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Adult-born granule cells in the dentate gyrus of the rodent
hippocampus are important for memory formation and mood
regulation, but the cellular mechanism underlying their polarized
development, a process critical for their incorporation into func-
tional circuits, remains unknown. We found that deletion of the
serine-threonine protein kinase LKB1 or overexpression of domi-
nant-negative LKB1 reduced the polarized initiation of the primary
dendrite from the soma and disrupted its oriented growth toward
the molecular layer. This abnormality correlated with the disper-
sion of Golgi apparatus that normally accumulated at the base and
within the initial segment of the primary dendrite, andwas mimicked
by disrupting Golgi organization via altering the expression of Golgi
structural proteins GM130 or GRASP65. Thus, besides its known
function in axon formation in embryonic pyramidal neurons, LKB1
plays an additional role in regulating polarized dendrite morphogen-
esis in adult-born granule cells in the hippocampus.
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Granule cells are continuously being generated in the dentate
gyrus of the adult hippocampus (1). These adult-born neu-

rons play an important role in memory formation (2–4) and
mood regulation (5, 6). Typically, developing granule cells assume
a bipolar morphology, with highly branched dendrites extending
toward the molecular layer, and a long thin axon projecting into
the hilar area (7). This asymmetric structure provides the ana-
tomical basis for directional information flow within the neuron,
receiving input from the entorhinal cortex at the dendrite and
sending axonal output to the CA3 region. However, little is known
about the mechanism responsible for the polarization of these
newborn neurons within the adult tissue environment, including
the specification of a proper number of axons and dendrites, as
well as the extension of these processes with proper orientation
relative to the layer structure of the dentate gyrus.
The serine/threonine protein kinase liver kinase B1 (LKB1) is

a well-known regulator of cell polarity; it was originally identified
as one of the six master regulators of anterior–posterior axis of
the Caenorhabditis elegans zygote (8). Growing evidence indi-
cates that LKB1 also plays important roles in cellular polariza-
tion in epithelial and other nonneural tissues in Drosophila and
vertebrates (9–11). In the rodent central nervous system, LKB1
was shown to regulate axon formation and cell migration in
embryonic cortical pyramidal neurons (12–14). However, it is
unclear whether LKB1 also regulates other asymmetrical aspects
of neuronal development, such as the polarized dendrite for-
mation. Moreover, because LKB1 is also expressed in the adult
brain, whether it plays a role in the morphogenesis of newborn
neurons within the adult tissue environment remains to
be determined.
In this study, we used a retrovirus-mediated gene-transfer

approach (15) to delete the LKB1 allele in adult-born hippo-
campal granule cells, and found that LKB1 is essential for po-
larized initiation of a single primary dendrite from the soma and
oriented growth of its arbor toward the molecular layer. We also
obtained evidence that the effect of LKB1 on polarized dendrite

development is mediated by regulating the distribution of the
Golgi apparatus in the cytoplasm. Together, the data from this
study demonstrate a unique function of LKB1 in dendrite mor-
phogenesis and suggest a cellular mechanism underlying its action.

Results
Elevated LKB1 Expression in Newborn Neurons of Adult Dentate
Gyrus. We first examined the expression pattern of LKB1 in the
dentate gyrus of the 8-wk-old adult mouse hippocampus. Immu-
nostaining of hippocampal sections for LKB1 showed a high level
of LKB1 expression in the nuclei of granule cells throughout the
dentate gyrus, but the active form of LKB1 (phosphorylated LKB1
at the site Ser431, pLKB1S431) was mainly localized to the cyto-
plasm of granule cells (Fig. S1A). Coimmunostaining for LKB1 and
cell-type–specific markers showed that LKB1 expression level was
rather low in Sox2+GFAP+ neural stem cells, Sox2+Nestin+ neural
progenitors, or minichromosome maintenance protein 2 and dou-
blecortin (MCM2+DCX+) neuroblasts, in comparison with neigh-
boring granule cells, and the level of LKB1 was highly increased in
DCX+NeuN+ new mature neurons (Fig. S1B, white dotted circles).
Moreover, the elevation of LKB1 occurred at the time interval
between MCM2 and NeuN expression, as the level of LKB1 was
rather high in MCM2−DCX+ and DCX+NeuN− cells, indicating
increased LKB1 expression in immature postmitotic neurons
(Fig. S1B, yellow full circles with arrows).
To determine the cell morphology more clearly, we used

Nestin-CreERT2/Rosa26-YFP transgenic mice for inducible la-
beling (16). When we injected 180 mg/kg tamoxifen into the
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abdomen of 8-wk-old adult transgenic mice for three consecutive
days and checked the labeling cells 1 mo after induction, we ob-
served that LKB1 was expressed at a low level in GFAP+ radial
glia-like cells and MCM2+ intermediate progenitor cells, but was
highly expressed in DCX+ immature and NeuN+ mature newborn
neurons (Fig. 1), consistent with that was observed in wild-type
mice (Fig. S1B).
This expression pattern suggests that LKB1 may play a role in the

development of adult-born granule cells in the mouse hippocampus.

LKB1 Regulates Oriented Dendrite Initiation and Extension in Granule
Cells. Because mice with LKB1-null mutation died between em-
bryonic days 9 and 10 with defects in neural tube development
(17), we used retrovirus injection to specifically delete the LKB1
allele (18) in proliferating cells and their progenies in the adult
mice at 8 wk after birth. A retroviral vector was constructed to
express Cre recombinase gene under the control of Ubiquitin
(Ubi) promoter, with a downstream GFP gene linked by an E2A
element (Fig. S2A). This process allowed GFP labeling of the cells
in which targeted gene manipulation occurred. To assess the ac-
tion of Cre recombinase, we stereotaxically injected this Ubi-Cre-
E2A-GFP retrovirus into the hippocampus of Rosa26-tdTomato
reporter mice, and found that GFP-labeled neurons also expressed
Cre and tdTomato, indicating successful recombination (Fig. S2B).
We then injected this same Ubi-Cre-E2A-GFP retrovirus into

the hippocampus of LKB1-flox (LKB1f/f) mice to delete the
LKB1 allele in newborn granule cells (LKB1-KO) and examined
the morphology of infected cells at 3 wk after injection, when
most dendritic arbors are being established (7). As the control,
the same retrovirus was injected into wild-type (WT) mice where

LKB1 allele remained intact (WT-Control). Large-scale mon-
tage images showed that, in WT-Control mice, somata of GFP-
expressing neurons were located at the inner granule cell layer,
with all their dendrites extending toward the molecular layer and
axons projecting along the mossy fiber pathway toward the CA3
region (Fig. 2A). In LKB1-KO mice, we found no obvious dif-
ference in the axon morphology and their projections (Fig. 2 A
and B), suggesting LKB1 is not required for axon formation and
pathfinding of these neurons at this stage of development. How-
ever, many aberrant primary dendrites were found to ectopically
project into the hilar region in LKB1-KO mice (Fig. 2 A and C).
Further examination of individual neurons revealed that most

neurons (88%) in WT-Control mice had only one primary den-
drite and the rest (12%) exhibited multiple primary dendrites,
with all their dendritic arbors extending toward the molecular
layer (Fig. 2D). In LKB1-KO mice, however, more than 80% of
the neurons bore multiple primary dendrites, with many den-
dritic arbors extending in parallel to the granule layer or even
toward the hilus (Fig. 2D). Quantitative analysis of oriented
dendrite initiation and extension relative to the granule layer was
further performed as follows. For dendrite initiation, the orien-
tation was determined by defining the angular location of the
initiation site on the soma (19), with the origin at the soma
center, and the x (0° to ± 180°) and y (±90°) axes parallel and
perpendicular to the granule layer, respectively (Fig. S3A). For
the orientation of the dendrite, we determined the angular lo-
cation of the end point of the first segment of the primary
dendrite (20), with the origin at the dendrite initiation site on the
soma surface and same coordinate as that for dendrite initiation
sites (Fig. S3B). These analyses showed that a great majority of
dendrite initiation sites in WT-Control neurons were preferen-
tially oriented toward the molecular layer (within 45–135°). In
contrast, virus-infected LKB1-KO neurons showed a clear dis-
persal of initiation sites toward lateral directions (within ±45°
and ±135°) and the hilus (from −135° to −45°) (Fig. 2E). Tracing
of primary dendrites also showed that the preference for den-
drite orientation toward the molecular layer was largely lost in
LKB1-KO neurons (Fig. 2E). Cumulative percentage plots of the
distribution of dendrite initiation angles and the end points of
primary dendrites showed marked differences between WT-
Control and LKB1-KO neurons [P < < 0.001, Kolmogorov–
Smirnov (K-S) test] (Fig. 2F). In contrast to the abnormality in
dendrite initiation and extension, the axon initiation site from
the soma was not significantly different between WT-Control
and LKB1-KO neurons (P > 0.1, K-S test), with most axons
initiated toward the hilus (Fig. 2 E and F). These results indicate
that LKB1 is critical for both the polarized initiation and ex-
tension of dendrites, but not for axon initiation and projection, in
newborn granule cells of the adult mouse hippocampus.
We further expressed exogenous LKB1 in LKB1-KO neurons

by injecting CAG-Cre mixed with Ubi-LKB1-E2A-GFP retro-
viruses into LKB1f/f mice for the rescue test. To examine the
efficiency of virus-mediated LKB1 manipulation, we immunos-
tained virus-injected hippocampal slices for LKB1. We found
that LKB1 expression was completely abolished in cells infected
with CAG-Cre alone (LKB1-deleted cells). In comparison with
neighboring uninfected cells (wild-type cells), cells infected with
Ubi-LKB1-E2A-GFP alone (LKB1-overexpressed cells) showed
a much higher LKB1 level, whereas those expressing both CAG-
Cre and Ubi-LKB1-E2A-GFP (LKB1 deletion restored by
overexpression cells) showed a slightly higher LKB1 level (Fig.
S4). This expression pattern supports the validity of virus-medi-
ated LKB1 gene manipulation.
In comparison with the LKB1f/f mice injected with CAG-Cre

and Ubi-LKB1-E2A-GFP retroviruses mixture (Cre+LKB1), we
also injected the same CAG-Cre retroviruses mixed with Ubi-
GFP (Cre+GFP) into LKB1f/f mice as the control for the rescue
experiment. Examination of GFP-labeling and Cre-expression

Fig. 1. Expression pattern of LKB1 in the adult dentate gyrus. Sample
confocal images of hippocampal slices in adult Nestin-CreER/Rosa26-YFP
mice that were double-stained with antibodies against GFAP/LKB1, MCM2/
LKB1, DCX/LKB1, and NeuN/LKB1. White dotted circles, the nuclei of cola-
beled cells. Observation time: 1-mo postinjection. (Scale bar, 10 μm.)
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neurons at 3 wk after injection revealed marked defects of
dendrite morphogenesis in Cre+GFP mice, in which polarized
initiation of primary dendrite from the soma was reduced and
oriented dendrite growth toward the molecular layer was dis-
rupted, similar to that were found in LKB1-KO mice (Fig. S5 A
and B). As expected, these phenotypes totally disappeared in
Cre+LKB1 mice [Fig. S5 A and B (P < < 0.001, K-S test) and Fig.
S5C], indicating the specificity in the action of LKB1 deletion on
dendrite morphogenesis.
In addition to retrovirus-mediated LKB1 knockout in the

dentate gyrus, we also used an inducible Nestin-CreERT2/LKB1f/f/
Rosa26-tdTomato (LKB1-CKO) gene knockout system to spe-
cifically delete LKB1 allele in the adult stage (16). Accordingly,
Nestin-CreERT2/Rosa26-tdTomato mice were used as the con-
trol. Tamoxifen was injected into the abdomen of 8-wk-old
transgenic mice at 180 mg/kg for three consecutive days, and the
morphology of the tdTomato labeling cells was examined 2 mo
later when most labeled cells had differentiated into neurons and
established their dendritic arbors (21). We found the adult-born
granule cells exhibited defective phenotypes in both dendrite
initiation and extension similar to that were found in retrovirus-
mediated LKB1-KO mice. In control mice, most neurons
exhibited only one primary dendrite, with dendritic arbors initi-
ating toward the molecular layer (Fig. S6 A and B). In contrast,

nearly 40% of LKB1-CKO neurons had multiple primary den-
drites, with their initiation sites dispersing around the soma and
arbors extending in all directions (Fig. S6 A and B). The re-
maining 60% of the neurons represented normal morphology
similar to control neurons, which might be because of the leak-
age of Rosa26-tdTomato mice or the low efficiency of the in-
ducible gene-knockout system. Quantitative analysis showed
marked differences in both dendrite initiation and extension
between LKB1-CKO neurons with multiple primary dendrites
and control neurons (P < < 0.001, K-S test) (Fig. S6C).
Taken together, these results indicate that LKB1 is critical for

both the polarized initiation and extension of the single primary
dendrite in newborn granule cells of the adult mouse hippocampus.

Site-Specific Phosphorylation of LKB1 Is Important for Dendrite
Morphogenesis. To further study LKB1 function, we overex-
pressed LKB1 (WT-LKB1) in the adult-born neurons using
retrovirus injection strategy. Because PKA-dependent phos-
phorylation at Ser431 is important for LKB1 activation (9), we
also generated the dominant-negative LKB1 (DN-LKB1) and
constitutively-active LKB1 (CA-LKB1) by point mutation of
Ser431 to alanine and glutamine, respectively.
At 3 wk after injection, we found that the expression of

DN-LKB1 led to dendrite defects similar to that observed in

Fig. 2. LKB1 deletion in adult-born granule cells
affects oriented initiation and extension of the
primary dendrite. (A) Large-scale montage images
of hippocampal sections in wild-type and LKB1-flox
mice that were infected with Ubi-Cre-E2A-GFP
retroviruses. Red, DAPI; green, GFP. Observation
time: 3-wk postinjection. (Scale bar, 200 μm.) (B)
Sample confocal images of Mossy fibers in the CA3
region of WT and LKB1-flox mice infected with
Ubi-Cre-E2A-GFP, respectively. (Scale bar, 100 μm.)
(C) Confocal image of aberrant dendrites extend-
ing into the hilus, a higher magnification view
(10:3) of the region marked by the blue box in A.
(D) Sample confocal images of retrovirus-infected
granule cells in WT and LKB1-flox mice at a higher
resolution. (Scale bar, 50 μm.) (E) Angular distri-
bution of the axon and dendrite initiation sites on
the soma, and tracing of primary dendrites. [Scale
bars, 5 μm (Left, Center) 20 μm (Right).] (n = 80–120
cells from four to six mice for each plot.) (F) Cu-
mulative percentage plots for the angular distri-
bution of axon and dendrite initiation sites, and
end points of primary dendrites (P value as marked;
K-S test).
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LKB1-KO neurons: the majority of neurons exhibited multiple
dendrites, with aberrant dendrites extending in parallel to the
granule layer or toward the hilar region. Orientation analysis
showed a reduction of polarized dendrite initiation from the
soma and polarized dendrite growth toward the molecular layer
(P < < 0.001, K-S test) (Fig. S7). However, the effects of DN-
LKB1 expression on dendrite polarity were weaker than those
observed in LKB1-KO neurons. In contrast, expression of CA-
LKB1 did not result in any obvious dendrite abnormality (P >
0.1, K-S test) (Fig. S7). Overexpressing WT-LKB1 in these adult-
born neurons led to occasional abnormal dendrite initiation and
oriented extension (Fig. S7 A and B), but there was no statisti-
cally significant difference from those observed in GFP-control
neurons (P > 0.1, K-S test) (Fig. S7C).
These findings reveal that site-specific phosphorylation of

LKB1 is important for normal dendrite polarization in the adult
brain. The lack of effect found in mice overexpressing CA-LKB1
and WT-LKB1 may be attributed to the fact that the LKB1’s
action requires the presence of the cofactor STE20-related adap-
tor (STRAD) (22, 23), the level of which may be limited in
these neurons.

LKB1 Is Required for Polarized Golgi Distribution in Granule Cells.
How does LKB1 regulate dendrite polarity? In Drosophila pe-
ripheral dendritic arborization sensory neurons, Golgi-depen-
dent membrane supply is important for dendrite growth (24),
and Golgi outposts within the dendrite mediate microtubule
nucleation and are crucial for dendrite branch formation (25). In
cultured rat hippocampal neurons, polarized distribution of
Golgi apparatus in the cytoplasm mediates asymmetric dendrite
growth (26). In the present study, we found that the Golgi ap-
paratus was predominantly accumulated at the base and within
the initial segment of the primary dendrite of the DCX+ immature
granule cells in the 8-wk-old mouse dentate gyrus (Movie S1).
The Golgi distribution was further examined in LKB1-KO

adult-born neurons by immunostaining of hippocampal slices for
the Golgi structure protein GRASP65 (27) at 3 wk after injection
of Ubi-Cre-E2A-GFP retrovirus into LKB1f/f mice (LKB1-KO).
As the control, the same retrovirus was injected into wild-type
mice (WT-Control). High-resolution z-stack confocal images
were collected from brain slices of these mice, and a custom-
made Matlab-based software was used to remove Golgi signals in
surrounding cells that obscured Golgi signals in the infected cells
in the 2D projection (Fig. S3C). We found that, although the
Golgi apparatus accumulated at the base and within the initial
segment of the primary dendrite in WT-Control granule cells, it
was dispersed over the entire soma in LKB1-KO neurons, with
no clear Golgi outposts in any dendrite (Fig. 3A). The angular
distribution of Golgi was determined by a method similar to that
used in dendrite initiation analysis, with the origin at the soma
center and x/y axis along the line parallel/perpendicular to the
granule layer, respectively (Fig. S3D). Quantitative analysis
showed that the Golgi distribution exhibited a clear preference
toward the molecular layer (within quadrant I) in WT-Control
neurons, and this preference was largely lost in LKB1-KO neu-
rons. This result was shown by the cumulative fluorescence in-
tensity of GRASP65 staining for all neurons (Fig. 3B) (26) and
by measuring the average percentage of GRASP65 staining in-
tensity in each of four quadrants of the cytoplasm (P < < 0.001,
t test) (Fig. 3C). Thus, LKB1 is required for the polarized Golgi
distribution in adult-born granule cells.
We also examined LKB1’s function on dendrite morphogen-

esis and Golgi distribution at earlier time points during adult-
born granule cell development (3, 5, and 7 d after virus in-
jection). At day 3, we found that most WT control neurons
exhibited two or more neurites at the beginning, and the Golgi
apparatus was found to accumulate at the base of only one neu-
rite. However, by days 5 and 7 we found increasing percentages of

neurons exhibiting various processes, with the Golgi outpost at the
base and within the initial segment of the thickest process, sug-
gesting the formation of a single primary dendrite, presumably
from the neurite with initial Golgi accumulation (Fig. S8). This
result also indicates that asymmetric distribution of Golgi ap-
paratus occurs before the differentiation of the primary dendrite.
In LKB1-deleted neurons, however, we found that the Golgi ap-
paratus was dispersed within the soma and neurons had multiple
equivalent neurites with no apparent primary dendrite (Fig. S8).
These results suggest that LKB1 was required for the selective
stabilization of the primary dendrite.

Asymmetric Golgi Distribution Is Essential for Dendrite Polarity. To
determine the role of polarized Golgi accumulation in dendrite
development of adult-born neurons, we disrupted the Golgi
distribution by either down-regulating the Golgi matrix protein
GM130 (with RNA interference) or overexpressing GRASP65 in
the adult hippocampus via stereotaxic retrovirus injection (26,
28, 29). For down-regulation of GM130, we constructed retro-
viral vector containing both the U6 promoter-driven specific
shRNA and EF1α promoter-driven GFP gene (Fig. S9A) (30).
The knockdown efficiency was confirmed by Western blot
analysis in vitro and Golgi distribution analysis in vivo (Fig. S9 C
and D). Experiments were performed using each one of four
kinds of effective shRNAs against different regions of GM130
mRNA, and the neuronal phenotypes of infected granule cells
were pooled. We found significant defects in both the initiation
and extension of dendrites in GM130-knockdown and GRASP65-
overexpressing neurons, compared with neurons expressing con-
trol vectors that contained scrambled shRNA and GFP gene
alone, respectively (P < 0.05, K-S test) (Fig. 4). For phenotype
comparison, we also examined newborn neurons infected with the
retrovirus construct that expressed GFP and specific shRNAs
against LKB1 expression (Fig. S9B). We found that dendritic
defects in LKB1-knockdown neurons were weaker than those

Fig. 3. LKB1 deletion leads to dispersion of Golgi apparatus. (A) Sample
images of immunostained Golgi apparatus within retrovirus-labeled cells
after removing signals within surrounding cells. Green, GFP; red, GRASP65.
Observation time: 3-wk postinjection. (Scale bar, 10 μm.) (B) Summation of
immunofluorescence intensities of GRASP65-labled Golgi apparatus for all
retrovirus-infected neurons (n = 60–80 cells, from four mice each). (Scale bar,
5 μm.) (C) Average percentage of total fluorescence in each of four quad-
rants (marked by dashed lines, see B), calculated for each cell before aver-
aging. The same dataset as in B. Values represent mean ± SEM (***P < <
0.001; t test).
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found in LKB1-KO neurons, but were remarkably similar to those
found in GM130-knockdown and GRASP65-overexpressing
neurons (P > 0.05, K-S test) (Fig. 4). These results support the
idea that Golgi polarity is important for asymmetric dendrite
morphogenesis in adult-born granule cells, and suggest that
LKB1’s function in dendrite development is mediated by regu-
lating Golgi organization.

Discussion
In the present study, we demonstrated that LKB1 regulates po-
larized Golgi distribution and polarized formation of the single
dendrite in adult-born hippocampal granule cells. Our findings
provide unique evidence for the LKB1’s function on polarized
initiation and oriented growth of the primary dendrites, and add
to the increasing evidence that the Golgi apparatus plays im-
portant role in dendrite morphogenesis.
A striking aspect of neuronal development is the large amount

of plasma membrane required for constructing a typical neuron,
which has a surface area 10,000-times greater than typical animal
cells, capable of sustaining a highly branched structure hundreds
of microns from the soma. The major sites for the synthesis of
plasma membrane components are the organelles of the secre-
tory pathway, including the endoplasmic reticulum and Golgi

apparatus (31). Thus, the distribution of the Golgi apparatus is
likely to determine the location of dendrite initiation from the
soma and the specific dendrite that receives preferential traf-
ficking of dendrite-destined secretory cargos. This idea is sup-
ported by our finding that the Golgi apparatus is accumulated
toward the molecular layer of the dentate gyrus, where the only
primary dendrite is initiated, and disruption of Golgi polarity
leads to the generation of multiple primary dendrites in the
granule cell.
Polarized distribution of membrane components and cytosolic

organelles is central to the ability of polarized cells to perform
specialized functions. Additionally, the protein kinase LKB1 is
among a group of proteins known to contribute to polarized
cellular events, such as cell division, apical-basal axis formation,
cell migration, and axon formation (32, 33). For its subcellular
action, LKB1 is essential for spindle cleavage, centrosome lo-
calization, and cytoskeleton arrangement (33), all of which di-
rectly contribute to the establishment of asymmetric cellular
organization. The kinase LKB1 and its downstream synapses of
amphids defective (SAD) have been shown to phosphorylate
the zinc finger protein MEX-5, resulting in its asymmetric
distribution of RNA-rich P-granules, a critical step in the po-
larization of one-cell C. elegans embryos (34, 35). This contri-
bution of LKB1 and SAD kinase to cytoplasmic patterning and
cell polarity is also found during the development of embryonic
cortical pyramidal neurons, where LKB1 and SAD kinases were
found to phosphorylate and alter the location of Tau and other
microtubule-associated proteins (MAPs), leading to cytoskele-
ton rearrangement required for axon specification during
neuronal polarization (12, 36). Our results that LKB1 regulated
asymmetric Golgi distribution and thus regulated polarized
dendrite formation of the granule cells add to the cumulating
evidence that asymmetric distribution of intracellular compo-
nents is essential for the establishment of cell polarity. Fur-
thermore, we note that LKB1 deletion led to a switch from
bipolar to multipolar neuronal morphology by increasing the
number of primary dendrites. Thus, abnormal neuronal polarity
could originate not only from the absence of axon or dendrite,
but also from changes in dendrite number and orientation,
which in turn alter the pattern of neuronal integration and
information processing.
The LKB1 gene is ubiquitously expressed in many embryonic

and adult tissues (37); it encodes a highly conserved 50-kDa
serine/threonine kinase, with the kinase domain and a regulatory
domain at its N terminus and another regulatory domain at its
C terminus. Two additional nuclear localization signals in the
N-terminal region allow its predominant nuclear localization.
Activation of LKB1 requires the formation of a complex with its
cofactors STRAD and MO25 that leads to the translocation of
the complex to the cytoplasm (22, 23, 38). Active cytoplasmic
PKA then phosphorylates LKB1 at the site Ser431, and phos-
phorylated LKB1 further activates downstream signaling path-
ways (9, 39). Two of LKB1’s downstream effectors, Mst4 and
Stk25 (also named Ysk1), bind to the Golgi matrix protein
GM130. These effectors are enriched in the Golgi apparatus and
essential for Golgi organization (29, 40, 41). Therefore, LKB1
may regulate Golgi deployment through Stk25 or Mst4. In ad-
dition, microtubule affinity-regulating kinases, major regulators
of microtubule cytoskeletal organization through phosphoryla-
tion of MAPs, are identified as the main downstream kinases of
LKB1 (36, 42). Thus, LKB1 may regulate Golgi deployment
through its direct action on cytoskeleton rearrangement. More-
over, because the Golgi apparatus in mammalian cells is located
near the centrosome-based microtubule-organization center, and
LKB1 is known to be essential for centrosome localization in
cortical pyramidal neurons (14), LKB1 could also regulate Golgi
deployment through its effect on centrosome positioning. Taken

Fig. 4. Down-regulating LKB1 and manipulating of Golgi structural pro-
teins led to similar impairment of dendrite morphognesis. (A and C) Sample
confocal images of neurons infected with retroviruses that expressed
scrambled-shRNA, LKB1-shRNA, or GM130-shRNA, as well as that expressed
GFP or GRASP65. Observation time: 3-wk postinjection. (Scale bar, 50 μm.) (B
and D) Angular distribution of dendrite initiation sites and tracing of pri-
mary dendrites. [Scale bars, 5 μm (Upper) 20 μm (Lower).] (n = 160–240 cells,
from 8 to 12 mice each.) (E) Cumulative percentage plots for the angular
distribution of dendrite initiation sites and end points of primary dendrites
for all data in B and D. (P value as marked; K-S test).
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together, these findings suggest multiple signaling pathways
could mediate LKB1’s regulation of Golgi deployment.
Interestingly, reduction of the scaffolding protein DISC1

(disrupted in schizophrenia 1) also results in defects in dendrite
morphogenesis in adult-born hippocampal granule cells (43).
However, there are differences in dendrite abnormalities com-
pared with those reported here. Although multiple primary
dendrites were observed in both cases, LKB1-deleted granule
cells showed aberrant orientation toward the hilar region, whereas
all dendrites in DISC1-reduced cells showed proper orientation
toward the molecular layer. Unlike the effects of DISC1-
reduction (44), we found that the effects of LKB1-deletion be-
gan at an earlier stage (before 7 d postinfection) and there was
no increase in the total dendrite length. These differences sug-
gest distinct cellular actions of LKB1 and DISC1 in dendrite
morphogenesis.
We did not observe any obvious axon defect in LKB1f/f mice.

This finding may be attributed to the delayed time course or
extent of LKB1 deletion associated with viral expression, which
allowed us to reduce the LKB1 level at a time beyond the period
of axonal actions of LKB1 or to a level that still permits axon
formation. Interestingly, a recent study using in utero electro-
poration of the Cre and NEX-Cre transgenic line instead of
Emx1-Cre line to knockout LKB1 in cortical pyramidal neurons
showed that LKB1 is important in regulating axon terminal
branching rather than axon formation, indicating that the neu-
ronal phenotype caused by LKB1 deletion depends on the time

of Cre action (45). Furthermore, intrinsic neuronal properties or
the tissue environment may differ between the embryo and adult,
so that LKB1 preferentially acts on dendrite development of
adult-born hippocampal granule cells. Changes in the expression
of LKB1 effectors in the adult-born vs. embryonic neurons may
also account for differential actions of LKB1 in these two types
of neurons. This result was suggested by the finding in C. elegans
that LKB1 acts on actin binding protein UNC-115 instead of
SAD to regulate dendrite growth in motor neurons, without af-
fecting axon development (46).

Materials and Methods
Virus Injection. Eight-week-old mice were anesthetized, and retroviruses (2 μL
per hemisphere) were stereotaxically injected into the dentate gyrus in each
hemisphere at the site with the following coordinates: posterior: 2 mm from
Bregma; lateral: 1.5 mm; ventral: 2.3 mm from the brain surface. All animal
care followed the institutional guidelines, and the procedures were approved
by the Animal Care Facilities of the Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences.

Data Analysis. Matlab-based programs were designed to analyze dendrite
orientation and Golgi accumulation (details are in SI Materials and Methods).
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