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Summary

Cerebellar growth and foliation require the Hedgehog-driven proliferation of granule cell 

precursors (GCPs) in the external granule layer (EGL). However, that increased or extended GCP 

proliferation generally does not elicit ectopic folds suggests that additional determinants control 

cortical expansion and foliation during cerebellar development. Here, we find that genetic loss of 

the serine-threonine kinase Liver Kinase B1 (Lkb1) in GCPs increased cerebellar cortical size and 

foliation independent of changes in proliferation or Hedgehog signaling. This finding is 

unexpected given that Lkb1 has previously shown to be critical for Hedgehog pathway activation 

in cultured cells. Consistent with unchanged proliferation rate of GCPs, the cortical expansion of 

Lkb1 mutants is accompanied by thinning of the EGL. The plane of cell division, which has been 

implicated in diverse processes from epithelial surface expansions to gyrification of the human 

cortex, remains unchanged in the mutants when compared to wild-type controls. However, we find 

that Lkb1 mutants display delayed radial migration of post-mitotic GCPs that coincides with 

increased cortical size, suggesting that aberrant cell migration may contribute to the cortical 

expansion and increase foliation. Taken together, our results reveal an important role for Lkb1 in 

regulating cerebellar cortical size and foliation in a Hedgehog-independent manner.

Introduction

The cerebellum integrates sensory and motor information and has recently drawn attention 

for its extensive involvement in cognition, including emotional control1, learning2, 

memory3, and decision making4. Although the importance of the cerebellum during human 

brain evolution was initially dismissed based on the finding that it occupies a constant 

proportion of total brain volume5, subsequent analysis revealed that cerebellar surface area
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—a more accurate measure of processing capacity than volume—increases in an 

evolutionarily-dependent manner6. The capacity of the cerebellum to expand in surface area 

relative to its volume is facilitated by the presence of deep folds in the cerebellar surface 

known as fissures that separate the cerebellum into lobules (also known as folia). Like 

surface area, foliation complexity scales in an evolutionarily-dependent manner7. Despite 

the evolutionary import and functional significance of foliation, the cellular cues and genetic 

programs controlling the expansion and subsequent folding of the cerebellar cortex remain 

incompletely understood.

Cerebellar foliation occurs in two phases: an embryonic phase, which encompasses cardinal 

fissure formation, and a postnatal phase, during which time non-cardinal fissures form. 

Cardinal fissures form around embryonic day 17 (E17) in the mouse and divide the 

cerebellar surface into five cardinal lobes8. Cardinal fissure formation is at least partially 

genetically determined, as loss of the Engrailed homeobox genes En1/2 disrupts placement 

and depth of cardinal fissures9. By contrast, non-cardinal fissures are thought to form in 

response to mechanical forces; namely, the need to fit the expanding cortical surface within 

the confines of the skull7.

Expansion of the cerebellar cortex is driven in part by the proliferation of granule cell 

precursors (GCPs) in the external granule layer (EGL). Between late embryogenesis and the 

second postnatal week, GCPs in the EGL multiply in response to mitogenic Sonic Hedgehog 

(Shh) signaling before exiting the cell cycle and migrating radially along Bergmann glia to 

reach the internal granule layer (IGL), where they mature into granule cells10–12. The 

importance of the EGL in cortical expansion and foliation is evident from studies showing 

that reducing GCP proliferation, either using gamma irradiation7 or genetic ablation of 

Hedgehog (Hh) signaling13, leads to a small, hypoplastic cerebellum with fewer folds. 

However, mutations that increase or prolong GCP proliferation do not consistently increase 

foliation, even when hyperplasia is evident. For example, although Shh-P1 transgenic mice, 

in which Purkinje cell production of Shh is increased, have a larger cerebellum with 1–2 

additional folia13, loss of the cell cycle inhibitor p27Kip1 extends GCP proliferation and 

increases cerebellar volume without the formation of additional folds14. Taken together, 

these studies suggest that GCP proliferation is necessary, but not sufficient, to induce 

cortical folding in the cerebellum. Thus, one intriguing question regarding cerebellar 

development is whether factors other than proliferation are important for cortical expansion 

and foliation.

With 14 known substrates, the tumor suppressor Liver Kinase B1 (Lkb1; also known as 

Stk11) controls diverse cellular activities, including cytoskeletal dynamics15,16, tight 

junction formation17, migration18, and proliferation19. In the developing neocortex, Lkb1 

has been shown to regulate neuronal migration20,21, axon specification22,23, and terminal 

axon branching24. We initially became interested in Lkb1 following a genetic screen 

demonstrating that loss of Lkb1 reduced Hh pathway responsiveness in mouse embryonic 

fibroblasts25. To determine if Lkb1 is important for Hh signaling in vivo, we generated a 

mouse model of GCP-specific Lkb1 ablation. We find that GCP-specific loss of Lkb1 
resulted in an expanded cerebellar cortex with increased foliation. In contrast to a recently 

published manuscript26, we find that increased foliation occurs without alteration of 
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Hedgehog signaling or GCP proliferation. Neither the orientation of cell division nor mTOR 

signaling, a known downstream target of Lkb1, are responsible for changes in foliation. 

However, we find that post-mitotic GCPs display delayed radial migration in Lkb1 mutants, 

suggesting that aberrant migration may contribute to increasing in cortical size and foliation. 

Taken together, our study reveals that Lkb1 controls cerebellar cortical expansion and 

foliation without altering cell proliferation or perturbing Hedgehog pathway activity.

Results

Lkb1 is expressed in neural progenitors

In situ hybridization for Lkb1 at postnatal day 4 (P4) revealed that Lkb1 was highly 

expressed in the EGL, where Shh-responsive GCPs reside (Figure 1A–A′). Consistent with 

a role for Lkb1 in the EGL, Lkb1 immunostaining at P7 revealed Lkb1 protein was seen 

throughout EGL, consistent with a role of Lkb1 in granule cell function (Figure 1B–B′).

Loss of Lkb1 from GCPs increases cortical size and foliation

Mice null for Lkb1 die between E8 and E11 due to vascular defects38. In order to study the 

function of Lkb1 in the cerebellum, which develops postnatally, we generated Atoh1-cre; 
Lkb1fl/− mice (hereafter referred to as Lkb1cko). Expression of the Atoh1 transcription factor 

is restricted to cerebellar GCPs and deep cerebellar nuclei39–41. Lkb1 immunostaining 

(Figure 1C) and immunoblotting (Figure 1D) revealed a near-complete loss of Lkb1 protein 

in Lkb1cko cerebella. Consistent with previous reports of reduced Atoh1-cre activity in the 

posterior cerebellum42, Lkb1 protein levels in the EGL of lobes IX and X of Lkb1cko were 

higher than other regions (data not shown).

Lkb1−/− MEFs have reduced levels of Hh responsiveness25. If Lkb1 were responsible for 

Hh signaling in GCPs, we would expect Lkb1cko to be smaller than controls. However, 

consistent with the findings of others26, we noted that Lkb1cko cerebella were considerably 

more foliated than littermate controls at adult stages (Figure 2A–B). Given that folia pattern 

and number were similar among Atoh1-cre; Lkb1fl/+, Lkb1+/−, Lkb1fl/+, and Lkb1fl/− 

littermates, the term “control” collectively refers to littermates of any of these genotypes.

To determine when Lkb1cko first exhibited enhanced foliation, we collected cerebella 

sequentially during the first two postnatal weeks (Figure 2; Figure S1). The initial stages of 

cerebellar patterning, including cardinal fissure formation, were normal in Lkb1cko cerebella 

at P2 (Figure 2C–C″, asterisks denote principal fissures). However, Lkb1cko cerebella 

appeared visibly larger than controls at both P2 (Figure 2C–C′, F) and P4 (Figure S1). 

Indeed, mid-sagittal cross sectional area was larger in Lkb1cko cerebella relative to controls 

(0.31 +/− 0.029 mm2 in Lkb1cko vs. 0.27 +/− 0.027 mm2 in controls; Figure 2F). 

Additionally, mid-sagittal EGL perimeter was longer in P2 Lkb1cko cerebella (3.5 +/− 0.16 

mm in Lkb1cko vs. 3.12 +/− 0.16 mm in controls; Figure 2G), suggesting that cerebellar 

surface area was increased. Thus, cortical expansion and increased cross sectional area 

preceded supernumerary folia in Lkb1cko. Of note, Lkb1cko cerebella also appeared similar 

to controls during late embryonic stages (Figure S1).
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Lkb1cko first displayed increased foliation at P6, with multiple lobules not present in 

controls (Figure 2D–D″, H–H′). Additionally, mid-sagittal area (2.34 +/− 0.05 mm2 in 

Lkb1cko vs. 1.92 +/− 0.12 mm2 in controls) and perimeter (16.5 +/− 0.36 mm in Lkb1cko vs. 

12.48 +/− 0.52 mm in controls) were larger in P6 Lkb1cko, indicative of increased cerebellar 

volume and surface area (Figure 2F–G). Consistent with increased volume, Lkb1cko 

cerebella were often adhered to the overlying skull, making them difficult to dissect. By P11, 

dramatic differences in the shape and pattern of Lkb1cko cerebella were apparent (Figure 

S1). At P14, when foliation patterns are established43, Lkb1cko were larger (area: 4.03 +/

− 0.10 mm2 in Lkb1cko vs. 3.46 +/− 0.15 mm2 in controls; Figure 2F), had a longer 

perimeter (25.45 +/− 0.56 mm in Lkb1cko vs. 19.95 +/− 0.57 mm in controls; Figure 2G), 

and were considerably more foliated than controls (Figure 2E–E″, Figure S1). However, 

although P30 Lkb1cko cerebella were more foliated than littermate controls (Figure 2A–A′) 

and had a larger cross sectional perimeter (31.5 +/− 0.81 mm in Lkb1cko vs. 27.89 +/− 1.35 

mm in controls; Figure S2), cross sectional area was not increased (Figure S1).

The central cerebellar vermis of most inbred mouse strains contains between 9 and 11 

lobules and sublobules. Whereas the mixed strain control mice used in our studies had an 

average of 10.5 lobules, Lkb1cko had an average of 15 lobules, corresponding to a ~40% 

increase in foliation (Figure 2B). Additional lobules were consistently observed in lobes I, 

II, III, IVb and VIII (Figure 2A–A′, E–E′; Figure S1). Whereas lobes IV and V were 

usually fused in controls, lobes IV and V were distinct in the majority of Lkb1cko (Figure 

2A–A′, E–E′, Figure S1). Other morphological changes were also evident in Lkb1cko: 

whereas the interface of lobes V and IV was normally straight in controls, this fissure often 

had an undulated, rippled appearance in Lkb1cko (Figure 2A′, E′ and Figure S1). Notably, 

throughout our analysis, lobes IX and X appeared normal in Lkb1cko, consistent with 

reduced recombination efficiency of Atoh1-cre in these regions42. Increased foliation 

patterns were also observed in the hemispheres of Lkb1cko (not shown).

Loss of Lkb1 does not increase Hedgehog signaling

Given that cardinal lobes formed normally in Lkb1cko (Figure 2C–C′), we hypothesized that 

Lkb1 controls the development of secondary and tertiary lobules, which are thought to form 

in response to expansion of the EGL7. A recent study has reported that loss of Lkb1 from 

granule cell precursors increased Hedgehog signaling and GCP proliferation26. To test this, 

we examined expression of the transcription factor Gli1, a transcriptional target of Hh 

signaling. Gli1 mRNA and protein levels are an established readout for pathway activity44. 

In situ hybridization for Gli1 revealed no discernible difference in Gli1 expression in 

Lkb1cko at P6 (Figure 3A–B) or at birth (P0; Figure S3). Additionally, Gli1 protein levels 

were unchanged in freshly isolated Lkb1cko GCPs (Figure 3C–D). Similarly, quantitative 

real-time PCR for Gli1 as well as the Hh target genes Ptch1 and Hhip1 indicated that the 

expression of Gli1, Ptch1, and Hhip1 was unchanged in Lkb1cko GCPs relative to controls 

(Figure 3E). Finally, no difference in Gli1 abundance was detectible in cultured GCPs 

derived from control and Lkb1cko and treated with the Shh agonist SAG (Figure 3F). 

Together, these data indicate that Lkb1 does not regulate cortical expansion or foliation by 

increasing Hedgehog pathway activity.
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Lkb1−/− MEFs have a shorter primary cilium, a microtubule-based organelle important for 

Hedgehog signaling25. However, loss of Lkb1 did not alter primary cilia length in GCPs 

(Figure S3). Thus, Lkb1 does not maintain Hh signaling or cilia length in GCPs.

Loss of Lkb1 does not increase GCP proliferation

Our data suggest that Lkb1 functions outside of the Hh pathway in GCPs. Although Hh 

signaling is essential for GCP proliferation, it remains possible that cortical expansion and 

increased foliation in Lkb1cko could result from Hh-dependent proliferation. Indeed, a recent 

study26 demonstrated that loss of Lkb1 from GCPs increased GCP proliferation.

To systematically and globally measure proliferation in the developing cerebellum, we 

generated an algorithm to automatically quantify cells in the EGL based on size and 

brightness threshold using the cell counting software CellProfiler (Figure S4). Short-term (1 

hour) labeling with the thymidine analog BrdU was used to measure proliferation in control 

and Lkb1cko cerebella at P2, when changes in foliation were not yet evident, and P6, around 

the onset of altered foliation in Lkb1cko. However, the proportion of BrdU+ GCPs was 

unchanged in Lkb1cko compared to controls at both P2 and P6 (Figure 4A–C). Given that 

EGL perimeter length was longer in Lkb1cko (Figure 2), we speculated that the total number 

of mitotic cells might be increased even if the proportion of dividing cells was not. However, 

the total number of mitotic (phospho-histone H3+) EGL GCPs per mid-vermal section was 

unchanged in Lkb1cko at both P2 and P6 (Figure 4D). Since previous studies26 demonstrated 

increased proliferation of Lkb1-deficient GCPs at P4 we also quantified the number of 

mitotic cells per unit area in the EGL at P4 and found no difference between Lkb1cko and 

control (Figure 4E). Additionally, no difference was observed when comparing the number 

of Brdu+ cells per unit area of the EGL (Figure 4F) or when we limited our analysis to the 

proliferating (Ki67+) fraction of GCPs at P6 (Figure S5). Similar to GCPs, we observed no 

change in the number of Purkinje cells in the P8 Lkb1cko cerebellum (Figure S5), nor did we 

observe any alteration in the number of Pax2+ interneuron precursors in the molecular layer 

at P8 (Figure S5).

Lkb1−/− MEFs divide more quickly than do controls45. Sequential Edu-BrdU labeling was 

used to determine if cell cycle kinetics were altered in Lkb1cko GCPs36,37. However, neither 

S-phase length nor cell cycle length were altered in Lkb1cko cerebella (Figure 3G–J). 

Together, these data suggested cortical expansion and increased foliation in Lkb1cko were 

not due to increased GCP proliferation.

As a final means of assuring that proliferation was not increased in Lkb1cko, we examined 

cerebella at P30. If loss of Lkb1 increased GCP proliferation, we would expect cerebellar 

size and IGL area to be increased in Lkb1cko. We noted that at this stage, although the 

perimeter remained larger in Lkb1cko (27.889 +/− 1.35 mm in controls vs. 31.51 +/− 0.81 

mm in Lkb1cko) neither cross-sectional area nor IGL area were increased relatively to 

controls (cross-sectional area: 7.52 +/− 0.35 mm2 in controls vs. 7.08 +/− 0.34 mm2 in 

Lkb1cko; Figure S2).
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Lkb1cko cerebella have a thinner outer EGL

Given that Lkb1cko were larger at P6 (Figure 2) but did not harbor an increased number of 

proliferating GCPs (Figure 4, Figure S5), we wondered if the oEGL was thinner Lkb1cko 

cerebella. In other words, if GCP proliferation was equivalent in control and Lkb1cko mice, 

but GCPs were distributed over a larger area in Lkb1cko, we would expect the oEGL to be 

thinner in Lkb1cko. Indeed, Ki67 staining of P7 sections revealed that many regions of the 

oEGL appeared thinner in Lkb1cko compared to controls (Figure 5). The average number of 

Ki67+ GCPs per mm of EGL was significantly reduced in Lkb1cko (538.7 +/− 15 cells/mm 

in control vs. 436.9 cells/mm in Lkb1cko; Figure 5C). Similarly, the average thickness of 

oEGL is significantly thinner in Lkb1cko cerebella (13.7 μm2 +/− 0.9 μm2 in control vs 

11.14 +/− 0.6 μm2 in Lkb1cko), whereas the thickness of iEGL remains comparable between 

Lkb1cko cerebella and controls (6.9 +/− 0.6 μm2 vs 7.4 +/− 0.7 μm2; Figure 5D–F). Thus, 

loss of Lkb1 from GCPs leads to a thinner oEGL. Of note, when we quantified the total 

oEGL area, we saw no difference between controls and Lkb1cko (Figure S6), in keeping with 

our data showing there was no difference in proliferation. Similarly, we observed no 

difference in iEGL area between Lkb1cko and controls (Figure S6). In addition to thinner 

EGL, cell size may also contribute to surface area expansion. We, therefore, estimated 

average cell size of GCPs by measuring the area of Ki67+ and Ki27kip1+ cells and found no 

difference between controls and Lkb1cko cerebella (Figure S6D).

The plane of cell division regulates surface area expansion and organ shape in a number of 

tissues, including the lung and epidermis46–48. To determine if cortical expansion and 

increased foliation in Lkb1cko were due to perturbations in spindle orientation, control and 

Lkb1cko cerebella at P2, P4, and P6 were labeled with phospho-histone H3 and Aurora B 

kinase to label mitotic DNA and spindle-associated microtubules, respectively (Figure S8). 

These markers, together with a nuclear dye, were used to quantify the proportion of 

anaphase GCPs dividing vertical (60–90°), horizontal (0–30°), or tangential (30–60°) to the 

cerebellar surface (Figure 6Y) across the entire EGL (Figure S7). Although there was a 

slight decrease in the number of vertical divisions at P6 in Lkb1cko, we found that the 

majority of GCPs divide horizontal to cerebellar surface at regardless of genotype. Together, 

these data indicate that Lkb1 does not regulate the plane of GCP division.

Lkb1cko cerebella have impaired radial migration

Our data so far indicated that increased cortical size and foliation in Lkb1cko cerebella is not 

due to changes in Hedgehog signaling, proliferation, cell cycle kinetics or the plane of GCP 

division. Given the role of Lkb1 in neuronal migration in forebrain neurons20,21, and the 

recently documented role of Lkb1 in GCP migration26, we examined whether Lkb1 

regulated migration in the cerebellum.

Differentiating granule cells migrate radially through the molecular layer along Bergmann 

glia to reach internal granule layer (IGL). Staining for p27Kip1, a marker of post-mitotic 

GCPs and some interneurons, at P7 revealed increased numbers of p27Kip1+ cells in the 

molecular layer of Lkb1cko (Figure 6A–B). Long-term BrdU labeling was employed to track 

the location of GCPs over time. Mice were injected with BrdU at P5 and collected at P8. 

Whereas BrdU-labeled cells formed tight bands corresponding to the EGL and IGL in 
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controls, BrdU-labeled cells in Lkb1cko were distributed between all cortical layers (Figure 

6C–D). Automated quantification using the counting software Cell Profiler revealed that 

Lkb1cko had significantly more BrdU+ cells undergoing migration and significantly fewer 

BrdU+ cells in the IGL (Figure 6E), consistent with defective radial migration. Similarly, 

injection of BrdU at P2 and collection at P3 revealed an increased number of post-mitotic 

BrdU+ cells (e.g. BrdU+Ki67−) cells in the molecular layer of Lkb1cko mice compared to 

controls (Figure 6F–H), indicating that Lkb1-deficient GCPs exhibit defects in migration as 

early as P2. We also examined the capacity of GCP to re-enter the cell cycle after 24 hours 

of BrdU chase by measuring the proportion of Ki67+ BrdU+/Ki67+ cells and found no 

difference in cell cycle re-entry between mutants and controls (Figure S6D), ruling out the 

possibility that Lkb1 also promotes neurogenic proliferation of GCPs. Finally, staining of 

adult P30 cerebella for the granule cell-specific marker Neuron-specific nuclear protein 

(NeuN) revealed that, in contrast to controls, many more NeuN+ granule cells failed to reach 

the IGL in Lkb1cko (Figure 6I–J).

Lkb1 regulates GCP polarity and migration independent of mTOR signaling

Under conditions of energetic stress, Lkb1 activates the catalytic α subunits of AMPK via 

phosphorylation, and activated AMPK inhibits processes that expend energy, including fatty 

acid synthesis and mTORC1 signaling49. AMPK inhibits mTOR signaling through 

phosphorylation of the TSC1/TSC2 complex. Accordingly, loss of Lkb1, AMPK, TSC1, or 

TSC2 leads to hyperactivation of mTORC1 signaling50. Aberrant mTOR activity disrupts 

cerebellar development, as mice harboring a dominant-negative TSC2 allele exhibit ectopic 

granule cells and increased GCP proliferation51.

Immunostaining and Western blotting for the mTOR target phosphorylated-S6 ribosomal 

protein (p-S6)52, revealed elevated p-S6 levels in Lkb1cko GCPs (Figure 7A–C). Increased 

mTORC1 signaling in Lkb1cko likely resulted from reduced AMPK activity, as both AMPK 

phosphorylation and phosphorylation of the AMPK substrate acetyl co-A carboxylase 

(ACC) were reduced in Lkb1cko GCPs (Figure 7D). Together, these data suggest that loss of 

Lkb1 reduced AMPK activity and increased mTOR signaling in GCPs.

To determine if the defects in foliation and migration in Lkb1cko resulted from mTOR 

pathway upregulation, we generated Atoh1-cre; TSC1flox/− mice (TSC1cko mice). Western 

blotting and immunostaining for p-S6 revealed increased mTOR signaling in TSC1cko 

(Figure 7E–G). However, foliation patterns were normal in TSC1cko mutants at P14 (Figure 

7H–I, Figure S9). Notably, in contrast TSC2 dominant-negative mice51, TSC1cko cerebella 

did not harbor ectopic granule cell clusters (Figure S9). Together, these data suggested that 

mTORC1 signaling was not responsible for increased foliation in Lkb1cko.

Discussion

The determinants of cortical folding are poorly understood. Our data indicate that loss of 

Lkb1 from granule cell precursors increases cerebellar surface area and foliation in the 

absence of changes in proliferation, Hedgehog signaling, and cell polarity. Although mTOR 

signaling is increased in cells lacking Lkb1, we find that genetic loss of TSC1, a 

downstream target of Lkb1, does not lead to increased foliation, suggesting that increased 

Ryan et al. Page 7

Dev Biol. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mTOR signaling is not responsible for increased foliation in Lkb1 mutants. Finally, in 

accordance with the work of others26, we find that Lkb1-deficient GCPs display impaired 

radial migration. Impaired migration coincides with increased cortical area and foliation, 

suggesting that impaired migration may be responsible for hyperfoliation in Lkb1 mutants.

Previous studies have demonstrated the loss of Lkb1 decreases25 or increases26 Hedgehog 

signaling in MEFs and GCPs, respectively. Notably, we find that GCP loss of Lkb1 does not 

affect Hedgehog signaling activity in vivo or in freshly isolated GCPs. This finding is 

supported by in situ hybridization, quantitative real time PCR, and western blotting for 

Hedgehog target genes. Additionally, we find that deletion of Lkb1 does not alter GCP 

proliferation. This finding is significant because existing mouse models of increased 

foliation demonstrate increased numbers of proliferating GCPs13,53. By contrast, we find no 

difference in the proportion of proliferating cells in the EGL of Lkb1cko, nor do we observe 

any difference in cell cycle length. Importantly, we measured proliferation in a non-biased 

manner by quantifying the proportion of proliferating GCPs in the EGL by automated cell 

counting. That GCP proliferation is unaffected by Lkb1 deletion is further supported by the 

finding that neither cerebellar size nor IGL area are increased at adult (e.g. P30) stages of 

cerebellar development.

We find that Lkb1-deficient GCPs have impaired radial migration as early as post-natal day 

2. This coincides with the increased surface area in Lkb1cko, thus it is possible that impaired 

migration may be responsible for increased cerebellar surface area and foliation in Lkb1cko. 

Indeed, in hypothyroid rats, which have increased foliation, radial migration is impaired 

although GCP proliferation is not54. Moreover, the dramatic increase in foliation seen in the 

human cerebellum has been credited to a prolonged period of proliferation and migration of 

granule cell precursors8. Whereas all GCPs have migrated to the IGL by postnatal day 21 in 

the mouse, the window of GCP proliferation and migration extends an entire year in 

humans. Interestingly, most mutations that impair radial migration in mice do not lead to an 

increase in cerebellar folding. More often than not, mutations disrupting GCP migration lead 

to a reduction in foliation, often due to secondary effects in glial morphology, Purkinje cell 

development, and/or GCP proliferation55–58. As such, they Lkb1cko provide a novel tool in 

which to examine how migration and foliation are coupled during cerebellar development.

Putting this work in the context of existing literature, two important questions arise. First, 

how is it that we find no change in Hedgehog signaling in Lkb1-deficient GCPs, whereas 

others see decreased25 or increased26 pathway activity? Moreover, why do we see no change 

in proliferation, whereas Men et al. see an increase in a similar model? Thought we cannot 

be certain, these differences may attributable to differences in cell type. Our analysis focused 

on cerebellar granule cell precursors, whereas Jacob et al. performed their analysis on MEFs 

and Men et al. considered the entire cerebellum. Another potential difference is that we used 

an enhancer-driven Atoh1-cre instead of knock-in Atoh1-cre line, although we do not think 

that this could account for the different conclusions regarding proliferation and Hedgehog 

signaling. Second, how is it that Lkb1cko have a transient increase in cerebellar surface area 

during development in the absence of changes in proliferation? We believe defective GCP 

may explain this phenomenon; Lkb1-deficient GCPs are preferentially located nearer to the 

cerebellar surface, perhaps causes the volume to expand despite similar cell numbers 
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compared to controls. This belief is supported by the fact that as GCPs migrate inward in 

Lkb1cko, cerebellar size normalizes and ultimately approximates the size of controls.

Cortical folding, whether gyrification in the neocortex or foliation in the cerebellum, is a 

complex process involving cell proliferation, migration, differentiation and neuronal 

connectivity59. In the gyrencephalic neocortex of humans and some mammals, cortical 

folding has been attributed to outer radial glial (oRG), a population of radial glia that are 

largely absent in mice and other smooth-brained (lissencephalic) species60. Interestingly, 

recent studies in mice suggest that cortex folding does not require progenitor cell 

proliferation but is associated with clustering of neurons along the tangential axis due to 

defective cell migration61.

In the cerebellum, cortical folding has been attributed to the postnatal expansion the EGL, 

and differences in the degree of cerebellar foliation have historically been credited to 

differences in GCP number or to a protracted period of GCP proliferation and maturation7,8. 

However, not all mutations that increase GCP proliferation or number are sufficient to 

increase foliation, even when the overall size and surface area of the cerebellum are 

larger14,62. The nonlinear relationship between GCP number and foliation might be rooted in 

the need to maintain an optimal EGL thickness in order for folding to occur. Indeed, many 

mutations that increase GCP proliferation lead to EGL hyperplasia as well as loss of 

foliation14,58,63,64. Perhaps the most dramatic example of EGL hyperplasia is seen in mouse 

models of medulloblastoma, in which foliation is lost or completely absent63,64. A thicker 

EGL may therefore inhibit folding by increasing surface tension and the force required to 

deform the cerebellar surface, the first described step in fissure formation43. By contrast, 

when Lkb1 is deleted from GCPs, proliferation is unaffected but the EGL becomes thinner 

and more receptive to folding.

Materials and Methods

Mice

All animal experiments were approved by the VUMC Animal Care Committee and 

performed using young neonatal and adult animals (ages P0-P30), according to regulation of 

the NIH and VUMC Division of Animal Care. Lkb1fl/fl mice27, Sox2-cre mice28 were 

obtained from Jackson laboratories. TSC1fl/fl mice29 were kindly donated from Kevin Ess 

(Vanderbilt University). Atoh1-cre mice30 were kindly donated from David Rowitch 

(UCSF). Lkb1+/− and TSC1+/− mice were generated by crossing fl/fl animals to Sox2-cre 
females. BrdU (Roche) was dissolved in PBS to a final concentration of 10 mg/ml and 

administered by intraperitoneal injection.

GCP Isolation

GCPs were isolated as previously described31. Briefly, cerebella were isolated from P4-P6 

mice in Hanks buffered saline solution (HBSS) (Gibco) supplemented with glucose. 

Meninges were removed and cerebella were treated with Trypsin-EDTA. Cerebella were 

dissociated, large cells were allowed to settle, and GCP-containing supernatants were moved 

to a fresh tube. For western blotting, cells were spun down and resuspended in RIPA buffer. 
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For RNA extraction, cells were resuspended according to QIAGEN protocols. GCPs cultures 

were prepared by pre-plating GCPs onto poly-L-lysine-coated plates for 20 minutes, and 

GCP-containing supernatants were plated onto poly-ornithine-coated plates in the presence 

of 20 nm SAG or vehicle control.

Western blotting

Whole cerebella or isolated GCPs were homogenized in RIPA buffer containing protease 

inhibitors (Roche). Protein concentration was measured using the BCA method, and 20–50 

μg protein was separated by SDS-PAGE before being transferred onto nitrocellulose 

membranes.

RNA Isolation and Reverse Transcription

Total RNA was purified from freshly isolated GCPs using RNAeasy mini kit (QIAGEN) and 

cell homogenization performed using QIAshredder columns (QIAGEN). cDNAs were 

synthesized using a high-capacity cDNA reverse transcription kit (Applied Biosciences). 

Quantitative real-time PCR was performed as previously described32. The ΔΔCT method was 

used to compare expression levels using a Student’s t-test.

Tissue Processing, Immunohistochemistry, and In Situ Hybridization

Tissue was collected and processed as described previously33. To collect mid-sagittal 

sections, we sectioned only through the vermis, and relied on architecture of nearby brain 

regions to serve as landmarks, such as the midbrain, brainstem, and choroid plexus. Paraffin 

sections underwent antigen-retrieval using Citrate Buffer pH=6.0. For γ-tubulin staining, 

frozen sections were dried, post-fixed, washed in PBS and submerged in ice cold acetone 

before blocking. In situ hybridizations were performed as described previously34.

Quantification

Statistical analysis—T-tests were performed in Excel. Paired t-tests were used to account 

for litter-dependent variability in cerebellar size and perimeter. Unpaired t-tests were used 

for all other analyses. All t-tests were 2-tailed with the exception of P3 BrdU cells in the 

molecular layer, which was 1-tailed. A 1-tailed t-test was used because of existing evidence 

regarding defective migration in Lkb1cko.

Area, perimeter, and lobule number—For vermal area and perimeter, at least 3 and up 

to 10 mid-vermal cross sections were measured and averaged for each mouse, such that each 

mouse was assigned a single value for area and perimeter. These values were gathered for 

n=5 control and Lkb1cko mice, and t-tests were performed in Excel. For lobule number, 

lobules were defined as in35, by the separation of individual lobules by molecular layer as 

well as the presence of white matter. Lobule counts were obtained for n=3 or n=5 animals.

Automated Cell Counting—Using CellProfiler (Broad Institute, MIT), a pipeline was 

constructed to count all BrdU and Ki67 double positive nuclei in a number of high-power 

fields of view. The first module served to split the original RGB image files into the red 

(Ki67) and green (BrdU) color components and convert them into individual grayscale 

images. The next two modules were designed to identify and count the nuclei positive for 
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BrdU and Ki67 in the separated images, respectively. The diameters of accepted nuclei were 

required to fall in a range between 3 and 18 microns (randomly measured nuclei averaged to 

6 – 8 microns in diameter). For each grayscale image, a minimum threshold was applied 

(pixel intensities < 38 on an 8-bit scale were removed). A RelateObjects module grouped 

nuclei together that were positive for both BrdU and Ki67. Finally, the FilterObjects module 

served to filter out the nuclei that were BrdU positive but were negative for Ki67 staining. 

CellProfiler then displayed a program-altered final image of nuclei being bordered by 

colored lines to clearly indicate which cells were counted; this allows for strict quality 

control of accurate quantification.

Proliferation—For P2 and P6 BrdU, sections were stained and a total of 5 regions 

(excluding lobes IX and X in which recombination was inefficient) from each of three 

sections were imaged using an Olympus fluorescent microscope at 40× magnification. These 

images were cropped so as to only contain the EGL; all non-EGL areas were edited out first 

in Photoshop. The automated cell counting software Cell Profiler was used to count the total 

number of Dapi+ cells as well as BrdU+ cells per region. Outliers were excluded, and 

regions were averaged to yield a single value corresponding to the proliferative index of each 

mouse. This was done for n=3 mice of each genotype, and t-tests were performed in Excel. 

For pH3+ counts of the entire cerebellum, the total number of pH3+ cells in the EGL was 

determined at 20× magnification using a hand tally counter. For each animal, at least 3 and 

up to 6 sections were analyzed. These numbers were averaged such that each mouse was 

assigned a single value.

S-phase and cell cycle length—The length of S-phase and the cell cycle were 

determined as described previously36. Briefly, P5 control and Lkb1cko pups were injected 

with EdU (4 mg/kg). After 3 or 20 hours, pups were injected with BrdU (5 mg/kg) and 

collected after 45 minutes, processed for paraffin sectioning, sectioned, and stained with 

BrdU and EdU. Slides were scanned through the Vanderbilt DHSR. Three sections were 

analyzed for each animal at each stage using Cell Profiler. Outliers were excluded. The 

following equations were used to determine S-phase (Ts) and cell cycle length (Tc), as 

described36,37:

1.

2.

Students t-tests were used to compare S-phase length and cell cycle length for n=3 animals 

of each genotype.

Cilia length—40× images were taken on an LSM 510. 4 regions from lobes I–XIII were 

analyzed. Images were cropped so as to only include the EGL, and Cell Profiler was used to 

measure cilia length. An average cilia length was obtained for each animal.
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EGL thickness—Ki67 and P27-stained cerebella were scanned through the DHSR. At 

least 3 sections for each mouse were cropped so as to omit any non-EGL cells (eg, cells of 

the white matter). The total number of Ki67+ cells per section was determined. EGL length 

was determined by measuring the perimeter of each section in ImageJ, similar to above 

measurements of perimeter and area. The number of Ki67+ cells was divided by perimeter 

length to give the average Ki67 cells per section for each of three sections. The average 

thickness of oEGL and iEGL was determined by measuring the width of Ki67+ and p27+ 

cells, respectively, in 30 non-overlapping regions per lobule along the entire cerebellar axis 

using Image J. These numbers were averaged for each mouse, yielding a single value 

corresponding to each animal.

Cell size—Cellular area was measured for a minimum of 20 cells per field from both oEGL 

and iEGL using ImageJ for n=3 controls and n=3 Lkb1cko.

P8 Migration analysis—Animals were injected with BrdU at P5 (2 injections 1 hour 

apart) and collected 3 days later at P8. Paraffin sections were co-stained with BrdU and Ki67 

and scanned through the Vanderbilt DHSR. Cell Profiler was used to determine the number 

of cells in each of three regions: the Ki67+ outer EGL, the nuclei-dense IGL, and the region 

between the oEGL and IGL (iEGL/ML) within the region as shown in Figure 7. The 

proportion of cells in each region was determined for n=3 controls and n=5 Lkb1cko, and 

these values were compared using a Student’s unpaired t-test in Excel.

P3 Migration analysis—Animals were injected with BrdU at P2 and collected 1 day later 

at P3. Paraffin sections were stained with BrdU and Ki67 and scanned through the 

Vanderbilt DHSR. CellProfiler was used to determine the number of cells in each of three 

regions as described above for P8. The proportion of cells in each region was determined 

(n=3), and these values were compared using a Student’s unpaired t-test in Excel.

Orientation of cell division—Sections were stained with Aurora B and/or pH3 for n=3 

mice of each genotype (Lkb1cko or littermate controls). At least 3 and up to 5 stained 

sections from each mouse were imaged at 20× magnification in non-overlapping fields over 

the entire cerebellum (approximately 12–15 images per section). Angle measurements were 

taken using the angle tool in ImageJ. Between 20 and 40 cells were measured for each 

section depending on stage. Only cells in anaphase or later were measured. The proportion 

of GCPs dividing parallel (0–30 degrees), perpendicular (60–90 degrees) or tangential (30–

60 degrees) was determined for each section. These proportions were averaged such that 

each mouse was assigned a single set of numbers corresponding to the proportion of GCPs 

dividing in each orientation.

Microscopy

Bright-field images were collected on an Olympus BX51 upright microscope or a Leica 

M165 FC stereoscope. Fluorescent images were taken on a Zeiss LSM510, Leica TSC SP5 

Confocal, or Olympus fluorescent microscope with an Optigrid system (Qioptiq Imaging). 

For automated cell counting of entire postnatal cerebella, slides were scanned on an 

automated scanning microscope system (Ariol SL-50) through the Vanderbilt Digital 
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Histology Shared Resource (DHSR). The Ariol system is based on the Leica DM6000 B 

microscope.

Antibodies

The following antibodies were used for immunohistochemistry: p27Kip1 (BD Biosciences, 

1:300), Tag1 (Hybridoma Bank, 1:10), γ-tubulin (Sigma, 1:300), BrdU (Hybridoma Bank, 

1:100), Ki67 (Thermo Scientific, 1:200), phosphohistone H3 (Upstate, 1:300), p-S6 (Cell 

Signaling, 1:200), Aurora B (BD Biosciences, 1:300), ARL13B (a kind gift from Jonathan 

Eggenschwiler, 1:5000), Keratin (Sigma, 1:250), N-Cadherin (Hybridoma Bank, 1:200), 

Lkb1 (Santa Cruz, 1:200). EdU was purchased from Molecular Probes.

For Western: p-S6 (Cell Signaling, 1:1000), p-ACC (Cell Signaling, 1:1000), ACC (Cell 

Signaling, 1:1000), S6 (Cell Signaling, 1:1000), Lkb1 (Sigma, 1:3000), α-tubulin 

(Hybridoma Bank, 1:10,000), β-Actin (Thermo Scientific, 1:5000), Gli1 (Cell Signaling, 

1:1500), p-AMPK (Cell Signaling, 1:1000).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lkb1 regulates cerebellar cortical size and foliation.

• Cerebellar foliation is independent of mTOR signaling.

• Loss of Lkb1 does not alter Hh signaling or proliferation.

• Radial migration of post-mitotic GCP depends on the Lkb1 function.
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Figure 1. Lkb1 is expressed in the granule cell precursors
A–A′. Lkb1 in situ hybridization at postnatal day 4 (P4). Lkb1 is expressed in all cortical 

layers but is highest in the external granule layer (EGL). B–C. Immunohistochemistry for 

Lkb1 (white) and TO-PRO 3 (blue) at postnatal day 7 (P7). Lkb1 localizes to the cytoplasm 

and cell cortex of GCPs in the EGL of control cerebella (B–B′) but is absent in Lkb1cko 

cerebella (C–C′). D. Western blotting for Lkb1 reveals a significant reduction in Lkb1 

protein levels in Lkb1cko GCPs compared to controls. Actin was used as loading control. 

Scalebars: A = 500 μm, A′ = 50 μm, C–D = 10 μm. Con = control, EGL = external granule 

layer, oEGL = outer EGL, iEGL = inner EGL, ML = molecular layer, IGL = internal granule 

layer. Full-length blots are shown in Supplementary Figure 9.
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Figure 2. Granule cell precursor-specific loss of Lkb1 results in increased foliation and cortical 
expansion
A–A′. Hematoxylin and eosin staining of control (A) and Lkb1cko (A′) cerebella at P30. 

Roman numerals denote lobule numbers. Red roman numerals indicate lobules present in 

Lkb1cko absent in control. B. Average lobule number of control and Lkb1cko cerebella. C–E. 

Hematoxylin and eosin staining of mid-vermal cerebellar cross sections at the indicated 

stages. Lobules present in Lkb1cko not present in the control are highlighted in red in C″–E

″. Asterisks in C–C′ indicate cardinal fissures. F. Average cross sectional area of mid-

vermal cerebellar sections at indicated stages. G. Average cross sectional perimeter of mid-

vermal cerebellar cross sections at the indicated stages. H. Illustration showing how area and 

perimeter were determined. I–I′. Whole mount images of P6 control (I) and Lkb1cko (I′) 
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cerebella. Dashed lines delineate folia. n=5 for all analyses. *, p<0.05, **, p<0.005, ***, 

p<0.0005, Student’s t-test. Scalebar 500 μm for all images. Con = control.
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Figure 3. Hedgehog signaling is unchanged in Lkb1cko cerebella
A–B. In situ hybridization for Hedgehog target gene Gli1 in postnatal day 6 control (A–A′) 

and Lkb1cko (B–B′) cerebella. C. Western blot for Gli1 in GCPs derived from control and 

Lkb1cko cerebella. Lkb1 and Actin were used to verify knockdown and loading, respectively. 

D. Densitometric measurements of Gli1 protein levels relative to Actin. E. Quantitative real-

time PCR for Gli1, Ptch1, and Hhip1 in freshly isolated control and Lkb1cko GCPs. n=3, no 

significant difference, Student’s t-test. F. Western blot for Gli1 in cultured GCPs derived 

from control and Lkb1cko cerebella in the presence (+) or absence (−) of 20nm SAG. G. 

Western blot for Gli1 in whole cerebella derived from control and Gli1−/− mutants. Scalebar 

50 μm. Con = control, EGL = external granule layer. Full-length blots are shown in 

Supplementary Figure 9.
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Figure 4. Neither proliferation nor cell cycle kinetics are altered in Lkb1cko cerebella
A–B. Immunostaining of P6 control (A) and Lkb1cko (B) for phospho-histone H3 (pH3) and 

BrdU one hour after BrdU injection. Dashed lines delimit the EGL. DNA was counterstained 

with TO-PRO 3. C. Quantification of the percentage of BrdU+ cells in the EGL of control 

and Lkb1cko cerebella at P2 and P6. D. Quantification of the total number of pH3+ cells per 

mid-vermal cross section of control and Lkb1cko cerebella at the indicated stages. E. 

Number of pH3+ cells per mm2 at P4. F. Number of BrdU+ cells per mm2 at P6. G. EdU/

BrdU double labeling at P5 (3 hour timepoint). H. EdU/BrdU double labeling at P6 (20 hour 

timepoint). I. S-phase length of control and Lkb1cko GCPs. J. Cell cycle length of control 

and Lkb1cko GCPs. n=3, no significant difference, Student’s t-test. Scalebar 20 μm. Con = 

control.
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Figure 5. Loss of Lkb1 from granule cell precursors results in a thinner outer EGL
A–B. Representative Ki67-stained P6 control (A) and Lkb1cko (B) cerebella. Dashed lines in 

A′–A″ and B′–B″ delimit outer EGL, where proliferative cells reside. Lkb1cko have a 

visibly thinner layer of proliferative (Ki67+) GCPs than do controls (compare A′ to B′, A″ 
to B″). C. Quantification of oEGL thickness using Ki67+ cells per mm EGL. n=3, p<0.01, 

Student’s t-test. D–E. Representative p27-stained P6 control (D) and Lkb1cko (E) cerebella. 

Dashed lines in D′ and E′ delimit inner EGL, where differentiating cells reside. F. 

Quantification of average thickness of oEGL (p<0.05) and iEGL (p=0.6), Student’s t-test. 

Scalebar 50 μm. Con = control.
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Figure 6. Lkb1cko cerebella have defects in granule cell migration
A–B. p27Kip1 immunostaining labels post-mitotic GCPs in P7 control (A) and Lkb1cko (B) 

cerebella. Dashed line in inset denotes cerebellar surface. C–D. BrdU/Ki67 co-staining of P8 

control (C) and Lkb1cko (D) cerebella three days after BrdU injection. C′–D′. Enlarged 

images of boxed regions in C and D. E. Quantification of the proportion of BrdU+ cells in 

each of the specified regions three days after BrdU pulse. n=3 controls, n=5 Lkb1cko. *, 

p<0.05, ** p<0.005. Student’s t-test. F–G. P3 cerebella injected with BrdU at P2. H. 

Quantification of the proportion of BrdU+ cells in each of the specified regions one day after 

BrdU pulse. n=3, *, p<0.05, ** p<0.01. Student’s t-test. I–J. Representative staining for 
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Neuron-specific nuclear protein (NeuN), a marker of mature granule cells, in P30 control (I) 

and Lkb1cko (J) cerebella. I′ and J′ are enlargements of the boxed regions in I and J. 

Dashed lines in I′ and J′ corresponds to Purkinje cell layer (PCL). Note that a number of 

granule cells fail to migrate past the Purkinje cell layer in Lkb1cko. All scalebars 50 μm 

except I–J, in which scalebar is 500 μm. oEGL = outer external granule layer, iEGL = inner 

external granule layer, ML = molecular layer, IGL = internal granule layer. Full-length blots 

are shown in Supplementary Figure 9.
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Figure 7. Increased foliation and altered migration in Lkb1cko cerebella is mTOR-independent
A–B. Representative staining for p-S6 in P6 control (A) and Lkb1cko (B) cerebella. Scalebar 

10 μm. C. Western blotting (cropped) of P4 cerebella for p-S6. Lkb1 and Actin were used to 

verify knockdown and loading, respectively. D. Western blot (cropped) of control and 

Lkb1cko GCPs for p-AMPK (Thr172) and p-ACC. Lkb1 and Actin were used to verify 

knockdown and loading, respectively. E. Western blot (cropped) for p-S6 in control and 

TSC1cko cerebella. F–G. Immunohistochemistry for p-S6 in Control (F) and TSC1cko (G) 

cerebella. H–J. H&E staining of P14 control (H), TSC1cko (I), and Lkb1cko (J) cerebella. 

Scalebar 500 μm. Con = control.
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