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2002; Spitzer, 2006). Identification of molecules and pathways, 
which regulate the number and migration of GABAergic neurons, 
is of clear importance when aiming to understand the normal and 
diseased brain.

Platelet-activating factor-acetyl hydrolaze (PAF-AH) hydrolyzes 
PAF, an important lipid second messenger. PAF mediates an array 
of biological processes and is very abundant in the mammalian 
central nervous system, where it acts as a synaptic messenger, a 
transcription inducer and is involved in long-term potentiation, 
a cellular model of memory formation (Kato et al., 1994; Bazan, 
1995). PAF deacetylation by PAFAH leads to its inactivation. The 
PAFAH1B intracellular enzyme is a tetramer composed of two 
catalytic subunits, α1 (PAFAH1B3) and α2 (PAFAH1B2), and a 
regulatory dimer of LIS1 (PAFAH1B1) (Hanahan, 1986; Kornecki 
and Ehrlich, 1988; Koltai et al., 1991; Chao and Olson, 1993; 
Stafforini et al., 2003; Bazan, 2005). From here forth PAFAH-1B 
will be referred to as PAF-AH. Deletions or point mutations in 
the LIS1 (Lissencephaly-1) gene are manifested in humans in a 
spectrum of abnormal neuronal migration phenotypes ranging 
between classical lissencephaly and subcortical band heterotopia 
in humans (Reiner et al., 1993; Barkovich et al., 2005). Impaired 
neuronal migration has been noticed also in mouse genetic models 
(Hirotsune et al., 1998; Cahana et al., 2001; McManus et al., 2004b). 
Further reduction of LIS1 levels using in utero electroporation or 
conditional knock-out results in further impairment of neuronal 

IntroductIon
The proper functioning of the cerebral cortex relies on forma-
tion of neural networks that are composed of excitatory neurons 
and inhibitory interneurons (reviewed by Wonders and Anderson 
2006). The excitatory, or projection, neurons are born in prolif-
erating zones of the cerebral cortex, the ventricular zone and the 
subventricular zone (Noctor et al., 2004; review Gotz and Huttner, 
2005). These neurons usually migrate along radial glia to their 
proper cortical layer (reviews by Hatten, 2002; Ayala et al., 2007). 
The majority of interneurons, which compose approximately 
20% of cortical neurons, are born in the ganglionic eminences 
(GE) and migrate to the cortex using a tangential mode of migra-
tion (reviews by Marin and Rubenstein, 2001; Metin et al., 2006). 
Following their arrival to the cerebral cortex, the interneurons 
utilize radial migration to reach the proper laminar position and 
then they intercalate in the network. Gamma-aminobutyric acid 
(GABA)-biosynthesizing enzymes preferentially localize to cortical 
interneurons, which are also known as GABAergic neurons. In the 
adult mammalian brain, GABA has been associated primarily with 
the mediation of synaptic inhibition. Imbalance between inhibition 
and excitation may underlie diseases such as epilepsy (reviewed by 
Ben-Ari, 2006). Cortical interneurons have also been implicated 
in developmental processes, including the regulation of neuronal 
proliferation and migration during corticogenesis and the devel-
opment of cortical circuitry (reviews by Owens and Kriegstein, 
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migration as well as affects the proliferation of progenitors (Shu 
et al., 2004; Tsai et al., 2005; Tsai et al., 2007; Hebbar et al., 2008; 
Yingling et al., 2008). LIS1 dosage is crucial for proper brain devel-
opment an increased levels of LIS1 affect brain development in 
human and in mice (Bi et al., 2009). Increased LIS1 levels affect 
the organization of the ventricular zone and impaired radial and 
tangential neuronal migration.

Platelet-activating factor-acetyl hydrolaze catalytic subunits 
knockout mice were generated independently by two groups 
(Koizumi et al., 2003; Yan et al., 2003). Deletions of only the α2 
subunit or both the α1/α2 subunits resulted in severe male infer-
tility. No brain phenotype has been reported for these knockout 
mice. We further investigated these mice (Koizumi et al., 2003) 
and detected a moderate increase in the size of the ganglionic emi-
nences. In parallel, we noted that overexpression of the PAF-AH 
catalytic subunits modulated the Wnt pathway in transfected 
cells. Conversely, in the double knockout mice Wnt signaling was 
enhanced. An additional effect on tangential migration was noted: 
the interneurons in the cerebral cortex were more numerous and 
in a more advanced position, which was accompanied with earlier 
development of thalamocortical fibers. Our findings strongly sug-
gest that PAF-AH catalytic subunits modulate the Wnt pathway in 
restricted areas of the developing cerebral cortex.

MaterIals and Methods
authorIzatIon for the use of experIMental anIMals
The experiments described in this manuscript were approved by 
the Weizmann Institute IACUC.

plasMIds
The expression construct of pDsRedα1 was generated using rat 
α1 tagged with green fluorescent protein (GFP) digested with 
EcoR1 and NotI. The insert was cloned between Xho1 and SmaI 
with the EcoR1–Xho1 adaptors (5′-TCGAGCTACCTGCGGTG-3’ 
and 5′-AATTCACCGCAGGTAGC-3′) into pDsRed-C1 vector 
(Clontech, CA, USA). The corresponding Rat α2 tagged with 
GFP was digested with EcoR1 and Kpn1 and cloned between Xho1 
and Kpn1 using the same adaptors and vector as described above. 
pcDNA3-Flagα1 and pcDNA3-Flagα2 expression vectors were gen-
erated by subcloning the same fragments into pcDNA3 tagged with 
a Flag epitope. Cloning was verified by DNA sequence analysis of the 
plasmids, and Western blot analysis of the transfected expression 
plasmids in mammalian cells. A plasmid that contains the 3′ UTR 
of the α1 was generated using a clone isolated from mouse brain 
cDNA library, inserted into pBS following PstI digestion. pcDNA3-
Mycα1 plasmid was received from Prof. Junken Aoki. All GFP-β-
catenin constructs, pTOPFLASH-Luc and pFOPFLASH-Luc were 
kindly provided by Prof. Avri Ben-Ze’ev. pCIG-CA-β-catenin 
plasmid was a gift from Prof. Andrew P. McMahon (Megason and 
McMahon, 2002). Flag-Dvl construct was a kind gift from Prof. 
Marianne Bienz (Schwarz-Romond et al., 2005). pTLHA-CRMP1 
was provided by Prof. Erich E. Wanker (Stelzl et al., 2005) and 
pCDNA-HA-TLE1 was received from Prof. Yoram Groner (Levanon 
et al., 1998). CXCL12 (Sdf-1), inserted into pCMV-SPORT6 vector, 
was a gift from Prof. John L.R. Rubenstein. pBSc-α2 and Cyclin 
D1, Tcf3, Tcf4 and Wnt7B in pFLCI vectors, were provided by the 
Forchheimer plasmid collection.

antIbodIes
Monoclonal antibodies specific for Myc (SC-40) and HA (16B12) 
were purchased from Santa Cruz, CA, USA, and Convance CA, 
USA, respectively. Mouse monoclonal anti-Flag (M2), polyclonal 
antibodies specific for β-catenin and Goat anti-mouse-tubulin 
(DM1A) were purchased from Sigma (Rehovot, Israel). Mouse 
monoclonal antibodies for pY489-β-catenin were obtained from 
the developmental studies hybridoma bank (DSHB). Rabbit pol-
yclonal antibodies for Calbindin were purchased from SWANT 
(Bellinzona, Switzerland). Polyclonal antibodies specific for 
Cyclin D1 were purchased from Abcam Cambridge, UK. TAG-1 
antibodies were received from Prof. Peles (Horresh et al., 2008). 
Secondary antibodies used for immunostaining included Cy3- and 
Cy5-conjugated donkey anti-mouse and anti-rabbit IgG (H + L), 
and Cy3-conjugated Goat anti-mouse IgM purchased from Jackson 
ImmunoResearch.

cell lInes
COS-7 and HEK293 were grown at 37°C, 5% CO

2
 in DMEM 

(Gibco, Auckland, New Zealand) supplemented with 10% fetal 
bovine serum (FBS), 4 mM glutamine, 100 U/ml penicillin and 
0.1 mg/ml streptomycin.

MIce
The single KO PAF-AH catalytic subunit mice were received from 
Prof. Hiroyki Arai (Koizumi et al., 2003) and were bred to gener-
ate the double KO mice. Prof. Yuchio Yanagawa kindly provided 
the GAD67-GFP (∆neo) mice (Tamamaki et al., 2003). Mice were 
raised in the Weizmann Institute of Science transgenic facility. 
Staging of embryos were according to defined developmental stages 
(Kaufman, 1992). The GAD67-GFP mice were bred with the double 
KO mice to create triple transgenic mice.

transfectIons
COS-7 Cells were transfected using JET PEI (Polyplus-transfection, 
NY, USA). HEK293 cells were transfected by the calcium phosphate 
precipitation method (Graham and van der Eb, 1973).

lucIferase reporter assays
Lef/Tcf reporter assays were performed as previously described 
(Brembeck et al., 2004). Briefly, HEK293 cells were trypsinized 1 day 
prior to transfection and plated on 24 well plates. Cells were co- 
transfected with 0.25 μg of pTOPFLASH-Luc or pFOPFLASH-Luc, 
either 0.5 μg of pCIG-CA-β-catenin or Dvl expression constructs, 
and either TLE1 or CRMP1, respectively and also with different 
combinations of either PAF-AH α1 or α2. Empty pcDNA3 was 
added to keep the plasmid amounts equal in each transfection. 
Luciferase activity was determined 48 hr after transfection and 
normalized against β-galactosidase activity. Reporter assays were 
performed as triple transfections.

IMMunostaInIng
COS-7 cells were grown on coverslips (Menzel-Glaser, Braunschweig, 
Germany). Two days after transfection, cells were washed in PBS 
(Gibco, Auckland, New Zealand), fixed with 3%  paraformaldehyde 
and permeabilized using 0.1% Triton X-100. After blocking three 
times in PBS supplemented with 0.1% BSA (Sigma, Rehovot, 
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MIcroscopy
Images were taken using either the DeltaVision system package 
(Applied Precision, Issaquah, WA, USA), or confocal microscopy 
(LSM510, Zeiss).

MeasureMents
Cell counts and neuronal migration speed were analyzed using 
the MeasurementPro and ImarisTrack modules of Imaris software 
(Bitplane, Zurich, Switzerland). Area was measured using Adobe 
Photoshop CS2.

statIstIcal analysIs
Statistical analysis was conducted using Prism 4 for Macintosh 
(GraphPad Software, Inc.).

results
double Mutant MIce exhIbIt Increased ge area, where paf-ah 
catalytIc subunIts are expressed
Analysis of the brains of double mutant embryos (E13.5), revealed 
a modest increase in the size of the ganglionic eminences (GE). 
The area of the GE and number of cells at M-phase were deter-
mined by anti-phosphohistone H3 (pH3) immunostaining 
(Figures 1A,B). Double KO mice had a significant (P = 0.0068) 
34 ± 9.4% increase (112600 ± 7579 pixels, n = 8) in the area of pH3 
positive cells in comparison with the heterozygotes (83860 ± 2371 
pixels, n = 10). In addition, double KO mice exhibited a 26 ± 7.4% 
increase in the number of pH3 positive cells (336.4 ± 18.9, n = 8, 
P = 0.0029) in comparison with the heterozygotes (266.9 ± 9.3, 
n = 10). When we examined the number of pH3 positive cells in 
the cerebral cortex there was no difference between the double 
KO and the heterozygotes, thus suggesting an area specific effect 
of the mutation. When E12.5 embryos were examined, the area 
of the proliferation zone in the GE was only slightly and not 
significantly increased (+4.8%). There was no difference in the 
number of pH3 positive cells, therefore we focused our studies 
on E13.5 embryos.

Next, we examined whether the PAF-AH subunits are expressed 
at this developmental stage in the mouse embryonic brain. In situ 
hybridization showed that both the α1 and the α2 PAF-AH subunits 
are expressed in the GE as well as in other brain regions such as the 
developing cerebral cortex and the thalamus (Figures 1C–F).

Embryonic expression of the PAF-AH catalytic subunits has 
been previously noted in the mouse and rat brain (Albrecht et al., 
1996; Manya et al., 1998). Our results suggest that the increased 
number of proliferating cells in the GE observed in double KO at 
E13.5 may be associated with the lack of expression of PAF-AH 
catalytic subunits.

paf-ah subunIts Modulate the wnt pathway
The Wnt pathway participates in the regulation of neuronal prolif-
eration in the ganglionic eminences (Gulacsi and Anderson, 2008). 
Furthermore, high throughput protein-interaction data suggested 
possible interactions of the PAF-AH 1B3 (α1) catalytic subunit 
with several proteins related to the Wnt pathway (Kim et al., 2003; 
Daniels and Weis, 2005; Stelzl et al., 2005). A schematic presenta-
tion of the suggested position of PAF-AH within the Wnt pathway 
is shown in Figure 2.

Israel), coverslips were incubated with the indicated antibodies, 
stained with DAPI, mounted with Immu-mount (Thermo Electron 
Corporation, USA) and examined using the DeltaVision system 
(Applied Precision, Issaquah, WA, USA).

braIn IMMunostaInIngs
E13.5 wild-type, heterozygote (α1+/−α2+/−), or double KO (α1−/−α2−/−) 
embryos were fixed in 4% paraformaldehyde overnight. The post-
fixed embryos were washed three times with PBS and brains were 
dissected out. The brains were then embedded in 3.5% low-tem-
perature melting point agarose. Coronal sections (60 μm) were cut 
using a vibratome (Leica) and collected floating in PBS. Sections 
were permeabilized with PBS-T (1 × PBS, 0.1% Triton X-100), 
blocked in 10% FCS/PBS-T and then incubated overnight at 4°C 
with the indicated antibodies. Slides were washed with PBS-T and 
incubated with secondary antibodies for 1 h RT, washed with PBS-T 
and mounted using Aqua Poly/Mount (Polysciences. Inc., USA).

In sItu hybrIdIzatIon
E13.5 embryos (wild-type C57BL/6J, Heterozygote for α1 and α2 
(α1+/−α2+/−), or double KO (α1−/−α2−/−) were collected in ice-cold 
PBS in a RNase-free environment, then fixed in 4% paraformal-
dehyde overnight. Isolated brains were gradually dehydrated to 
100% methanol and stored at −20°C. After bleaching with 1:5 
H

2
O

2
:methanol, the brains were rehydrated and treated with 

Proteinase K, then brains were re-fixed and sectioned using a Leica 
vibratome (150 μm). Antisense digoxigenin-labeled RNA templates 
were generated by in vitro transcription using PCR products (using 
the appropriate combinations of T7, T3, and SP6 primers) from 
the corresponding genes. Hybridization was conducted overnight at 
60°C, using the riboprobes at a concentration of 1 ng/μl in hybridi-
zation buffer [50% formamide (Ambion, Israel), 1.3% SSC, 0.2% 
Tween-20, 5 mM EDTA, 50 μg/ml yeast tRNA, 100 μg/ml Heparin 
(Sigma, Israel)]. Immunological detection was done using anti-
digoxigenin-AP-conjugate antibodies (Roche, Germany) and NBT/
BCIP reagents (Boehringer, Germany).

transplantatIon to explants
E13.5 GAD67-GFP, wild-type and double KO brains were cut 
into 250 μm coronal slices and then transferred onto inserts 
(MilliCell-CM, Millipore) floating on serum free medium 
(Neurobasal medium supplemented with B27, N2, GlutaMax, 
glucose, and gentamicin). MGE explants, dissected from E13.5 
GAD67-GFP brains, were loaded into a glass micropipette and 
transplanted into either wild-type or double KO E13.5 MGE. After 
24 h of incubation at 37°C, 5% CO

2
, grafted neurons were visual-

ized using the DeltaVision system package. Each time-lapse movie 
lasted 3 h with one frame taken every 2 min.

diI labelIng
To examine thalamocortical projections, fixed brains (E13.5) 
were labeled with DiI crystals (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (‘DiI’; DiIC18(3)) 
*crystalline*, Molecular probes). The crystals were placed within 
the thalamus and were left to diffuse for 5 days prior to vibratome 
sectioning (60 μm) that were later imaged using standard fluores-
cent microscopy.
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or by addition of a Disheveled (Dvl) protein. HEK293 cells were co-
transfected with either TOPFLASH (positive reporter plasmid with 
three copies of TCF/LEF-1 binding sites) or FOPFLASH (negative 
control with mutated binding sites) reporters, along with either CA 
β-catenin or Dvl (Figures 3A,B, respectively). Overexpression of CA 
β-catenin or Dvl resulted in a significant increase in reporter gene 
activity (P < 0.001). However, when either CRMP1 or TLE1 were 
co-expressed with Dvl or CA β-catenin, respectively, the increase 
was significantly smaller (P < 0.01). A more pronounced reduction 
in the reporter activity was accomplished when either PAF-AH α1 
or α2 proteins were expressed together with either CRMP1 or TLE1 
(P < 0.001). Nonetheless, it is important to note that a significant 
reduction in CA β-catenin- or Dvl-mediated activation was obtained 

As can be seen in the scheme, PAF-AH interacts with multiple 
components both up and downstream to the canonical Wnt pathway. 
Although we verified some of the physical interactions in transfected 
cells using co-immunoprecipitation assays (CRMP1, BRD7 and 
UNC119, data not shown), we still could not predict how modula-
tion of PAF-AH subunits will affect Wnt-mediated signaling in regard 
to modulating upstream and/or downstream processes. To test the 
possible effect of the PAF-AH subunits on the Wnt pathway we con-
ducted cell-based luciferase reporter assays (Figure 3). Activation of 
the Wnt pathway stabilizes β-catenin allowing its entry to the nucleus, 
thereby activates transcription of genes containing TCF/LEF1 bind-
ing sites (Eastman and Grosschedl, 1999). The activation can be 
induced by addition of a constitutively active (CA) form of β-catenin 

FIgure 1 | Double KO mice exhibited increased ge area where the 
PAF-AH catalytic subunit genes are expressed. (A,B) Sections from E13.5 
double KO (A) or control mice (B) were immunostained with anti-pH3. The 
area of the proliferating zone was marked (black line), and the cells were 

counted. There were more pH3 positive cells in the double KO mice. 
(C,D) In situ hybridization was conducted at E13.5 using PAF-AH α1 (C) or 
α2 (D) probes. Scale bar is 1 mm. (e,F) High magnification of (C) and 
(D), respectively. Scale bar is 0.5 mm.
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verified that CRMP1 and TLE1 are negative regulators of the Wnt 
signaling pathway as previously reported (Levanon et al., 1998; Stelzl 
et al., 2005). More importantly, our results demonstrated that the 

only when either α1 or α2 were co- expressed with these Wnt path-
way activators (P < 0.001, ANOVA statistical analysis of luciferase 
assays with Tukey’s multiple comparison test, n = 3). Our results 

FIgure 2 | Positioning of PAH-AH in the Wnt pathway. PAF-AH (highlighted 
in yellow) interacting proteins (highlighted in light blue) connected with green 
lines were detected in a large yeast two hybrid screen, additional interactions 
are connected by orange lines (Stelzl et al., 2005) and associated site: 

http://141.80.164.19/y2h_network/ppi_search.php (enter official gene symbol: 
pafah1b3). The BRD7 interactions were added from (Kim et al., 2003), and the 
interactions between CTNNB, TLE1 or TCF proteins were taken from (Daniels 
and Weis, 2005), these are marked with black lines.

FIgure 3 | PAFAH α1 and α2 catalytic subunits repress TCF/LeF-dependent 
transcription induced by CA β-catenin (A) or disheveled (Dvl) (B). HEK293 
cells were transfected with either TOPFLASH, a reporter vector for the activation 
of the Wnt signaling, or FOPFLASH, a negative control reporter. In addition, 

different combinations of α1 and α2 on top of either TLE1 (A), or CRMP1 (B). 
Results are normalized as fold of induction relative to basal luciferase activity. 
Histograms represent the mean of three experiments ± S.E.M. Stars indicate 
the p values: **P < 0.01, ***P < 0.001.
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paf-ah double Ko MIce exhIbIt enhanced tangentIal MIgratIon
The development of the thalamocortical projection depends 
on the early tangential migration of a population of neurons 
derived from the ventral telencephalon (Lopez-Bendito et al., 
2006). Therefore, we decided to examine whether the double KO 

 addition of either PAF-AH catalytic subunits α1 or α2 even without 
the  addition of either CRMP1 or TLE1, repressed gene expression 
mediated by TCF/LEF1 binding sites.

In summary, expression of either PAF-AH catalytic subunit 
resulted in a decrease in activation of the Wnt-mediated reporter 
either following activation with CA β-catenin or following activa-
tion of the pathway using Dvl.

The intracellular localization of GFP-tagged CA β-catenin was 
used as an additional mean to monitor activation of the Wnt path-
way. In transfected COS-7 cells CA β-catenin is typically found as 
puncta in the cell nucleus (Figure 4A 92.3 ± 6.2% of the transfected 
cells) similar to previous reports (Simcha et al., 1998; Giannini 
et al., 2000). However, the intracellular localization of CA β-catenin 
shifted to a prominent cytoplasmic localization following trans-
fection with either PAF-AH α1 subunit, where only 35.4 ± 2% of 
the transfected cells showed nuclear localization (Figures 4B,C) 
or PAF-AH α2 subunit, where 28.5 ± 2.8% of the transfected 
cells showed nuclear localization (Figures 4D,E). In the presence 
of both subunits a smaller proportion of cells exhibited nuclear 
localization of CA β-catenin (Figures 4F,G 26.2 ± 6.7% of the cells 
exhibited nuclear localization). The reduction in the percentage of 
cells exhibiting nuclear β-catenin is statistically significant for all 
treatments (ANOVA analysis with Dunnett’s multiple comparison 
test, P < 0.01, n = 3 experiments, 30 cells were quantified for each 
transfection in each experiment).

The apparent intracellular localization was also verified 
by cellular fractionation followed by Western blot analy-
sis. Following addition of either PAH-AH α1 or α2 subunit 
there was a noticeable decrease in the proportion of nuclear 
β-catenin (data not shown). Interestingly, the catalytic subu-
nits of PAF-AH were found in the nuclear as well as in the 
cytoplasmic fraction.

In vivo we noticed a dramatic expansion in the area express-
ing nuclear β-catenin, which was most pronounced in the mantle 
layer of the lateral cortex (Figure 5). There was an almost two fold 
increase in the number of cells exhibiting nuclear β-catenin stain-
ing in the double KO brains in comparison with control sections 
(192 ± 34% versus 100 ± 7.6%, n = 4, P = 0.04).

Next, we examined the expression pattern of additional com-
ponents of the Wnt pathway using in situ hybridization (Figure 6). 
The expression pattern of Cyclin D1, a downstream target of the 
Wnt pathway, was increased and expanded in the double KO versus 
the control mice (Figures 6A,B).

Tcf4 and Tcf3 are members of the T cell factor/Lymphocyte 
enhancer factor family of transcription factors. Following activa-
tion of the Wnt pathway, β-catenin, alone or in association with 
members of the Tcf/Lef1, can translocate to the nucleus, where it 
ultimately controls the activity of specific target genes. We noticed 
an expansion in the expression domains of Tcf4 (Figures 6C,D) and 
of Tcf3 (Figures 6E,F). It is interesting to note that for the most, 
the expression pattern of Tcf4 and Tcf3 were mutually exclusive. 
In addition, a striking increase in Wnt7B expression was noticed 
mainly in the lateral cerebral cortex where we have previously 
noted an increase in nuclear β-catenin (Figures 6G,H, arrowhead). 
Collectively, our data indicate that the double KO mice exhibit 
increased and expanded expression of upstream and downstream 
Wnt-pathway components.

FIgure 4 | PAFAH subunits affect subcellular localization of gFP-CA 
β-catenin. COS-7 cells were transfected with GFP-CA β-catenin (A) alone or 
together with DsRedα1 (B,C) or DsRedα2 (D,e), or both PAF-AH catalytic 
subunits (F,g). Cells were fixed 48 h after transfection and nuclear DNA was 
stained with DAPI (shown in blue). Overexpression of GFP-CA β-catenin 
demonstrated nuclear localization (A), whereas the addition of either 
DsRedα1 (C) or DsRedα2 (e) or both (g) shifted β-catenin to the cytoplasm 
(B,D,F). Scale bars are 20 μm.



Frontiers in Cellular Neuroscience www.frontiersin.org May 2010 | Volume 4 | Article 19 | 7

Livnat et al. PAF-AH and the Wnt pathway

either a wild-type or double knockout substrate, were  time-lapsed 
24 h after transplantation. GFP-labeled interneurons moved faster 
on the double knockout slice (20.8 ± 0.6 μm/h n = 4816, versus 
14.4 ± 0.4 μm/h n = 7016, P < 0.0001, using unpaired t-test with 
Welch’s correction). The mean and instantaneous velocities of 
the interneurons fit with previously published results (Tanaka 
et al., 2003).

These results suggested that the enhanced motility of the 
interneurons on the double KO substrate may result from a 
non-cell autonomous phenotype. One secreted protein, which 
has shown to affect migration of interneurons within this area 
is SDF-1 (stromal cell-derived factor-1) (Stumm et al., 2003). 
There was a clear difference in the pattern of Sdf-1 expression in 
the cortex; in the double KO it extended from lateral to medial 
aspect of cortical anlage (Figure 8I) in comparison to the normal 
expression pattern seen in control brains (Figure 8J). Next, we 
examined the expression pattern of Netrin-1, which has been 
shown to affect the migration of interneurons (Stanco et al., 
2009). We detected increased expression of Netrin-1 in the 
striatum and lateral part of the cerebral cortex in comparison 
with the expression observed in control brains (Figures 8K,L). 
Collectively, our data indicate that the double KO mice exhibit 
earlier arrival of thalamocortical fibers, enhanced and faster 
migration of interneurons to the cortex, which is in part non-
cell autonomous.

mice exhibit any changes in the development of  thalamocortical 
projections. We used TAG-1 immunostaining to visualize the 
emergence of the corticofugal system in the developing cortex 
(Denaxa et al., 2001, 2005). Immunohistochemical staining of 
cortical sections of E13.5 mouse embryos revealed the presence 
of labeled cells and their axons in the region of the plexiform 
primordium in wild-type mice (Figures 7B,D). In the double 
mutant mice, intense TAG-1 immunoreactivity was present in 
fibers of the intermediate zone, the cortical plate as well as the 
marginal zone of the basolateral cortex (Figures 7A,C). In addi-
tion, the labeling of thalamocortical fibers by DiI revealed an 
early development of thalamocortical projections in the double 
KO brains (Figure 7E versus F).

The migration of interneurons from the ganglionic eminences 
towards the cortex was visualized by using fluorescent-based genetic 
labeling of these cells. We crossed GAD67-GFP knock-in mice 
(Tamamaki et al., 2003) with the double KO mice. An observable 
enhancement in interneuron migration to the cortex was noted fol-
lowing elimination of the PAF-AH catalytic subunits (Figures 8A,B 
versus C,D). These results were corroborated by an observable 
increase in the number and relative position of calbindin positive 
interneurons found in the cerebral cortex in the double KO in 
comparison with the control (Figures 8E,F versus G,H).

Next, we monitored neuronal migration by time-lapse movies of 
neurons. Explants of GAD67-GFP MGE neurons, transplanted on 

FIgure 5 | Double KO brain sections exhibit an increased area of nuclear β-catenin. Double KO (A–C) exhibit more cells with nuclear β-catenin in comparison 
with control (B–F). The white boxes define the higher magnifications areas. Scale bars: (A,D) 200, (B,e) 100, (C,F) 40 μm.



Frontiers in Cellular Neuroscience www.frontiersin.org May 2010 | Volume 4 | Article 19 | 8

Livnat et al. PAF-AH and the Wnt pathway

neurons is in part a non-cell autonomous effect which may be medi-
ated through the modified expression of Wnts, SDF1 and Netrin1 
in the double KO embryos.

paf-ah catalytIc subunIts Modulate the wnt pathway
Increased expression of the PAF-AH subunits repressed gene 
expression mediated by TCF/LEF1 binding sites following acti-
vation with CA β-catenin or following activation of the pathway 
using Dvl. Subsequent to expression of PAF-AH catalytic subu-
nits, β-catenin was mainly retained in the cytoplasm in a cultured 
cell line. Conversely, genetic elimination of the PAF-AH catalytic 
subunits resulted in an increase in the number of cells expressing 
nuclear β-catenin, increased proliferation in the GE and increased 
and expanded expression of upstream and downstream Wnt path-
way components.

It may be of particular interest to repress the Wnt pathway, 
which is one of the five major signaling pathways predominating 
early and late embryonic development (Gerhart, 1999; Nusse, 

dIscussIon
Our study revealed an unexpected activity of the PAF-AH cata-
lytic subunits acting as negative regulators of the Wnt pathway. In 
addition, deletion of the PAF-AH catalytic subunits increases the 
proliferation of GABAergic neurons in the ganglionic eminences 
and affects their migration. The advanced migration of GABAergic 

FIgure 6 | Double KO brains exhibit increased and expanded 
expression of downstream and upstream components of the Wnt 
pathway using in situ hybridization. (A,B) Expression of Cyclin D1 in 
double KO (A) or control (B). Note the expansion in the area expressing 
Cyclin D1 in the GE. (C,D) Expression of Tcf4 in double KO (C) or control (D). 
Arrowheads mark the comparable GE area, as well as cerebral cortex area 
(e,F) Expression of Tcf3 in double KO (e) or control (F). Note the mutually 
exclusive pattern of expression between the Tcf3 and Tcf4. (g,H) 
Expression of Wnt7B in double KO (g) or control (H). The area that 
expressed high levels of nuclear β-catenin is marked with arrowheads.  
Scale bars are 0.5 mm.

FIgure 7 | Double KO mice exhibit earlier thalamocortical projections. 
(A–D) TAG-1 immunostaining of double KO (A,C) and control (B,D) mice. Scale 
bars: (A,B) – 100; (C,D) – 40 μm. The white boxes in (A) and (B) define the 
area shown in (C) and (D). (e,F) DiI stained thalamocortical fibers exhibit 
earlier projections in double KO brains (e) in comparison to the control brains 
(F). Scale bars are 500 μm.



Frontiers in Cellular Neuroscience www.frontiersin.org May 2010 | Volume 4 | Article 19 | 9

Livnat et al. PAF-AH and the Wnt pathway

2002; Bi et al., 2009). Therefore, the finding that PAF-AH catalytic 
subunit KO mice do not exhibit a cortical phenotype despite 
the apparent reduction in LIS1 levels was surprising. A possible 
explanation may be that the reduction in the LIS1 protein levels is 
just the portion of LIS1, which is required for interaction with the 
catalytic subunits, and the remaining amount of LIS1 required for 
other intracellular interactions is normal. An additional argument 
relates to the evolutionary conservation of the PAF-AH catalytic 
subunits. We have characterized the fly orthologs of the PAF-AH 
complex. The Drosophila alpha-subunit ortholog lacks two of 
the three active-site residues and is catalytically inactive against 
PAF-AH 1B substrates. The beta-subunit (LIS1) ortholog is highly 
conserved from Drosophila to mammals and is able to interact 
with the mammalian alpha-subunits but is unable to interact 
with the Drosophila alpha-subunit (Sheffield et al., 2000). It will 
be  interesting to investigate the possibility that the Drosophila 
alpha-subunit can modulate the Wnt pathway.

Canonical Wnt signaling mediated by β-catenin has been pro-
posed to function in both neural progenitor cell expansion and 
neuronal lineage choice (Chenn and Walsh, 2002; Chenn and Walsh, 
2003; Zechner et al., 2003; Hirabayashi et al., 2004; Israsena et al., 

1999). The Wnt pathway participates in multiple roles as diverse 
as embryonic segmentation and patterning, gut patterning, nerv-
ous system development, formation and patterning of append-
ages, and stem cell proliferation. Most of the current information 
involves Wnt signaling through stabilization of β-catenin, which 
in turn enters the nucleus and controls gene expression (Nelson 
and Nusse, 2004). The Wnt pathway is highly conserved in evolu-
tion (Brown et al., 2008; Croce and McClay, 2008). We hypothesize 
that the evolutionary conserved function of the PAF-AH catalytic 
subunits is modulation of the Wnt pathway and not their inter-
action with LIS1 that acts as cytoplasmic dynein regulator (for 
review see Reiner, 2000). We are basing this hypothesis on several 
important observations. On one hand, Lis1 heterozygote mice 
exhibit inhibition in radial and tangential migration (Hirotsune 
et al., 1998; Cahana et al., 2001; McManus et al., 2004b). On the 
other hand, PAF-AH catalytic subunit KO mice, do not exhibit 
a cortical phenotype, although they have decreased levels of 
the LIS1 protein (Koizumi et al., 2003; Yan et al., 2003). Dosage 
sensitivity of the LIS1 protein is well established. Reduced or 
increased LIS1 levels exhibit brain phenotypes in mice and in 
human (Hirotsune et al., 1998; Cahana et al., 2001; Reiner et al., 

FIgure 8 | Double KO mice exhibit advanced tangential migration. 
(A–D) GAD67-GFP-labeled interneurons are found in more advanced 
positions in double KO brain sections (A,B) in comparison with control 
sections (C,D). Scale bars in (A) and (C) is 100 μm, and in (B) and (D) is 
40 μm. (e,F) Calbindin immunostaining, which identifies a subgroup of 
interneurons, demonstrates advanced positioning of these interneurons in 

the double KO (e,F) versus control (g,H). Scale bars in (e) and (g) is 100 μm, 
and in (F) and (H) is 40 μm. (I,J) Sdf-1 expression by in situ hybridization is 
expanded in the cortex of double KO (I) versus the control cortex (J). (K,L)  
In situ hybridization of Netrin-1 reveals an expanded expression in the 
striatum of double KO (K) versus the control striatum (L). Scale bars in 
(I–L) are 0.5 mm.
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