Buffer (INB) (KCL 135 mM, CaCl2
0.2 mM, MgCl2 2 mM, HEPES 10 mM, EGTA 5 mM, pH 7.3) at a
concentration of 2×106/ml. 25 µl of this cell solution was placed in

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://rmaexpress.bmbolstad.com
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each well of a 96-well electroporation plate (Harvard Apparatus/BTX
#45-0450) and mixed with 25 µl of INB containing 0.5 µg of mCherry
reporter plasmid and 3 µg of the test plasmid. The plate was placed in
a plate handler (HT-200) attached to an ECM 830 square wave pulse
generator (Harvard Apparatus/BTX), where each well received a
single pulse of 350V for 300μs. 100 µl of Hibernate E with 2% B27
supplement was added to eachwell to aid cell recovery, and cells were
transferred to 96-well plates (1600 per well). For RGCs, 100,000 P4
postnatal RGCs were purified by immunopanning, resuspended in an
electroporation solution containing 2 µg of total DNA (GFP reporter
and gene of interest; 1:6 ratio), placed in a cuvette for small cell
numbers (Amaxa) and electroporated using Amaxa program SCN#1.
Immediately following electroporation, growth media was added to
the mixture and the whole solution placed into a 0.5 ml Eppendorf
tube. RGCs were centrifuged for 16 min at 1800 rpm prior to
resuspension and plating. Transfection efficiencies averaged around
20% in RGC experiments.

Immunohistochemistry

Primary antibodies were: Rabbit anti-βIII tubulin (Sigma #T2200,
1:500 dilution), Mouse anti-Tau1 (A kind gift from Dr. Itzhak Fischer,
Nothias et al., 1995), and Mouse anti-GAD67 (Chemicon #Mab 5046).
Cultures were fixed using 4% paraformaldehyde (Sigma #P1648) in
PBS buffer at 37 °C. Following rinses in PBS, cultures were blocked and
permeabilized in 20% goat serum (Gibco #16210-72) )/0.02% Triton
X-100 (Sigma) in antibody buffer (150 mM NaCl, 50 mM Tris base, 1%
BSA, 100 mM L-Lysine, 0.04% Na azide, pH 7.4) for 30 min to reduce
non-specific binding. Cultures were incubated overnight at 4 °C in
antibody buffer containing primary antibodies, washed with PBS,
incubated in antibody buffer containing secondary antibodies and
2 µg/ml Hoechst 34580 (Invitrogen #H21846) for 4 h at room
temperature, washed with PBS, and left in PBS for imaging.

Quantification of neurite length

For automated image analysis, images of neurons were acquired
using Cellomics KSR or VTI automatedmicroscopes, using Hoechst dye
to identify nuclei, βIII tubulin fluorescence to identify neuronal cell
bodies and neurites, and mCherry fluorescence to identify transfected
neurons. Neurites were traced using Neuronal Profiling v3.5. Data
were exported to Spotfire DecisionSite software (Tibco) for further
analysis. Untransfected neurons in a control well in each experiment
were used to determine background fluorescence, and a threshold for
mCherry+ cells was set such that b1% of untransfected cells were
called mCherry+. Then, using only data frommCherry+ neurons, the
average neurite length was determined for neurons transfected with
each experimental plasmid. To calculate Z-scores, average neurite
length was calculated for each plasmid, and these averages were then
used to calculate an overall average and standard deviation within
that set of 24 plasmids (no-plasmid and KLF4 treatments excluded).
The overall average was subtracted from each individual average, and
then divided by the standard deviation (Z-score). For hand tracing,
neurons were imaged on an Olympus IX81 microscope and traced
using Neurolucida software (MBF Bioscience).

Cell survival assay

Cortical neuronswere cultured and transfected as described above,
except the mCherry reporter was replaced with pMAX-GFP (Amaxa)
to enable co-staining with Sytox orange. After three days, 150 µl of
culture media was removed and replaced with Hank's Balanced Salt
Solution (HBSS) containing 2 µg/ml Hoechst 34580 (Invitrogen
#H21846) and 5 µM Sytox Orange (Invitrogen #S11368). After
15 min cells were scanned with the Cellomics KSR and percent of
surviving cells (Hoechst+/Sytox−) was quantified for a minimum of
500 cells per treatment.
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