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Disabled-1 dorsal horn spinal cord neurons co-express Lmx1b
and function in nociceptive circuits
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Abstract

The Reelin-signaling pathway is essential for correct neuronal positioning within the central
nervous system. Mutant mice with a deletion of Reelin, its lipoprotein receptors, or its intracellular
adaptor protein Disabled-1 (Dabl), exhibit nociceptive abnormalities: thermal (heat) hyperalgesia
and reduced mechanical sensitivity. To determine dorsal horn alterations associated with these
nociceptive abnormalities, we first characterized the correctly positioned Dabl neurons in wild-
type and mispositioned neurons in Reelin-signaling pathway mutant lumbar spinal cord. Using
immunofluorescence, we found that 70% of the numerous Dab1 neurons in Re/n** laminae I-11
and 67% of those in the lateral reticulated area and lateral spinal nucleus co-express the LIM-
homeobox transcription factor 1 beta (Lmx1b), an excitatory glutamatergic neuron marker.
Evidence of Dabl- and Dabl-Lmx1b neuronal positioning errors was found within the isolectin
B4 terminal region of Re/r’~ lamina llinner and in the lateral reticulated area and lateral spinal
nucleus, where about 50% of the Dab1-Lmx1b neurons are missing. Importantly, Dab1-Lmx1b
neurons in laminae I-11 and the lateral reticulated area express Fos after noxious thermal or
mechanical stimulation and thus participate in these circuits. In another pain relevant locus — the
lateral cervical nucleus, we also found about a 50% loss of Dab1-Lmx1b neurons in Re/r~ mice.
We suggest that extensively mispositioned Dab1l projection neurons in the lateral reticulated area,
lateral spinal nucleus, and lateral cervical nucleus and the more subtle positioning errors of Dabl
interneurons in laminae I-11 contribute to the abnormalities in pain responses found in Reelin-
signaling pathway mutants.
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Reelin-signaling pathway mutant mice are hypersensitive to thermal and insensitive to mechanical
stimulation yet the anatomical abnormalities that cause these alterations are unclear. Here we show
that 70% of Disabled-1-expressing dorsal horn neurons in laminae I-I1 (see image) and lateral
lamina V co-express the transcription factor Lmx1b, a marker of glutamatergic neurons. We also
found that these Disabled-1-Lmx1b neurons are incorrectly positioned in nociceptive areas of
mutant dorsal horns.
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Introduction

During development, the canonical Reelin pathway contributes to the correct positioning of
specific neuronal populations, particularly in highly laminated areas including cerebral and
cerebellar cortices (Rice er al,, 1998; Rice and Curran, 2001; Honda et a/., 2011). Reelin is
secreted by neurons and binds to two lipoprotein receptors, Apolipoprotein E receptor 2
(Apoer2) and the Very-low-density lipoprotein receptor (VIdIr), which are expressed on
nearby neurons. Reelin binding recruits the adaptor protein Dabl to the intracellular
domains of the lipoprotein receptors and stimulates Dab1 phosphorylation by Src-family
kinases. This phosphorylation event initiates the downstream signaling necessary for correct
neuronal positioning after which migration ceases (Howell ef al., 1997; Arnaud et al., 2003;
Bock and Herz, 2003). Mice with mutations in various components of the Reelin-signaling
pathway produce similar positioning errors in the central nervous system (CNS; Howell et
al., 1997; Trommsdorff et al., 1999).

The role of Reelin signaling is extensively studied in higher brain structures, but much less is
understood in the spinal cord. Sympathetic and parasympathetic preganglionic neurons in
Relr™!=, Apoer2™~/VIdlr'=, and dab1™'~ mice have extensive alterations in their migratory
pathways as they fail to stop in their normal lateral locations and instead are found medially
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(Yip et al., 2000; Phelps et al., 2002; Yip et al., 2004). In comparison, the somatic motor
neurons in Relr’~ and dab1™'~ mice have more subtle positioning errors in the ventral spinal
cord (Palmesino et al., 2010; Abadesco et al., 2014).

Previously we reported that Re/r7/~ and dabZ™~ mice have pronounced dysfunction in pain
processing, including increased noxious heat and reduced noxious mechanical sensitivity
(Villeda et al., 2006; Akopians et al., 2008; Wang et al., 2012). Despite the extensive
functional nociceptive alterations in mutants, the anatomical changes in Re/r'~ and dab1™/~
dorsal horns that lead to these abnormalities remain unclear. Information about noxious
stimuli is relayed by nociceptors in the dorsal root ganglion to discrete laminae of the
superficial dorsal horn (i.e., laminae 1-11; Basbaum et a/., 2009; Todd, 2010). Some injury
messages are transmitted directly via spinal cord projection neurons, whereas most
information first engages interneuronal circuits in the dorsal horn; these interneurons, in
turn, transmit the information to the projection neurons in the deep dorsal horn and from
there to the brainstem and brain (Basbaum et a/., 2009; Todd, 2010). Notably, Reelin- and
Dab1-expressing neurons are distributed in dorsal horn areas associated with nociception,
including the superficial dorsal horn, and two regions containing projection neurons, the
lateral reticulated area of lamina V and the LSN (Menétrey et al., 1982; Burstein et al., 1987,
Kayalioglu et al., 1999; Kubasak et al., 2004; Villeda et al., 2006; Akopians et al., 2008;
Wang et al., 2012). In previous studies, however, we did not identify differences in
nociceptor termination patterns in Reelin-signaling pathway mutants (Villeda et a/., 2006;
Akopians et al., 2008) which suggests that the defects in mutants lie within the dorsal horn
circuitry.

To better understand how the disruption of Reelin signaling alters thermal and mechanical
nociceptive circuits, we aim to identify the phenotype of Dab1-labeled dorsal horn neurons.
Mispositioned Reelin-responsive neurons can be identified in Re/i~/~ by their high levels of
Dab1 expression compared to wild-type neurons that continually ubiquitinate and degrade
Dabl (Howell et al., 1997; Rice et al., 1998). Additionally, we will examine a less well-
known nociceptive area in cervical levels C1-3, the lateral cervical nucleus (LCN), a region
that contains ascending projection neurons involved in thermal and mechanical pain
processing (Giesler et al., 1979; Kajander and Giesler, 1987; Burstein et al., 1990). We
suspect that the mispositioning of multiple populations of Dab1-positive dorsal horn neurons
contributes to the extensive nociceptive abnormalities observed in mutant mice of the Reelin
pathway.

Materials and Methods

Animals

dab1'acZ mice—The generation and characterization of cdab1/4Z mice were described in
Pramatarova ef a/. (2008) and Abadesco et a/. (2014), and mice were obtained from Dr.
Brian Howell (SUNY Upstate Medical University, Syracuse, NY). The dab1/4¢Z* mice have
one normal allele that expresses dabl, whereas in dab1/aZ/1acZ mice, dab1 expression is
eliminated.

Eur J Neurosci. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yvone et al.

Page 4

Reln mice—We used adult Re/n mice to investigate Dab1 expression in mutants. The Re/n
(B6C3Fe-ala- Reln’) mice were originally obtained from Jackson Laboratory.

Reln™-Or: GAD67CFP mice—The Reln-O" strain was previously described by Takahara
et al. (1996) and the GAD67CF line was generated by Tamamaki ef a/. (2003). These mice
were interbred as described in Abadesco et a/. (2014) to determine if Dab1 neurons were
GABAergic. Genotyping of dab1/4Z Reln, and Reln’~9": GAD676FF mice was adapted
from Pramatarova et a/. (2008), D’ Arcangelo et al. (1996), and Hammond et a/. (2006),
respectively.

Behavioral tests

All experiments were approved by the Chancellor’s Animal Research Committee at UCLA
and conducted according to the National Institute of Health guidelines. Earlier studies of
Relnor dabl mice found that their responses did not differ by sex (Villeda et a/., 2006;
Akopians et al., 2008).

1. Thermal (heat) Hargreaves test—Thermal nociception was examined with the
Hargreaves’ paw withdrawal test (model 336G stimulator, 11TC; Hargreaves ef a/., 1988).
Prior to testing, the optimal intensity of the heat source was determined to be 12% to elicit a
10 sec response from wild-type mice. Six males of all three genotypes (dabI**, dabi1/acZ/#,
and dab1/acZ/lacZy yere acclimated in clear plastic tubes for 45 min before the heat source
was focused onto the plantar surface of the hind paws for 3 trials each and withdrawal
responses were recorded. This model turns off at 20 secs to prevent injury.

2. Thermal (heat) Fos stimulation—Five to seven age-matched sets of female mice,
lightly anesthetized with Sodium Pentobarbital (50-60 mg/kg), were used and 15 mins after
anesthesia induction, the left hindpaw was dipped into 50°C water for 3 sec/min for 10 min.
Due to the inconsistent responses of dab1/3°Z/* and dab1/acZ/1aZ mice to the anesthetic, we
set criteria for inclusion into the study. Mice were judged to be over-sedated if they
responded to less than 8 of the 10 stimulations or under-sedated if their response to the heat
involved exaggerated full body movements. We let such mice recover and re-tested them 1-2
weeks later.

3. Mechanical von Frey test—Five to six male mice of each genotype were placed in
plastic chambers on an elevated wire mesh for 1 hr before testing with the up-down
paradigm of Chaplan (Chaplan et a/., 1994). Calibrated von Frey monofilaments (0.008 — 4.0
g) were applied to the center of the plantar surface of the left hindpaw in series, starting with
the 0.4 filament. Responses were tabulated and the 50% response for the withdrawal
threshold was determined.

4. Mechanical Fos stimulation—Six to seven age-matched male mice from all three
genotypes were used and set up as described above for thermal Fos stimulation. The left
hindpaw was stimulated with a padded alligator clip for 20 sec every 3 min for a total of 15
min. The same criteria as reported for thermal Fos experiments were used to decide whether
to continue with the experiment or re-test later.
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Tissue preparation and immunohistochemistry

One hour after noxious stimulation, dab2/2Z mice were re-anesthetized (Sodium
Pentobarbital, 100 mg/kg) and perfused transcardially with 4% paraformaldehyde, and post-
fixed for 1 hour (4°C) in the same fixative. Re/nand Reln-0":GAD676FF mice received the
same fixative but with a 1-3 hour post-fix. Following an overnight wash with 0.12M
phosphate buffer (PB), spinal cords were dissected and cryoprotected in 30% sucrose/PB for
2-3 days. Upper cervical (C1-3) and lumbar (L4-5) segments were blocked and frozen in
Optimum Cutting Temperature (Sakura) and stored at —80°C.

To evaluate Fos expression, we immunostained 5-6 40 um coronal cryostat sections per
mouse lumbar levels 4-5. We used rabbit anti-Fos (1:10,000; Calbiochem, PC38) with 0.1M
Tris buffer with 1.4% NaCl and 0.1% bovine serum albumin (TBS). Standard avidin-biotin
techniques combined with Nickle-intensified diaminobenzidine were used to visualize Fos
expression. Sections were mounted, dried, dehydrated, cleared and coverslipped. Coronal or
sagittal sections (25-30 pm) were used for double immunofluorescent experiments.

B-galactosidase histochemistry—Free-floating sections were washed with PB,
preincubated for 2—7 h in an X-gal reaction buffer [5 mM K3Fe(CN)g, 5 mM K4Fe(CN)g—
3H,0, 1 mM MgCly, 0.01% deoxycholic acid and 0.02% Igepal; Sigma] and reacted in the
same buffer plus 1 mg/mL X-gal (Gold Biotechnology) for 1-12 h. After staining, sections
were washed with PB and processed for diaminobenzidine immunohistochemistry
(Abadesco et al., 2014).

Immunohistochemical procedures—Following p-gal localization, a rabbit antiserum
to Dabl (B3; 1:5,000-1:10,000; generous gift of Dr. Brian Howell; Howell ef a/., 1997) was
used to detect Dab1 protein in free-floating spinal cord sections as in Abadesco et al. (2014).
Other primary antibodies used include: guinea pig anti-Lmx1b (1:20,000; generous gift of
Drs. Miiller and Birchmeier; Mller et al., 2002), chick anti-Green Fluorescent Protein
(GFP; 1:1,000; Aves Labs, GFP-1020), goat anti-Choline acetyltransferase (ChAT; 1:750;
Chemicon, AB144P), mouse anti-Neuronal nuclei (NeuN; 1:900; Millipore, MAB377), and
rabbit anti-Neurokinin-1 receptor (NK-1R; 1:8,000; Sigma, S8305). Isolectin B4 (I1B4) was
visualized using a biotinylated 1B4 conjugate (1:200; Vector, B-1205).

Most double or triple-labeling immunofluorescence experiments used the Tyramide Signal
Amplification Plus kit (PerkinElmer) as reported (Shields et a/., 2010; Abadesco et al.,
2014), together with the appropriate biotinylated secondary antibodies. All secondary
antibodies were purchased from Jackson Immunoresearch. Those used at a 1:500 dilution
were donkey anti-chick Alexa Fluor 488, and biotinylated donkey anti-mouse or rabbit for
diaminobenzidine reactions. Streptavidin Alexa Fluor 488 (1:1,000) was used for the I1B4
conjugate. For Dab1-Fos-Lmx1b triple labeling, citric acid treatment was performed as
described in Abadesco et al. (2014) to co-localize two rabbit antisera, i.e. Dab1 and Fos.

A Zeiss Laser Scanning Microscope (LSM510) was used to obtain thin confocal images of
the immunofluorescent co-localization as stated in the figure legends. Low magnification
confocal images were obtained with 10x, and high magnification images, with a 40x
objective. Each confocal image represents a 3 um thick slice except for those of the lateral
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reticulated area and LSN. Due to the small number of neurons present in these two areas,
their 3 um slices were collapsed into a single image. Fluorescent and brightfield images
were collected with a Zeiss AxioCam HRc camera on an Olympus AX70 microscope.
Images were analyzed with LSM Image browser, and then transferred to Photoshop for
assembly, cropping, and adjustment of brightness and contrast.

Statistical Analyses

Results

Fos stimulation and behavioral studies—Five to six hemisections per mouse with the
highest number of Fos-localized cells were photographed and analyzed. Laminae I-I1, 11—
IV, V=VI, and the LSN were delineated and Fos-positive cells/area counted as in Wang ef a/.
(2012). The means of Fos-positive cells were compared by genotype and spinal area using a
3 x 4 repeated measures two-way analysis of variance (ANOVA) model where the spinal
area is the repeated within-group factor and genotype is the between-group factor. Under this
ANOVA model, post hoc mean comparisons were judged significant using the Fisher least
significant difference criterion unless specified. For the Hargreaves test, mean values were
evaluated with ANOVA.. For the von Frey test, significance of the mean threshold values was
evaluated with the Kruskal-Wallis test. Calculations were carried out with JMP 10 (SAS
Inc.) or Sigma Plot 12.0 (Systat Software Inc.), respectively.

Mispositioning and Dab1-Lmx1b co-localization analyses—Coronal sections at
lumbar 4-5 levels were imaged with confocal microscopy. Between 5-7 hemisections per
mouse from 4-5 Reln pairs were analyzed. Cell counting in the superficial dorsal horn was
carried out in a single 3 um confocal slice. The superficial dorsal horn and LSN were
determined as in Wang et a/. (2012). The delineation of the LCN/LSN in cervical levels
C1-3is shown in the LCN figure. Cells in the lateral reticulated area of lamina V were
counted in a box (17000 um x 17000 um) drawn on the 40x confocal image with the LSN as
the lateral border. The means of Dab1- and Dabl-Lmx1b-labeled cells were compared by
genotype and/or area for each cell type with a 1 x 2 or 2 x 2 repeated measures two-way
ANOVA and post-hoc t-tests. Significance of other analyses including 1B4 area
measurements, NeuN and NK-1R width for the LCN/LSN were determined using ANOVA
and post-hoc t-tests. Calculations were done using Microsoft Excel or with JIMP 10 (SAS
Inc.).

The dab1'acZ/lacZ mice have increased thermal sensitivity and enhanced Fos expression

Before characterizing the dorsal horn in dab1/¢Z mice, we asked if the nociceptive behavior
of dab1/2Z/* mice was comparable to dabI** and if dab1/acZ/acZ mice displayed
nociceptive abnormalities typical of other Reelin-signaling pathway mutants. Results from
the Hargreaves test of thermal sensitivity found no differences in the withdrawal latencies
between dab1** and dab1/2°Z/* mice, whereas dab1/acZ/acZ mice had a significantly shorter
latency (Fig. 1A).

We used Fos expression following noxious heat stimulation as a marker of neuronal activity
and found no differences between the number of Fos-labeled cells in the dab1*/* and
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dab1'4cZ* dorsal horns (Fig. 1B). The dab1*/* and dab1/2Z* laminae I-11 had fewer Fos-
labeled cells than in dab1/acZ/acZ mice (Fig. 1B-E). However, in the dab*/* and dab1/acZ/*
LSN (Fig. 1C—E, short arrows), there were more Fos-labeled nuclei than in dab1/acZ/1acz
mice (Fig. 1B-E). These somewhat contradictory findings can be explained by the 50%
reduction in the number of neurons in the LSN of Reelin-signaling pathway mutants (Villeda
et al., 2006; Akopians ét al., 2008). Individual observations of the dab1** and dab1/ac/*
lateral reticulated area (Fig. 1C-E, long arrows) frequently had more Fos-expressing cells
than those of dab1/acZ/acZ mice, but the total cell numbers did not differ when evaluated in
combination with laminae V-VI (Fig. 1B-E). Overall, our results confirm that dab1/acZ/lacZ
mice display thermal hyperalgesia, as found in other Reelin-signaling pathway mutants
(Villeda et al., 2006; Akopians et al., 2008).

Reduced mechanical sensitivity and Fos expression characterize dab1'2¢Z/1acZ mice

Results from the Chaplan up-down test of mechanical sensitivity found no differences in the
50% withdrawal latencies between dab1*/* and dab1/2°Z/* mice (Fig. 1F). The gab1/acZ/lacZ
mice, however, had much higher mechanical thresholds (Fig. 1F). After noxious mechanical
stimulation the number of Fos-labeled cells did not differ between the dab1** and
dab1/2cZ* dorsal horns (Fig. 1G), whereas the dab1/2°Z//2cZ mice had fewer Fos-expressing
cells in laminae I-1l and LSN (Fig. 1G-J, short arrows). Again, Fos-labeled neurons in
dab1** and dab1/2°Z/* |ateral reticulated area were greatly reduced in dab1/ac2/1acZ mjce
(Fig. 1H-J, long arrows). These results support our previous findings on reduced mechanical
pain sensitivity in Re/nand dabl mutants (Villeda et al., 2006; Akopians et al., 2008; Wang
et al., 2012).

Dabl expression in the adult dorsal horn

As mutations in the Reelin pathway cause abnormalities in neuronal positioning, we then
characterized Dab1 expression in adult dorsal horn using a combination of B-gal
histochemistry and Dab1 immunohistochemistry. In the superficial dorsal horn, it is difficult
to distinguish Dabl-expressing neurons due to extensive terminal staining. Dabl expression
in dab1?* appeared as diffuse reaction product and a few discernible neurons (small
arrowheads in Fig. 2A). Several Dabl cells are detected in laminae I11-1V, while the lateral
reticulated area of lamina V has a number of medium and a few large Dab1-labeled neurons
(large arrowheads in Fig. 2A). The LSN contained strong Dabl reaction product and a few
labeled cells.

In the dab1/4Z* dorsal horn, the B-gal reaction product and Dab1 immunoreactivity are
found within the same areas and co-localize within cells of the lateral reticulated area (Fig.
2B and inset), confirming that both methods identify the same neurons. As expected, the
dab1'ac2/1cZ dorsal horn contained only B-gal deposits which were concentrated in laminae
I-11 and the lateral reticulated area (Fig. 2C), similar to the protein expression pattern in
dab1** dorsal horn (Fig. 2A). Because B-gal deposits are not found in axons of Dab1
neurons (Abadesco et al., 2014), the heavy p-gal product in the superficial dorsal horn
suggests that there are many more Dabl-labeled neurons than we previously reported
(Villeda et al., 2006; Akopians et al., 2008). The heterogeneity in size and regional
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distribution suggests that Dab1l is widely expressed in several distinct dorsal horn
populations.

Superficial dorsal horn: most Dab1 cells co-express the transcription factor Lmx1b

Next we sought to identify the phenotype of the small Dabl neurons in laminae I-Il that
resemble the classically defined nociceptive-specific dorsal horn neurons. Because the
majority of interneurons in this area are excitatory (Todd, 2010), we asked whether they
were glutamatergic neurons. There are two homeobox proteins, Lmx1b and TIx3 (T-Cell
Leukemia Homeobox 3), that mark a late-generated dorsal neuron population (dILB) that
migrates to the superficial laminae of the dorsal horn and differentiates into an excitatory
glutamatergic phenotype (Gross et al., 2002; Muller et al., 2002; Cheng et al., 2004; Cheng
et al., 2005; Dai et al., 2008; Rebelo et al., 2010). Because Lmx1b expression is maintained
in adults (Dunston et al., 2005; Dai et al., 2008), we asked if Dab1 dorsal horn neurons
express Lmx1b. The B-gal product was detected in the same dab1/a°<* and dab1/acZ/1acZ
dorsal horn areas as Lmx1b (data not shown). To better identify the Dabl-expressing
neurons, we conducted double immunofluorescence experiments, confocal imaging and
extensive analyses on Re/n*’* and Relr'~ dorsal horns and confirmed Dab1 and Lmx1b co-
localization (Fig. 3A—F). Analyses of 3 pm confocal images revealed that 70% of the small
to medium Dab1l-expressing superficial dorsal horn neurons co-express Lmx1b (yellow
arrowheads in Fig. 3B, B1-2, E, E1-2; Reln*/* 71+2%:; Relrn'~ 70+2%). Compared to
Reln™*, there are a few medium and large-sized Dab1-Lmx1b neurons in Re/r’~ laminae |-
Il (Fig. 3F; compare Fig. 3A to D and Fig. 3G to H) and dorsal funiculus (data not shown).
Based on previous studies (Cheng et al., 2004; Cheng et al., 2005; Dai et al., 2008), the
Dabl1-Lmx1b neurons are likely to be glutamatergic.

We also tested other common markers of excitatory superficial dorsal horn neurons (Antal et
al., 1991; Todd, 2010; Gutierrez-Mecinas et al., 2016). Although many Protein Kinase C
gamma (PKCy)-positive interneurons express Lmx1b, none of the Dab1-labeled neurons co-
expressed PKC+y (data not shown). The Dab1l neurons also did not express Calretinin, but a
few Dab1-Lmx1b neurons did contain Calbindin and Somatostatin (data not shown).
Additionally, our previous studies showed that a few Dab1 dorsal horn neurons expressed
the Neurokinin-1 receptor that binds substance P and were mispositioned in Reelin-signaling
pathway mutant dorsal horns (Villeda ef al., 2006; Akopians ef al., 2008). We conclude that
most of the Dab1 neurons in the superficial dorsal horn are excitatory glutamatergic neurons.

Superficial dorsal horn: Dabl-Lmx1b-expressing neurons are mispositioned in Reln™/~

mice

As mispositioned neurons in Re/r’~ mice express high levels of Dab1, we compared the
distribution of Dab1 and Dab1-Lmx1b neurons in Re/n*’* and Relr'~ superficial dorsal
horn. Initial analyses divided laminae I-II into equal-sized bins in both the mediolateral and
dorsoventral divisions, but the number of Dab1 neurons per bin did not differ between
genotypes.

Because the superficial dorsal horn lamination pattern is precisely defined by primary
afferent terminations, we next focused our analysis on lamina Ilinner, which is marked by
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isolectin B4 (1B4) and receives nonpeptidergic nociceptive afferents (Basbaum et a/., 2009;
Todd, 2010). Although the area identified by 1B4-positive afferents did not vary by
genotype, we found fewer Dabl-only (Re/n** 4+0.4; Relr’~ 8+1; p=0.002, Fig. 3I) and
Dab1-Lmx1b neurons (Re/n*/* 13+2; Reln!~ 18+2; p=0.043, Fig. 3I) in the Reln*’* than
Relr!~ 1B4 region. Additionally, the 1B4 band in Re/r/~ lamina Ilinner appeared shifted
dorsally and perhaps laterally (Fig. 3G—H). Consistent with the more dorsal location of 1B4-
positive terminals, the area of laminae I-11 outer was larger in Re/n** than in Relr™'~ mice
(Reln*”* 17,444+ 1,357 um?; Reln™!~ 11,264+ 978 pm?; p=0.002, Fig. 3G—H). Despite the
reduced area in Re/r’~ laminae I-11 outer, the number of Dab1 cells in this area did not vary
by genotype (Fig. 31). To verify that the Dab1 cells did not die selectively in Re/r/~, we
compared total Dab1 neurons per 3 um hemisections of Re/n*’* (65+14 neurons) and
Relr!= (77411 neurons) mice and found no significant difference (£=0.15). Thus the Dab1-
and Dab1-Lmx1b-labeled laminae I-I1 neurons, and the 1B4-positive terminals all appear to
be mispositioned in Re/n'~ superficial dorsal horn.

Superficial dorsal horn: several Dabl neurons are GABAergic

After finding that 70% of the Dabl superficial dorsal horn neurons are excitatory, we asked
if the other Dab1 neurons in laminae I-I11 might be inhibitory and express glutamic acid
decarboxylase (GAD67). To best answer this question, we used Re/n”"-9 mice interbred
with a well-characterized GAD675FF line that expresses GFP under the GAD67 promoter
(Tamamaki er al,, 2003; Abadesco et al,, 2014). The majority of GAD67SFP-labeled neurons
did not co-localize with Dab1 in Relr’~O* or Reln/?/Ort/1-0rl gyperficial dorsal horn (Fig.
4A-D). A few double-labeled neurons were present, however, in laminae I-11 (yellow
arrowheads in Fig. 4B, B1-2, D, D1-2). We also observed Dab1 and Dab1-GAD67CGFP
neurons in the white matter dorsal to lamina | in Re/n-Orf*”* (Fig. 4E1-3) and
Reln/0rl=0Orl (Eig. 4F1-3) sagittal sections. More large Dabl-immunoreactive neurons
appeared to be located in RelnOr¥1=0rl than in Reln-Or*/* superficial dorsal horn (Fig.
4F1, 3 vs 4E1, 3). Markers of subsets of GABAergic dorsal horn interneurons, such as those
that express neuronal nitric acid synthase, Parvalbumin, and ChAT also were tested and did
not co-localize with Dab1 cells (Fig. 4G-H; data not shown; Laing ef al., 1994). We
conclude that relatively few Dabl neurons are inhibitory.

Lateral reticulated area and LSN: Dab1-Lmx1b neurons are mispositioned in Reln™~ mice

Previously we found Dabl neurons in the lateral reticulated area of lamina V, an important
nociceptive area containing projection neurons for which few markers have been identified.
Here we asked if the Dab1 neurons in the lateral reticulated area also express Lmx1b and
found that 67% of Dabl neurons co-express Lmx1b in both genotypes (Fig. 5A, yellow
arrowheads in Fig. 5C, C1-2, E, E1-2). We then analyzed both Dab1- and Dabl-Lmx1b-
labeled neurons to look for evidence of neuronal positioning errors in Re/r/~ mice. Greater
numbers of Dab1-Lmx1b neurons are found in the Re/n*/* (4+0.4) than in Reln™!~ lateral
reticulated area (2+0.3; p=0.0004, Fig. 5G), whereas fewer single-labeled Dab1l neurons are
present in Reln*/* (2+0.3) than Relr’~ mice (4+0.6; p=0.002, Fig. 5G). Several cholinergic
neurons in the lateral reticulated area (Phelps et af., 1984) also expressed Dab1l in Re/n*’*
and Relr’~ mice (yellow arrowheads in Fig. 4G1-3 and 4H1-3), but due to the small number
of double-labeled cells, positioning errors were not evaluated.
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As with other Reelin pathway mutants, we recorded about 50% more NeuN-labeled neurons
in the LSN of dabI** and dab1/4cZ/* than found in dab1/acZ/1acZ mice (dab1** 11+1;
dab1/acZ/* 11+1; dab1/2cZ/1acZ 541 dab1** vs dab1'acZ//acZ ;=0.003; dab1/a°Z/* vs
dab1lacZ/acZ =0.004; Villeda et al., 2006; Akopians et al., 2008). Here we report that
almost 70% of the Dab1 neurons in the LSN co-express Lmx1b (Fig. 5B, yellow arrowheads
in Fig. 5D, D1-2, F, F1-2), with almost twice as many Dab1-Lmx1b neurons in

Reln*”* (3.2+0.5) than Relr~ LSN (1.7£0.2; p=0.008, Fig. 5H). The total Dab1-positive
neurons in Re/n*’* (5+1) is also greater than in Re/r/~ LSN (3+0.3; p=0.02, Fig. 5H). Thus
Dab1 cells from the lateral reticulated area and the LSN are incorrectly positioned in Re/n/~
mice, including those that co-localize with Lmx1b.

Dabl-Lmx1b-positive neurons participate in nociceptive circuits

Having determined that the majority of the Dab1-expressing neurons in the superficial dorsal
horn, lateral reticulated area, and LSN co-express Lmx1b, we next asked if the Dab1-Lmx1b
neurons are activated by noxious thermal or mechanical stimulation. We found clear
examples of Fos protein expression in Dabl-Lmx1b-positive neurons in dab1?* and Reln*/*
superficial dorsal horn (Fig. 6A, Al-4, C, C1-4). Triple-labeled cells (white arrowheads) in
the wild-type lateral reticulated area (Fig. 6B, B1-4, D, D1-4) also were detected after
thermal or mechanical stimulation. Dab1-Fos- (magenta arrows) and Lmx1b-Fos- (cyan
arrows) expressing neurons also were evident (colored arrows in Fig. 6A, Al-3, B, B1-3, C,
C1-3, D, D1-3). Thus Dabl-, Lmx1b-, and Dabl-Lmx1b neurons participate in both noxious
heat and mechanical circuits.

Lateral cervical nucleus: Dabl neurons sustain positioning errors in Reelin-signaling
pathway mutants

The neurons of the lateral cervical nucleus (LCN; Fig. 7A) are surrounded by axons of the
dorsolateral funiculus, but only in cervical levels 1-3 (Kajander and Giesler, 1987). The
areas of LCN and LSN cannot be differentiated in these upper cervical levels and thus are
analyzed together (Burstein et a/., 1990). The LCN neurons receive nociceptive information
from neurons throughout the spinal cord and convey it rostrally as part of the
spinocervicothalamic pathway (Giesler et al., 1979; Kajander and Giesler, 1987; Burstein et
al., 1990). Most LCN neurons project to contralateral thalamus and respond to a wide-range
of innocuous and noxious thermal and mechanical stimuli (Giesler et a/., 1979; Kajander and
Giesler, 1987).

Due to the importance of this area in relaying nociceptive information, we first examined the
LCN to determine if neuronal mispositioning in this region might contribute to the sensory
abnormalities in Reelin pathway mutants. The Dabl expression in the C1-3 segments had
strong immunoreactivity in neurons of laminae I-11 and in the combined LCN/LSN (Fig.
7B-D). The dab1/aZ* |LCN/LSN contains neurons that are double-labeled with B-gal and
Dab1 (brown, Fig. 7E), whereas the dab1/aZ/1acZ has only B-gal concentrated in laminae |-
I, the lateral reticulated area, and in the LCN/LSN area (Fig. 7F). This demonstrates that the
pattern of Dab1l expression at high cervical levels resembles that in lumbar spinal cord (Fig.
2).
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We next asked if LCN neurons are mispositioned in dab1/acZ/acZ mice. The dab1*/*
LCN/LSN contained an average of 90+6 neurons/dorsal horn and did not differ from
dab1/2°Z/* |LCN/LSN with 8745 neurons. The dab1/2°2/4¢Z | CN/LSN contained 462
NeuN-labeled neurons, 49% and 47% fewer neurons than in dab1*/* and dab1/2°Z/* mice,
respectively (dab1*/* vs dab1/acZ/1acZ n=0.00002; dab1/@Z/* s dab1/2c2/1acZ n=0.00004; Fig.
7G-1). We also analyzed Re/n*’* and Relr™/~ LCN/LSN neurons and found that on average,
Reln™* LCN/LSN contained 78+7 neurons/dorsal horn while Re/r’~ mice had 4145
neurons, a 48% reduction in LCN/LSN neurons (p=0.007). Interestingly, nearly 50% of both
dab1/acZ/lacZ and Relr'~ LCN/LSN neurons are displaced, findings which support our
contention that this disruption is due to the loss of the canonical Reelin-Dab1l signaling
pathway.

The LCN/LSN contains fewer Dabl-Lmx1b neurons and is compressed in Reelin-signaling
pathway mutants

Previously we reported that the LSN contained many NK-1R-labeled processes (Akopians et
al., 2008). Therefore, to further analyze the LCN/LSN, we estimated the width of this region
by measuring the distribution of NK-1R expression in dab1/2°Z and Reln C1-3 segments.
NK-1R expression in the LCN/LSN area was measured from the base of the dorsal horn to
the most ventral processes that express NK-1R. This distance was greater in the dab1*/*
(146+6 um) and gab1/4¢Z* (14045 pm) than in gab1/aZ/acZ | CN/LSN (107+0.4 um;
dab1?* vs dab1/acZ/1acZ p=(0 0005; dab1/acZ/*vys dab1/acZ/acZ =0.001; Fig. 7J-L). A similar
result was found when comparing the Re/n*’* and Relr’= LCN/LSN (Reln*’* 141+0.7 um;
Relr= 103+3 pm; £=0.0002). Thus the LCN/LSN in mutants is compacted, consistent with
the loss of ~50% of their neurons.

We then analyzed the distribution of Dabl and Dab1-Lmx1b in Reln LCN/LSN neurons. On
average, both Reln*’* and Relr/~ LCN/LSN contained 11+1 single-labeled Dab1 neurons,
but Re/n*’* had about twice as many Dabl1-Lmx1b neurons as Re/r’~ LCN/LSN

(Reln™* 12+1; Reln™'~ 6+1; p=0.004; yellow arrowheads in Fig. 8A1-3, B1-3). These results
showed that although 52% of Dab1 cells in Reln*/* LCN/LSN co-express Lmx1b, only 36%
of Dab1 cells in Re/r/~ LCN/LSN are double-labeled. Because the LCN/LSN region
contains many projection neurons that convey nociceptive signals rostrally, changes in both
neuronal density and distribution in Reelin-signaling pathway mutants likely impact the
fidelity with which pain messages are transmitted rostrally.

Discussion

To identify anatomical defects in mutants of the Reelin-Dab1 signaling pathway, we first
characterized the Dabl-expressing dorsal horn neurons. We found many small Dab1-labeled
dorsal horn neurons in laminae I-11 and discovered that 70% of these Dab1 interneurons co-
expressed the transcription factor Lmx1b. Additionally, areas that contain projection neurons
for pain processing, such as the lateral reticulated area, LSN, and the LCN, also contained
Dab1 neurons and 50-70% of them co-expressed Lmx1b. Based on previous reports, these
neuronal populations are likely to be excitatory glutamatergic neurons (Cheng et al., 2004;
Cheng et al., 2005; Dai et al., 2008). Importantly, we found evidence of mispositioned Dabl
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neurons in multiple areas of the Re/r~/~ dorsal horn when compared to Re/n*’*: 1) More
Dabl and Dab1-Lmx1b cells are found within the 1B4-terminal zone and the 1B4 band itself
was shifted dorsally, 2) The lateral reticulated area and LSN were missing about 50% of
their Dab1-Lmx1b neurons, and 3) The combined LCN/LSN was compressed and missing
nearly 50% of its neurons, including many that co-express Dab1-Lmx1b. Additionally,
Dab1-Lmx1b neurons in the superficial dorsal horn and lateral reticulated area expressed
Fos after thermal and mechanical stimulation and thus actively participated in these
nociceptive circuits. Together, we have identified populations of Dabl-expressing dorsal
horn interneurons and projection neurons that sustain positioning errors in Reelin-signaling
pathway mutants, including a number of glutamatergic neurons. Thus, the thermal
hyperalgesia and reduced mechanical sensitivity in Re/r/~ suggests multiple disruptions in
the dorsal horn pain circuits that involve mispositioned Dab1-Lmx1b neurons. These
findings highlight the importance of the canonical Reelin-Dab1 signaling pathway in
regulating neuronal positioning in dorsal horn nociceptive areas and now correlate
anatomical defects with the pain abnormalities observed in mutant mice.

The loss of Reelin in the spinal cord affects Dabl neurons differently

Both somatic and preganglionic motor neurons in the spinal cord express Dabl and respond
to Reelin signaling, yet in Re/r’~ and dabZ™'~ mice, somatic motor neurons have rather
subtle positioning errors compared to the extensively mispositioned sympathetic and
parasympathetic preganglionic neurons (Yip et al., 2000; Phelps et al., 2002; Palmesino ef
al., 2010; Abadesco et al., 2014). Dab1-labeled dorsal horn neurons also show differences in
the extent of their positioning errors. Disruptions in the cellular organization of the smaller
Dab1 interneurons in Re/r'~ laminae I-11 were difficult to identify, whereas the larger Dab1l
projection neurons in Relr’~ lateral reticulated area, LSN, and LCN/LSN were clearly
missing from their respective areas. The final locations of these mispositioned Dab1
projection neurons remain unclear but likely include the extra Dabl and Dab1-Lmx1b
neurons in the 1B4 area of laminae Ilinner and large ectopic cells detected along the outer
edge of lamina I.

Based on previous studies, the migratory pathway of Dab1 and the late-born Lmx1b (dILB)
neurons overlap extensively, both temporally and spatially (Mdller et al., 2002; Dunston et
al., 2005; Villeda et al., 2006; Rebelo et al., 2010). If Reelin functions to terminate the
migration of the laterally located Dabl neurons in the lateral reticulated area, LSN and LCN
as reported with the sympathetic preganglionic neurons, then the absence of Reelin would
cause these dorsal horn projection neurons to fail to stop laterally and instead migrate past
their normal locations or return to the midline (Yip et al.,, 2000; Phelps et al., 2002; Kriiger
et al,, 2010). On the other hand, the Dab1 neurons in the Re/ri’~ superficial dorsal horn
seem to remain near their correct laminae but are somewhat out of place compared to
Reln™* mice. Because the number of Dab1 neurons and the percentage of Dab1 neurons co-
expressing Lmx1b do not differ between Re/n*’* and Relr!~ superficial dorsal horns, there
is no evidence of selective cell death in our model. Furthermore, based on previous studies
(Caviness and Rakic, 1978; Rice and Curran, 2001), neuronal generation is usually normal
in Reelin-signaling pathway mutants, but their migration pathways are altered.
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Dabl and Lmx1b both identify large neurons in the lateral reticulated area which express
Fos following mechanical or thermal stimulation. Based on their size, location, and response
to stimulation, these Dab1- and Dab1-Lmx1b cells likely correspond to the so-called wide-
dynamic-range neurons that relay nociceptive information to rostral targets (Menétrey et al.,
1980). Similarly, Dabl and LmxZ1b also identify large neurons in the LCN/LSN, many of
which are likely to be projection neurons that relay nociceptive information to the thalamus
(Giesler et al., 1979; Kajander and Giesler, 1987). The significant positioning errors
sustained by these neurons imply that Reelin regulates their migration during development.
Although generally the correct afferents still contact mispositioned neurons, it is unclear
whether or not normal functional connections are formed (Yip et al., 2003; Pascual et al.,
2004), especially since Reelin signaling was found to play a role in regulating hippocampal
synaptic function (Qiu et a/., 2006; Pujadas et al., 2010). In addition, Reelin-Dab1 signaling
has been implicated in dendrite development in the hippocampus and the cerebral cortex
(Niu er al., 2004; Olson et al., 2006; Matsuki et a/., 2008). Reln™/~ and dab1~/~ somatic
motor neurons also have stunted dendrites compared to wild-type mice (Phelps et a/., 2002;
Abadesco et al., 2014). Thus without Reelin, the Dab1 dorsal horn neurons also may have
abnormal dendrites, in addition to being mispositioned, which would further impair their
neuronal connections.

The contributions of Reelin and Lmx1b to nociception

Three recent mutant mouse studies (Wang et al., 2013; Xu et al., 2013; Szabo et al., 2015)
that characterized excitatory interneurons in the superficial dorsal horn found elevated
withdrawal thresholds in response to mechanical stimulation and morphological alterations
that resemble the phenotypic changes reported in our study. Furthermore, the brain-sparing
deletion of Lmx1b (Szabo et al., 2015), the removal of 7/x3from the excitatory dI5 and
dILB neurons (Xu et af., 2013), and the CNS-specific deletion of 7R4, a testicular orphan
nuclear receptor (Wang et al., 2013), all reported changes in the lamination pattern of the
superficial dorsal horn and a loss in the number of laminae I-11 neurons. Of particular
interest to our study was the loss of about 70% of Reelin-labeled superficial dorsal horn cells
in both 7R4and Lmx1b mutant mice (Wang et al., 2013; Szabo et al., 2015). The absence of
Reelin-expressing cells in the superficial dorsal horn would likely impact Dabl-expressing
cells severely.

Although Reelin-signaling pathway mutants are relatively insensitive to mechanical
stimulation as are the 7R4and Lmx1b conditional knockout mice, it is interesting that
Relr~ and dab1™'~ mice have the opposite response to heat, i.e., thermal hyperalgesia
(Villeda et al., 2006; Akopians et al., 2008; Wang et al., 2012). Thus there must be a
different neural circuit involving the Reelin-signaling pathway by which heat sensitivity is
increased. These findings imply that the canonical Reelin pathway differentially affects
circuits that process noxious thermal heat and mechanical signals and adds further support to
the concept of modality-specific circuits that process painful heat and mechanical messages.
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Abbreviations

ChAT choline acetyltransferase
CNS central nervous system
Dabl disabled-1

GADG67 glutamic acid decarboxylase 67

GFP green fluorescent protein

IB4 isolectin B4

LCN lateral cervical nucleus

Lmx1b LIM-homeobox transcription factor 1 beta
LSN lateral spinal nucleus

NeuN neuronal nuclei

NK-1R neurokinin-1 receptor

PB phosphate buffer

PKCy protein kinase C gamma

TIx3 T-cell leukemia homeobox 3

TR4 testicular orphan nuclear receptor 4
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Figure 1. dab1'acZ/1acZ mice are hypersensitive to thermal and have reduced sensitivity to

mechanical stimulation

A, Thermal sensitivity measured by the Hargreaves test. The mean latency+SEM for dab1*/*
is 9.9+0.5s, for dab1/a/* s 10.8+0.3s, and for dab1/ac2/1acZ s 8 2+0.4s. There are
significant differences between dab1?/* vs dab1/2cZ/1acZ (p=0.01) and for dab1/2cZ/* ys
dab1/acZ/lacZ (=0.0005). B, After heat stimulation, there are on average fewer Fos-positive
neurons in gab1*/* (60.5+2.9 neurons) and gab1/aZ/* (55.6+6) than in dab1/acZ/lacZ
(75.9+3.9) laminae |11 (dab1?*vs dab1lacZ/lacZ p=0.047; dab1/@Z/*vs dabi1/acZ/1acZ p=0.01).
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More Fos-positive neurons were present in the lateral spinal nucleus (LSN) of

dab1*/* (2.6+0.4) and dab1/a°Z/* (2.1+0.5) than in dab1/acZ/1acZ mice (0.6+0.1; dabl*/*vs
dabilacZ/acZ =0.004; dab1'2Z/*ys dab1/acZ/1acZ p=0.02). C—E, After heat stimulation, there
are fewer Fos-labeled neurons in laminae I-I1 but more in the lateral reticulated area of
lamina V (long arrows) and LSN (short arrows) of dab*/* and dab1/¢Z* than in
dab1/acZ/lacZ mice (medial to the right in coronal sections of all figures). F, The von Frey
test of mechanical sensitivity found that the withdrawal thresholds from

dab1*/* (0.07+0.02g) and dab1/a°Z/* (0.07+0.01g) mice do not differ, whereas dab1/acZ/lacz
responses are profoundly slower (1.37+0.3g; dab1*/*vs dab1/cZ/ecZ =0.004; dab1'acZ/*ys
dab1acZ/1acZ =0 004). G, After mechanical stimulation, more Fos-positive neurons are in
dab1*/* (43.845) and dab1/2°Z/* (39.2+1.8) compared with dab1/2°Z/12¢Z |laminae 111
(24.5%5; dabl*/*vs dab1lacZ/lacZ ;=0 005; dab1/2Z/*ys dab1'acZ/’acZ p=0.03) and in
dabI** (1.8+0.4) and dab1/2°Z/* (1.3+0.1) than gab1/acZ/1acZ | SN (0.4+0.2; dabI*/*vs
dabilacZ/lacZ =0.004; dab1'2¢Z/*ys dab1'acZ/acZ p=0.047). H-J, More Fos-expressing cells
appear in dab*’* and dab1%Z* laminae I-Il, lateral reticulated area (long arrows), and
LSN (short arrows) than in dab1/@/1acZ mice. Scale bars: C-E; H-J, 200 pm.
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Figure 2. Dabl and B-galactosidase are co-expressed in the dorsal horn
A, Dabl immunoreactivity (brown) concentrated in dab*/* laminae |11, lateral reticulated

area of lamina V, and the lateral spinal nucleus (LSN). Relatively small Dabl neurons (small
arrowheads) are in laminae I-11 whereas medium and large Dab1 neurons (large arrowheads)
are found in the lateral reticulated area. B, The dab1/4Z* dorsal horn contains both brown
Dabl and blue B-gal precipitate. The colocalization seen in the boxed lateral reticulated area
is enlarged in the inset. C, The dab1/acZ//acZ dorsal horn contains a pattern of blue g-gal
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reaction product similar to Dabl immunoreactivity shown in A and B. Scale bar: A-C, 200
pum; Inset in B, 50 pm.
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Figure 3. Superficial dorsal horn: 70% of Dabl cells co-express Lmx1b and are mispositioned
within the Reln™/~ 1B4 terminal zone

A-F, Confocal 3 um thick images of Reln*’* (A-C) and Relr'~ (D-F) lumbar dorsal horns
show that many cells express both Dabl (red cytoplasm) and Lmx1b (green nucleus),
including small interneurons in laminae I-11 (small yellow arrowheads) and large neurons in
laminae I-111 (large yellow arrowheads). Examples of single-labeled Dab1 cells are marked
by white arrows. Boxes in A and D are enlarged in B, C, E, and F. Individual channels of B
and E are labeled B1-2 and E1-2. G-H, Lumbar confocal images show the distribution of

Eur J Neurosci. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yvone et al.

Page 23

Dab1 (red) and LmxZ1b (cyan) within and above the IB4 (green) band of terminals. Although
the area of lamina Il marked by IB4 afferents does not vary by genotype, the area of laminae
I-louter, located dorsal to the IB4 terminals, is larger in Re/n*/* than in Relr’~ mice. An
arrowhead marks a large ectopic Dabl1-Lmx1b neuron in Re/r’~ lamina 1. I, The number of
Dab1 cells in laminae I-11 outer, i.e., above the 1B4 area, do not vary by genotype, but more
Dab1, Dabl-Lmx1b, and total Dab1 neurons are found within the Re//~ compared to the
Reln*’* 1B4 band (n=4 mice/genotype). Scale bars: A, D; G-H, 100 um; B, E; C, F; B1-2,
E1-2, 50 pm.
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Figure 4. A small number of Dab1 neurons in laminae I-11 are GABAergic and in the lateral
reticulated area are cholinergic

A-D, Confocal images of Reln"-0r* - GAD67GFF/* (A-B) and Reln/!-Or/r-0rl.
GAD676FP/* (C-D) lumbar dorsal horns. Boxes in A and C are enlarged in B and D, with
individual channels in B1-2 and D1-2. A few Dab1 (red) and GAD67%FP neurons appear co-
localized (yellow arrowheads in B and D). E-F, Sagittal lumbar dorsal horn sections from
Reln-Orl"’* :GAD676FF/* (E1-3) and Reln-0r"1-0rl- GAD6E76FP* (F1-3) mice illustrate
ectopic cells in the white matter dorsal to lamina I. Dab1 (white arrows in E1, 3) and Dab1-
GAD67CFP-labeled (yellow arrowheads in E1-3, F1-3) neurons are frequently found dorsal
to lamina I (top of image). G-H, Re/n*/* and Relr™!~ dorsal horns show that Dab1 (red) and
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ChAT-positive neurons (green) do not co-localize in laminae 1-1V, but double-labeled cells
boxed in G and H (yellow arrowheads in G1-3, H1-3) are found in the lateral reticulated
area of lamina V. Single-labeled Dab1 and ChAT neurons are marked with white arrows.
Scale bars: A, C; G-H, 100 um; B, D; B1-2, D1-2; E1-3, F1-3; G1-3, H1-3, 50 um.
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Figure 5. Lateral reticulated area and LSN: Dabl1-Lmx1b-labeled cells are mispositioned in Reln
mutants

A-F, Lumbar confocal images show that Dab1 (red) and Lmx1b (green) are co-expressed in
Reln*’* (A-D) and Relr™!~ (E-F) lateral reticulated area of lamina V (A, C, E, yellow
arrowheads) and LSN (B, D, F, yellow arrowheads). Close to 70% of Dab1 neurons in both
areas co-express Lmx1h. Single-labeled Dab1 cells are marked with white arrows. A, C, E,
Boxed area in A is enlarged in C and shows a more organized array of Dab1-Lmx1b neurons
in Reln** than Relr!~ lateral reticulated area (E). B, D, F, Boxed area of Re/n*’* LSN is
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enlarged in D and contains more Dab1-Lmx1b-labeled cells than in Re/r’~ LSN (F). G,
Fewer Dab1 only and more Dab1-Lmx1b-labeled cells are in Re/n*/* than in Relr lateral
reticulated area. H, More Dab1-Lmx1b-labeled and total Dab1 cells are seen in Re/n*/* than
Reln™'= LSN (n=5 mice per genotype). Scale bars: A, B, 100 ym; C-F; C1-2, D1-2, E1-2,
F1-2, 50 pm.
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Figure 6. Noxious stimulation induced Fos expression in Dab1-Lmx1b neurons
Triple TSA immunofluorescence labeling showed that after both thermal (A-B) and

mechanical stimulation (C-D), some Dabl (red) and Lmx1b (green)-positive neurons
express Fos (cyan) in dab1** (A-B) and Reln*/* (C-D) superficial dorsal horns (A, Al-4, C,
C1-4) and in the lateral reticulated area (B, B1-4, D, D1-4). Boxed areas in A4-D4 are
enlarged in A-D, respectively. Triple-labeled cells are marked with white arrowheads.
Double-labeled Dabl-Fos (magenta), Lmx1b-Fos (cyan), and Dab1l-Lmx1b (yellow) cells
are marked with color-matched arrows. Heat and mechanical stimulation induced Fos in
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medium to large-sized Dab1-Lmx1b neurons in the superficial dorsal horn and the lateral
reticulated area. More Lmx1b neurons appeared to express Fos after mechanical stimulation
especially in the superficial dorsal horn. Dabl-Lmx1b neurons in the lateral reticulated area
appear as an organized array in wild-type mice (B, D). Scale bars: A4; B4; C4; D4, 100 um;
A; Al-3; B; B1-3; C; C1-3; D; D1-3, 50 um.

Eur J Neurosci. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yvone et al. Page 30

A

LCN ; sN

D dab1**

54
‘4\ 4‘2 bIMcZ/IacZ

Figure 7. Lateral cervical nucleus: Neurons are mispositioned in Reelin pathway mutants
A, Schematic of the lateral cervical nucleus (LCN) found at levels C1-3. As there is no

delineation between the LCN and LSN, they were analyzed together. B-C, Dab1 expression
in Reln*”* (B) and Relr!~ (C) cervical dorsal horn is concentrated in the superficial dorsal
horn and LCN/LSN. D-F, B-gal histochemistry followed by Dabl immunoreaction reveals
brown Dab1 protein (dabI**, dab1'aZ/*) and blue p-gal (dab1/acZ/*, dab1/acZ/1acZ) in the
superficial dorsal horn and LCN/LSN. G-I, The dab1*/* and dab1/2°Z* LCN/LSN contain
about twice as many NeuN-labeled cells as dab1/4¢Z//acZ mice (n=5 mice/genotype). J-L,
Neurons and their processes that express the Neurokinin-1 receptor show a compression in
the gab1/acZ/lacZ () compared to dabI*/* (J) and dab1/@Z* (K) LCN/LSN (n=3 mice/
genotype). Scale bars: B-F, 200 um; G-L, 100 pm.
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Figure 8. Lateral cervical nucleus: Dabl-Lmx1b neurons are mispositioned in Reln mutants
A-B, Confocal images of cervical level C2 sections of Reln*’* (A) and Relr’~ (B) dorsal

horn. LCN/LSN is designated by a dashed line and boxed areas in A and B are enlarged in
A1-3 and B1-3. White arrows mark single-labeled red Dabl or green Lmx1b cells and
yellow arrowheads indicate co-localization. About 50% of the Dabl-Lmx1b neurons are
missing from Re/r’~ LCN/LSN (n=5 mice/genotype). Scale bars: A; B, 100 pm; Al-3;
B1-3, 50 pm.
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