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Abstract

Mutations in human LIS1 cause abnormal neuronal migration and a smooth brain phenotype

known as lissencephaly. Lis1+/− (Pafah1b1) mice show defective lamination in the cerebral cortex

and hippocampal formation, whereas homozygous mutations result in embryonic lethality. Given

that Lis1 is highly expressed in embryonic neurons, we hypothesized that sympathetic and

parasympathetic preganglionic neurons (SPNs and PPNs) would exhibit migratory defects in

Lis1+/− mice. The initial radial migration of SPNs and PPNs that occurs together with somatic

motor neurons appeared unaffected in Lis1+/− mice. The subsequent dorsally directed tangential

migration, however, was aberrant in a subset of these neurons. At all embryonic ages analyzed, the

distribution of SPNs and PPNs in Lis1+/− mice was elongated dorsoventrally compared with

Lis1+/+ mice. Individual cell bodies of ectopic preganglionic neurons were found in the ventral

spinal cord with their leading processes oriented along their dorsal migratory trajectory. By birth,

Lis1+/− SPNs and PPNs were separated into distinct groups, those that were correctly, and those

incorrectly positioned in the intermediate horn. As mispositioned SPNs and PPNs still were

detected in P30 Lis1+/− mice, we conclude that these neurons ceased migration prematurely.

Additionally, we found that a dorsally located group of somatic motor neurons in the lumbar

spinal cord, the retrodorsolateral nucleus, showed delayed migration in Lis1+/− mice. These results

suggest that Lis1 is required for the dorsally directed tangential migration of many sympathetic

and parasympathetic preganglionic neurons and a subset of somatic motor neurons.

INDEXING TERMS

lissencephaly; pafah1b1; reeler; sympathetic preganglionic neurons; parasympathetic
preganglionic neurons; somatic motor neurons

Mutations in human LIS1 (PAFAH1B1; the noncatalytic subunit of platelet-activating factor

acetylhydrolase 1b) result in the most common genetic defects found in patients with
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lissencephaly, a severe brain malformation characterized by a smooth brain surface rather

than the typical cortical gyri and sulci (Dobyns et al., 1993; Reiner et al., 1993). Patients

with haploinsufficiency for LIS1 exhibit mental retardation and epilepsy (Dobyns et al.,

1993; Hattori et al., 1994; Reiner et al., 1993; Lo Nigro et al., 1997). Neuronal migratory

errors underlie the smooth brain malformation as postmitotic cortical neurons move more

slowly and stop their migration prematurely, forming a disorganized, four-layered neocortex

(Reiner et al., 1995; Hirotsune et al., 1998).

Mice with heterozygous deletions in the murine homolog Lis1 (Pafah1b1) have less severe

defects than in the human disorder, but do exhibit defects in the cerebral cortex,

hippocampus, and olfactory bulb due to abnormal neuronal migration (Hirotsune et al.,

1998). In addition to neuronal migration, Lis1 is required for cell division, neuroepithelial

stem cell generation, and neurogenesis (reviewed by Wynshaw-Boris et al., 2010; Yingling

et al., 2008). The homozygous loss of Lis1 is early embryonic lethal due to a requirement for

Lis1 expression in the embryonic inner cell mass (Hirotsune et al., 1998; Cahana et al.,

2001, 2003).

Neuronal migration is characterized first by the extension of the leading process, followed

by nucleokinesis, or the movement of the centrosome, and subsequently the nucleus into the

leading process (reviewed by Tsai and Gleeson, 2005). The microtubule network that links

the centrosome and nucleus during nucleokinesis is well established. Lis1, dynein, and

NudE-like protein (Ndel1) all are required for nuclear translocation during migration (Feng

et al., 2000; Shu et al., 2004; reviewed by Wynshaw-Boris, 2007), and the reduction of Lis1

slows neuronal migration by interactions with the microtubules that uncouple the

centrosome and nucleus (Tanaka et al., 2004a; Tsai et al., 2007).

Studies of Lis1+/− mice reveal dose-dependent neuronal migration defects (Hirotsune et al.,

1998; Gambello et al., 2003; Youn et al., 2009). For example, heterozygous deletions in

mouse Lis1 result in mild cerebral cortical defects that involve delayed radial migration and

a loss of distinct lamination, whereas lower levels of Lis1 cause a progressively more severe

phenotype (Hirotsune et al., 1998). Tangential (nonradial) migration is also affected in

human lissencephaly (Pancoast et al., 2005; Marcorelles et al., 2010) and in Lis1+/− mice

(McManus et al., 2004; Nasrallah et al., 2006; Gopal et al., 2010). The γ-aminobutyric acid

(GABA)ergic interneurons that arise from the ganglionic eminence and migrate tangentially

into the neocortex exhibit a slowed migration in Lis1+/− mice (McManus et al., 2004) and

have longer leading processes that show reduced branching (Nasrallah et al., 2006; Gopal et

al., 2010).

Most studies to date have focused on Lis1 in highly organized, cortical structures (Reiner et

al., 1995; Hirotsune et al., 1998; Sasaki et al., 2000; Youn et al., 2009). However, Lis1 is

broadly and highly expressed in neurons throughout embryonic development, including the

embryonic spinal cord and dorsal root ganglia (Reiner et al., 1995; Sasaki et al., 2000).

Other gene deletions that lead to lissencephaly, such as reelin and cdk5, also cause

migratory errors in the spinal cord (Yip et al., 2000, 2003b, 2007, 2009; Phelps et al., 2002;

Villeda et al., 2006). Thus, we asked whether Lis1 deficiency would cause delayed or

prematurely terminated nucleokinesis in defined populations of spinal cord neurons. To test
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this hypothesis, we compared the migration patterns of identified populations of cholinergic

neurons in Lis1+/+ and Lis1+/− spinal cord and found evidence for a delayed tangential

migration of sympathetic and parasympathetic preganglionic neurons and a dorsally located

group of somatic motor neurons. Furthermore, although many of these neurons achieved

their correct positions in adult Lis1+/− spinal cord, a subset of these cells remained

permanently mispositioned.

MATERIALS AND METHODS

Animals and tissue preparation

A Lis1 mouse (Hirotsune et al., 1998; 129 SvEvTac/NIH Black Swiss background) breeding

colony is maintained at the Children’s Hospital of Philadelphia under a protocol approved

by Children’s Hospital animal care and use committee. The presence of a vaginal plug,

found after overnight mating, was used to determine pregnancy and recorded as embryonic

day 0.5 (E0.5). Embryos and postnatal mice were genotyped as reported (McManus et al.,

2004) and fixed by overnight immersion (E13.5–E17.5) or transcardial perfusion (P0–P30)

with either 1% paraformaldehyde-lysine-periodate or 4% paraformaldehyde. Spinal cords

were washed, cryoprotected, frozen, and stored at −80°C. Spinal cords were sectioned 40

μm thick and stored in 0.12 M sodium phosphate buffer with 0.06% sodium azide. Every

sixth (E13.5–E14.5) or ninth (E17.5–P30) thoracic section and every other lumbosacral

section were mounted in series on slides before processing.

Antibody characterization

Details on the primary antisera used are given in Table 1. The neuronal nitric oxide synthase

(nNOS) antiserum (Immunostar, Hudson, WI) recognizes a band of 155 kDa by Western

blot analysis that could be eliminated by preadsorption with synthetic human nNOS

(manufacturer’s data sheet). The cellular morphology and distribution pattern of nNOS-

labeled spinal cord neurons in this study resemble those in previous studies carried out with

nNOS immunohistochemistry and NADPH-diaphorase histochemistry (Blottner and

Baumgarten, 1992; Dun et al., 1993; Phelps et al., 2002).

The affinity-purified choline acetyltransferase (ChAT) antiserum (Chemicon, Temecula,

CA) recognizes a single band of 69 kDa on Western blots of rat brain (manufacturer’s data

sheet). The cellular distribution of ChAT expression in the spinal cord was identical to that

found previously (Barber et al., 1991; Phelps et al., 1991; Phelps et al., 2002).

Immunocytochemical techniques

nNOS immunocytochemistry—SPNs and PPNs were identified by their expression of

nNOS with a polyclonal antiserum (Table 1). Dilutions were made in phosphate-buffered

saline with 0.3% Triton X-100 (PBST; 0.1 M PB, 0.9% NaCl, pH 7.3). Sections were

incubated in 0.3% hydrogen peroxide and 0.1% sodium azide (30 minutes), rinsed, and

blocked in 3% normal goat serum (1 hour) followed by avidin and biotin pretreatment (15

minutes each; Vector, Burlingame, CA). Sections were then incubated overnight in nNOS

antiserum (1:8,000–13,000). After rinsing, sections were incubated for 1 hour in biotinylated

anti-rabbit IgG (1:200; Vector Elite Rabbit Kit), washed, and incubated in avidinbiotin
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complex (1:100; Vector) for 1 hour. After a sodium acetate buffer (0.1 M, pH 6.0) rinse,

sections were reacted with nickel-enhanced diaminobenzidine (0.06%) and glucose oxidase,

rinsed extensively with acetate buffer, dehydrated, and coverslipped.

ChAT immunocytochemistry—To identify the cholinergic SPNs, PPNs, and somatic

motor neurons, we localized the acetylcholine-synthesizing enzyme ChAT with a polyclonal

antiserum (Table 1). We used the protocol described above, except that Tris-buffered saline

(TBS; 0.1 M Tris, 1.4% NaCl, 0.1% bovine serum albumin, pH 7.4) was used, a presoak (15

minutes) in 0.8% Triton X-100 was added, and 3% normal horse serum and biotinylated

anti-goat IgG (1:200; Vector Elite Goat Kit) were substituted.

Morphometric analysis

To quantify the distances that SPNs and PPNs migrated in Lis1+/+ and Lis1+/− mice during

development (E13.5–P0), we measured: 1) the dorsoventral extent of the preganglionic

neurons (Table 2, dSPN); and 2) the distance between the ventral edge of the preganglionic

neurons and the dorsal edge of the somatic motor neurons (Table 2, dSPN-SMN). These

measurements were performed blind to the genotype. The distances, reported in Table 2,

were normalized with respect to the total dorsal-ventral gray matter length to account for

variation in spinal cord size. Thus a smaller ratio reflects a shorter proportional length of the

preganglionic neurons or distance between the preganglionic and somatic motor neurons.

We identified “outliers” as individual neurons widely separated from the group, and

excluded them from these measurements. The mean was obtained for Lis1+/+ and Lis1+/−

mice, and statistical significance was evaluated with a Student’s t-test.

Digital photomicrographs were taken with a Zeiss Axio-Cam camera (Thornwood, NY) with

Openlab 4.0.4 software (Perkin-Elmer, Waltham, MA) on an Olympus AX70 microscope

(Center Valley, PA). Images were transferred into Photoshop (Adobe Systems, San Jose,

CA), and the brightness and contrast were adjusted on individual images.

RESULTS

Both groups of autonomic motor neurons (AMNs), the sympathetic and parasympathetic

preganglionic neurons (SPNs and PPNs, respectively), undergo a complex pattern of radial

and tangential movements to achieve their final positions in the thoracic and sacral spinal

cord. Previous studies (Phelps et al., 1991, 1993, 2002; Yip et al., 2000) report that AMNs

and somatic motor neurons (SMNs) translocate together from the ventricular zone to the

ventral lateral spinal cord in the first wave of radial migration (Fig. 1, arrow 1). Generally

SMNs remain ventrally positioned as AMNs undergo a secondary tangential migration

dorsally into the intermediolateral horn (Fig. 1, arrow 2). All PPNs and most SPNs remain

laterally, except for the SPNs that migrate medially to form the intercalated and central

autonomic groups (Fig. 1, arrow 3). Neurons throughout the ventral spinal cord express high

levels of Lis1 (Reiner et al., 1995) during the time of the SPN and PPN migrations, and

therefore we asked whether there were migratory defects present in Lis1+/− mice. We first

examined the embryonic development of nNOS-labeled SPNs and PPNs and then identified

the cholinergic neurons to differentiate the tangential migration of SPNs and PPNs from

ventral SMNs.
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Sympathetic preganglionic neuron migration is aberrant in Lis1+/− mice

At E13.5, most nNOS-positive SPNs in Lis1+/+ mice are located near the intermediolateral

horn (IML) and have dendritic processes projecting medially (Fig. 2A). Wild-type SPNs

consolidate into a compact group in the IML on E14.5 (Fig. 2C), and by E17.5–P0 (Fig.

2E,G) display an adult-like morphology. In contrast, the dorsoventral distance (Fig. 2, dSPN)

occupied by E13.5 Lis1+/− SPNs is greater than that seen in Lis1+/+ SPNs (Table 2; *P <

0.0001). The average dorsoventral length of the IML nucleus in Lis1+/− mice remains

significantly longer than the wild-type IML throughout embryonic development, and at birth

is more than 2.5 times the length of the Lis1+/+ IML (Fig. 2D,F,H; Table 2; *P < 0.0001).

The medially projecting dendrites of Lis1+/− SPNs also occupy a wider dorsoventral distance

(Fig. 2B, between arrowheads) than is typical of Lis1+/+ SPNs (Fig. 2A, between

arrowheads).

Many mispositioned nNOS-positive SPNs in Lis1+/− spinal cords were found in locations

that suggest their tangential migration was slowed and perhaps terminated prematurely.

Ectopic SPNs are detected as early as E13.5 and remain at P0. We found nNOS-labeled

Lis1+/− SPNs located in the ventral horn and all along their tangential migratory trajectory.

Some of these nNOS-positive cell bodies are found deep in the ventral horn, with leading

processes oriented dorsally (Fig. 2B,J, arrows). At older ages, SPNs could be divided into

two groups, those correctly positioned in the IML (Fig. 2H,L, upper arrows) and a second

population found ventrally along the tangential migratory pathway (Fig. 2H,L, lower

arrows). In addition, some nNOS-positive SPNs are mispositioned ventromedially to the

IML (Fig. 2H,K,L, arrowheads). That is, they appear to have started their final medial

migration, but remain too far ventral to contribute to the intercalated (IC) or central

autonomic (CA) groups (Fig. 2H,L, arrowheads). This finding suggests that some SPNs in

Lis1+/− mice do not complete their migration in both the dorsal and subsequent medial

directions. Finally, we found rare nNOS-labeled cell bodies with differentiated processes in

the ventral root and dorsal root ganglia (DRG) of Lis1+/− animals (Fig. 2I, arrows). These

ectopic SPNs were found at E13.5 and E14.5, but not at later ages.

The separation between SPNs and SMNs is another measure of the extent of SPN tangential

migration. We therefore measured the distance between these two populations (Fig. 3,

dSPN-SMN) in sections processed for ChAT immunocytochemistry. The distance between the

SPNs and SMNs is significantly greater (Table 2, *P < 0.0001) in Lis1+/+ than in Lis1+/−

mice at each developmental time point studied (Fig. 3A–H). By birth, the normalized

distance between these cholinergic populations in Lis1+/− spinal cord is only 57% of that

observed in wild-type mice. These results provide further evidence that a substantial number

of SPNs do not complete their migration and are mispositioned ventrally.

Parasympathetic preganglionic neuron migration is aberrant in Lis1+/− mice

At E13.5, the position and distribution of nNOS-positive PPNs are similar in both genotypes

(Fig. 4A,B). These groups of PPNs are elongated and have not yet reached the

intermediolateral sacral nucleus (ILS). Morphometric analysis confirms no differences in the

dorsoventral length (dPPN) of these nNOS-labeled neurons between Lis1+/+ and Lis1+/− mice

at this age (Table 2, *P = 0.11).
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By E14.5, Lis1+/+ PPNs form a compact group in the ILS region and their dendritic

processes extend dorsomedially (Fig. 4C). In contrast, migratory abnormalities reminiscent

of those seen in Lis1+/− SPNs are evident in Lis1+/− PPNs. Compared with Lis1+/+, groups of

E14.5, E17.5, and P0 Lis1+/− PPNs are elongated dorsoventrally (Fig. 4C–H; Table 2, E14.5,

17.5, and P0 comparisons, *P < 0.0001). Many nNOS-positive cell bodies remain along the

tangential migratory pathway, again suggesting their migration is slowed and incomplete

(Fig. 4D,F,H,I, arrows). This defect manifests in three ways: 1) as individual PPNs isolated

in the ventral horn (Fig. 4D,F,I, arrows); 2) as two separate groups of PPNs, one of which is

clearly mispositioned ventrally (Fig. 4J); and 3) as a continuous group of PPNs located

between the ventral horn and the ILS (Fig. 4K).

The boundaries between ChAT-positive SMNs and PPNs are indistinct at E13.5 in both

genotypes and therefore not included in our statistical analysis (Fig. 5A,B). At E14.5, 17.5,

and P0 (Fig. 5C–H), however, our measurements confirm that the distance between PPNs

and SMNs (Fig. 5, dPPN-SMN) is significantly greater in Lis1+/+ than in Lis1+/− mice (Table

2, *P < 0.01).

Some preganglionic neurons cease migration prematurely

SPNs and PPNs are among the earliest born neurons in the rodent spinal cord (Nornes and

Carry, 1978; Barber et al., 1991; Yip et al., 2004b) and complete their rather complex

migration early during spinal cord development (Phelps et al., 1991, 2002; Yip et al., 2000,

2003a). To determine whether ectopic preganglionic neurons detected in P0 Lis1+/− spinal

cord would eventually migrate into the intermediate horn, we evaluated their positions 1

month later. Lis1+/+ nNOS- and ChAT-labeled SPNs occupy the IML as expected (Fig.

6A,D), but a number of Lis1+/− SPNs are still found ventrally (Fig. 6B,C,E,F, arrows), and a

few have dorsally directed processes (Fig. 6C, arrowhead). Similarly, Lis1+/+ PPNs are

correctly located (Fig. 6G,J), whereas some Lis1+/− PPNs are found ventrally along their

original migratory pathway (Fig. 6H,I,K,L). As ectopic preganglionic neurons are

maintained in the Lis1+/− spinal cord between P0 and P30, they are likely to be permanently

mispositioned.

Retrodorsolateral somatic motor neuron location is aberrant in Lis1+/− mice

Most SMNs remain ventrally positioned after their movement from the ventricular zone. The

SMNs that innervate the intrinsic muscles of the hindpaw, however, move a short distance

dorsally to form the prominent retrodorsolateral (RDL) nucleus that characterizes the L6

spinal cord segment (Schroder, 1980; Micevych et al., 1986). As this movement resembles

the tangential phase of the SPN and PPN migrations, we asked if the neurons in the RDL

nucleus would be affected by the loss of a single Lis1 allele. In E17.5 Lis1+/+ mice, ChAT-

positive neurons in the RDL form a distinct circular nucleus (Fig. 7A), whereas those in

Lis1+/− spinal cords remain distributed along their dorsal trajectory, with no clear separation

from the ventrally positioned SMNs (Fig. 7B). By P0, RDL neurons in Lis1+/+ mice are in a

tightly condensed circle, whereas those in Lis1+/− mice remain disorganized and loosely

aggregated (Fig. 7C,D).
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Compared with the indistinct separation between the ventral and RDL SMNs at earlier ages,

the Lis1+/− RDL nucleus clearly had separated in P30 spinal cord and now more closely

resembled the Lis1+/+ nucleus (Fig. 7E,F). By P30, the Lis1+/− RDL nucleus was either

circular (data not shown) or oval in shape (Fig. 7F) and displayed typical dorsomedially

directed dendrites (Fig. 7F, arrowhead). Thus the organization of this distinct group of

SMNs in Lis1+/− mice changed substantially during late embryonic development and in the

first postnatal month.

DISCUSSION

Lis1 mediates tangential migration of SPNs and PPNs

This study found that SPNs and PPNs in Lis1+/− mice exhibit specific migratory errors. The

initial wave of radial migration from the ventricular zone into the ventral horn appears

normal, but a number of SPNs and PPNs exhibit a slowed tangential phase of their

migration. At all ages studied, some preganglionic neurons were found too far ventral, and

occasionally even deep within the ventral horn, presumably intermixed with SMNs. As a

number of Lis1+/− SPNs and PPNs are still mispositioned at P30, we suggest that these cells

prematurely ceased migration. These errors are likely due to inadequate levels of Lis1 and/or

the Pafah1b complex that result in an inefficient coupling between Lis1 and dynein and

subsequent defects in microtubule dynamics. Detection of mispositioned preganglionic

neurons, some with long leading processes oriented along their dorsal migratory pathway, is

consistent with an interpretation of incomplete nucleokinesis during tangential migration

(Nasrallah et al., 2006). Interestingly, these findings seem to differ from those in the cerebral

cortex, where both radial and tangential migrations are affected in Lis1+/− mice (Hirotsune et

al., 1998; Nasrallah et al., 2006).

We also showed that the movement of SMNs that occupy the RDL nucleus is slowed and

Lis1 dependent. SMNs migrate radially to reach their ventral positions, but RDL neurons

also move a short distance tangentially to achieve a distinct, more dorsal location. As with

the SPNs and PPNs, only the tangential component of the RDL location appears defective in

Lis1+/− mice, but unlike the preganglionic neurons, the position of RDL neurons relative to

the ventral SMNs changes later in embryonic development and continues to change

postnatally. This dorsal shift in the position of RDL neurons may reflect a slowed migration

of these SMNs or a slowed movement of other neurons and glia into the space between the

ventral and more dorsal SMNs.

An advantage to studying genetic mutants is a precise control over the levels of Lis1 (Youn

et al., 2009). The Lis1+/− mice express approximately 50% of the Lis1 protein in neurons

compared with Lis1+/+ littermates (Hirotsune et al., 1998). The 50% levels of Lis1

expression are adequate for many SPNs and PPNs to achieve their correct adult positions,

but insufficient for the somal migration of a subset of preganglionic neurons. Our results are

reminiscent of the arrangement of hippocampal pyramidal neurons in Lis1+/− mice that have

a bilaminar or broader than normal distribution (Hirotsune et al., 1998; Youn et al., 2009)

and thus also may represent a mixture of correctly and incorrectly positioned neurons.

Furthermore, patients with a LIS1 mutation may exhibit a subcortical band heterotopia, and

thus have a combination of cortical neurons that fail to reach their final destination and a
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subset of cortical neurons that migrate normally (Guerrini and Parrini, 2010). These reports,

together with our findings, suggest that some neurons may require more than 50% Lis1

expression levels to successfully complete their migration.

Lis1, Cdk5, and reeler mouse models provide clues to understanding multistep neuronal
migrations

Errors in preganglionic neuron migration were reported in the spinal cords of cdk5 (Yip et

al., 2007) and reeler mutants (Yip et al., 2000, 2003a; Phelps et al., 2002; Kubasak et al.,

2004). Consistent with our results in the Lis1+/− spinal cord, the primary radial migration of

cdk5 and reeler SPNs and PPNs from the ventricular zone to the ventrolateral spinal cord

appears unaffected. Problems occur in the subsequent migration of SPNs and PPNs from the

ventral spinal cord to their final positions, but the errors observed differ in each model. In

cdk5−/− mice, all SPNs and PPNs are arrested in the ventral spinal cord adjacent to the

SMNs (Yip et al., 2007), whereas only a portion of these cells do not reach their correct

locations in Lis1+/− mice. In rl−/− mice, all SPNs and PPNs complete their tangential

migration dorsally, but then do not stop in the IML and instead migrate toward the

ventricular zone (Yip et al., 2000, 2003a; Phelps et al., 2002), probably along radial glia

(Phelps et al., 1993). An unusual migratory error found in both rl−/− and Lis1+/− mice

involves SPNs migrating out the ventral roots and into the dorsal root ganglia during

embryonic development (Han et al., 2008).

Interestingly, both Cdk5 and the Reelin signaling pathway are proposed to interact with Lis1

(Niethammer et al., 2000; Assadi et al., 2003; Zhang et al., 2007; Zhang et al., 2009). During

neuronal migration, the serine/threonine kinase Cdk5 phosphorylates Ndel1, which binds to

both Lis1 and dynein, and together are necessary for nucleokinesis (Niethammer et al.,

2000; Sasaki et al., 2000). Cdk5 also phosphorylates Doublecortin (Dcx), a microtubule-

associated protein that localizes to the perinuclear cage and may regulate nuclear

translocation in parallel with Lis1 (Tanaka et al., 2004b; reviewed in Tsai and Gleeson,

2005). Therefore, the impaired migration of preganglionic neurons in the ventral horn of

cdk5−/− spinal cords (Yip et al., 2007) is consistent with the loss of phosphorylated Ndel1

and Dcx that leads to unstable Lis1-dynein interactions. In our study, the absence of a single

Lis1 allele caused similar migratory errors in preganglionic neurons, but to a much lesser

extent than in cdk5 null mice (Yip et al., 2007). Although both Lis1−/− and cdk5−/− mice are

embryonic lethal (Ohshima et al., 1996; Hirotsune et al., 1998; Cahana et al., 2003), mice

heterozygous for either gene deletion live well into adulthood, breed successfully, and have

no reported functional deficits related to SPN or PPN migratory errors (Ohshima et al.,

1996; Yip et al., 2007; current study).

The migration of SPNs and PPNs also depends on an intact Reelin signaling pathway (Yip et

al., 2000; Phelps et al., 2002). Reelin binding to the very-low-density lipoprotein receptor

(Vldlr) or apolipoprotein E receptor 2 (Apoer2) leads to tyrosine phosphorylation of

Disabled-1 (Dab1; D’Arcangelo et al., 1999; Hiesberger et al., 1999) and the deletion of

Reelin, Vldlr and Apoer2, or Dab1 all cause similar migratory defects in the SPNs (Yip et

al., 2004a). There are both genetic and biochemical interactions between the Lis1/Pafah1b

complex and the Reelin signaling pathway (Assadi et al., 2003; Zhang et al., 2007, 2009). In
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compound heterozygous mice (Lis1+/− and Vldlr+/− or Dab1+/−) a higher incidence of

hydrocephalus and more cortical lamination defects are observed than in single

heterozygous mice (Assadi et al., 2003).

Lis1 regulates Pafah1b2 and Pafah1b3, the α catalytic subunits of the Pafah1b complex that,

in addition to their function in platelet-activating factor hydrolysis, directly interact with the

Vldlr receptor (Zhang et al., 2007, 2009). This interaction facilitates the binding of the Lis1

β subunit to phosphorylated Dab1, and may ultimately modulate microtubule dynamics

(Zhang et al., 2007). When the migratory errors between Lis1+/− (current study) and rl−/−

(Yip et al., 2000; Phelps et al., 2002) preganglionic neurons are compared, however, these

genes are seen to act independently during preganglionic neuron migration as rl−/− SPNs

and PPNs do not exhibit defects in nucleokinesis. Perhaps the interaction of the Pafah1b

complex with Reelin signaling is related to a different function, such as leading process

stabilization or regulation of dendritic development (Niu et al., 2004; Matsuki et al., 2008;

Chameau et al., 2009; Gopal et al., 2010).

SPNs and PPNs have a complex migratory pattern that involves both radial and tangential

components and thus is a useful model to dissect out the effects of individual gene deletions

related to neuronal migration. Three genes, cdk5 (Yip et al., 2007), reeler (Yip et al., 2000,

2003a; Phelps et al., 2002), and Lis1 (current study), all mediate specific aspects of

preganglionic neuron migration in mouse spinal cord, and their interconnected signaling

pathways are required for normal migration. Furthermore, because Lis1 primarily disrupts

the tangential migration of the preganglionic neurons, we propose that Lis1 specifically

mediates tangential migration in these neurons.
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Figure 1.
Diagram of the migratory pattern of sympathetic and parasympathetic preganglionic

neurons, also termed spinal autonomic motor neurons (AMNs). Together, autonomic and

somatic motor neurons (SMNs) are generated in the ventricular zone (VZ) and migrate

radially into the ventral horn along the pathway marked by arrow 1. The SMNs remain

ventrally as the AMNs migrate dorsally along a tangential pathway (arrow 2) to reach the

intermediolateral horn. A limited number of sympathetic preganglionic neurons then migrate

medially along the radial pathway marked by arrow 3.
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Figure 2.
Neuronal nitric oxide synthase (nNOS)-labeled Lis1+/− sympathetic preganglionic neurons

(SPNs) have migratory defects. A,B: E13.5 Lis1+/+ SPNs (A, ) aggregate near the

intermediolateral horn (IML), whereas Lis1+/− SPNs are distributed dorsoventrally (B,

). Lis1+/− SPNs have widespread processes (B, between arrowheads) that do not yet

contact the ventricular zone (VZ) as seen in Lis1+/+ mice. Isolated nNOS-positive cell (B,

arrow) is found deep in the Lis1+/− ventral horn. C–H: Most Lis1+/+ SPNs (E14.5, C; E17.5,

E; P0, G) are found in the IML, and intercalated (IC) and central autonomic (CA) cells are

correctly positioned. Some Lis1+/− SPNs at E14.5 (D), E17.5 (F), and P0 (H) are located in
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the IML whereas others are mispositioned along the tangential migratory pathway (D,F,H)

or found ventromedially (H, arrowheads). I: Mispositioned E13.5 SPNs are detected in

Lis1+/− dorsal root ganglion (DRG, arrow) and the ventral root (VR, arrow). J: Isolated P0

Lis1+/− SPN (arrow) is located in the deep ventral horn, widely separated from other SPNs.

K,L: Enlargements of H show nNOS-labeled somata of Lis1+/− SPNs in normal (upper

arrow) and ectopic (lower arrow) positions (same arrows as H). Ventromedial SPNs

(arrowheads) are also mispositioned. Scale bar = 100 μm in A (applies to A–D) and E

(applies to E–H); 50 μm in I–L.
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Figure 3.
Choline acetyltransferase (ChAT)-positive Lis1+/− sympathetic preganglionic (SPNs) and

somatic motor neurons (SMNs) do not separate completely during development. A,C,E,G:
E13.5 (A), 14.5 (C), 17.5 (E), and P0 (G) Lis1+/+ SPNs are found in the intermediolateral

horn (IML). As development proceeds, the distance between the SPNs and SMNs increases

(A, ). B,D,F,H: The separation between SPNs and SMNs is smaller in E13.5

Lis1+/− (B, ) than in Lis1+/+ mice and also at E14.5 (D), E17.5 (F), and P0 (H).

Scale bar = 100 μm in A (applies to A–H).
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Figure 4.
nNOS-positive Lis1+/− parasympathetic neurons (PPNs) have migratory errors. A,B: On

E13.5 both Lis1+/+ (A, ) and Lis1+/− (B, ) PPNs formed elongated nuclei. C,D: By

E14.5 the intermediolateral sacral horn (ILS) contained PPNs in both genotypes. Ventrally

positioned nNOS-positive SPNs (arrows) with dorsally oriented processes were present only

in Lis1+/− spinal cords (enlargement in I). E–H: E17.5 (E) and P0 (G) Lis1+/+ PPNs are

similar, whereas this cell group in Lis1+/− mice (F,H) is more elongated and outliers

(arrows) are detected ventrally. I–K: Lis1+/− PPNs exhibit different arrangements of

ectopically positioned cells: individual outliers with long processes oriented toward the ILS

(I, enlarged from D), multiple groups of PPNs (J, shown at E14.5), and PPNs found all along
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the migratory pathway (K, shown at P0). Scale bar = 100 μm in A (applies to A–F) and G

(applies to G,H); 50 μm in I–K.
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Figure 5.
Choline acetyltransferase (ChAT)-positive parasympathetic preganglionic (PPNs) and

somatic motor neurons (SMNs) do not completely separate in Lis1+/− mice. A,B: On E13.5

the ChAT-positive cells in the ventral spinal cord form a continuous group in Lis1+/+ and

Lis1+/− mice. C,E,G: Lis1+/+ PPNs reach the sacral intermediolateral horn (ILS) by E14.5

(C, ). The distance between PPNs and SMNs continues to increase at E17.5 (E)

and P0 (G). D,F,H: On E14.5 some Lis1+/− PPNs (D, ) are found in the ILS with

others scattered further ventrally. On E17.5 (F) and P0 (H) the Lis1+/− PPNs remain more

widespread and closer to the SMNs than wild-type PPNs. Scale bar = 100 μm in A (applies

to A–F).
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Figure 6.
Mispositioned sympathetic (SPNs) and parasympathetic (PPNs) preganglionic neurons

persist in P30 Lis1+/− spinal cord sections and are identified with nNOS (A–C,G–I) and

ChAT (D–F,J–L) antisera. A,D: In Lis1+/+ mice, nNOS- and ChAT-positive SPNs are found

in the intermediolateral horn (IML). B–C,E–F: Lis1+/− SPNs in multiple sections are

correctly positioned in the IML, but others are mispositioned ventrally (arrows) with

dorsally oriented processes (C, arrowhead). G,J: In Lis1+/+ mice, nNOS- and ChAT-positive

PPNs are concentrated in the intermediolateral sacral horn (ILS). H–I,K–L: Different sacral

sections of Lis1+/− spinal cords illustrate incorrectly positioned PPNs (arrows) at lower

(H,K) and higher (I,L) magnifications. Scale bar = 100 μm in A (applies to

A,B,D,E,G,H,J,K); 50 μm in C (applies to C,F); 50 μm in I (applies to I,L).
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Figure 7.
The retrodorsolateral group (RDL) of ChAT-positive somatic motor neurons (SMNs) is

mispositioned in Lis1+/− lumbar spinal cord. A,B: On E17.5 the Lis1+/+ RDL nucleus (A)

forms a tightly packed, circular group of neurons, but in Lis1+/− spinal cord (B) these cells

are not yet separated from the ventral SMNs. C,D: At P0, the Lis1+/+ RDL nucleus is

circular (C), whereas in the Lis1+/− RDL these cells remain loosely organized and close to

ventral SMNs (D). E,F: At P30, the Lis1+/+ RDL nucleus is circular, with dorsomedially

projecting dendrites (E, arrowhead). The Lis1+/− RDL nucleus is more oval-shaped, with

dorsally directed dendrites (F, arrowhead). Scale bar = 100 μm in B (applies to A–D) and F

(applies to E–F).
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TABLE 1

Primary Antisera Used

Antigen Immunogen Source and ID# Species Dilution

Choline acetyltransferase (ChAT) Human placental enzyme Chemicon (Temecula,
CA); AB144P

Goat polyclonal 1:300

Neuronal nitric oxide synthase (nNOS) Human C-terminal peptide
sequence (aa 1419–1433)

Immunostar (Hudson,
WI); 24287

Rabbit polyclonal 1:8,000–13,000
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TABLE 2

Morphometric Analysis of SPNs and PPNs1

Age
Dorsoventral length of SPNs
(dSPN)

Distance between SPNs and
SMNs (dSPN-SMN)

Dorsoventral length of PPNs
(dPPN)

Distance between PPNs and
SMNs (dPPN-SMN)

E13.5

 +/+ 0.208 ± 0.005 0.081 ± 0.007 0.244 ± 0.039 nd

 +/− 0.266 ± 0.004** 0.029 ± 0.004** 0.295 ± 0.017 nd

E14.5

 +/+ 0.138 ± 0.003 0.211 ± 0.004 0.119 ± 0.006 0.274 ± 0.022

 +/− 0.246 ± 0.006** 0.080 ± 0.008** 0.203 ± 0.011** 0.168 ± 0.030*

E17.5

 +/+ 0.112 ± 0.003 0.270 ± 0.006 0.137 ± 0.006 0.464 ± 0.006

 +/− 0.218 ± 0.007** 0.132 ± 0.006** 0.221 ± 0.008** 0.322 ± 0.012**

P0

 +/+ 0.104 ± 0.003 0.322 ± 0.008 0.152 ± 0.008 0.521 ± 0.019

 +/− 0.275 ± 0.146** 0.182 ± 0.011** 0.304 ± 0.025** 0.329 ± 0.026**

Abbreviations: PPN, parasympathetic preganglionic neuron; SMN, somatic motor neuron; SPN, sympathetic preganglionic neuron; nd, not done
(unable to measure due to indistinct boundaries between neuronal populations).

1
All distances were normalized with respect to the total gray matter length along the dorsoventral axis to account for developmental variation in

spinal cord sizes.

*
P < 0.01.

**
P < 0.0001.
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