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SUMMARY

More than one-half of the interneurons in a mouse
olfactory bulb (OB) develop during the first week after
birth and predominantly connect to excitatory tufted
cells near the superficial granule cell layer (sGCL),
unlike late-born interneurons. However, the molecu-
lar mechanisms underlying the temporal specifica-
tion are yet to be identified. In this study, we deter-
mined the role of Abelson tyrosine-protein kinase 1
(Abl1) in the temporal development of early-born
OB interneurons. Lentiviral knockdown of Abl1 dis-
rupts the sGCL circuit of early-born interneurons
through defects in function and circuit integration, re-
sulting in olfactory hyper-sensitivity. We show that
doublecortin (Dcx) is phosphorylated by Abl1, which
contributes to the stabilization of Dcx, thereby
regulating microtubule dynamics. Finally, Dcx
overexpression rescues Abl1 knockdown-induced
anatomic or functional defects. In summary, specific
signaling by Abl1-Dcx in early-born interneurons
facilitates the temporal development of the sGCL
circuit to regulate innate olfactory functions, such
as detection and sensitivity.

INTRODUCTION

Interneurons tightly control neurotransmission through more

delicate and intricate modulation for information processing

(Bartolini et al., 2013; Paredes et al., 2016), whereas excitatory

neurons transmit information to other neurons responding to

stimuli (Douglas and Martin, 2004; Harris and Shepherd,

2015). Interneurons are developed into morphologically, molec-

ularly, and electrophysiologically diverse subtypes with contin-

uous generation during embryonic, and even adult, stages (Bar-

tolini et al., 2013; Batista-Brito and Fishell, 2009; Kepecs and

Fishell, 2014). Thus, malformation of the interneuron by genetic

mutations during the early development of the brain leads to

neurodevelopmental disorders, including autism-spectrum dis-

order and Tourette’s syndrome (Ashwin et al., 2014; Marco

et al., 2011).
Ce
This is an open access article under the CC BY-N
The temporally defined generation of interneurons is a key fac-

tor for diverse specification (Kao and Lee, 2010; Osterhout et al.,

2014). During cortex development, the temporally defined

expression of transcription factors, such as CoupTF2, mediates

cell-fate determination of progenitor cells between somato-

statin- and parvalbumin-expressing interneurons (Hu et al.,

2017). In addition, interneurons with molecularly similar cell fates

could also form different functional circuits by temporally defined

births. Hippocampal early-born and late-born, parvalbumin-ex-

pressing basket cells have a differential role in memory learning

(Donato et al., 2015). However, understanding is still lacking con-

cerning the molecular machinery that distinguishes the anatom-

ical or functional specification of interneuron by temporally

defined birth.

In particular, the olfactory bulb (OB) has a much greater pro-

portion of interneurons innervating excitatory neurons than do

other brain regions (Bayer, 1983). More than one-half of the inter-

neurons are generated during the first week after birth from the

subventricular zone (SVZ) and migrate into the OB through the

rostral migratory stream (RMS) (Lledo et al., 2008; Mirich et al.,

2002; Rall et al., 1966). Among them, the greatest proportion is

integrated into the superficial granule cell layer (sGCL), forming

neural circuits to excitatory tufted cells. In contrast, late-born in-

terneurons are almost all integrated into the deep granule cell

layer (dGCL), mainly connecting excitatory mitral cells (Lemas-

son et al., 2005; Mori, 1987). These anatomical properties imply

differential functionality in the olfactory system between post-

natal early- and late-born OB interneurons (Muthusamy et al.,

2017). Patients with neurodevelopmental disorder because of

abnormal timely development of interneurons usually have hy-

persensitivity for external stimuli, such as hallucination or

acouesthesia (Ashwin et al., 2014). However, the detail mecha-

nisms for these phenomena and the molecular machinery that

separates the functionalities of early-from late-born OB interneu-

rons both remain unclear.

Abelson tyrosine-protein kinase 1 (Abl1) is awell-known proto-

oncogene involved in chronic myelogenous leukemia (Wang

et al., 1984). Abl1 transcript is highly expressed in neural progen-

itor cells and early-born neurons through the development of

mouse neocortex (Ayoub et al., 2011; Telley et al., 2016). Abl1

is involved in the formation of neural tube at embryonic stage

with Abl1-related gene (Arg/Abl2) (Koleske et al., 1998) and has

a role in neurite outgrowth by regulating the cytoskeleton
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dynamics in cultured cortical neurons (Zukerberg et al., 2000). In

addition, the Abl1 gene has been proposed as a candidate gene

for autism-spectrum disorder (Butler et al., 2015; Fogel et al.,

2012). According to the US Food and Drug Administration,

chemotherapy with imatinib mesylate, which is an inhibitor of

Abl1, induces abnormal development of the fetal brain in 65%

of pregnant women with cancer (180 cases) and dysesthesia in

young patients aged 2 to 9 years, accounting for 60% of all pa-

tients having abnormal sensory processing. Although these re-

ports strongly imply an involvement of Abl1 in the postnatal early

development of the brain, the underlying mechanism has not

been identified.

In this study, we disclose a link between Abl1 and the post-

natal development of OB. Abl1 is temporally expressed in the

precursor cells of early-born OB interneurons, and its depletion

induces olfactory hyper-sensitivity with developmental defects

in the early-born interneuron. We further dissected the Abl1-

mediated molecular mechanism via doublecortin (Dcx) underly-

ing the development of the early-born interneuron. Taken

together, we tighten the Abl1-mediatedmechanical link between

postnatal early-born interneurons and their innate olfactory

physiologies.

RESULTS

Active Wave of Abl1 Expression during Postnatal Early-
OB Development
In the OB, Abl1 protein was strongly expressed until postnatal

day 4 (P4) and then decreased significantly (Figure 1A). The level

of phosphorylated Abl1 (pY412-Abl1), which is an active form

and was detected by pY412-Abl1 antibody after immunoprecip-

itation (IP) of the Abl1 antibody, decreased similarly to the

expression pattern of Abl1 after birth (Figure 1B). In contrast,

the expression of Abl2 (Arg), which shows more than 80% struc-

tural homology with Abl1, increased progressively as the OB

developed (Figures 1A and S1A). Taken together, we found

that Abl1 is involved in an earlier stage of postnatal OB develop-

ment, which is different than Abl2. Furthermore, the expression

of Abl1 mRNA was strongly expressed at P4 throughout the

RMS in OB and then decreased significantly at P28. To quantify

that decrease, we measured the Abl1-mRNA-expressed area

within the entire OB area and found a significant decrease in

signal-positive areas at P28 compared with those at P4 (Fig-

ure 1C). In accordance with these results, Abl1 immunoreactivity

was highly enriched in interneuron-precursor cells stained by

Dcx of the RMS in OB at P4. At P28, the Abl1 immunoreactivity

was marginal in Dcx-labeled precursor cells, which are still en-

riched in the RMS in OB (Figure 1D). These results mean that

postnatal early-born precursor cells in the RMS of OB have a

specifically stronger expression of Abl1 than do late-born pre-

cursor cells. Although Abl1 was also detected in a subset of

mature GAD67-expressing interneurons in other layers of OB,

including the glomerular cell layer (GL), sGCL, and dGCL, as

well as vGLUT1-expressing mitral cells (Figures S1B–S1D), it

was not significantly changed between P4 and P28 (Figure 1E).

These data indicate that the change of Abl1 expression results

from the differential profile between the interneuron-precursor

cells of P4 and P28. Based on the massive generation of post-
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natal early-born interneurons occurring in the OB during the first

week after birth (Bayer, 1983), we postulated that Abl1 is

involved in the development of the postnatal early-born interneu-

rons of OB, rather than late-born interneurons.

Requirement of Abl1 for Proper Localization of
Postnatal Early-Born Interneurons into the MCL and the
sGCL of OBs
Previous studies demonstrated that postnatal early- and late-

born interneurons have different cell fates in OB circuits (Kao

and Lee, 2010; Muthusamy et al., 2017; Osterhout et al., 2014).

By the incorporation of 5-bromo-20-deoxyuridin (BrdU) at P0 or

P14, as a representative stage of late-born interneurons, we

also found that P0-generated interneurons dominantly located

into the mitral cell layer (MCL) and the sGCL. In contrast, the

number of P14-generated interneurons located in the MCL and

sGCL was similar to that in the dGCL (Figure S2). These data

were consistent with previous studies (Lemasson et al., 2005;

Muthusamy et al., 2017). To examine the developmental effect

of Abl1 in the postnatal early-born OB interneuron, we knocked

down the expression of Abl1 in newborn neurons from the SVZ

at P0 by injecting lentivirus-bearing, interfering, small-hairpin

RNA against the control (shCTL) or the Abl1 (shAbl1) and tur-

boGFP (tGFP) into the lateral ventricles (Figure 2A). shAbl1 effi-

ciently decreased the expression of Abl1 in the OB at 5 weeks,

but the expression of tGFP was consistent in shCTL- and

shAbl1-virus-injected mice, indicating similar efficiency on viral

infection (Figure 2B). At P4, virus-infected cells from the SVZ

had already arrived in the OB via the RMS (Figure S3A), indi-

cating that P0-generated cells from the SVZ take at least

4 days to arrive into the OB. In addition, the total number of

tGFP-labeled cells was also similar in shCTL- and shAbl1-vi-

rus-injected mice (Figure 2C), indicating neither massive cell

death nor migratory deficit via the RMS by Abl1 deficiency. We

then examined the distribution of lentivirus-infected, newborn

neurons in the OB that co-express GFP with shCTL or shAbl1.

In shCTL-virus-injected mice, the GFP-labeled neurons were

dominantly distributed into the MCL and sGCL (Figures 2D–

2F), similar to BrdU-incorporation data (Figure S2). Notably, in

shAbl1-virus-injectedmice, the GFP-labeled neurons decreased

significantly in MCL and sGCL and increased reciprocally in

dGCL, compared with that of shCTL-virus-injectedmice (Figures

2D–2F). These anatomical changes were also shown in Abl1

dominant-negative (DN)-virus-injected mice (Figures 2G, 2H,

and S3B). Taken together, we suggest that Abl1 is important

for proper integration of postnatal early-born interneurons into

the MCL and the sGCL.

Necessity of Abl1 for Maturation and Functionality of
Postnatal Early-Born OB Interneurons
To investigate the effect of the knockdown of Abl1 on the func-

tionality of the postnatal early-born interneuron, we examined

neuronal morphology. We generated and injected a modified vi-

rus-bearing, membrane-localized GFP (EGFP CAAX) with shCTL

and shAbl1. Interestingly, shAbl1-expressing neurons in the

sGCL and dGCL had dramatically shortened length and

decreased branches on the dendrites, compared with those of

shCTL-expressing neurons (Figures 3A–3C). These data indicate
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Figure 1. Expression and Activation of Abl1 in Mouse Developing OB

(A) Time course expression of Abl proteins during mouse OB development. *Nonspecific bands are shown, similar to the Abl1 bands. Bottom: relative levels of

Abl1 (black line) and Abl2 (blue line) (n = 3) are normalized by the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

(B) Time-course expression of pY412-Abl1, which is detected by the pY412-Abl1 antibody after IP of the Abl1 antibody (Cat# 2862).

(C) RNA in situ hybridization in sagittal sections of P4 and P28 OBs. Abl1 mRNA labeled by the Abl1 probe is marked with a purple dot. Scale bars, 500 mm; scale

bars in magnified images, 50 mm. Graph represents the quantification of Abl1 mRNA-positive areas within the OB at P4 and P28. Error bars indicate SE. ***p <

0.001 by unpaired t test.

(D) Immunohistochemistry of Abl1 (green) and Dcx (red) with DAPI-labeled nuclei (blue) in P4 and P28 OBs. Scale bar, 100 mm; scale bars in magnified images,

50 mm.

(E) Proportion of Abl1-expressing cells per area in RMS and OB cell layers at P4 and P28 (n = 4). Error bars indicate SE. ***p < 0.001 by unpaired t test.
that Abl1 deficiency leads to a morphological defect of the

interneuron. Although the population of mature dendritic

spines was noticeably less in shAbl1-expressing neurons of

the sGCL, immature dendritic spines were remarkably increased

in shAbl1-expressing sGCs (Figures 3D–3F). Furthermore,

shAbl1-expressing neurons in the MCL and sGCL had marginal

or no expression of c-Fos, which is an immediate early gene re-

sponding to neuronal activity (Jin et al., 1996), compared with

shCTL-expressing neurons (Figures 3G and 3H). Unexpectedly,

c-fos immunoreactivity was significantly reduced in the entire

granule cell, whether infected or not, of the MCL and sGCL of

shAbl1-virus-injected mice, implying that Abl1-deficient neurons

in theMCL or sGCLmay affect neighboring neurons through cell-

nonautonomous signaling (Figures 3I and 3J). These data

indicate that Abl1-deficient interneurons are atrophied without
functionality, rather than a change of cell fate, and the deficiency

of Abl1 is more vulnerable to interneurons in the MCL and sGCL.

Taken together, we suggest that Abl1 is required for the matura-

tion and functionality of postnatal early-born interneurons in the

MCL and sGCL.

Postnatal Early-Stage Abl1-Deficient Mice Having the
Deficit in Spontaneous Odor Behaviors
Previous studies have demonstrated that postnatal early-born

OB interneurons mainly contribute to the spontaneous and

innate olfactory functions associated with survival or reproduc-

tion (Lemasson et al., 2005), whereas late-born interneurons

have a role in acquired olfactory learning (Imayoshi et al., 2008;

Root et al., 2014). Thus, we assumed that Abl1-mediated devel-

opment of OB interneuron contributes to the spontaneous
Cell Reports 30, 187–201, January 7, 2020 189
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Figure 2. Necessity of Abl1 for Integration of Postnatal Early-Born Interneurons

(A) Experimental time-schedule of lentiviral injection.

(B) The amount of each protein in the OB of P35-aged shRNAs mice (n = 3 individuals for each group). *p < 0.05 by unpaired t test.

(C) The total number of tGFP+ cells in the OB of P35-week-aged shRNAs mice (n = 16 sections from four individuals). p value by unpaired t test.

(D and E) Representative images for immunohistochemistry of GFP with nuclei in P35 OBs of shCTL virus- (D) and shAbl1 virus- (E) injected mice. Scale bar,

500 mm; scale bars in magnified images, 100 mm.

(F) Distribution of GFP+ cells in each layer of the OB of shRNAs-virus-injected mice (five sections from three animals per group). p value by two-way ANOVA;

interaction, ***p < 0.0001; row factor, **p < 0.01.

(G) Representative images for P35-aged OB of CTL- and Abl1DN-virus-injected mice. Scale bar, 100 mm.

(H) Distribution of GFP+ cells in the OB layers of CTL- and Abl1DN-virus-injected mice (nine sections from seven animals per group). p value by two-way ANOVA;

interaction, ***p < 0.0001; row factor, ***p < 0.0001.
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Figure 3. Necessity of Abl1 for Functionality of Postnatal Early-Born Interneurons

(A) Representative images of the dendritic morphology of shRNAs-expressing interneurons. We obtained the morphology of GFP+ individual cells using the

ImageJ program (NIH). Scale bar, 10 mm.

(B) Dendritic length of shCTL- (n = 74 cells from three animals) and shAbl1- (n = 74 cells from three animals) expressing interneurons. Error bars indicate SE.

***p < 0.001 by unpaired t test.

(C) Number of dendritic intersections of shRNA-expressing interneurons by the ‘‘Sholl analysis’’ module of the ImageJ program (n = 74 cells from three animals).

(D) Representative images of dendritic spines in the proximal region of shRNAs-expressing interneurons in sGCL and dGCL. Scale bar, 10 mm.

(E) Total density of spines per 1 mm of dendrite (n = 24 cells from three individuals). Error bars indicate SE. p value by unpaired t test.

(F) Density of spine according to morphology in shRNAs-expressing interneurons (n = 15 sections from three individuals). Error bars indicate SE. *p < 0.05,

**p < 0.01, and ***p < 0.001 by unpaired t test.

(G) Representative images of the immunohistochemistry of c-Fos (red) and GFP (green) in sGCL in P35 OBs of shRNAs-virus-injected mice. Scale bar, 20 mm.

(H) Number of cells double labeled by c-Fos (red) and GFP (green) in sGCL (seven sections from two animals). Error bars indicate SE. ***p < 0.001 by unpaired

t test.

(I) Representative images of the immunohistochemistry of c-Fos (red) with nuclei (blue) of cells in P35 OBs of shRNAs-virus-injected mice. Scale bar, 20 mm.

(J) Total number of cells expressing c-Fos in GL + EPL, MCL, and sGCL of shRNAs-virus-injected mice (seven sections from two animals). Error bars indicate SE.

*p < 0.05 and ***p < 0.001 by unpaired t test.
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olfactory behaviors of mouse. We performed a seeking test with

buried, versus unburied, food in virus-injected mice at P28 (Fig-

ure 4A). Remarkably, shAbl1- or Abl1-DN-virus-injectedmice ex-

hibited shortened latency in finding the buried food but not the

unburied food (Figures 4B and 4C). However, when the shAbl1

virus was injected at P14, mice did not show any significant dif-

ference in odor-detection latency from the shCTL-virus-injected

mice (Figure 4D). These data suggest that the Abl1-mediated,

postnatal early development of the OB interneuron has a role

in the innateness-driven food-seeking behavior.

To further examine olfactory sensitivity, we performed a food-

seeking test for more deeply buried food. Notably, shAbl1-virus-

injected mice also exhibited shorter seeking latency toward

more deeply buried food than did shCTL-virus-injected mice

(Figure 4E). We then tested the olfactory threshold by measuring

odor-sniffing time to hexanal as a natural odorant of varying con-

centrations. shAbl1-virus-injected mice showed severer avoid-

ance behavior at even very low doses of odor, which shCTL-vi-

rus-injected mice preferentially sniffed (Figure 4F), implying

that the response threshold for odor detection in shAbl1-virus-in-

jectedmicemay be lower than that in shCTL-virus-injectedmice.

Next, we tested the ability to discriminate two distinct odors,

which required learning and experience with the odorants.

Mice were trained for 4 days to associate an odor (D-carvone,

which has a peppermint smell) with cookies as a reward. On

day 5, the mice were exposed to D-carvone and an enantiomer

(L-carvone, which has a spearmint smell) separately in a cage,

without any reward. We measured the staying time near each

odor for 10 min. Odor discrimination ability of shAbl1-virus-in-

jected mice appeared to be similar to that of the shCTL-virus-in-

jected mice (Figure 4G). These results suggest that Abl1-medi-

ated development of the interneuron is critical for the OB

circuit for controlling the detection threshold values of primary

olfactory behaviors, rather than acquired odor behaviors.

Furthermore, we pharmacologically suppressed the kinase ac-

tivity of Abl1 with imatinib, an inhibitor of Abl1, because

pY412-Abl1 was enriched during the postnatal early develop-

ment of OB (Figure 1A). Through intraperitoneal injection of the

imatinib for 5 postnatal days (Figure S4A), phosphorylated pro-

teins on tyrosine residue were decreased in P10-aged OBs

(Figure S4B). Notably, imatinib-injected mice showed shortened

latency in finding the buried, but not unburied, food (Fig-

ure S4C), similar to shAbl1 or Abl1-DN-virus-injected mice.

Taken together, we suggest that kinase activity of Abl1 is also

necessary for the formation of the OB circuit regulating sponta-

neous olfactory behavior and expression.

Dcx Is a Timely Substrate of Abl1 in OB during Postnatal
Early Stage
To explore downstream molecular event mediated by Abl1, we

screened the protein interactome of Abl1, which is immunopre-

cipitated by the Abl1 antibody from OB lysates at P4 or P14

(Figure 5A). By performing SDS-PAGE and liquid chromatog-

raphy-mass spectrometry (LC/MS), we discovered 154 and

163 proteins in P4 and P14 OBs, respectively, as putative bind-

ing partners of Abl1 (Figure 5B). We further analyzed the interac-

tome by its classification and clustering based on biological

functions (Figure 5C). Proteins related to the cytoskeleton and
192 Cell Reports 30, 187–201, January 7, 2020
to nucleic acid binding were dominant in the P4 interactome. In

the P14 interactome, proteins related to enzyme modulators

and hydrolase-related proteins were in the majority, whereas

cytoskeleton-related proteins and nucleic-acid-binding proteins

were remarkably decreased. These data imply that the functions

of Abl1 shift from cytoskeleton formation and nucleic-acid-bind-

ing-related regulators to intracellular-enzyme-related regulators

when postnatal OB development is processed. Based on the

involvement of Abl1 in the development of the postnatal early-

born interneuron, we selected potent binding partners of Abl1

from the P4 interactome. Among the cytoskeleton-regulated net-

works, including Dcx, Dclk1, Myo5b, Ppp1r9r, and Map4 (Table

S1), we finally selected Dcx because it has also been proposed

as a putative substrate of Abl1 (Francis et al., 1999; Gleeson

et al., 1999). To validate the association between Abl1 and

Dcx, we performed IPs of Dcx and Abl1 antibodies in 293T cells

and found that Dcx interacted reciprocally with Abl1 (Figure 5D).

Furthermore, endogenous Dcx and Abl1 were more strongly

associated in P4, than in P14, OBs (Figure 5E). Overexpression

of Abl1 moderately increased the level of phosphorylated Dcx

in tyrosine residues in 293T cell (Figure 5G). In addition, purified,

recombinant Dcx (glutathione S-transferase [GST]-Dcx) was

directly phosphorylated by purified, active Abl1, and phosphor-

ylation was largely attenuated by imatinib treatment (Figure 5F).

These data revealed that Dcx is temporally phosphorylated by

Abl1 as a direct substrate in the OB during the postnatal early

stage.

Stability of Dcx Is Enhanced by Abl1-Mediated
Phosphorylation, Which Promotes Neuritogenesis via
Regulation of Microtubule Dynamics
shAbl1-virus-injected mice have significantly reduced expres-

sion of Dcx (Figure 6A); similarly, the inactivation of Abl1 by ima-

tinib injection also diminished the level of Dcx (Figure 6B).

Because the knockdown of Abl1 did not induce massive neural

death (Figure 2C), we postulated that Abl1 increases the abun-

dance of Dcx. To examine that hypothesis, we co-expressed

the wild-type (WT), kinase-active (KA), and DN mutant of Abl1

with Myc3-tagged mouse Dcx in 293T cells. The co-expression

of Abl1 WT and KA significantly increased the level of Dcx, but

Abl1-DN did not (Figure 6C). These data suggest that Abl1-medi-

ated phosphorylation promotes the stabilization of Dcx in vivo

and in vitro. We also screened two tyrosine residues of Dcx, 70

(Y70) and 125 (Y125), which are two similar consensus motifs

in a conserved microtubule-binding domain (DC1). Although

the Y70 site in Dcx is suggested to be putative phosphorylation

sites by Abl1, based on a previous study (Gleeson et al., 1998;

Figure 6D), little is known about its molecular functionality.

Furthermore, single-nucleotide polymorphism of Y125 by substi-

tution to histidine (Y125H) has been reported as a loss-of-func-

tion mutation associated with subcortical laminar heterotopia

or lissencephaly (des Portes et al., 1998). These findings war-

ranted investigating whether Abl1 phosphorylates Dcx at Y70

or Y125 to regulate Dcx stability during neuronal development.

Thus, we generated the phosphorylation-defective Dcxmutants,

DcxY70A and DcxY125F by replacing tyrosine with alanine and

phenylalanine. The phosphorylated band was less observed

with DcxY125F, both in the 293T cell and the in vitro kinase assay,
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Figure 4. Early-Born Neuron-Specific Abl1 Knockdown Mice Having Deficits in Spontaneous Odor Behaviors

(A) Schematic of our protocol.

(B) Buried and unburied food test. Mice injected with shAbl1 at P0 (shCTL, n = 14; shAbl1, n = 17). Error bars indicate SE. ***p < 0.001 by two-tailed unpaired t test.

(C) Buried and unburied food test. Mice injected with virus at P0 (CTL, n = 6; Abl1 DN, n = 7). Error bars indicate SE. ***p < 0.001 by two-tailed unpaired t test.

(D)Buried andunburied food test.Mice injectedwith shAbl1atP14 (shCTL, n=3; shAbl1, n=4). Error bars indicateSE. p valuewascalculatedusinganunpaired t test.

(E) Buried food test depending on the depth of the buried food (shCTL, n = 3; shAbl1, n = 3). p values and column factors were calculated using a two-way ANOVA

test. F = 12.68, **p = 0.0039.

(F) Threshold test for hexanal. The sniffing times were measured whenmice were exposed to odorants of different concentrations for 1 min (shCTL, n = 4; shAbl1,

n = 5). p value of the row factor was calculated using a two-way ANOVA. **p < 0.01.

(G) Odor discrimination test with two related odorants, D-carvone and L-carvone (shCTL, n = 5; shAbl1, n = 3). p value of the row factor was calculated using a

two-way ANOVA. ***p < 0.001.
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Figure 5. Dcx Is a Timely Substrate of Abl1 in OB

(A) Abl1 was immunoprecipitated from two pools of mouse OBs: P4- and P14-aged lysates. Proteins were stained with Coomassie blue.

(B) Strategy for identification of partners for Abl1 binding.

(C) Protein classification by biological functions; 125 proteins in P4 (red) and 134 proteins in P14 (green) were clustered. Each value indicates the ratio of the target

proteins to the total number of proteins. We referenced from the STRING, the Protein Interaction Network, analysis 2 (PINA2), and the DAVID Bioinformatics

Resources 6.8 (NIAID/NIH).

(D) Dcx and Abl1 were immunoprecipitated reciprocally in HEK293T cell exogenously expressing each plasmid.

(E) Dcx and Abl1 were immunoprecipitated from mouse OB aged P4 and P14.

(F) Dcx was directly phosphorylated by Abl1 in vitro kinase assay.

(G) Dcx was phosphorylated by Abl1 in HEK293T cell.
indicating that Y125 is the major site of Dcx phosphorylation by

Abl1 (Figures 6E and 6F). Although the level of bi-cistronically co-

expressed dsRed was similar, DcxY125F and DcxY125H showed

marginal expression (Figures 6E and S5A). These data indicate

that phosphorylation in DcxY125 by Abl1 is critical for the stabili-

zation of Dcx.

It has been demonstrated that Dcx is involved in neuritogene-

sis by enhancing stabilization of microtubules (Ayala et al., 2007).

To determine whether Abl1-mediated phosphorylation of Dcx af-

fects neuritogenesis, we examined neurite morphology of differ-

entiated Neuro2A cells through perturbation of Abl1 and Dcx.

Although overexpression of DcxWT dramatically elongated the
194 Cell Reports 30, 187–201, January 7, 2020
neurites, DcxY125F induced significant shortening of the neurites,

implying its DN effect was inhibiting endogenous Dcx. In addi-

tion, knockdown of Abl1 significantly decreased the neurite’s

length, and the forced overexpression of DcxWT rescued the ef-

fect of Abl1 knockdown but not that of DcxY125F (Figures 6G and

S5B). To further verify those effects, we performed a rescue

experiment of Abl1 in shAbl1-expressing cells. When Abl1 was

re-expressed in shRNAs-expressing cells, the neurite lengths

became longer, and Dcx stability was also regulated by Abl1

re-expression (Figures S5C and S5D). Because Dcx has been

well known to involve in neuritogenesis by enhancing stabiliza-

tion of microtubule (Kapitein and Hoogenraad, 2015), we
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examined the effect of Abl1-mediated phosphorylation of Dcx on

microtubule dynamics. Consistently, overexpression of Dcx up-

regulated level of acetylated tubulin, which is long-lived and sta-

ble microtubule (Creppe et al., 2009), but DcxY125F exhibited no

significant effect (Figure 6H). Taken together, we suggest that

the Abl1 promotes the stabilization of Dcx by phosphorylation

at Y125, thereby enhancing neuritogenesis via regulation of

microtubule dynamics.

Restoration of Dcx Rescues Anatomical Deficits as well
as Dysregulated Olfactory Detection by Knockdown of
Abl1 In Vivo

Lastly, we examined whether the forced overexpression of Dcx

can rescue the histological and behavioral deficits by Abl1 deple-

tion in vivo. The exogenous expression of Dcx in virus-infected

cells of shCTL+Dcx- and shAbl1+Dcx-virus-injected mice was

clear (Figure S6A). However, because virus-infected cells of

shCTL- and shAbl1-virus-injected mice are mostly differentiated

into mature GABAergic interneurons in P35 OB (Figures 1D and

S1D), they exhibited no endogenous Dcx. GFP-labeled cells

were located similarly to both shCTL- and shCTL+Dcx-virus-in-

jected mice (Figures S6B and S6C). Strikingly, shAbl1+Dcx-vi-

rus-injected mice showed preferential location of GFP-labeled

cells into MCL, sGCL, and even GL and EPL, unlike shAbl1-vi-

rus-injected mice (Figures 7A and 7B). These data indicate

that the forced expression of Dcx can rescue the defect on

integration of postnatal early-born neurons in shAbl1-virus-in-

jected mice. In addition, GFP-labeled neurons in sGCL of

shAbl1+Dcx-virus-injectedmice almost exhibited normal neurite

outgrowth, unlike shAbl1-virus-injected mice (Figures 7C, 7D,

S6D, and S6E). Unexpectedly, dendrite branching of GFP-

labeled neurons in sGCL of shCTL+Dcx- and shAbl1+Dcx-vi-

rus-injected mice were more complicated and disordered than

those of shAbl1- and even shCTL-virus-injected mice (Figures

7E and S6F). These results imply that Dcx may have additional

activity on dendritic branching independent of Abl1. Further-

more, GFP-labeled neurons of shCTL+Dcx- and shAbl1+Dcx-vi-

rus-injected mice exhibited rescued maturity on dendritic spine

compared with shAbl1-virus-injected mice but slightly incom-

plete maturity compared with shCTL-virus-injected mice (Fig-

ures 7F–7H and S6G–S6I). Considering that Dcx is involved in

the development of immature neurons (Gleeson et al., 1999),

these data imply that the forced expression of Dcx in mature

neurons may slightly impair normal spine morphogenesis. Taken

together, we suggest that overexpression of Dcx can mostly

restore histological defects by depletion of Abl1 in vivo. Finally,

we tested behavioral response on olfactory detection and found
Figure 6. Phospho-Dcx Mediated by Abl1 Increase Its Stability and Ne

(A) The amount of Dcx in the OB of 5-week-aged shRNAs-virus-injected mice (n

(B) The amount of Dcx in the OB in saline- and imatinib-treated mice (n = 3). Erro

(C) Myc-mDcx was expressed in HEK293T cells with and without pCX-mAbl1. R

ImageJ software. The intensity of Dcx in the first lane was set as 1, and the othe

(D) Diagram of the domain structure of the Dcx protein. The two tyrosine sites in

(E) IP of wild-type (WT) Myc3-tagged Dcx or Myc-tagged Dcx mutations.

(F) In vitro kinase assay of purified Dcx mutations and active Abl1.

(G) Immunocytochemistry. In differentiated Neuro2A cells, the neurite length of

50 mm. Error bars indicate SE. ***p < 0.001 by two-tailed unpaired t test.

(H) The amount of proteins in each construct-transfected Neuro2A cell (n = 3).
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that the shAbl1+Dcx-virus-injected mice exhibited much longer

latency in finding buried food than did shCTL- and shAbl1-vi-

rus-injected mice (Figure 7I). These data indicate that overex-

pression of Dcx can rescue and even override the behavioral

defect by Abl1 depletion in vivo. On the other hand, the lentiviral

expression of Abl1 KA into the RMS at P2 also induced elon-

gated latency in finding buried food compared with control

mice (Figure S7). Conclusively, Abl1-Dcx signaling is a facilitating

axis for formation of the sGCL-specific OB circuit controlling the

olfactory threshold during postnatal early development.

DISCUSSION

In this study, we suggest Abl1 as a regulator of the development

of OB. A previous report has demonstrated that the brain-spe-

cific deletion of Abl1 driven by a Nestin promoter alone does

not lead to a gross malformation of the brain (Qiu et al., 2010).

In contrast, the brain-specific ablation of Abl1 in the null mutant

of the Abl1-related gene Arg (Abl2), induces cerebellar malfor-

mation. This may result from the high functional complementa-

tion between Abl1 and Abl2, which has a lot of similarity (Koleske

et al., 1998). Despite this, there are some clues of the Abl1- or

Abl2-specific role in brain development. In the developingmouse

brain, the level of Abl1 is relatively 5-fold greater than the level of

Abl2 at the embryonic stage, but Abl2 is more abundant than

Abl1 at the adult stage (Moresco et al., 2005; Figure 1A). In this

study, we found that levels of Abl1 and pY412-Abl1 are very

high in the interneuron-precursor cells of theOB during postnatal

1 week but not during the next stage. In addition, the depletion of

Abl1 alone led to a defect in the development of the OB inter-

neuron. Although we did not completely exclude the possible

role of Abl2, our data strongly suggest that Abl1 has an irreplace-

able role in the development of postnatal early-born OB

interneuron.

How the expression and activation of Abl1 is tightly regulated

during the developmental stage is still left unanswered. Although

a specific transcription enhancer or repressor has not been iden-

tified, microRNA-mediated RNA silencing can play a role in the

dynamic expression of Abl1 during the development of early-

born OB interneuron. Notably, microRNA-125 is highly ex-

pressed in only adult-born OB interneuron, and it restricts den-

dritic morphogenesis by suppressing the expression of genes

related to synaptic plasticity (Akerblom et al., 2014). According

to our study, Abl1 is also involved in the dendritic morphogenesis

of early-born OB interneuron, implying some relation between

the expressions of microRNA-125 and Abl1, as Abl1-repressing

microRNAs, have been previously reported (Bueno et al., 2008;
uritogenesis

= 3). Error bars indicate SE. ***p < 0.001 by two-tailed unpaired t test.

r bars indicate SE. *p < 0.05 by two-tailed unpaired t test.

ight: the intensity of Dcx to b-actin protein band, which was quantified with

rs were its relative values.

the DC1 domain are highlighted.

GFP+ cells in each plasmid-transfected condition was measured. Scale bar,
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Figure 7. Recovery of Defective Odor Detection Behavior in Dcx-Restored Abl1KD Mice

(A) Representative images for immunohistochemistry of GFP (green) in MCL and sGCL in P35 OBs of shRNAs-virus-injected mice. Scale bar, 50 mm.

(B) Distribution of GFP+ cells in OB layers of shCTL- (black), shAbl1- (red), and shAbl1+Dcx- (blue) virus-injectedmice (14 sections from seven animals per group).

Two-way ANOVA (interaction, p*** < 0.0001; row factor, p*** < 0.01).

(C) Representative images of the dendritic morphology of shRNAs-expressing interneurons. We obtained the morphology of GFP+ individual cells using the

ImageJ program (NIH). Scale bar, 10 mm.

(D) Dendritic length of shCTL- (n = 22 cells from three animals), shAbl1- (n = 18 cells from three animals), and shAbl1+Dcx-expressing interneurons (24 cells from

three animals). Error bars indicate SE. ***p < 0.001 by two-tailed unpaired t test.

(E) Number of dendritic intersections of shCTL- (black, dotted line), shAbl1- (red), and shCTL+Dcx- (blue) expressing interneurons by the ‘‘Sholl analysis’’ module

of the ImageJ program (n = 17 cells from three animals).

(F) Representative images of dendritic spines in the proximal region of shRNAs-expressing interneurons in MCL or sGCL. Scale bar, 10 mm.

(G) Total density of spines per 1 mm of dendrite (n = 29 cells from three individuals). Error bars indicate SE. p value by unpaired t test.

(H) Density of spine in morphology in shRNAs-expressing cells (n = 29 sections from three individuals). Error bars indicate SE. *p < 0.05, **p < 0.01, and ***p <

0.001 by unpaired t test.

(I) Buried and unburied food test (shCTL, n = 14; shAbl1, n = 17, shAbl1+Dcx, n = 7). **p < 0.01, ***p < 0.001 by unpaired t test.
Sun et al., 2014). However, this possibility must be further stud-

ied. In addition, we also found high levels of activated Abl1 and

pY412-Abl1, during the development of the early-born OB inter-

neuron. Previous studies have mainly shown that Abl1 can be
activated by receptor-tyrosine kinases (Plattner et al., 1999)

and oxidative stress (Sun et al., 2000) in pathological conditions,

such as tumorigenesis and cell death. In the brain, the

deregulation of Abl1 by oxidative stress is implicated with
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neurodegenerative diseases, including Alzheimer’s and Parkin-

son’s diseases (Gonzalez-Zuñiga et al., 2014; Ko et al., 2010).

During brain development, intracellular calcium signaling is

specialized to the growth and maturation of the neuron (Spitzer,

1994), and its impairment is linked to neurodevelopmental disor-

ders (Lohmann, 2009). Therefore, we assumed a high concentra-

tion of calcium, as another mild stress-like factor in developing

neurons, could activate Abl1, but additional experiments and

research are needed.

Through knockdown of Abl1 expression, we found that Abl1 is

required for the integration and maturation of postnatal early-

born OB interneurons into sGCL. For further verification of the ef-

fects of Abl1, we performed the overexpression of the Abl1 DN

form aswell as pharmacological inhibition of Abl1. In accordance

with shAbl1-virus-injected mice, Abl1-DN-virus-injected or ima-

tinib-treated mice have shown the olfactory hypersensitivity with

defective integration of postnatal early-born OB interneurons.

Taken together, we may say that olfactory hypersensitivity hav-

ing abnormal structure changes is induced not by artificial ef-

fects from experiments but by depletion of active Abl1.

Abl1 deficiency did not affect the tangential migration of inter-

neurons through the RMS from SVZ into the OB, consistent with

a previous report (Qiu et al., 2010). After arrival in the OB via

tangential migration, interneurons undergo dynamic structural

changes for radial migration and functional integration into pre-

existing circuits (Alfonso et al., 2015; Whitman and Greer,

2007). First, cellular detachment from themigratory chain toward

single cells is mediated by the regulation or modification of cell-

adhesion molecules, such as the neural cell-adhesion molecule,

integrins, or sphingosine 1-phosphate, contributing to cytoskel-

eton arrangement (Valiente andMarı́n, 2010). Precise integration

into specific layers in the OB is then required; however, the un-

derlying molecular mechanism has been less identified. Accord-

ing to a previous study, Dcx has a critical role in the integration of

interneuron toward the superficial layers of OB, rather than RMS-

passed migration (Belvindrah et al., 2011). Consistently, this pre-

sent study showed that Abl1 depletion created a deficit only in

integration toward the superficial layer of the OB, as well as a

biochemical link between Abl1 expression/activity and Dcx

expression/stability. Therefore, we established that Abl1-Dcx

signaling is a part of the molecular machinery for the sGCL-spe-

cific integration of early-born OB neurons. Similar to our data, a

previous study also showed that Dcx-depleted, adult-born inter-

neurons are exclusively integrated in dGCL, rather than sGCL

(Belvindrah et al., 2011). Unexpectedly, however, the interneu-

rons have more complicated branching dendrites, conflicting

with our data that Abl1 depletion results in reduced dendritic

outgrowth of early-born interneurons in both sGCL and dGCL.

This discrepancymay be attributed to various issues: 1) because

Abl1 is a multi-functional kinase phosphorylating various sub-

strates involved in cytoskeletal dynamics, immune response,

and neurodegeneration, as well as Dcx (Lawana et al., 2017;

Schlatterer et al., 2011; Tang and Gerlach, 2017), knockdown

of Abl1 and Dcx can differentially affect dendritic growth and

morphogenesis; and 2) postnatal early-born and adult-born in-

terneurons may have distinct genetic machinery for dendritic

morphogenesis, according to our data on Abl1 expression.

Thus, the outcome of Dcx depletion on dendritic morphogenesis
198 Cell Reports 30, 187–201, January 7, 2020
may appear different between postnatal early-born and adult-

born interneurons. During brain development, Dcx regulates

neuronal migration by stabilizing and bundling microtubules as

a microtubule-associated protein (Gleeson et al., 1999; Sakaki-

bara et al., 2013; Sossey-Alaoui et al., 1998). Thus, pathogenic

mutations in Dcx lead to serious developmental diseases in hu-

mans, such as lissencephaly and subcortical band heterotopia

that are associated with microtubule disruption (des Portes

et al., 1998; Gleeson et al., 1998). Based on our data that Abl1-

Dcx signaling increases the level of stabilized microtubules, we

assumed that Dcx-mediated stabilization of microtubules might

work as a driving force of integration into sGCL. However, this

issue should be further investigated.

In our proteomic results, Dcx-like protein 1 (Dclk1), Ppp19r,

Myo5b, and Map4 with Dcx were shown only in the P4

interATOME of Abl1 (Figure 5C; Table S1). Ppp19r has been

identified as a Dcx-interacting protein, regulating neuronal

migration and dendritic spine formation (Tsukada et al., 2003).

Myo5b andMap4 interactingwith actin andmicrotubule, respec-

tively, regulate the cytoskeletal dynamics, such as trafficking the

receptor into the dendritic spine or facilitation of the cell cycle

(Chang et al., 2001; Roland et al., 2011). Therefore, these potent

substrates in the cytoskeleton-related network might have

similar phenotypes with Dcx in Abl1-medaited downstream. To

better understand the developmental signaling of Abl1, systemic

approaches about Abl1-related proteins might be necessary.

Interestingly, we found that shAbl1-injected mice at postnatal

early-stage exhibit more-sensitive olfactory detection under

exposure of even extremely low, concentrated odorants. This

phenotype is like the ‘‘super-smeller mice.’’ Mice with deleted

voltage-gated potassium channels present in mitral cells of the

OB have also shown the high olfactory sensitivity and hyperac-

tivity (Fadool et al., 2004; Huang et al., 2018). This infers that

excitatory mitral cells and inhibitory granule cells of the OB could

have similar outputs in detection and sensitivity, even though

they may have different molecular machineries. However, the

cooperative signal processing in these cell types should be

further investigated. In addition, how postnatal early-born inter-

neurons are involved in the neural circuit related to olfactory

detection should be studied The primary olfactory signal is trans-

mitted from the olfactory sensory neuron in the olfactory epithe-

lium to the excitatory neurons, tufted cells (TCs), and mitral cells

(MCs) in OB (Mori and Sakano, 2011). The TCs convey high-fre-

quency firing with shorter latency, responding to even low con-

centrations of odor, whereas the MCs exhibit intermediate-fre-

quency firing, responding to relatively high concentrations

(Igarashi et al., 2012). In addition, the TCs and MCs project their

axons into distinct sites of the olfactory cortex. sGCL interneu-

rons preferentially form synapses with TCs, rather than MCs,

whereas dGCL interneurons mainly connect to MCs (Igarashi

et al., 2012). This implies that OB circuits by sGCL and dGCL in-

terneurons have distinct roles in odor information processing.

This present study showed that Abl1 depletion specifically im-

pairs primitive olfactory responses, including detection and

sensitivity, rather than more highly ordered olfactory responses,

such as discrimination and learning. Although we did not inves-

tigate an involvement of TCs in dysregulated olfactory detection

by Abl1 depletion further, our data suggest that the TCs-sGCL



circuit formation during postnatal 1 week is critical for the prim-

itive olfactory response. In fact, although patients with autism

spectrum disorder suffer from hypersensitivity to olfaction (Ash-

win et al., 2014), the detailed mechanism for these symptoms

has not been intensively studied. Therefore, the link between

the dysregulation of Abl1-Dcx signaling in early-born interneu-

rons and olfactory hypersensitivity might open up new insights

into our understanding of enhanced sensory sensitivity and

neurodevelopment.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d LEAD CONTACT AND MATERIALS AVAILABILITY

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Animals

B Mouse olfactory bulb primary culture

B HEK293T, Lenti-X cell, Neuro2A cell culture and trans-

fection

d METHOD DETAILS

B Western Blot

B Immunoprecipitation

B GST-tagging protein purification

B In vitro kinase assay

B RNA in situ hybridization

B Immunohistochemistry

B Production and injection of lentivirus vectors

B Behaviors

B Imatinib treatment

B BrdU assay

B LC-MS/MS for Peptides Analysis_Q-TOF

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND CODE AVAILABILITY
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

celrep.2019.12.004.
ACKNOWLEDGMENTS

We thank Dr. Han Kyoung Choe and Dr. Yong-Seok Oh (Daegu Gyeongbuk

Institute of Science and Technology) for helpful suggestions and comments dur-

ing the preparation of thismanuscript. This researchwas supported by the Bio &

Medical Technology Development Program of the National Research Founda-

tion (NRF) funded by the Korean government (NRF.2017M3A9G8084463) and

by the KBRI basic research program through Korea Brain Research Institute

funded by the Ministry of Science and ICT (18-BR-04-01).
AUTHOR CONTRIBUTIONS

J.Y.K., B.C., and C.M. conceived or designed the work; J.Y.K. performed the

experiments and analyzed and interpreted the data and drafted the article and

figures; B.C. contributed to data analysis and interpretation; C.M. contributed

critical revisions to the article and supervised all experiments and analyses. All

authors discussed the results and commented on the manuscript.
DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: February 12, 2019

Revised: October 16, 2019

Accepted: November 27, 2019

Published: January 7, 2020

REFERENCES

Akerblom, M., Petri, R., Sachdeva, R., Klussendorf, T., Mattsson, B., Gentner,

B., and Jakobsson, J. (2014). microRNA-125 distinguishes developmentally

generated and adult-born olfactory bulb interneurons. Development 141,

1580–1588.

Alfonso, J., Penkert, H., Duman, C., Zuccotti, A., andMonyer, H. (2015). Down-

regulation of sphingosine 1-phosphate receptor 1 promotes the switch from

tangential to radial migration in the OB. J. Neurosci. 35, 13659–13672.

Ashwin, C., Chapman, E., Howells, J., Rhydderch, D., Walker, I., and Baron-

Cohen, S. (2014). Enhanced olfactory sensitivity in autism spectrum condi-

tions. Mol. Autism 5, 53.

Ayala, R., Shu, T., and Tsai, L.H. (2007). Trekking across the brain: the journey

of neuronal migration. Cell 128, 29–43.

Ayoub, A.E., Oh, S., Xie, Y., Leng, J., Cotney, J., Dominguez, M.H., Noonan,

J.P., and Rakic, P. (2011). Transcriptional programs in transient embryonic

zones of the cerebral cortex defined by high-resolution mRNA sequencing.

Proc. Natl. Acad. Sci. USA 108, 14950–14955.

Bartolini, G., Ciceri, G., and Marı́n, O. (2013). Integration of GABAergic inter-

neurons into cortical cell assemblies: lessons from embryos and adults.

Neuron 79, 849–864.

Batista-Brito, R., and Fishell, G. (2009). The developmental integration of

cortical interneurons into a functional network. Curr. Top. Dev. Biol. 87,

81–118.

Bayer, S.A. (1983). 3H-thymidine-radiographic studies of neurogenesis in the

rat olfactory bulb. Exp. Brain Res. 50, 329–340.

Belvindrah, R., Nissant, A., and Lledo, P.M. (2011). Abnormal neuronal migra-

tion changes the fate of developing neurons in the postnatal olfactory bulb.

J. Neurosci. 31, 7551–7562.
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Gonzalez-Zuñiga, M., Contreras, P.S., Estrada, L.D., Chamorro, D., Villagra,

A., Zanlungo, S., Seto, E., and Alvarez, A.R. (2014). c-Abl stabilizes HDAC2

levels by tyrosine phosphorylation repressing neuronal gene expression in Alz-

heimer’s disease. Mol. Cell 56, 163–173.

Harris, K.D., and Shepherd, G.M. (2015). The neocortical circuit: themes and

variations. Nat. Neurosci. 18, 170–181.

Hu, J.S., Vogt, D., Sandberg, M., and Rubenstein, J.L. (2017). Cortical inter-

neuron development: a tale of time and space. Development 144, 3867–3878.

Huang, Z., Hoffman, C.A., Chelette, B.M., Thiebaud, N., and Fadool, D.A.

(2018). Elevated Anxiety and Impaired Attention in Super-Smeller, Kv1.3

Knockout Mice. Front. Behav. Neurosci. 12, 49.

Ichim, C.V., and Wells, R.A. (2011). Generation of high-titer viral preparations

by concentration using successive rounds of ultracentrifugation. J. Transl.

Med. 9, 137.

Igarashi, K.M., Ieki, N., An, M., Yamaguchi, Y., Nagayama, S., Kobayakawa,

K., Kobayakawa, R., Tanifuji, M., Sakano, H., Chen, W.R., and Mori, K.

(2012). Parallel mitral and tufted cell pathways route distinct odor information

to different targets in the olfactory cortex. J. Neurosci. 32, 7970–7985.

Imayoshi, I., Sakamoto, M., Ohtsuka, T., Takao, K., Miyakawa, T., Yamaguchi,

M., Mori, K., Ikeda, T., Itohara, S., and Kageyama, R. (2008). Roles of contin-

uous neurogenesis in the structural and functional integrity of the adult fore-

brain. Nat. Neurosci. 11, 1153–1161.

Jin, B.K., Franzen, L., and Baker, H. (1996). Regulation of c-Fos mRNA and fos

protein expression in olfactory bulbs from unilaterally odor-deprived adult

mice. Int. J. Dev. Neurosci. 14, 971–982.

Kao, C.F., and Lee, T. (2010). Birth time/order-dependent neuron type speci-

fication. Curr. Opin. Neurobiol. 20, 14–21.

Kapitein, L.C., and Hoogenraad, C.C. (2015). Building the neuronal microtu-

bule cytoskeleton. Neuron 87, 492–506.

Kepecs, A., and Fishell, G. (2014). Interneuron cell types are fit to function. Na-

ture 505, 318–326.

Ko, H.S., Lee, Y., Shin, J.H., Karuppagounder, S.S., Gadad, B.S., Koleske,

A.J., Pletnikova, O., Troncoso, J.C., Dawson, V.L., and Dawson, T.M. (2010).

Phosphorylation by the c-Abl protein tyrosine kinase inhibits parkin’s ubiquiti-

nation and protective function. Proc. Natl. Acad. Sci. USA 107, 16691–16696.

Koleske, A.J., Gifford, A.M., Scott, M.L., Nee, M., Bronson, R.T., Miczek, K.A.,

and Baltimore, D. (1998). Essential roles for the Abl and Arg tyrosine kinases in

neurulation. Neuron 21, 1259–1272.

Lawana, V., Singh, N., Sarkar, S., Charli, A., Jin, H., Anantharam, V., Kanthas-

amy, A.G., and Kanthasamy, A. (2017). Involvement of c-Abl kinase in micro-

glial activation of NLRP3 inflammasome and impairment in autolysosomal sys-

tem. J. Neuroimmune Pharmacol. 12, 624–660.
200 Cell Reports 30, 187–201, January 7, 2020
Lemasson, M., Saghatelyan, A., Olivo-Marin, J.C., and Lledo, P.M. (2005).

Neonatal and adult neurogenesis provide two distinct populations of newborn

neurons to the mouse olfactory bulb. J. Neurosci. 25, 6816–6825.

Liu, G., Froudarakis, E., Patel, J.M., Kochukov, M.Y., Pekarek, B., Hunt, P.J.,

Patel, M., Ung, K., Fu, C.H., Jo, J., et al. (2019). Target specific functions of EPL

interneurons in olfactory circuits. Nat. Commun. 10, 3369.

Lledo, P.M., Merkle, F.T., and Alvarez-Buylla, A. (2008). Origin and function of

olfactory bulb interneuron diversity. Trends Neurosci. 31, 392–400.

Lohmann, C. (2009). Calcium signaling and the development of specific

neuronal connections. Prog. Brain Res. 175, 443–452.

Marco, E.J., Hinkley, L.B., Hill, S.S., and Nagarajan, S.S. (2011). Sensory pro-

cessing in autism: a review of neurophysiologic findings. Pediatr. Res. 69,

48R–54R.

Mirich, J.M., Williams, N.C., Berlau, D.J., and Brunjes, P.C. (2002). Compara-

tive study of aging in themouse olfactory bulb. J. Comp. Neurol. 454, 361–372.

Moresco, E.M., Donaldson, S., Williamson, A., and Koleske, A.J. (2005). Integ-

rin-mediated dendrite branch maintenance requires Abelson (Abl) family ki-

nases. J. Neurosci. 25, 6105–6118.

Mori, K. (1987). Membrane and synaptic properties of identified neurons in the

olfactory bulb. Prog. Neurobiol. 29, 275–320.

Mori, K., and Sakano, H. (2011). How is the olfactory map formed and inter-

preted in the mammalian brain? Annu. Rev. Neurosci. 34, 467–499.

Muthusamy, N., Zhang, X., Johnson, C.A., Yadav, P.N., and Ghashghaei, H.T.

(2017). Developmentally defined forebrain circuits regulate appetitive and

aversive olfactory learning. Nat. Neurosci. 20, 20–23.

Osterhout, J.A., El-Danaf, R.N., Nguyen, P.L., and Huberman, A.D. (2014).

Birthdate and outgrowth timing predict cellular mechanisms of axon target

matching in the developing visual pathway. Cell Rep. 8, 1006–1017.

Paredes, M.F., James, D., Gil-Perotin, S., Kim, H., Cotter, J.A., Ng, C., San-

doval, K., Rowitch, D.H., Xu, D., McQuillen, P.S., et al. (2016). Extensive migra-

tion of young neurons into the infant human frontal lobe. Science 354, aaf7073.

Plattner, R., Kadlec, L., DeMali, K.A., Kazlauskas, A., and Pendergast, A.M.

(1999). c-Abl is activated by growth factors and Src family kinases and has a

role in the cellular response to PDGF. Genes Dev. 13, 2400–2411.

Qiu, Z., Cang, Y., and Goff, S.P. (2010). Abl family tyrosine kinases are essen-

tial for basement membrane integrity and cortical lamination in the cerebellum.

J. Neurosci. 30, 14430–14439.

Rall, W., Shepherd, G.M., Reese, T.S., and Brightman, M.W. (1966). Dendro-

dendritic synaptic pathway for inhibition in the olfactory bulb. Exp. Neurol.

14, 44–56.

Roland, J.T., Bryant, D.M., Datta, A., Itzen, A., Mostov, K.E., and Goldenring,

J.R. (2011). Rab GTPase-Myo5B complexes control membrane recycling and

epithelial polarization. Proc. Natl. Acad. Sci. USA 108, 2789–2794.

Root, C.M., Denny, C.A., Hen, R., and Axel, R. (2014). The participation of

cortical amygdala in innate, odour-driven behaviour. Nature 515, 269–273.

Sakakibara, A., Ando, R., Sapir, T., and Tanaka, T. (2013). Microtubule dy-

namics in neuronal morphogenesis. Open Biol. 3, 130061.

Schlatterer, S.D., Acker, C.M., and Davies, P. (2011). c-Abl in neurodegenera-

tive disease. J. Mol. Neurosci. 45, 445–452.

Sossey-Alaoui, K., Hartung, A.J., Guerrini, R., Manchester, D.K., Posar, A.,

Puche-Mira, A., Andermann, E., Dobyns, W.B., and Srivastava, A.K. (1998).

Human doublecortin (DCX) and the homologous gene in mouse encode a pu-

tative Ca2+-dependent signaling protein which is mutated in human X-linked

neuronal migration defects. Hum. Mol. Genet. 7, 1327–1332.

Spitzer, N.C. (1994). Spontaneous Ca2+ spikes and waves in embryonic neu-

rons: signaling systems for differentiation. Trends Neurosci. 17, 115–118.

Sun, X., Majumder, P., Shioya, H., Wu, F., Kumar, S., Weichselbaum, R., Khar-

banda, S., and Kufe, D. (2000). Activation of the cytoplasmic c-Abl tyrosine ki-

nase by reactive oxygen species. J. Biol. Chem. 275, 17237–17240.

Sun, Y., Chen, C., Zhang, P., Xie, H., Hou, L., Hui, Z., Xu, Y., Du, Q., Zhou, X.,

Su, B., and Gao, W. (2014). Reduced miR-3127-5p expression promotes

http://refhub.elsevier.com/S2211-1247(19)31643-2/sref17
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref17
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref17
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref17
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref17
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref18
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref18
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref18
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref18
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref19
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref19
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref19
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref19
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref20
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref20
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref20
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref20
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref20
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref21
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref21
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref21
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref22
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref22
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref22
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref22
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref23
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref23
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref24
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref24
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref25
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref25
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref25
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref26
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref26
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref26
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref27
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref27
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref27
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref27
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref28
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref28
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref28
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref28
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref29
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref29
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref29
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref30
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref30
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref31
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref31
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref32
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref32
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref33
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref33
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref33
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref33
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref34
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref34
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref34
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref35
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref35
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref35
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref35
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref36
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref36
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref36
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref37
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref37
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref37
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref38
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref38
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref39
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref39
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref40
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref40
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref40
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref41
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref41
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref42
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref42
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref42
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref43
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref43
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref44
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref44
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref45
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref45
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref45
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref46
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref46
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref46
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref47
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref47
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref47
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref48
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref48
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref48
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref49
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref49
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref49
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref50
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref50
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref50
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref51
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref51
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref51
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref52
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref52
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref53
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref53
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref54
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref54
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref55
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref55
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref55
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref55
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref55
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref56
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref56
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref57
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref57
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref57
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref58
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref58


NSCLC proliferation/invasion and contributes to dasatinib sensitivity via the c-

Abl/Ras/ERK pathway. Sci. Rep. 4, 6527.

Tang, D.D., andGerlach, B.D. (2017). The roles and regulation of the actin cyto-

skeleton, intermediate filaments and microtubules in smooth muscle cell

migration. Respir. Res. 18, 54.

Telley, L., Govindan, S., Prados, J., Stevant, I., Nef, S., Dermitzakis, E., Dayer,

A., and Jabaudon, D. (2016). Sequential transcriptional waves direct the differ-

entiation of newborn neurons in the mouse neocortex. Science 351, 1443–

1446.

Tiscornia, G., Singer, O., and Verma, I.M. (2006). Production and purification of

lentiviral vectors. Nat. Protoc. 1, 241–245.

Tsukada, M., Prokscha, A., Oldekamp, J., and Eichele, G. (2003). Identification

of neurabin II as a novel doublecortin interacting protein. Mech. Dev. 120,

1033–1043.

Valiente, M., andMarı́n, O. (2010). Neuronal migrationmechanisms in develop-

ment and disease. Curr. Opin. Neurobiol. 20, 68–78.

Wang, J.Y., Ledley, F., Goff, S., Lee, R., Groner, Y., and Baltimore, D. (1984).

The mouse c-abl locus: molecular cloning and characterization. Cell 36,

349–356.
Whitman, M.C., and Greer, C.A. (2007). Synaptic integration of adult-gener-

ated olfactory bulb granule cells: basal axodendritic centrifugal input precedes

apical dendrodendritic local circuits. J. Neurosci. 27, 9951–9961.

Yang, M., and Crawley, J.N. (2009). Simple behavioral assessment of mouse

olfaction. Curr. Prot. Neurosci. Chapter 8, Unit 8.24.

Yoon, K.H., Ragoczy, T., Lu, Z., Kondoh, K., Kuang, D., Groudine, M., and

Buck, L.B. (2015). Olfactory receptor genes expressed in distinct lineages

are sequestered in different nuclear compartments. Proc. Natl. Acad. Sci.

USA 112, E2403–E2409.

Yoshihara, S., Takahashi, H., Nishimura, N., Kinoshita, M., Asahina, R., Kitsuki,

M., Tatsumi, K., Furukawa-Hibi, Y., Hirai, H., Nagai, T., et al. (2014). Npas4 reg-

ulates Mdm2 and thus Dcx in experience-dependent dendritic spine develop-

ment of newborn olfactory bulb interneurons. Cell Rep. 8, 843–857.

Zukerberg, L.R., Patrick, G.N., Nikolic, M., Humbert, S., Wu, C.L., Lanier, L.M.,

Gertler, F.B., Vidal, M., Van Etten, R.A., and Tsai, L.H. (2000). Cables links

Cdk5 and c-Abl and facilitates Cdk5 tyrosine phosphorylation, kinase upregu-

lation, and neurite outgrowth. Neuron 26, 633–646.
Cell Reports 30, 187–201, January 7, 2020 201

http://refhub.elsevier.com/S2211-1247(19)31643-2/sref58
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref58
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref59
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref59
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref59
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref60
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref60
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref60
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref60
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref61
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref61
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref62
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref62
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref62
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref63
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref63
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref64
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref64
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref64
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref65
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref65
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref65
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref66
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref66
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref67
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref67
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref67
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref67
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref68
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref68
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref68
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref68
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref69
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref69
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref69
http://refhub.elsevier.com/S2211-1247(19)31643-2/sref69


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Abl1(K-12) Santa Cruz Biotechnology Cat# SC-131;RRID:AB_2257758

Rabbit polyclonal anti-Abl1 Cell Signaling Cat# 2862;RRID:AB_2257757

Rabbit polyclonal anti-Abl1 abcam Cat# ab15130;RRID:AB_301675

Rabbit polyclonal anti-Abl2 proteintech Cat# 17693-1-AP;RRID:AB_2289025

Rabbit polyclonal anti-phospho Y412-Abl1 abcam Cat# Ab47315;RRID:AB_2220964

Rabbit polyclonal anti-phospho Y412-Abl1 EMD Millipore Corporation Cat# 07-788;RRID:AB_612042

Mouse monoclonal anti-phosphotyrosine(4G10) EMD Millipore Corporation Cat# 05-321:RRID:AB_309678

Mouse monoclonal anti-phosphotyrosine BD Transduction Laboratories Cat# 610000;RRID:AB_397423

Mouse monoclonal anti-Dcx(E-6) Santa Cruz Biotechnology Cat# SC-271390;RRID:AB_10610966

Rabbit polyclonal anti-Dcx Cell Signaling Cat# 4604;RRID:AB_561007

Mouse monoclonal anti-GAD67 Sigma-Aldrich Cat# G5419;RRID:AB_261978

Mouse monoclonal anti-vGLUT1 Sigma-Aldrich Cat# AMAB91041;RRID:AB_2665777

Mouse monoclonal anti-b actin Santa Cruz Biotechnology Cat# SC-47778;RRID:AB_2714189

Mouse monoclonal anti-GAPDH Chemicon Cat# MAB374;RRID:AB_2107445

Mouse monoclonal anti-tGFP Origene Cat# TA150041;RRID:AB_2622256

Rabbit polyclonal anti-GFP Invitrogen Cat# A6455;RRID:AB_221570

Chicken polyclonal anti-GFP abcam Cat# Ab13970;RRID:AB_300798

Mouse monoclonal anti-c-Fos Santa Cruz Cat# SC-8047;RRID:AB_627253

Rabbit monoclonal anti-c-Fos Cell Signaling Cat# 2250;RRID:AB_2247211

Bacterial and Virus Strains

pLenti-CMV-EGFP CAAX-IRES-shRNA This paper N/A

pLenti-CMV-EGFP CAAX-EFS-Abl1 K290R This paper N/A

pLenti-mDcx-P2A-EGFP CAAX-IRES-shRNA This paper N/A

pHIV-EF1a-Abl1 T334I-IRES-EGFP This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Imatinib, Abl1 inhibitor Cayman Chemical Cat# 13139

BrdU Sigma-Aldrich Cat# 59-14-3

Active Abl1(mouse) recombinant (His-tag) Enzo Life Sciences, Inc. Cat# BML-SE563

Recombinant Mouse Dcx GST-tagged CUSABIO Cat# CSB-EP006576MO

Critical Commercial Assays

PierceR GST Spin Purification Kit Thermo Scientific Cat# 16106

ViewRNA ISH Tissue Assay Kit SeouLin Bioscience Cat# QVT0050

CalPhos Mammalian Transfection Kit Clontech Laboratories, Inc Cat# 631312

Experimental Models: Cell Lines

HEK293T Cell Line ATCC Cat# CRL-3216

Lenti-X 293T Cell Line Clontech Laboratories, Inc Cat# 632180

Neuro 2A Cell Line Sigma-Aldrich Cat# 89121404

Mouse olfactory bulb Cell This paper N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6NHsd Korean Animal Technology N/A

Recombinant DNA

pGIPZ-CMV-tGFP-IRES-shRNA shRNA targeting

sequence: Abl1 CTCTTATAAATGACATGTA

Dharmacon Institution Cat# RMM4535-EG11350

pCMV-EGFP CAAX-IRES-shRNA This paper N/A

(Continued on next page)

e1 Cell Reports 30, 187–201.e1–e4, January 7, 2020



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCMV-mDcx-P2A-EGFP CAAX-IRES-shRNA This paper N/A

pCMV-EGFP CAAX-EFS-Abl1 K290R This paper N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Fiji NIH https://imagej.nih.gov/ij/

Prism Software GraphPad Software,

Inc, La Jolla, USA

https://www.graphpad.com/scientific-

software/prism/

Protein interaction network analysis 2(PINA2) Jianmin Wu Lab http://omics.bjcancer.org/pina/

DAVID Bioinformatics Resources 6.8 NIAID/NIH https://david.ncifcrf.gov/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Cheil

Moon (cmoon@dgist.ac.kr). This study did not generate new reagents. Plasmids generated in this study are available from the

Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animals used in this study were housed and handled according to Laboratory Animal Resource Center and Daegu Gyeongbuk

Institute of Science and Technology IACUC guidelines (Approval No. DGIST-IACUC-19040304-01). Both male and female C57BL/

6NHsd mice from P0 to 10 weeks of age were used for analyses, maintained on temperature 20 ± 2�C and a 14-h light, 10-h dark

cycle, with access to food and water. Lentivirus injected experiments have been previously described (Yoshihara et al., 2014). Olfac-

tory-related behavior tests were performed into 4 weeks aged mice and mice were sacrificed for histological experiments.

Mouse olfactory bulb primary culture
Mouse olfactory bulb primary cultures were prepared as previously described, with modification (Protocols from Johns Hopkins

Medicine). Neurons were prepared from the olfactory bulbs of C57BL/6NHsd mice at postnatal day 0 (P0). Dissociated neurons

were plated in PDL/Laminin coating dishes in Neurobasal medium supplemented with 1X B27, 2mML-glutamine, and 1%Pen/strep.

Neurons were feed every day by removing 50% of the old media and adding back 50% fresh media.

HEK293T, Lenti-X cell, Neuro2A cell culture and transfection
HEK293T, Lenti-X cell and Neuro2A (a neuroblastoma cell line) were cultured at 37�C in a 5% CO2 atmosphere in DMEM containing

10%FBS and 1%penicillin and streptomycin. For differentiation of Neuro2A cell, media was replaced by DMEM containing 1% FBS,

1% penicillin and 10 mM Retinoic acid. Cells were transfected 36h before further processing using the CalPhos Mammalian Trans-

fection Kit (Clontech) following the manufacturer’s protocol.

METHOD DETAILS

Western Blot
Isolated whole brain and OB were lysed in RIPA radioimmunoprecipitation assay buffer (Thermo scientific #89900) containing phos-

phatase and protease inhibitor cocktails (Thermo scientific #78442). For stable detection of the active Abl1 form (pY412-Abl1), when

we isolated tissues, we added phosphatase and protease inhibitors into dPBS buffer. Lysates were separated by SDS-PAGE.

Immunoprecipitation
HEK293T and Neuro2A (a neuroblastoma cell line) were cultured at 37�C in a 5% CO2 atmosphere in DMEM containing 10% FBS

and 1% penicillin and streptomycin. Plasmids were tranfected into cells using jetPrime reagent (Polyplus). For immunoprecipitation,

cell lysates were prepared in 50 mM Tris-HCl (pH 7.4), containing 100 mM NaCl, 5 mM EDTA, and 1X protease inhibitor cocktail in

the presence of 0.5% Triton X-100. Cell lysates were incubated with Abl1 and Dcx antibodies for 4 h at 4�C, and then with protein

A/G-conjugated Sepharose for 1 h.
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GST-tagging protein purification
Mouse Dcx WT, Y70A, Y125F cDNAs were cloned in pGEX-4T-1 (GE Healthcare, #28-9545-49) vector and produced as gluthathione-S-

transferase (GST) fusion proteins in Escherichia coli and purified (Thermo scientific, #16106).

In vitro kinase assay
Recombinant active mouse Abl1 100ng (Enzo #BML-SE563) was incubated for 30min at 37�C at the following reaction conditions:

20mM Tris (pH 7.4), 10mM MgCl2, 100 mM ATP, and 200ng GST-Dcx WT and mutant forms with or without 10 mM imatinib. Kinase

reactions were separated by SDS-PAGE gel electrophoresis and analyzed by immunoblotting.

RNA in situ hybridization
In situ hybridization was performed as described (Yoon et al., 2015). Mice were perfused with 4% paraformaldehyde in RNAase-free

water. The tissue was embedded in paraffin. ISH kit was used from Invitrogen (ViewRNA ISH Tissue Assay Kit, #QVT0050). Abl1

probe (Cat.no. VB1-19168) was prepared from affymetrix. The coding regions of Abl1 (2194–3392 nt; GenBank: NM_009594). To

quantify the expression of Abl1 mRNA, we have measured and created the thresholded images as modified from recent publications

(Liu et al., 2019).

Immunohistochemistry
Paraffin-embedded OB samples were sectioned at 5-8 mm. After deparaffination and rehydration process, the section was permea-

bilized by PBS-T (0.1% Triton-X in PBS) for 15 min. For removal of the endogenous peroxidase in tissue, we incubated the slices in

3% H2O2/PBS for 13 min. Sections were boiled in 0.01 M citrate buffer/PBS for 5 min as the retrieve antigenicity. After cooling for

30 min, sections were washed by PBS. Sections were blocked by blocking solution (4% Normal donkey serum in PBS) at room tem-

perature (RT) for 1 h. Sections were stained with primary antibodies overnight at 4�C. After washing in PBS, the sections were incu-

bated with secondary antibodies for 1 h at RT. With DAPI solution, sections were mounted and captured by high-resolution confocal

microscopy (Carl Zeiss, LSM700).

Production and injection of lentivirus vectors
The procedures used to generate the lentivirus particles were performed as described (Ichim andWells, 2011; Tiscornia et al., 2006).

Lentiviral vectors were purchased from Dharmacon Institution. Modified vectors, expressing EGFP CAAX, CMV-mDCX-P2A-EGFP

CAAX and CMV-EGFP CAAX-EFs-Abl1 K290R were cloned. For the knockdown experiments, short hairpin (shRNA) targeted to

mouse Abl1 (NM_001112703.2) sequences is CTCTTATAAATGACATGTA. The lentivirus titer was 1.1 3 108 (IU/mL). New born

(P0) and P14 mice were anesthetized with ice or avertin (250 mg/g), respectively. The 2 mL of lentivirus was injected into the LVs

(X:0.8 mm, Y:1.5 mm, Z: (�1.5–1.7) mm from Lamda), using the stereotaxic injector (NEUROSTAR).

Behaviors
Buried food test

The food seeking test was performed as previously described (Yang and Crawley, 2009). Before the test, mice underwent food depri-

vation for 16 h, but water was supplied. Clean mouse cage (46 cm 3 23.5 cm 3 20 cm) was filled with 5 cm deep of clean bedding.

Mice were allowed to adapt to the cage for 5 min. The food that was familiar to mice was buried at approximately 2 cm beneath the

surface in the center of the cage. The latency to find the food was recorded for 10min. For other mice, we needed to change the cage

and bedding.

Threshold test

The threshold test was modified from the habituation and dishabituation test as previously described (Yang and Crawley, 2009). To

measure the concentration of odorant that mice prefer, we used haxanal (Sigma-Aldrich #115606) as a representative natural

odorant, and its dosage was from (1:5,000 to 1:150). Haxanal was diluted in mineral oil. Mice were allowed to adapt to the cage

for 5 min. The order of odor presentation was from lower dose (1:5,000) to higher dose (1:150). Mice were tested for 3 consecutive

trials for 30 s, and the sniffing time to odorant was recorded. The interval time was 1 min.

Odor discrimination test

The odor discrimination test was performed as previously described (Yoshihara et al., 2014). Before the test, mice underwent food

deprivation for 16 h, but water was supplied. Mice were trained for 4 days to associate the odor ((+) carvone (Sigma-Aldrich #435759),

6.4 M) with cookies reward. (–) Carvone (Sigma-Aldrich #124931, 6.4 M) was unpaired with reward. Mice were trained with four trials

for 10 min per day for 4 days. On Day 5, the two odorants were exposed to mice, without reward, and the stay time for each odorant

was recorded during 10 min.

Imatinib treatment
Imatinib mesylate (Gleevec, STI571) was purchased form Cayman Chemical (#13139). Imatinib was dissolved in DMSO at 14 mg/ml.

P0-aged mice were treated by intraperitoneal injection, IP, with a single dose of 10 mg/kg, once daily for 5 days.
e3 Cell Reports 30, 187–201.e1–e4, January 7, 2020



BrdU assay
Mice received a single and intraperitoneal injection of BrdU (Sigma-Aldrich #59-14-3, 50mg/kg). After 2 weeks, mice were sacrificed,

and then were fixed with 4% paraformaldehyde in PBS for 12 h at 4�C. The sections were boiled with 10 mM citrated buffer for 5 min

to denature DNA.

LC-MS/MS for Peptides Analysis_Q-TOF
Nano LC–MS/MS analysis was performed with a nano HPLC system (Agilent, Wilmington, DE). The nano chip column (Agilent, Wil-

mington, DE, 150 mm3 0.075 mm) was used for peptide separation. The mobile phase A for LC separation was 0.1% formic acid in

deionized water, while the mobile phase B was 0.1% formic acid in acetonitrile. The chromatography gradient was designed for a

linear increase from (3 to 45)%B in 30min, (45 to 95)%B in 1min, 95%B in 4min, and 3%B in 10min. The flow rate wasmaintained

at 300 nL/min. Product ion spectra were collected in the information-dependent acquisition (IDA)mode, andwere analyzed by Agilent

6530 Accurate-Mass Q-TOF using continuous cycles of one full scan TOF MS from (300–2,000) m/z (1.0 s), plus three product ion

scans from (150–2,000) m/z (1.5 s each). Precursor m/z values were selected starting with the most intense ion, using a selection

quadrupole resolution of 3 Da. The rolling collision energy feature was used, which determines collision energy based on the precur-

sor value and charge state. The dynamic exclusion time for precursor ion m/z values was 60 s.

Themascot algorithm (Matrixscience, USA) was used to identify peptide sequences present in a protein sequence database. Data-

base search criteria were, taxonomy; Mus musculus fixed modification; carboxyamidomethylated at cysteine residues; variable

modification; oxidized at methionine residues, maximum allowed missed cleavage; 2, MS tolerance; 100 ppm, MS/MS tolerance;

0.1 Da. Only peptides resulting from trypsin digests were considered.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information on statistic are mentioned in the figure legends. All experiments were performed at least 3 times from independent cell or

animal preparations. Repeats for experiments are given in the figure legends asN: numbers and refer to numbers of cells or animals of

the respective conditions. Error bars represent ± SEM. Statistical analyses and graph plotting were conducted using the Prism Soft-

ware. For comparisons between different virus-injected mice, student’s two-tailed unpaired t test was used for statistical signifi-

cance. For determination of statistical significance in experiments, such as distributions of virus-infected cells in OB layers or olfac-

tory behavior tests, two-way ANOVA analysis was used. Throughout the study, p < 0.05 were considered significant.

DATA AND CODE AVAILABILITY

Datasets generated for this study are available upon request. This study did not generate new code.
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