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Abstract
Sall3 is a zinc finger containing putative transcription factor and a member of the Sall gene family.
Members of the Sall gene family are highly expressed during development. Sall3-deficient mice die
in the perinatal period because of dehydration and display alterations in palate formation and cranial
nerve formation (Parrish et al. [2004] Mol Cell Biol 24:7102–7112). We examined the role of Sall3
in the development of the olfactory system. We determined that Sall3 is expressed by cells in the
olfactory epithelium and olfactory bulb. Sall3 deficiency specifically alters formation of the
glomerular layer. The glomerular layer was hypocellular, because of a decrease in the number of
interneurons. The lateral ganglionic eminence and rostral migratory stream developed normally in
Sall3-deficient animals, which suggests that Sall3 is not required for the initial specification of
olfactory bulb interneurons. Fewer GAD65/67-, Pax6-, calretinin-, and calbindin-positive cells were
detected in the glomerular layer, accompanied by an increase in cells positive for these markers in
the granule cell layer. In addition, a complete absence of tyrosine hydroxylase expression was
observed in the olfactory bulb in the absence of Sall3. However, expression of Nurr1, a marker of
dopaminergic precursors, was maintained, indicating that dopaminergic precursors were present. Our
data suggest that Sall3 is required for the terminal maturation of neurons destined for the glomerular
layer.
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The olfactory bulb (OB) is a laminar structure containing two distinct neuronal populations.
Excitatory projection neurons populate the mitral cell layer (MCL), and interneuron
populations are located in the glomerular layer (GL) and granule cell layer (GCL), superficial
and deep to the MCL respectively. OB neuronal populations are sequentially produced and
have distinct origins. Mitral cells are the firstborn OB population (Hinds, 1968). These cells
arise in the pallium, and the transcription factor Tbr1 is required for their generation (Bulfone
et al., 1998; Moreno et al., 2003; Puelles et al., 2000). OB interneurons arise from an ER81-
positive population in the subpallial dorsal lateral ganglionic eminence (LGE) and migrate to
the OB via the rostral migratory stream (RMS; Doetsch and Alvarez-Buylla, 1996; Lois and
Alvarez-Buylla, 1994; Stenman et al., 2003; Wichterle et al., 1999, 2001).

© 2008 WILEY-LISS, INC.
*Correspondence to: Dr. A. Paula Monaghan, 6065 BST3, 3501 5th Avenue, Pittsburgh, PA 15261. E-mail: monaghan@pitt.edu.

NIH Public Access
Author Manuscript
J Comp Neurol. Author manuscript; available in PMC 2009 August 10.

Published in final edited form as:
J Comp Neurol. 2008 April 10; 507(5): 1780–1794. doi:10.1002/cne.21650.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Previous studies determined that OB interneurons are continuously generated throughout life
(Altman, 1969; Altman and Das, 1966; Doetsch and Alvarez-Buylla, 1996; Hinds, 1968; Lois
and Alvarez-Buylla, 1994; Luskin, 1993); however, mechanisms that regulate the generation
of this diverse cellular population are not well characterized. OB interneurons begin to express
mature interneuron markers as they terminally differentiate and radially migrate in the OB.
The OB comprises chemically distinct interneuron populations; at least three subtypes have
been identified characterized by γ-aminobutyric acid (GABA), calretinin, and calbindin
expression (Kosaka et al., 1995; Toida et al., 2000). Cells in the GCL homogenously express
GABA (Parrish-Aungst et al., 2007). Within the GL, GABA, calretinin, and calbindin are
expressed by ~20–53%, ~20–27%, and ~10% of neurons, respectively (Kosaka et al., 1995;
Parrish-Aungst et al., 2007). The remaining interneuron populations in this layer have not yet
been chemically distinguished. The GABAergic population can be further divided into
dopaminergic and nondopaminergic populations, characterized by the expression of tyrosine
hydroxylase (TH), the rate-limiting enzyme in dopamine biosynthesis; ~80% of dopaminergic
cells are also GABAergic (Hack et al., 2005; Kosaka et al., 1998; Parrish-Aungst et al.,
2007), and 95% of TH-positive cells in the GL are Pax6-positive (Hack et al., 2005). Little
overlap is observed between the TH/Pax6 populations and the calretinin (~2% overlap with
Pax6)/calbindin (~10% overlap with Pax6)-positive populations (Hack et al., 2005; Kosaka et
al., 1995, 1998; Waclaw et al., 2006). In addition, examination of the temporal specification
of OB interneurons has identified overlap in the timing of birth of these chemically diverse
populations (Tucker et al., 2006). These findings suggest that intrinsic factors play an important
role in OB interneuron specification, insofar as diverse interneuron populations born at the
same time would be exposed to similar extrinsic cues.

Insight into the mechanisms that regulate production of interneuron populations destined for
the OB has been obtained from analyses of murine knockout models (Soria et al., 2004;
Stenman et al., 2003; Waclaw et al., 2006; Yoshihara et al., 2005; Yun et al., 2003). These
studies have demonstrated that interneuron generation can be divided into the following steps;
specification of interneuron progenitors within the LGE, entry from the LGE to the RMS,
migration in the RMS, exit from the RMS to the OB, radial migration within the OB, and
terminal differentiation. The transcription factors Sp8 (Waclaw et al., 2006) and GSH1/2
(Stenman et al., 2003; Yun et al., 2003) are required for the initial specification of OB
progenitors in the LGE. Vax1 is necessary for the transition of cells from the LGE to the RMS
(Soria et al., 2004). The secreted protein Slit has been implicated in the migration of inter-
neurons via the RMS (Chen et al., 2001; Hu, 1999; Wu et al., 1999), and the homeobox protein
ARX is required for the entry of interneurons from the RMS to the OB (Yoshihara et al.,
2005). Furthermore, Pax6 has been implicated in the generation of dopaminergic OB
interneurons (Hack et al., 2005; Kohwi et al., 2005). Thus, we are beginning to understand
components of OB cell type generation and migration within the RMS; however, mechanisms
regulating terminal differentiation and maturation within the OB are not well characterized.

We examined the role of Sall3 in the development of the olfactory system. Sall3 is one of four
mammalian members of the Sall gene family, which are widely expressed throughout
development, in the peripheral and central nervous system as well as in peripheral organs (Al-
Baradie et al., 2002; Buck et al., 2000, 2001; Kohlhase et al., 1996, 1999, 2000, 2002a,b; Ott
et al., 1996, 2001). Distinct developmental disorders with some overlapping characteristics are
associated with mutation or deletion of members of this gene family in humans (Al-Baradie et
al., 2002; Kohlhase et al., 1998, 1999, 2002b). SALL3 is one of several genes deleted in 18q
deletion syndrome, characterized by hearing loss, mental retardation, midfacial hypoplasia,
delayed growth, and limb abnormalities (Jayarajan et al., 2000; Kohlhase et al., 1999; Mahr et
al., 1996; Strathdee et al., 1997; Verhoeven et al., 2006; Wilson et al., 1979). The Sall genes
are zinc finger-containing putative transcription factors (Kuhnlein et al., 1994). They have been
shown to localize to heterochromatin (Netzer et al., 2001; Sakaki-Yumoto et al., 2006; Sato et
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al., 2004), and it is hypothesized that they can mediate transcriptional repression via recruitment
of histone deacetylase (Kiefer et al., 2002; Lauberth and Rauchman, 2006). Members of the
Sall gene family can interact at the protein level (Kiefer et al., 2002; Sakaki-Yumoto et al.,
2006; Sweetman et al., 2003) and have been implicated in diverse cellular processes, including
cell cycle regulation, cell fate specification, neuronal differentiation, migration, and cell
adhesion (Barembaum and Bronner-Fraser, 2004; Bohm et al., 2007; Cantera et al., 2002; de
Celis et al., 1999; Franch-Marro and Casanova, 2002; Jurgens, 1988; Kuhnlein and Schuh,
1996; Toker et al., 2003). These data suggest the members of the Sall gene family are important
developmental regulators.

We have previously shown that Sall3 (previously named msal1) is expressed during olfactory
development (Ott et al., 1996, 2001), although a detailed description has not been given. We
determined that Sall3 was expressed by cells within the OB and olfactory epithelium. Within
the OB, Sall3 was expressed by progenitor cells and subpopulations of differentiated neurons.
Sall3-deficient animals die perinatally (Parrish et al., 2004), and we examined development of
the olfactory system to P0.5. We identified alterations in interneuron development in Sall3
mutant animals. Our data suggest that Sall3 is required for the terminal maturation of GL
interneurons in the developing OB.

Materials and Methods
Animals

Sall3 heterozygous animals were obtained from matings of Sall3 heterozygous mice (129SVJ
× C57BL/6J) from the twelfth generation back-cross to C57BL/6J (Parrish et al., 2004).
Embryos were obtained from matings of Sall3 heterozygote animals and genotyped as
previously described (Parrish et al., 2004). For Sall3 expression studies, embryos were obtained
from timed-pregnant CD1 mice from Charles Rivers Laboratories (Wilmington, MA).
Embryos were collected via cesarean section at embryonic ages from E13.5 to E18.5. The day
of vaginal plug was designated as E0.5; the first postnatal day was designated P0.5. Embryos
were fixed in either 4% paraformaldehyde (PFA; pH 7.4; Sigma, St. Louis, MO) and processed
through increasing sucrose gradients for cryosectioning, or in Carnoy’s solution (1:3:6 acetic
acid:chloroform:100% alcohol), and then processed through a butanol series for paraffin
sectioning. P0.5 pups were first perfused with 4% paraformaldehyde (PFA) and then processed
as described above. Cryopreserved embryos were embedded in Tissue-Tek O.C.T. compound
(EMS, Hatfield, PA) and sectioned at 20 µm. Paraffin-embedded embryos were sectioned at
10 µm. No alterations in the olfactory system were observed in Sall3+/− animals in our study
(data not shown), so these animals were also used as controls. Animal protocols and procedures
were approved by the Institutional Animal Care and Use Committee at the University of
Pittsburgh and adhered to the National Institutes of Health guidelines.

Measurement of OB size
The cortex and OB of P0.5 pups were dissected from the head and visualized on a Nikon
(Melville, NY) dissecting microscope, and photographed with a Photometrics (North Reading,
MA) Cool Snap digital camera and IP Lab software (Biovision Technologies, Exton, PA).
Images were imported into Photoshop 7.0 (Adobe Systems, San Jose, CA) to measure the
length of the OB. Statistical analysis of the results was performed using an unpaired t-test with
InStat 3 software (GraphPad Software, San Diego, CA).

Immunohistochemisty
Paraffin-processed sections were deparaffinized in xylene, rehydrated through an ethanol
series, and washed in 0.1% Triton in phosphate-buffered saline (PBS), pH 7.4. For
diaminobenzidine detection, sections were incubated with 3% hydrogen peroxide in methanol
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for 10 minutes. Slides were subsequently microwaved in 0.1 M sodium citrate solution, pH
6.0, rinsed in PBS, and blocked in 10% heat-inactivated goat serum (Jackson Immunoresearch,
West Grove, PA). Primary antibodies were incubated overnight at 4°C. Cryopreserved tissue
was rinsed in PBS, blocked in 10% heat-inactivated goat serum, and incubated with primary
antibody overnight at 4°C. Antibodies used are listed in Table 1. For each antibody used, a
negative control was included, where the sections were incubated without the primary antibody
but with the secondary antibody. The tissue was subsequently washed with PBS, incubated
with the appropriate biotinylated secondary antibody (Vector Laboratories, Burlingame, CA),
and then incubated with a Vectastain Elite ABC kit (Vector Laboratories), according to the
manufacturer’s instructions. Staining was visualized by using the nickel-enhanced
diaminobenzidine (Sigma) reaction. Sections were counterstained with hematoxylin and eosin
(Fisher Scientific, Pittsburgh, PA) or nuclear fast red (Vector Laboratories). Slides were then
dehydrated through ethanol, washed in xylene, and mounted in DPX (Fluka, Sigma). For
fluorescent detection of signal, the tissue was washed with PBS, incubated with the appropriate
Cy3 (Jackson Immunoresearch) and/or Alex Fluor 488 (Invitrogen, Carlsbad, CA) secondary
antibody, and counterstained with 1,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma) before mounting in fluormount G (Southern Biotechnology Research, Birmingham,
AL). For Nissl staining, sections were incubated in 0.5% cresyl violet (Sigma), dehydrated
through alcohols, washed in xylene, and mounted in DPX.

Antibody specificity
The β-galactosidase antibody was raised against purified full-length native protein
(Escherichia coli; manufacturer’s technical information). Antibody specificity was verified by
the absence of staining in Sall3+/+ animals, which do not contain the β-galactosidase gene (data
not shown). The c-Fos antibody was raised against a synthetic peptide (SGFNADYEASSSRC)
corresponding to amino acids 4–17 of human c-Fos, and it recognizes the ~55 kDa c-Fos and
~62 kDa v-Fos proteins (manufacturer’s technical information). Previous studies have
determined that preabsorption of the c-Fos antibody with a c-Fos peptide eliminates
immunoreactivity (Wahlin et al., 2000). c-Fos, an immediate early transcription factor, labels
cells in the GL, MCL, and GCL of the OB (Akiba et al., 2007; Guthrie and Gall, 1995). The
calretinin antibody was raised against recombinant rat calretinin that recognizes both the
calcium-bound and calcium-unbound conformations of calretinin (manufacturer’s technical
information). The antibody detects a 32-kDa band by Western blot of purified recombinant
calretinin protein (manufacturer’s technical information), and neurons in cerebral cortical
layers II/III are immunopositive for this antibody, consistent with calretinin immunoreactivity
(Lee et al., 2004; Schmid et al., 2004). Calretinin is expressed by GL, MCL, and GCL cells in
the OB (Brinon et al., 1999). The calbindin antibody was raised against 28-kDa calbindin-D
protein purified from rat kidney (manufacturer’s technical information). Antibody specificity
was confirmed by immunoblot of purified rat calbindin, which detects a single band at 28 kDa
(Kurobe et al., 1992). Calbindin is expressed by cells in the GL of the OB (Baimbridge and
Miller, 1982; Brinon et al., 1999; Celio, 1990). The ER81 antibody was raised against a mouse
ER81 peptide (CNPHPYNEGYVY; manufacturer’s technical information). Antibody
specificity was determined by immunohistochemistry staining of COS cells expressing ER81
(Lin et al., 1998). ER81 is expressed by interneurons in the GL and GCL of the OB (Saino-
Saito et al., 2007; Stenman et al., 2003). The glutamic acid decarboxylase 65/67 (GAD65/67)
antibody was raised against a synthetic peptide corresponding to the C-terminal region of
human GAD67 (amino acids 579–594). Anti-GAD65/67 reacts specifically with GAD65 and
−67 isoforms (65–67 kDa) derived from rat brain extract by immunoblotting, which is inhibited
by incubation with GAD65/67 peptide (manufacturer’s technical information). GAD is
expressed by cells in the GL, MCL, and GCL within the adult OB (Parrish-Aungst et al.,
2007). The Neurofilament 160 antibody (clone NN18) was produced by fusion of mouse
myeloma cells and splenocytes from an immunized mouse using neurofilaments purified from
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pig spinal cord as the immunogen (manufacturer’s technical information). This antibody
specifically stains neurofilaments (Franke et al., 1991), and immunoblot of rat brain extract
detects a band of molecular weight 160 kDa (manufacturer’s technical information). The Pax6
antibody was raised against a peptide (QVPGSEPDMSQYWPRLQ) derived from the c-
terminus of the mouse Pax6 protein (manufacturer’s technical information). The Pax6 antibody
detects two bands of ~50 kDa by immunoblot of tissue from the adult brain, eye, and OB, but
not the liver, consistent with previous studies of Pax6 expression (Davis and Reed, 1996;
Walther and Gruss, 1991). Pax6 is strongly expressed by interneurons in the GL but is down-
regulated by differentiating GCL interneurons within the adult OB (Hack et al., 2005; Stoykova
and Gruss, 1994). The epitope for the reelin antibody (clone 142) is located within amino acids
164–189 of the reelin protein, and this antibody specifically labels reelin-expressing Cajal-
Retzius cells in the cerebral cortex (de Bergeyck et al., 1998). In the developing OB, reelin is
specifically expressed by cells in the MCL (Alcantara et al., 1998). The Sall1 antibody was
raised against recombinant human SALL1 (amino acids 258–499; manufacturer’s technical
information). Antibody specificity was verified by an absence of staining in Sall1-deficient
mice (unpublished observations; Harrison et al., 2007). The Tuj1 antibody was raised against
a synthetic peptide corresponding to amino acid residues 441–450 of human β-tubulin III. The
Tuj1 antibody recognizes a band of 55 kDa by immunoblotting of whole-mouse-brain extract,
which is inhibited by incubation with the immunizing peptide (manufacturer’s technical
information). Tuj1 is expressed by neurons shortly after they exit the cell cycle and is
maintained in migrating and mature neurons (Lee et al., 1990a,b; Menezes and Luskin,
1994). The TH antibody (clone TH-2) was raised against rat TH and recognizes a 60-kDa band
by immunoblotting of rat adrenal phenochromocytoma cell extract (manufacturer’s technical
information). This antibody has been previously used to examine TH expression in the OB
(Soria et al., 2004). TH is expressed by dopaminergic neurons in the GL of the OB, and the
morphology and pattern of staining of clone TH-2 match previous reports of TH expression in
the OB, cortex, and midbrain (Halasz et al., 1977; Jacobowitz and Abbott, 1998).

In situ hybridization
The Sall3 probe has previously been described (Ott et al., 2001). To generate a Nurr1 probe,
RNA was obtained from the cerebral cortex of an E18.5 wild-type embryo using the RNeasy
Protect Mini Kit (Qiagen, Valencia, CA) and reversed transcribed using Advantage RT-for-
PCR Kit (Clontech, Palo Alto, CA), according to the manufacturer’s instructions. Nurr1 was
amplified from this cDNA using the Advantage cDNA PCR Kit (Clontech) with primers
(forward: 5′-CCCGCTTCTCAGAGCTACAG-3′ and reverse: 5′-
AGACCCTCATTGGAGGGAGA-3′) designed against nucleotides 5587–6234 of the Mus
musculus Nurr1 gene (MMU86783). This PCR product was cloned into pCR-II-Topo
(Invitrogen), according to the manufacturer’s instructions. The Nurr1 clone was verified by
sequencing. For preparation of antisense digoxigenin-labeled riboprobes, Nurr1 template DNA
was linearized with BamH1 and transcribed with T7 RNA polymerase according to the
manufacturer’s instructions (Roche Applied Science, Indianapolis, IN). In situ hybridization
was conducted as previously described (Schaeren-Wiemers and Gerfin-Moser, 1993), with the
following modifications. The sections were treated with proteinase K, 1 µg/ml in 50 mM Tris,
pH 7.5, and 5 mM EDTA, at 37°C for 3 minutes (E13.5–E16.5), 7 minutes (E17.5–P0.5) or
15 minutes (adult), followed by postfixation in 4% PFA prior to pre-hybridization. The
hybridization buffer was modified to contain 50% formamide, 5× SSC, 5× Denhardt’s solution,
250 µg/ml tRNA, and 250 µg/ml herring sperm DNA. The probe was dissolved at a
concentration of 60 ng/ml in hybridization buffer. Hybridization and posthybridization washes
were performed at 61°C. A posthybridization treatment with RNase A, 20 µg/ml in 0.5 M NaCl,
10 mM Tris, pH 7.5, 5 mM EDTA buffer, at 37°C for 30 minutes was also added. After color
detection, slides were rapidly dehydrated, washed in xylene, and mounted in DPX.
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Illustrations
Stained sections were visualized on a Nikon (Melville, NY) fluorescent microscope and
photographed with a Photometrics Cool Snap digital camera and IP Lab software. Composite
images were prepared in Photoshop 7.0. Contrast, color, and brightness were adjusted in
Photoshop 7.0.

Histological identification of OB regions
To assign cellular subtypes and boundaries to OB regions, sections were examined at ×40
magnification. The progenitor population was identified as the cellular region adjacent to the
ventricle containing organized parallel arrays of cells with elongated nuclei arranged
perpendicular to the ventricular surface. The differentiating population was identified as a
region of heavily stained, small cells with round nuclei arranged in a disorganized manner,
adjacent to the progenitor population. The MCL was evident from E16.5 and contained cells
with large, oval nuclei, perpendicular to the ventricular surface and superficial to the
differentiating field. From P0.5, the GL and GCL were identifiable. The GL was defined as
the region containing round cells between the MCL and the olfactory nerve layer. The olfactory
nerve layer was identified by the presence of elongated cells oriented parallel to the ventricular
surface and perpendicular to the MCL. The GL as defined in this study encompasses the GL
and the external plexiform layer. The GCL was located on the ventricular side of the MCL and
contained small, heavily stained, round cells.

Quantification of glomerular cell number
For quantification of cell number within the GL, P0.5 Nissl-stained OB sections were
photographed at ×40 magnification, as described above. The analysis was performed by an
observer blind to the genotype. The GL was defined as described above. The boundary of the
MCL and outer nerve layer were distinguished at ×200. The total number of cells in a 150-µm-
wide window within this region was quantified and analyzed as previously described (Roy et
al., 2004). Three sections per animal were counted, and the means of the three sections per
animal were compared between genotypes (n = 4 per genotype). The data were subsequently
decoded, and statistical analysis of the results was performed using an unpaired t-test in InStat
3 software.

Results
Sall3 is expressed by olfactory progenitors and interneuron populations

Previous studies have shown that Sall3 is expressed in the developing OB (Ott et al., 1996,
2001); however, a detailed temporal expression pattern has not been described. To understand
more precisely the role of Sall3 in the olfactory system, we first characterized its expression
in the developing and adult OB by in situ hybridization. OB neurogenesis is initiated on E11.5
in the mouse. At this time, peripheral projections from the olfactory placode contact progenitor
cells in the rostral neural epithelium (Gong and Shipley, 1995). These projections are believed
to induce differentiation of this population of progenitor cells and to induce OB morphogenesis
(Gong and Shipley, 1995). Sall3 was not expressed by cells in the olfactory placode (Ott et al.,
2001). The olfactory placode gives rise to components of the peripheral nervous system, such
as the vomeronasal organ and olfactory epithelium. By E13.5, Sall3 was expressed by a
subpopulation of cells in these structures (arrowheads, Fig. 1A). Expression of Sall3 in the
neural epithelium of the rostral most tip of the developing telencephalon was not detected until
E11.5 (Ott et al., 1996, 2001). From E13.5, Sall3 was expressed by OB progenitors (P, Fig.
1B) and expression was maintained in this population throughout development (P, Fig. 1C).
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Two major olfactory neuronal subtypes are sequentially produced during development,
excitatory projection neurons and inhibitory interneurons. Excitatory neurons are born from
E11.5 to E13.5 and populate the MCL (Hinds, 1968). At E13.5, Sall3 was expressed by a small
subset of differentiating cells destined for the MCL (arrowheads, Fig. 1B). By E17.5, Sall3
was expressed by a few cells in the MCL (arrowheads, Fig. 1D). Inhibitory interneurons arise
from an ER81-positive population in the LGE and are born from E14.5 (Hinds, 1968; Stenman
et al., 2003). In the developing cerebral cortex, expression of Sall3 is initially restricted to the
ventral telencephalon, and, from E12.5, strong expression is observed in the LGE (Ott et al.,
1996, 2001). After initial specification within the LGE, neuroblasts destined for the OB migrate
to the OB via the RMS. Sall3 expression was observed in the RMS during development (Fig.
1E). Within the OB, interneuron populations are located in the GCL and GL. At E17.5,
interneurons destined for these layers are differentiating, and a subset has already reached their
final laminar position. Similar to the case at E13.5, relatively few differentiating cells expressed
Sall3 at E17.5 (arrowheads, Fig. 1C). However, Sall3 was robustly expressed by a large number
of cells in the GL (Fig. 1C,D) and a subpopulation of cells in the GCL (arrows, Fig. 1D).
Expression of Sall3 was maintained in the MCL, GCL, and GL of the adult OB (Fig. 1F,G).
In summary, Sall3 was expressed in developing olfactory structures from E11.5. Expression
was observed in OB progenitors during development and in subpopulations of differentiated
cells, predominantly by cells in the GL. These data suggest a role for Sall3 in the development
and maintenance of olfactory structures.

The glomerular layer is hypocellular in the absence of Sall3
Sall3 was expressed in the developing and adult olfactory system. To determine whether Sall3
was required for distinct phases of OB development, mice with a targeted disruption of the
Sall3 gene were examined. Sall3 homozygous mutant animals (Sall3−/−) die shortly after birth
from dehydration and display alterations in palate development and partially penetrant
abnormalities in cranial nerves (Parrish et al., 2004). An analysis of gross OB morphology at
P0.5 was conducted to determine the effect of loss of Sall3 on OB size. No significant difference
in OB length was observed in the absence of Sall3 at P0.5 (1.242 ± 0.01 mm in controls vs.
1.243 ± 0.02 mm in Sall3 mutant animals, n = 4; P = 0.99).

To determine whether Sall3 was required for the development of distinct cell types, coronal
sections of control and Sall3−/− animals were examined from E14.5 to P0.5. At E14.5, two
distinct histological regions were visible in control OBs, the progenitor population and the
differentiating field (Fig. 2A,A′). By E16.5, a layer of differentiated neurons was observed
outside the differentiating field. Mitral cells represent the major cellular population that has
differentiated at this time and can be distinguished by large, oval cell bodies and light staining
with Nissl compared with small, intensely stained cell bodies in the differentiating field. We
therefore assigned this population as the MCL (Fig. 2C,C′). No gross alterations in lamination
or cellular organization were observed in Sall3 mutant animals at E14.5 or E16.5 (Fig. 2B,B
′,D,D′; n = 3, E14.5; n = 2, E16.5). By P0.5, a well-defined MCL was apparent in wild-type
and Sall3 mutant animals (n = 3; Fig. 2E–F′). At this age in control animals, a subset of
interneurons has differentiated and is located in the GL and GCL (Fig. 2E,E′). In Sall3-deficient
animals, the GL appeared hypocellular compared with controls (n = 3; Fig. 2F,F′). We
quantified the number of cells in the GL at P0.5 and observed a 32.6% decrease in glomerular
cell number in Sall3-deficient animals (125.8 ± 1.8 cells in controls vs. 84.8 ± 5.4 cells in Sall3
mutant animals, n = 4; P< 0.001). These observations suggest a role for Sall3 in glomerular
formation.

Olfactory information is detected by olfactory receptor neurons in the olfactory epithelium,
and these neurons project to spatially conserved glomeruli in the OB (Buck and Axel, 1991;
Ressler et al., 1993; Sullivan et al., 1995; Vassar et al., 1993). Previous studies have shown
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that loss of peripheral innervation can lead to a decrease in OB cell number (Cummings and
Brunjes, 1997; Fiske and Brunjes, 2001; Mandairon et al., 2003). We therefore investigated
whether alterations in the pattern of peripheral innervation were present in Sall3−/− animals.
β-Tubulin III (Tuj1) is a pan-neuronal marker that can be used to visualize neuronal projections
from the olfactory epithelium to the OB (arrows, Fig. 2G–J). At E16.5, the olfactory nerve has
contacted the OB and extended ventrally, medially, and laterally and, by P0.5, encompassed
the entire OB. No alteration in olfactory nerve innervation was observed at E16.5 (n = 2; Fig.
2G,H) or P0.5 (n = 4; Fig. 2I,J) in Sall3 mutant animals. Furthermore, protoglomerular
structures were observed within the OB in both control and Sall3−/− animals at P0.5 (arrows,
Fig. 7G,H). These findings suggest an intrinsic role for Sall3 in the development of OB
interneurons.

Absence of olfactory bulb TH expression in Sall3-deficient animals
Histological analysis of the developing OB suggested that interneuron populations in the GL
were decreased in the absence of Sall3. To characterize these alterations further, a variety of
cell-type-specific markers were examined. To identify distinct laminae of the OB and to
distinguish between early-and late-generated populations, expression of reelin, a marker of the
early-born MCL (Fig. 3A,B), and TH, a marker of the later-born GL (Fig. 3C–F), were
examined. Reelin staining indicated that the MCL appeared normal in the absence of Sall3 at
P0.5 (n = 3; Fig. 3B). However, in Sall3 mutant animals, TH-positive cells were absent in the
GL at P0.5 (n = 6; Fig. 3D), which suggests a requirement for Sall3 in the development of this
cellular population. TH expression is first detected in the developing OB at E16.5. To determine
whether this cellular population was initially produced and subsequently underwent cell death
in the absence of Sall3, we examined expression of TH at this age (Fig. 3E,F). No TH-positive
cells were observed at E16.5 in Sall3−/− animals (n = 3; Fig. 3F). To exclude the possibility
that cell death contributed to the phenotype observed in Sall3-deficient animals, we examined
expression of activated caspase 3 in the OB and LGE at E16.5 and P0.5. No gross difference
in cell death was observed, which suggests that Sall3 is not required for cell survival (n = 2
per region per age; data not shown). These findings suggest that Sall3 is required for the
generation or specification of dopaminergic GL cells.

TH expression is maintained in the substantia nigra and nigrostriatal pathway
In the absence of Sall3, we observed a decrease in cell number in the GL (Fig. 2F′). In addition,
Sall3-deficient animals exhibited a complete absence of TH-positive cells in the OB throughout
development (Fig. 3D,F). TH is also expressed by cells in the substantia nigra and their
projections through the nigrostriatal pathway of the midbrain (Fig. 4A,C). We have not
observed gross histological differences in the developing midbrain in Sall3-deficient mice
(Parrish, 2003). Although Sall3 is not expressed by mature cells in the substantia nigra, it is
expressed by their progenitors (data not shown). We therefore examined TH expression in the
substantia nigra and nigrostriatal pathway to determine whether there was a global deficiency
in dopaminergic neurons in the brain. Expression of TH was not altered in the substantia nigra
and nigrostriatal pathway in Sall3 mutant animals (n = 3; Fig. 4B,D), which suggests a distinct
function for Sall3 in the generation of OB dopaminergic cells.

Sall3 mutant animals can detect odor
The initiation and maintenance of TH protein expression in the GL are activity dependent
(Baker and Farbman, 1993; Baker et al., 1984, 1993; Biffo et al., 1990; McLean and Shipley,
1988; Nadi et al., 1981; Stone et al., 1991). In the absence of Sall3, the OB was innervated
from the periphery (Fig. 2H,J), and, though hypocellular, glomeruli-like structures were
observed at P0.5 (arrows, Fig. 7H; and data not shown). Rodents use olfactory stimuli to locate
nipples during feeding (Bruno et al., 1980; Teicher and Blass, 1976, 1977). Previous studies

Harrison et al. Page 8

J Comp Neurol. Author manuscript; available in PMC 2009 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from our laboratory have determined that Sall3-deficient animals are not anosmic; they can
locate nipples on anesthetized dams, although Sall3 mutant animals rapidly detached from the
nipples (Parrish et al., 2004). To further verify these findings, we examined the expression of
the immediate early transcription factor c-Fos (Fig. 5A,B), which is regulated by neuronal
activity (for review see Guthrie and Gall, 1995). Previous studies have shown that TH
expression colocalizes with c-Fos expression in the GL and that c-Fos expression is down-
regulated, along with TH when input to the OB is altered (Jin et al., 1996; Liu et al., 1999). c-
Fos expression was observed in Sall3-deficient animals at P0.5 (n = 2; Fig. 5B). Consistent
with the observations of decreased cell number in the GL, c-Fos expression appeared decreased
in Sall3−/− animals (Fig. 5B). These data suggest that the absence of TH expression in
Sall3−/− animals is not due to a lack of input or activity in the OB. Taken together, these data
suggest that olfactory innervation is not altered in the absence of Sall3 and that despite the
absence of TH expression sensory information can be detected by Sall3 mutant mice.

The LGE and RMS are unaltered in Sall3-deficient animals
Our data suggest that Sall3 is required for the development of a population of OB interneurons.
OB interneurons are derived from an ER81-expressing population of cells in the LGE (Fig.
6A; Stenman et al., 2003). No alteration in ER81 expression in the LGE was observed at P0.5
in Sall3-deficient animals (n = 3; Fig. 6B), which suggests that Sall3 is not required for the
initial specification of these interneuron populations. Cells destined for the OB migrate from
the LGE to the OB within the RMS (Doetsch and Alvarez-Buylla, 1996;Lois and Alvarez-
Buylla, 1994;Luskin, 1993;Wichterle et al., 1999,2001). Histological examination of the RMS
did not reveal any alterations in this structure in Sall3−/− animals, compared with controls, at
E16.5 (n = 2; Fig. 6C,D) or P0.5 (n = 4; Fig. 6E,F). Pax6 is expressed by migrating neuroblasts
as they travel along the RMS, and Pax6 has been shown to be required for TH expression
(Hack et al., 2005;Kohwi et al., 2005). Pax6-expressing neuroblasts were observed in the RMS
in Sall3 mutant animals at P0.5, similar to controls (n = 4; Fig. 6G,H), which suggests that
Sall3 is not required for the differentiation or migration of these neuroblasts within the RMS.

Alterations in other olfactory interneuron subtypes are present in Sall3 mutant animals
Different interneuron subtypes are observed in the OB and can be defined by expression of
GABA, calretinin, and calbindin (Kosaka et al., 1995). Expression of these chemical markers
is initiated as OB interneurons terminally differentiate and radially migrate in the OB. In Sall3-
deficient animals, a 32.6% decrease in cell number in the GL is observed, accompanied by an
absence of TH expression. TH-expressing cells account for 11% of cells within the GL (Parrish-
Aungst et al., 2007), which suggests that alterations exist in other GL cellular populations in
the absence of Sall3. To identify these cellular populations, we examined markers of distinct
interneuron subtypes at P0.5. GAD65/67 is expressed by GABAergic cells in the GL (region
1, Fig. 7A) and GCL (region 2, Fig. 7A) as well as the projections of these cells through the
MCL (asterisk, Fig. 7A). GAD65/67 is expressed by ~53% of cells within the GL, and ~80%
of TH-positive cells are also GAD65/67 positive (Hack et al., 2005; Kosaka et al., 1998;
Parrish-Aungst et al., 2007). In Sall3−/− animals, a mix of GAD65/ 67-positive and -negative
cells was observed in the GL, although, overall, fewer GAD65/67-positive cells were present
in this layer (n = 3; region 1, Fig. 7B). In addition, more GAD65/67-positive cells were observed
in the GCL in Sall3-deficient animals (region 2, Fig. 7B). These data suggest that a shift in cell
fate specification or an alteration in migration or maturation of interneuron populations exists
in the absence of Sall3.

Previous studies have shown that GABA expression overlaps with TH- and Pax6-positive
populations in the OB (Hack et al., 2005; Parrish-Aungst et al., 2007). In addition, the majority
(95%) of TH-positive cells in the GL are also Pax6 positive, although only 78% of Pax6-
positive cells in the GL are TH positive (Hack et al., 2005). Furthermore, Pax6 has been shown
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to be required for the generation of dopaminergic TH-positive cells in the OB (Hack et al.,
2005; Kohwi et al., 2005). To determine whether the absence of TH expression in Sall3 mutant
animals was due to a requirement for Pax6, we examined its expression at P0.5. Pax6 expression
is down-regulated in the GCL but is highly expressed in the GL (Hack et al., 2005). In control
animals, two patterns of Pax6 staining were observed in the GL and GCL, large cells expressing
high levels of Pax6, Pax6high (arrows, Fig. 7C), and smaller cells expressing low levels of Pax6,
Pax6low (arrowheads, Fig. 7C). Most Pax6high-expressing cells were located in the GL, and
Pax6low-expressing cells were observed in the GCL in control animals (Fig. 7C). In Sall3
mutant animals, very few Pax6high-expressing cells were observed in the GL (n = 5; arrows in
GL, Fig. 7D). Most of these cells were located in the superficial GCL (arrows in GCL, Fig.
7D). No gross difference in Pax6low-expressing cells in the GCL was observed (arrowheads,
Fig. 7D). These finding suggest that the absence of TH-positive cells is not due to a requirement
for Pax6 expression. In addition, the presence of large Pax6high-expressing cells in the GCL
suggests that these cells are ultimately destined for the GL and that an alteration in the
maturation or migration this cellular population occurs in the absence of Sall3. To determine
whether radial glia were structurally altered, we examined expression of radial glial markers.
GLAST expression appeared normal in Sall3−/− animals at P0.5 (n = 3; data not shown), which
suggests that, if a migration deficit is present, it is not due to altered radial glia scaffold.

Recent studies have identified that the Ets transcription factor ER81 is expressed by cells in
the LGE, RMS, GL, MCL, and superficial GCL and that OB interneurons are derived from
this population (Saino-Saito et al., 2007; Stenman et al., 2003). ER81 expression was unaltered
in the LGE (Fig. 6B), and the RMS appeared normal in Sall3-deficient animals (Fig. 6D,F,H),
which suggests that the alterations observed in Sall3 mutant animals are downstream of these
events. Preliminary unpublished observations by Saino-Saito et al. (2007) suggest that mice
deficient for ER81 have a decreased number of TH-positive cells in the OB (Saino-Saito et al.,
2007), which suggests a role for this transcription factor in the specification of the dopaminergic
cellular population. We examined ER81 expression in the OB to determine whether alterations
in expression of this transcription factor contributed to the deficit in Sall3 mutant animals. At
P0.5, most cells within the GL are ER81 positive (Fig. 7E). Most cells in the GL were also
ER81 positive in Sall3-deficient animals, although this population appeared decreased in
number (n = 4; Fig. 7F). Calretinin and calbindin are expressed by independent populations
within the OB (Kosaka et al., 1995). To determine whether Sall3 was required for the generation
of nondopaminergic OB cellular populations, we examined expression of these markers in
Sall3-deficient animals. To distinguish between interneuron and excitatory populations, we
examined expression of reelin, a MCL maker, and calretinin, which is expressed by olfactory
nerve axons as well as cells within the GL, MCL, and GCL at P0.5 (Fig. 7G). In Sall3-deficient
animals, calretinin expression was observed in the GL, MCL, and GCL, although fewer positive
cells were located superficial to the MCL, within the GL, and more positive cells were located
deep to the MCL, within the GCL (n = 4; Fig. 7H). Calbindin is also expressed by interneurons
in the GL and GCL (Fig. 7I). Similar alterations in the distribution of calbindin interneuron
populations were observed in Sall3 mutant animals, with fewer positive cells in the GL and
more positive cells in the GCL (n = 3; Fig. 7J). These data suggest that Sall3 is required for
the maturation of dopaminergic and nondopaminergic cellular populations.

Sall3 is required for the terminal differentiation of dopaminergic olfactory cells
To determine whether the absence of TH expression was due to a failure of dopaminergic
cellular maturation, we examined expression of the transcription factor Nurr1 at P0.5. TH-
expressing cells arise from Nurr1-positive progenitor-like cells, and, in the ventral midbrain,
Nurr1 is required for TH expression (Backman et al., 1999; Castelo-Branco et al., 2003,
2006; Le et al., 1999). Within the OB, TH is coexpressed with Nurr1 in the GL (Backman et
al., 1999). In control animals at P0.5, Nurr1-positive cells were observed in the GCL
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(arrowheads, Fig. 7K), MCL, and GL (arrows, Fig. 7K). Nurr1-positive cells were present in
all three layers in Sall3-deficient animals (n = 3; Fig. 7L). However, fewer Nurr1-positive cells
were observed in the GL (arrows, Fig. 7L), and more Nurr1-positive cells were observed in
the GCL (arrowheads, Fig. 7L). Thus, precursors of TH-expressing cells were present in the
OB of Sall3 mutant animals, but mature dopaminergic cells were absent, which suggests a
requirement for Sall3 in the terminal differentiation and maturation of Nurr1-positive precursor
cells to TH-expressing cells.

Sall3 is not required in a cell autonomous manner for olfactory interneuron development
In Sall3 mutant animals, exon 2 is fused in frame to the β-galactosidase gene (Parrish et al.,
2004). This fusion results in a null allele, with deletion of greater than 95% of the coding region
of the Sall3 gene. In addition, this construct results in expression of β-galactosidase under the
control of the endogenous Sall3 promoter and allows visualization of cells that would normally
express Sall3 in Sall3+/− and Sall3−/− animals. To determine whether the absence of TH and
other interneuron populations in the GL, observed in Sall3-deficient animals, was due to a cell
autonomous effect, we examined expression of β-galactosidase in Sall3+/− and Sall3−/−

animals. In Sall3+/− animals, β-galactosidase-positive cells were observed in progenitor cells,
differentiating cells, and cells in the GCL, MCL, and GL (n = 3; Fig. 8A). Within the GL and
GCL, β-galactosidase was expressed by a subset of cells (Fig. 8A). Similar β-galactosidase
expression patterns were observed in Sall3−/− animals (n = 3; Fig. 8B). However, in Sall3-
deficient animals, a decrease in the number of β-galactosidase-positive cells in the GL and an
increase in the number of β-galactosidase-positive cells in the GCL were observed (Fig. 8B).
The presence of β-galactosidase-positive cells in the GL suggests that Sall3-dependent cells
can migrate to their laminar position in the absence of Sall3.

To elucidate further the interneuron subtypes dependent on Sall3 expression, we examined
coexpression of Pax6, calretinin, and calbindin with β-galactosidase in the GL of Sall3+/− and
Sall3−/− animals at P0.5. In Sall3+/− animals, most Pax6-positive cells were also β-
galactosidase positive (n = 3; arrows, Fig. 8C). However, a mix of calretinin+ β-
galactosidase+ (arrows, Fig. 8E) and calretinin+ β-galactosidase+ (arrowheads, Fig. 8E) cells
and calbindin+ β-galactosidase− (arrows, Fig. 8G) and calbindin+ β-galactosidase+

(arrowheads, Fig. 8G) cells was observed within this layer (n = 3). In Sall3-deficient animals,
although the number of cells in the GL expressing these markers was reduced, most cells
expressing Pax6 (arrows, Fig. 8D) in the GL were also β-galactosidase positive (n = 3). In
addition, similar to the case in Sall3+/− animals, a mix of calretinin+ β-galactosidase+ (arrows,
Fig. 8F) and calretinin+ β-galactosidase+ (arrowheads, Fig. 8F) cells and calbindin + β-
galactosidase+ (arrows, Fig. 8H) and calbindin+ β-galactosidase− (arrowheads, Fig. 8H) cells
was observed in the GL of Sall3−/− animals (n = 3). Thus, Sall3 is not required in a cell-
autonomous manner for the migration or differentiation of subpopulations of interneurons that
display altered laminar position in Sall3-deficient animals. In summary, Sall3 is expressed by
diverse interneuron populations at P0.5, and, in Sall3−/− animals, subpopulations of cells
dependent on Sall3 expression can reach their laminar position in the GL.

Sall1 does not compensate for the loss of Sall3
Our studies suggest that Sall3 is required for the terminal maturation of interneurons destined
for the GL. Sall family members are highly conserved (Camp et al., 2003; Ott et al., 1996;
Sweetman and Munsterberg, 2006), which suggests that a related family member may
compensate for loss of Sall3. Sall1 is robustly expressed in the developing OB (Buck et al.,
2001; Harrison et al., 2007; Ott et al., 2001), and our studies suggest that loss of Sall1 results
in alterations in olfactory development (Harrison et al., 2007). We therefore examined
expression of Sall1 in Sall3-deficient OBs at P0.5. Sall1 is robustly expressed by cells in the
GCL and MCL in both control and Sall3 mutant animals (Fig. 9A,B). Within the GL, Sall1
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was expressed by a subset of cells (Fig. 9A), and, similar to other markers of GL populations
examined, this population appeared to show a decrease in Sall3 mutant animals (Fig. 9B).
Furthermore, Sall1 expression was not up-regulated in Sall3-deficient animals (Fig. 9A,B).
Previous studies identified the fact that Sall family members can interact. Chick Sall3 (cSall3)
can interact with cSall1, and this interaction results in the relocation of cSall1 from the nucleus
to the cytoplasm (Sweetman et al., 2003). In both control and Sall3 mutant animals, Sall1
expression was nuclear, which suggests that loss of Sall3 does not alter the cellular localization
of Sall1 in the developing OB. Together, these findings suggest that Sall1 might not compensate
for loss of Sall3.

Discussion
Our study examined the role of Sall3 in the differentiation and maturation of OB interneuron
populations. OB interneurons arise from an ER81-positive population of cells located in the
LGE and migrate to the OB via the RMS (Doetsch and Alvarez-Buylla, 1996; Lois and Alvarez-
Buylla, 1994; Stenman et al., 2003; Wichterle et al., 1999, 2001). Several factors have been
identified that influence the initial generation of interneurons from the LGE and their migration
via the RMS (Chen et al., 2001; Hu, 1999; Soria et al., 2004; Stenman et al., 2003; Waclaw et
al., 2006; Wu et al., 1999; Yoshihara et al., 2005; Yun et al., 2003). Previous studies have
suggested that cell type specification is intrinsically regulated (Tucker et al., 2006), but few
factors have been identified that regulate the terminal differentiation and specification of these
cells within the OB.

We have shown that the zinc finger containing putative transcription factor Sall3 was expressed
by olfactory progenitors and a subset of differentiated neurons, predominantly by interneurons
in the GL. Within OB interneuron populations, Sall3 was expressed by chemically diverse
populations. In the absence of Sall3, no alteration in OB size was observed at P0.5; however,
histological examination of the OB identified a decrease in cell number in the GL. TH
expression was absent from the OB throughout development. In addition, we observed a
decrease in the number of GAD65/67-, Pax6-, calretinin-, and calbindinpositive populations
in the GL, accompanied by an increase in the number of positive cells in the GCL. In
Sall3+/− animals, Sall3-expressing cells, assayed by the presence of β-galactosidase expression,
were observed in the GL and GCL. In Sall3-deficient animals, β-galactosidase-positive cells
were also observed in the GL and GCL, although a decrease in the number of β-galactosidase-
positive cells in the GL was observed. This indicates that at least a subpopulation of
interneurons dependent on Sall3 can appropriately migrate to their laminar position.
Furthermore, this suggests that expression of Sall3 in interneuron populations is not essential
for their migration to their laminar position. In addition, the morphology of radial glia appeared
normal in Sall3-deficient animals, which suggests that, if a migration deficit is present, it is
not due to alterations in radial glia. Although we cannot exclude the possibility that Sall3 is
required for the migration of subpopulations of interneurons, we hypothesize that Sall3 is
required for the terminal maturation of OB interneurons.

In Sall3 mutant animals, the GL appeared hypocellular, and TH expression was absent.
Previous studies have implicated Pax6 in the generation of dopaminergic OB cells (Hack et
al., 2005; Kohwi et al., 2005). However, Pax6 expression was present in Sall3 mutant animals,
which suggests that the absence of TH expression was not due to a requirement for Pax6.
Kohwi et al. (2005) proposed that Pax6 instructs a laminar bias toward the GL, as Pax6 is
down-regulated by cells in the GCL. Pax6high-expressing cells were observed predominantly
in the GCL in Sall3-deficient animals, which suggests that Pax6 is not sufficient to instruct OB
laminar position. Furthermore, the presence of Pax6 expression in Sall3 mutant animals
suggests that Sall3 is either downstream of the Pax6 signaling pathway or that they represent
independent pathways in dopaminergic cellular generation.
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In the nigrostriatal pathway TH-positive cells arise from a Nurr1-positive precursor cell
(Backman et al., 1999; Castelo-Branco et al., 2003, 2006). In Nurr1-deficient animals, TH
expression is absent from the substantia nigra and nigrostriatal pathway but is maintained in
the OB (Le et al., 1999). In Sall3 mutant animals, TH expression was maintained in the
substantia nigra and nigrostriatal pathway but was absent from the OB. This suggests that
independent pathways regulate dopaminergic maturation in distinct neural regions. Expression
of the dopaminergic precursor Nurr1 was observed in the GL, MCL, and GCL of Sall3-deficient
animals. Nurr1-positive cells were present in reduced numbers in the GL, but an increase in
Nurr1 expression in the GCL was observed in the absence of Sall3, which suggests that most
of these cells fail to reach their laminar position and express TH. Previous studies have shown
that TH expression is context dependent (Baker and Farbman, 1993; Baker et al., 1984, 1993;
Biffo et al., 1990; McLean and Shipley, 1988; Nadi et al., 1981; Stone et al., 1991). Therefore,
it is possible that these cells cannot express TH because they are not receiving appropriate
signals. In Sall3-deficient animals, no alterations in peripheral innervation were observed, and
expression of the immediate early protein c-Fos was present. In addition, olfactory perception
appeared to be present in Sall3-deficient animals (Parrish et al., 2004). We therefore
hypothesize that Sall3 is required for terminal differentiation of Nurr1-positive dopaminergic
precursors and expression of a mature dopaminergic TH-positive phenotype.

Our studies have demonstrated that Sall3 is required for the terminal maturation of OB
interneurons. We have recently described a role for a related Sall family member, Sall1, in OB
development (Harrison et al., 2007). During development, Sall1 and Sall3 are expressed by
cells in the olfactory epithelium and the OB. Interestingly, early in development, Sall1 is
expressed prior to Sall3 in overlapping cell types in both olfactory epithelium and developing
neural epithelium. Sall1 mutant mice die at birth from kidney deficits (Nishinakamura et al.,
2001) and have smaller OBs (Harrison et al., 2007). The absence of Sall1 specifically alters
mitral cell development and olfactory nerve innervation, whereas interneuron subtypes are
relatively normal and mature (Harrison et al., 2007). Furthermore, we identified that Sall1 does
not compensate for loss of Sall3 in olfactory development. These findings indicate that Sall
family members regulate distinct steps in olfactory bulb neurogenesis.

Our studies, and those of others, demonstrate that independent mechanisms regulate
dopaminergic cell maturation in distinct neural regions (Le et al., 1999). In Parkinson’s disease,
preferential loss of dopaminergic cells is observed in the substantia nigra pars compacta.
However, one of the first symptoms observed in Parkinson’s disease is a loss of olfactory
perception (for review see Ponsen et al., 2004), which suggests that global deficiencies in
cellular populations exist. Dopaminergic cells are of potential therapeutic value for the
treatment of neurodegenerative disorders, such as Parkinson’s disease (for review see Correia
et al., 2005; Geraerts et al., 2007; Lindvall and Bjorklund, 2004; Snyder and Olanow, 2005;
Sonntag et al., 2005). Several factors have been identified that can induce a dopaminergic
phenotype from precursor cells, but these cells do not fully mature (for review see Correia et
al., 2005; Sonntag et al., 2005). Our studies have identified a role for the transcription factor
Sall3 in the terminal differentiation and maturation of dopaminergic cells derived from the
dorsal ganglionic eminence. It may therefore be of therapeutic value to investigate the potential
use of Sall3 in promoting a terminal dopaminergic cellular phenotype.
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Fig. 1.
Sall3 is expressed by olfactory progenitors and interneuron populations. In situ hybridization
of Sall3 expression in the developing (A–E) and adult (F,G) olfactory system in coronal (A–
D,F,G) and sagittal (E) sections. Sall3 was expressed in the OE and VNO at E13.5 (arrowheads,
A). In the olfactory bulb, Sall3 was expressed by progenitor cells and a subpopulation of
differentiating (arrowheads) cells at E13.5 (B) and E17.5 (C). At E17.5, Sall3 was additionally
expressed by cells in the GL, MCL (arrowheads), and GCL (arrows; D). Sall3 expression was
observed in the RMS at E16.5 (E). Expression of Sall3 was maintained in the GL, MCL, and
GCL in the adult (F,G). D is the boxed area in C; G is the boxed area in F. OE, olfactory
epithelium; VNO, vomeronasal organ; P, progenitor populations; D, differentiating field; GCL,
granule cell layer; MCL, mitral cell layer; GL, glomerular layer; RMS, rostral migratory
stream; OB, olfactory bulb. Scale bar = 400 µm for A,E; 350 µm for C; 100 µm for D; 800 µm
for F; 200 µm for B,G.
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Fig. 2.
A–J: The glomerular layer is hypocellular in the absence of Sall3. Nissl staining of coronal
sections of the olfactory bulb at E14.5 (A–B′), E16.5 (C–D′), and P0.5 (E–F′) and Tuj1 staining
at E16.5 (G,H) and P0.5 (I,J) in control (A,A′,C,C′,E,E′,G,I) and Sall3−/− (B,B′,D,D′,F,F′,H,J)
animals. Control animals represent images of either Sall3+/+ or Sall3+/− animals. No alterations
in early olfactory development were observed in Sall3 mutant animals (B,B′,D,D′). The GL
appeared hypocellular at P0.5 in Sall3-deficient animals (F′). The MCL, GCL, and GL were
identifiable under high power, by cellular characteristics described in Materials and Methods.
Innervation of the olfactory bulb by the olfactory nerve (arrows, G–J) was not altered in Sall3
mutant animals (H,J). P, progenitor populations; D, differentiating field; GCL, granule cell
layer; MCL, mitral cell layer; GL, glomerular layer; ON, olfactory nerve; OB, olfactory bulb;
OE, olfactory epithelium. Scale bar = 100 µm for A′,B′,C′,D′,E′,F′; 200 µm for A,B; 300 µm
for C,D,G,H; 350 µm for E,F,I,J.
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Fig. 3.
Olfactory bulb tyrosine hydroxylase (TH) expression is absent in Sall3-deficient animals.
Reelin (A,B) and TH (C–F) staining (black) in coronal sections of control (A,C,E) and Sall3
mutant (B,D,F) animals at P0.5 (A–D) and E16.5 (E,F). Sections were counterstained with
hematoxylin and eosin. No alterations in reelin expression in the MCL were observed in Sall3-
deficient animals (B). TH expression in the GL was absent in Sall3 mutant animals at P0.5 (D)
and E16.5 (F). GCL, granule cell layer; MCL, mitral cell layer; GL, glomerular layer; ON,
olfactory nerve. Scale bar = 100 µm.
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Fig. 4.
Tyrosine hydroxylase (TH) expression is maintained in the midbrain of Sall3 mutant animals.
TH expression (black) in the midbrain of control (A,C) and Sall3−/− animals (B,D) at P0.5. TH
expression was maintained in the SN and NSP in the absence of Sall3 (B,D). SN, substantia
nigra; NSP, nigrostriatal pathway. Scale bar = 800 µm.
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Fig. 5.
c-Fos expression is observed in the OB of Sall3−/− animals. Expression of the immediate early
gene c-Fos in the OB at P0.5 in sagittal sections of control (A) and Sall3 mutant (B) animals.
c-Fos expression, though reduced, was present in the absence of Sall3. AOB, accessory
olfactory bulb; OB, olfactory bulb. Scale bar = 400 µm.
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Fig. 6.
Sall3 is not required for the initial specification of cells within the LGE or migration within
the RMS. Expression of ER81 (A,B), neurofilament (C–F) and Pax6 (G,H) in the lateral
ganglionic eminence (A,B) and RMS (C–H) of control (A,C,E,G) and Sall3−/− (B,D,F,H)
animals at E16.5 (C,D) and P0.5 (A,B,E–H). ER81 expression was unaltered in the LGE in
Sall3 mutant animals (B). Histological examination of the RMS did not reveal any
abnormalities in Sall3−/− animals (D,F). Pax6-expressing neuroblasts were observed migrating
in the RMS in the absence of Sall3 (H). OB, olfactory bulb; RMS, rostral migratory stream;
AOB, accessory olfactory bulb. Scale bar = 150 µm for A,B; 300 µm for E,F; 400 µm for
C,D,G,H.
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Fig. 7.
Sall3 is required for the terminal maturation of olfactory interneurons. GAD65/67 (red; A,B),
Pax6 (black; C,D), ER81 (black; E,F), calretinin (green)/reelin (red; G,H), calbindin (black;
I,J), and Nurr1 (blue; K,L) expression in the olfactory bulb in coronal (A–J) and sagittal (K,L)
sections at P0.5 of control (A,C,E,G,I,K) and Sall3 mutant (B,D,F,H,J,L) animals. Sections
were counterstained with DAPI (blue; A,B) and nuclear fast red (C–F,I,J). Fewer GAD65/67-
expressing cells were observed in the GL in Sall3 mutant animals, accompanied by more
positive cells in the GCL (B). 1 and 2 demarcate the GL and GCL, respectively; asterisk
indicates the GAD65/67-positive projections through the MCL (A,B). In control animals, large
Pax6high-expressing cells were observed predominantly in the GL (arrows, C), and small
Pax6low-expressing cells were located in the GCL (arrowheads, C). In Sall3 mutant animals,
fewer large Pax6high-expressing cells were observed in the GL (arrows, GL, D), and more large
Pax6high-expressing cells were observed in the GCL (arrows, GCL, D). No gross difference
was observed in the numbers of small Pax6low-expressing cells (arrowheads, D). A decrease
in ER81-expressing cells was observed in the GL in Sall3 mutant animals (F). Similar
alterations were observed with calretinin and calbindin populations in Sall3-deficient animals
(H,J). Glomeruli-like structures were observed in control (arrow, G) and Sall3 mutant animals
(arrow, H). Nurr1 expression was observed in the GL (arrows), MCL, and GCL (arrowheads)
of control (K) and Sall3 mutant (L) animals, although an increase Nurr1 expression was
observed in the GCL in the absence of Sall3 (L). GCL, granule cell layer; MCL, mitral cell
layer; GL, glomerular layer; ON, olfactory nerve. Scale bar = 100 µm for A–F,I,J; 75 µm for
G,H; 200 µm for K,L.
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Fig. 8.
Sall3 is not required in a cell-autonomous manner for glomerular olfactory interneuron
maturation. β-Galactosidase expression (red) in Sall3+/− and Sall3−/− animals at P0.5 (A,B).
Expression is observed in progenitor cells, differentiating cells, GCL, MCL, and GL (A,B).
Sections were counterstained with DAPI (blue). In Sall3 mutant animals, a decrease in the
number of β-galactosidase-expressing cells in the GL and an increase in β-galactosidase-
expressing cells in the GCL were observed (B). Pax6 (red; C,D), calretinin (red; E,F), and
calbindin (red; G,H) coexpression with β-galactosidase (green) in the P0.5 olfactory bulb in
Sall3+/− (C,E,G) and Sall3−/− (D,F,H) animals. Coexpression of β-galactosidase was observed
with the majority of Pax6 (arrows, C) cells in the GL. However, a mix of calretinin+ β-
galactosidase+ (arrows, E) and calretinin+ β-galactosidase− (arrowheads, E) and calbindin+

β-galactosidase+ (arrows, G) and calbindin+ β-galactosidase− (arrowheads, G) was observed
in the GL of Sall3+/− animals. In Sall3 mutant animals, although the number of Pax6-,
calretinin-, and calbindin-positive cells in the GL is decreased (D,F,H), cells coexpressing β-
galactosidase and Pax6 (arrows, D), β-galactosidase and calretinin (arrows, F), and β-
galactosidase and calbindin (arrows, H) were observed. Calretinin and calbindin are
additionally expressed by olfactory nerve axons, visible as staining superficial to the GL in E–
H. P, progenitor populations; D, differentiating field; GCL, granule cell layer; MCL, mitral
cell layer; GL, glomerular layer; ON, olfactory nerve; β-gal, β-galactosidase; CR, calretinin;
CB, calbindin. Scale bar = 150 µm for A,B; 100 µm for C–H.
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Fig. 9.
Sall1 does not compensate for loss of Sall3. Sall1 was robustly expressed by cells in the GCL
and MCL in both control (A) and Sall3 mutant (B) animals. Within the GL, Sall1 was expressed
by a subset of cells (A), and, similar to other GL populations examined, this population
appeared to be decreased in Sall3 mutant animals (B). Scale bar = 150 µm.
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TABLE 1
Antibodies Used in This Study

Antibody Species Concentration Source Catalog No.

β-Galactosidase Chicken (polyclonal) 1:500 Abcam, Cambridge, MA Ab9361

c-Fos (Ab-5) Rabbit (polyclonal) 1:20,000 Oncogene, San Diego, CA PC38

Calretinin Rabbit (polyclonal) 1:1,000 Chemicon, Temecula, CA AB5054

Calbindin Rabbit (polyclonal) 1:1,000 Abcam Ab11426

ER81 Rabbit (polyclonal) 1:5,000 Covance, Berkeley, CA PRB-362C

GAD65/67 Rabbit (polyclonal) 1:10,000 Sigma, St. Louis, MO G 5163

Neurofilament 160 Mouse (monoclonal) 1:200 Sigma N5264

Pax6 Rabbit (polyclonal) 1:500 Covance PRB-278P

Reelin Mouse (monoclonal) 1:500 Abcam Ab18569

Sall1 Mouse (monoclonal) 1:500 R&D Systems, Minneapolis,
MN

2ZK9814H

Tuj1 Rabbit (polyclonal) 1:1,000 Sigma T-2200

Tyrosine hydroxylase Mouse (monoclonal) 1:5,000 Sigma T1299
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