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Development/Plasticity/Repair

Genome-Wide Expression Analysis of Ptfla- and
Ascll-Deficient Mice Reveals New Markers for Distinct
Dorsal Horn Interneuron Populations Contributing to
Nociceptive Reflex Plasticity
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Inhibitory interneurons of the spinal dorsal horn play critical roles in the processing of noxious and innocuous sensory information. They
form a family of morphologically and functionally diverse neurons that likely fall into distinct subtypes. Traditional classifications rely
mainly on differences in dendritic tree morphology and firing patterns. Although useful, these markers are not comprehensive and
cannot be used to drive specific genetic manipulations targeted at defined subsets of neurons. Here, we have used genome-wide expres-
sion profiling of spinal dorsal horns of wild-type mice and of two strains of transcription factor-deficient mice (Ptfla—’~ and Ascl1/
Mash1™'~ mice) to identify new genetic markers for specific subsets of dorsal horn inhibitory interneurons. Ptfla~'~ mice lack all
inhibitory interneurons in the dorsal horn, whereas only the late-born inhibitory interneurons are missing in Ascll ~'~ mice. We found 30
genes that were significantly downregulated in the dorsal horn of Ptfla '~ mice. Twenty-one of those also showed reduced expression in
Ascll™"~ mice. In situ hybridization analyses of all 30 genes identified four genes with primarily non-overlapping expression patterns in
the dorsalhorn. Three genes, pDyn coding the neuropeptide dynorphin, Kcnip2 encoding a potassium channel associated protein, and the
nuclear receptor encoding gene Rorb, were expressed in Ascl1-dependent subpopulations of the superficial dorsal horn. The fourth gene,
Tfap2b, encoding a transcription factor, is expressed mainly in a Asc/I-independent subpopulation of the deep dorsal horn. Functional
experiments in isolated spinal cords showed that the AsclI-dependent inhibitory interneurons are key players of nociceptive reflex

plasticity.

Introduction

The spinal dorsal horn serves as the first relay station for incom-
ing somatosensory and nociceptive information. Inhibitory in-
terneurons at this site exert pivotal functions in the processing of
sensory signals. They attenuate responses to nociceptive stimuli,
silence nociceptive neurons during innocuous stimulation, and
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confine neuronal excitation to somatotopically defined areas of
the dorsal horn (Sandkiihler, 2009).

Traditionally, dorsal horn interneurons are classified primar-
ily according to dendritic tree morphology and neuronal firing
patterns (for review, see Zeilhofer et al., 2012). A number of
studies have provided conclusive evidence that these markers do,
at least to some extent, predict roles in sensory processing (Grudt
and Perl, 2002; Heinke et al., 2004; Yasaka et al., 2010; for review,
see Graham et al., 2007; Zeilhofer et al., 2012). However, these
markers are not fully satisfactory. They reflect the diversity of
dorsal horn interneuron populations only partially and are poor
criteria for the preselection of neurons for electrophysiological
recordings, and they cannot be used for specific genetic manipu-
lations of subsets of neurons.

More recently, neuropeptides, Ca*>* binding proteins, and
enzymes have been used as molecular markers (Laing et al., 1994;
Brohl et al., 2008; Sardella et al., 2011; Tiong et al., 2011; for
review, see Todd, 2010). These genetically encoded markers over-
come many of the limitations of traditional criteria and have
turned out to be instrumental in the identification of neuronal
subtypes. It is likely that the potential of this approach has not yet
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been fully realized and that a significant Control
number of genetic markers remain to be
discovered.

The use of genome-wide expression
profiling techniques together with the ad-
vent of Ptfla and Ascll (also known as
Mashl) deficient mice (Ptﬂa_/_ and
Ascll™/~ mice) offers an ideal opportu-
nity for the identification of new markers
for dorsal horn inhibitory interneurons.
Ptfla and Ascll are two key regulators in
the development of inhibitory interneu-
rons. These interneurons are born in two
sequential phases of neurogenesis. dI4 in-
hibitory interneurons arise between E10
and E11.5 (early phase of neurogenesis),
whereas inhibitory dILA interneurons are
generated between E12 and E14.5 (late
phase of neurogenesis) (Gross et al., 2002;
Miiller et al., 2002). The differentiation of
all inhibitory dorsal spinal interneurons
depends on a trimeric transcription factor
complex containing Ptfla, Rbpj, and an
E-protein. In the absence of PtfIa, all dor-
sal horn neurons acquire an excitatory
phenotype (Glasgow et al., 2005; Hori et
al., 2008). In contrast, the bHLH tran-
scription factor Ascll is only required for
the generation of inhibitory interneurons
born during the late phase (Mizuguchi et
al., 2006; Wildner et al., 2006).

Here, an unbiased genome-wide com-
parison of gene expression in the spinal
dorsal horns of Ascll /" and Ptfla /™
mice and subsequent in situ hybridization
experiments identified eight genes with
locally restricted expression patterns in the spinal dorsal horn of
which four showed a primarily non-overlapping distribution.
Functional experiments in isolated spinal cord indicate that the
Ascll-dependent subpopulation of dorsal horn interneurons is
particularly relevant for spinal nociceptive reflex plasticity.
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Materials and Methods

Mouse strains. The generation of the mutant Ptf1a" and Ascl1°"" alleles
has been described previously (Kawaguchi et al., 2002; Wildner et al.,
2006). Throughout text, Ascll GFP/GEP mjce are labeled as Ascll ™/~ mice
and Ptf1a“"““" mice are labeled as Ptfla—’~ mice. Mice labeled as con-
trol encompass heterozygous and wild-type mice of the respective geno-
type, whereas mice labeled as wild-type control only have wild-type
alleles.

RNA isolation and microarray analyses. The dorsal spinal cord was
dissected from wild-type, Ptﬂu*/*, and Ascl1 ™/~ mice at E18.5. Tissue
was collected in RNAlater (Ambion) and homogenized in Trizol (Invit-
rogen), and total RNA was isolated according to the protocol of the
manufacturer. Tissue from at least five embryos was pooled for one
sample. RNA was further purified using RNeasy MinElute Cleanup kit
(Qiagen). cDNA synthesis and in vitro generation and labeling of cRNA
were performed according to the recommendations provided by Af-
fymetrix. Amplified cRNA was purified using the GeneChip Sample
Cleanup Module (Affymetrix), and the quality of the amplification was
verified by gel electrophoresis. cRNAs were fragmented and then hybrid-
ized to either Affymetrix Mouse Genome 430 2.0 arrays (AsclI '~ vs wild
type) or Affymetrix Mouse Exon 1.0 arrays (Ptfla’~ vs wild type), using
three samples per embryonic stage and genotype. Additional data pro-
cessing and identification of differentially expressed genes was per-
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Decreased Gad expression in the dorsal spinal cord of Asc/7 /™ mice at E12.5 and E13.5. In situ hybridization on
transverse sections of control and Asc/7 /" spinal cords at £10.5 (4, B), E12.5 (C, D), and E13.5 (E, F) using an antisense probe
specific for Gad1. Scale bars: A, 50 um; C, E, 100 pm.
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Loss of inhibitory interneurons in the dorsal spinal horn of Asc/7~/" mice. A significant reduction in the number of
neurons expressing marker genes for inhibitory interneurons can be seenin the dorsal spinal cord of Asc/7 ™ mice compared with
control littermates (A-C). Loss of GABAergic interneurons (B) is much more pronounced than that of glycinergic neurons (C). No
change in the number of excitatory dorsal spinal neurons was detected (D, E). A, D, Imnmunohistochemistry on transverse sections
of control and Asc/7~/ spinal cords at E18 using an antibody against Pax2 (A) or antibodies against MafA and Tix3 (D). B, ,E, In
situ hybridization on control and Asc/7 ™~/ spinal cord sections at E18.5 using antisense probes directed against Gad (B), GlyT2
(€), or vGluT2 (E). F, Quantification of the number of cells expressing the indicated gene relative to control (percentage). Error bar
represents the SD. *p << 0.05, **p << 0.005 (unpaired Student’s t test). Scale bar, 200 m.

formed in the R environment for statistical computing (R Development
Core Team 2005) using the Bioconductor base installation (Gentleman
et al., 2004) and packages affyPLM, gcrma, and limma. Briefly, array
quality was assessed with aftyPLM, and data were normalized with
gcrma. Probe sets with low variance of expression across all arrays were
filtered out, and differentially expressed genes were identified using the
empirical Bayes-moderated ¢ test implemented in the limma package. p
values associated with the # statistics were adjusted using a false discovery
rate approach to compensate for multiple testing.

Immunohistochemistry and in situ hybridization. Immunohistochem-
istry was performed on 20 um cryosections of mouse embryos as de-
scribed previously (Miiller et al., 2005). The following antibodies were
used: rabbit anti-Pax2 (Zymed), rabbit and guinea pig anti-Tlx3 (Miiller
etal., 2005), rabbit anti-MafA (Wende et al., 2012), rabbit anti-calcitonin
gene-related peptide (CGRP), and rabbit anti-peripherin and rabbit anti-
TrkA. Cyanine 2 (Cy2)- or Cy3-conjugated donkey secondary antibodies
(Dianova) were used for the detection of primary antibodies. Fluores-
cence was imaged on a Carl Zeiss LSM 5 or LSM710 Pascal confocal
microscope, and images were processed in Adobe Photoshop (Adobe
Systems).

For in situ hybridization, embryonic tissues were embedded into OCT
compound (Sakura Finetek) and cryosectioned as described previously
(Wildner et al., 2008). Hybridizations were performed with DIG-labeled
riboprobes. DNA for dynorphin, glutamate decarboxylase 67 (GAD67)
(Gadl), vesicluar glutamate transporter 2 (vGluT2) (slcI7a6), glycine
transporter 2 (GlyT2) (slc6a5), Kcnip2, Rorb, Tfap2b, Npy, Prkeq, and
Kihl14 were amplified with gene-specific sets of PCR primers and cDNA
templates prepared from E18.5 mouse spinal cords. The PCR fragments
were cloned into Teasy vector (Promega), and sequence was verified
before use for riboprobe generation. For double staining of a cytoplasmic
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mRNA and a nuclear protein, in situ hybridization was performed first,
followed by immunostaining with anti-Pax2 (Zymed) and Cy3-
conjugated secondary donkey antibodies (Dianova). The in situ signals
were photographed under transillumination and converted into a green
or red pseudo-color (Cheng et al., 2004). For quantification of neuronal
subtypes that express the respective analyzed gene, sections (20 um
thickness) of the E18.5 thoracic spinal cord were hybridized with specific
probes. Numbers of neurons that express the various genes were counted
on bright-field images, using four or more sections each of two or three
distinct animals for each genotype. Only cells of the dorsal spinal cord
were counted. SD was calculated and depicted as error bars in the quan-
tification graphs.

Electrophysiology. An in vitro hemisected spinal cord preparation was
used to record spinal cord reflexes as described by Heppenstall and Lewin
(2001). Spinal cords of wild-type and Ascll“"“™ mice were removed
from E20 mice that were dissected from females treated with progester-
one to delay parturition. Direct current recordings were made after a2 h
recovery period with a close-fitting glass suction electrode attached to the
ventral root (T10—T12). The dorsal root was stimulated via a glass suc-
tion electrode at a current sufficient to activate C fibers (500 A, 500 ws).
Traces were acquired with the Powerlab 4.0 system using Superscope
software.

Results

Loss of late-born inhibitory interneurons in AsclI~’~ mice

It is well established that AsclI ~/~ mice lack late-born inhibitory
interneurons in the spinal dorsal horn. However, the quantitative
contribution of the Asclil-depedent subset to all dorsal horn in-
hibitory interneurons is not known. Similarly, it is unknown to
what extent these Ascll-dependent interneurons differ from
other inhibitory dorsal horn neurons. To address these questions,
we first compared the distribution of inhibitory interneurons
during dorsal horn neurogenesis and analyzed the expression of
GAD67 (Gadl), a widely used marker for GABAergic interneu-
rons, in wild-type and Ascll~’~ mice. During the first phase of
neurogenesis (E10.5), no reduction in GAD67 expression was
observed in the Ascll ™/~ mice (Fig. 1 A,B), whereas on E12.5 and
E13.5 (during the second phase of neurogenesis), a clear reduc-
tion in numbers of GAD67-positive neurons was apparent (Fig.
1C-F). On E18, when spinal neurogenesis was complete and
when neurons had settled in their final positions, a 50% reduc-
tion in the number of GABAergic cells in the dorsal horns was
observed compared with wild-type controls (Fig. 2B, quantified
in F). These results were further confirmed by the use of other
markers for inhibitory interneurons. Staining for Pax2 (Fig.
2A,F) and vesicular inhibitory amino acid transporter (data not
shown) revealed similar reductions in expression in the mutant
mice. The reduction of these markers was most pronounced in
the superficial dorsal horn. Approximately one-third of dorsal
horn inhibitory neurons use glycine in addition to GABA as a
second fast inhibitory neurotransmitter and are characterized by
the expression of the plasma membrane glycine transporter
GlyT2. Their somata are mainly located in the deep dorsal horn.
In Ascll™/~ mice, the loss of GlyT2-positive neurons was less
pronounced than that of GAD67- and Pax2-positive neurons
(Fig. 2C,F). No significant change in the number of excitatory
cells (identified through the presence of the transcription factors
TIx3 and MafA, and vGluT2) was observed in the spinal cord of
Ascll™’~ compared with control littermates (Fig. 2D—F ). We also
observed no obvious differences in the ingrowth of sensory fibers
into the dorsal horn, as assessed by a comparison of the distribu-
tion of axons expressing TrkA (Fig. 3A-C), CGRP (Fig 3D), and
peripherin (Fig. 3E) in wild-type and Ascl1 ™'~ mice.
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Figure 3. No gross changes in the innervation of the dorsal spinal horn of Asc/7 "~ mice
were detected. Ingrowth of afferent sensory fibers into the dorsal spinal cord was analyzed by
immunohistochemistry using antibodies against TrkA, CGRP, and peripherin. A-C, Inmunohis-
tochemistry on transverse sections of control and Asc/7~/~ spinal cords at E14.5, E16.5, and
E18.5 using an antibody against TrkA. Immunohistochemistry on control and Asc/7 "~ spinal
cords at E18.5 using antibodies against CGRP (D) or peripherin (E). Scale bars, 100 rum.
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Expression profiling of inhibitory spinal interneurons

As indicated above, AsclI-dependent and AsclI-independent in-
hibitory interneurons differ in their spatial distribution within
the spinal dorsal horn. We went on to investigate whether both
types also differ in their gene expression profiles and extracted
total RNA from dorsal spinal cords of Ascll~/~ or Ptfla™’~ mice
and from littermates of both mutant mice. Genes downregulated
in Ascll ™'~ and Ptfla~’~ mice should constitute possible marker
genes of Ascl1-dependent subpopulations of inhibitory interneu-
rons, whereas genes downregulated in Ptfla”’~ only would con-
versely identify Ascll-independent subsets. Microarray analysis
of Ptfla™’~ dorsal horns resulted in the identification of 30 genes
that were downregulated in a highly significant manner (cor-
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Table 1. List of downregulated genes
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Table 2. List of downregulated genes

Symbol Gene name Ptfla FC  Asdl FC Symbol Gene name Ascl  FC  Ptfla  FC
Tfap2b Transcription factor AP-23 ++ 12 ns. Pdyn Prodynorphin ++ 27 ns.
Gad1 Glutamic acid decarboxylase 1 ++ 31 ++ 21 Gad1 Glutamic acid decarboxylase 1 ++ 21 ++ 31
Pax8 Paired box 8 ++ 39 ++ 22 Cacna2d3  Calcium channel, voltage-dependent, 2/83  ++ 21 ++ 25
Cacna2d3 Calcium channel, voltage-dependent, @2/63 ++ 25 ++ 2.1 Pax8 Paired box gene 8 ++ 22 ++ 39
Pnoc Prepronociceptin ++ 37 ++ 38 Kenip2 Kv channel-interacting protein 2 ++ 37 ns.
Prkeq Protein kinase CO ++ 39 ++ 24 Pnoc Prepronociceptin ++ 38 ++ 37
Npy Neuropeptide Y ++ 56 + 15 Prkeq Protein kinase CO ++ 24 ++ 39
Neurod6 Neurogenic differentiation 6 ++ 37 + 13 Neurod1 Neurogenic differentiation 1 ++ 29 ns.
Gad? Glutamic acid decarboxylase 2 ++ 36 ns. Sle35d3 Solute carrier family 35, member D3 ++ 43 ns.
Nrxn3 Neurexin Ill ++ 28 + 1.4 Neurod2 Neurogenic differentiation 2 ++ 31 ns.
Slc6as Solute carrier family 6 member 5 ++ 34 + 14 Pou4f2 POU domain, class 4, transcription factor 2 ++ 29 ns
Grik2 Glutamate receptor, ionotropic, kainate 2 ++ 23+ 1.6 The transcriptome of dorsal horn cells of Asc/7~/~ mice was compared with littermate controls using Affymetrix
(B2) expression arrays. The gene symbol and name of the respective genes are depicted. In columns 3and 5, it is indicated
KInl14 Kelch-like 14 (Drosophila) +4+ 26 ns. v-vheﬁller tth(e:iownregtuzatiﬁ gfot:)e respiqivel 1rgenet \(/vas)ca}lled Ihighly 4s;l%?fi?cant (J; +|), (o(;rz((;edlg = 0.(th5|;,
ffls2 - fingfgerprotn 52 Pl ma el a0 (o ook ot gl )
6330527006Rik  LAMP family protein C200rf103 homolog ++ 56 + 17
precur
Sall3 Sal-like 3 (Drosophila) ++ 21 + 16  the30 genes found downregulated in the Ptfla’~ mice, plus the
Sez6 Seizure-related gene 6 ++ 19 + 15  additional six genes from the AsclI~/~ mice, we used the Allen
9230712E08Rik  RIKEN cDNA 9230112E08 gene ++ 15 ns Brain Atlas (http://mousespinal.brain-map.org/) to survey the
Xi3a X-linked lymphocyte-requlated 3A t+ 14 ns expression patterns in P4 spinal cords. We selected 16 genes that
Lhxt LIl\gEomeobox protein 1 _ ++ 33 ns appeared to be expressed in distinct spatial domains of the spinal
(Cadps2 (a“ " -dependent activator protein for ++ 22 ns. d 1h f dditi 1 in situ hybridizati lvsis i _
X orsal horn for additional in situ hybridization analysis in sec
sedetion 2 tions of E18.5 spinal cords of wild-type, Ascll /", and Ptfla™"~
Pax2 Paired box gene 2 ++ 31 ns . .
Grik3 Glutamate receptor, ionotropic, kainate 3 ++ 16 ns. mice. For seven of th.ese (Kenip2, KIhl14, Npy, .den., PT’kcq, Ro'rb,
Crabp1 Cellular retinoic acid binding protein | ++ 15 ns. and Tfap2b), we obtained robust and reproducible in sifu hybrid-
Mpped? Metallophosphoesterase domain +4+ 16 ns ization signals (Fig. 4A—G) that were lost or significantly attenu-
containing 2 ated in the Ptfla™’~ spinal cords (Fig. 4A ,—~G ,,A—G.). All genes
Rorb RAR-related orphan receptor 3 +4+ 18 + 14  showed greatly reduced or undetectable expression in dorsal
Ipcef1 Interaction protein for cytohesion exchange  ++ 1.5 n.s. horns of Ptfla’~ mice, indicating that they were indeed specific
factors 1 to inhibitory interneurons (Fig. 4). Rorb revealed residual expres-
Tmem86b Transmembrane protein 86B ++ 17 ns sion in dorsal horn neurons of Ptfla /" mice (Fig. 4F,F,,F.),
Grm3 Glutamate receptor, metabotropic 5 t+ 17+ 14 indicating that other neural cell types, probably subsets of excit-
Zmat4 Zinc finger, matrin type 4 ++ 17 + 1.8

The transcriptome of dorsal hom cells of Ptfla"~ and Asdl7 ™/~ mice was compared with littermate controls using
Affymetrix expression arrays. The gene symbol and name of the respective genes are depicted. In columns 3 and 5, it is
indicated whether the downregulation of the respective gene was called highly significant (+ =+, corrected p = 0.005),
significant (+, corrected p = 0.05), or not significant (n.s.). In columns 4 (Ptf7a vs control) and 6 (Asc/7 vs control), the fold
change (FC) the respective gene was downregulated according to the Affymetrix results is indicated.

rected p = 0.05 after Holm—Bonferroni post hoc correction) (Ta-
ble 1). Among these genes, we found known markers of
inhibitory interneurons, such as Gadl, Gad2, Slc6a5, and Pax2,
but also several genes that had not been attributed previously to
spinal inhibitory interneurons (e.g., KIhl14, Rorb, and Tfap2b).
We also found genes that were significantly upregulated in the
Ptfla~’~ dorsal horns. Among these are genes known to be
expressed in excitatory neurons (e.g., Slc17a6, Cck, and Grp)
(Cheng et al., 2004; Xu et al., 2008). Approximately half of the
genes significantly downregulated in the Ptfla~’~ screen (16 of
30) were found to be significantly downregulated also in the dor-
sal horns of Ascll /™ mice (e.g., Npy and Prkcq) (Table 2). Unex-
pectedly, the screen of the Ascll~’~ dorsal horns also revealed six
genes that were significantly downregulated only in the Ascll "~
dorsal horns (Table 2). Because four of these six genes (Pdyn,
Neurodl, Neurod2, and Pou4f2) have been shown previously to be
expressed specifically in inhibitory neurons (Laing et al., 1994;
Brohl etal., 2008; Huang et al., 2008; Sardella etal., 2011; Tiong et
al., 2011), the absence of the significant downregulation in the
Ptfla screen probably points at technical limitations.

We next aimed to verify the hits of the DNA microarray screen
and to identify genes specifically expressed in subsets of inhibi-
tory interneurons. To preselect promising candidate genes from

atory interneurons, also express this gene.

To confirm the inhibitory character of the neurons expressing
the genes studied, we performed colabeling using in situ hybrid-
ization together with immunohistochemistry with an antibody
directed against Pax2. We and others have reported previously
that Npy and Pdyn are mainly expressed in inhibitory interneu-
rons (Rowan etal., 1993; Brohl et al., 2008; Huang et al., 2008). In
addition, we identified Kcnip2, Khlh14, Prkcq, and Tfap2b as dis-
playing a high degree of overlap with Pax2 (Fig. 5).

Identification of genes expressed in spatially restricted
subsets of inhibitory interneurons

We then investigated whether the AsclI-dependent and AsclI-
independent populations of neurons can be further subdivided
on the basis of the expression of these seven genes. To this end, we
quantified the loss of neurons expressing a certain marker in
Ascll ™/~ mice with the intention to identify markers that define
Ascll-dependent and Ascll-independent subsets of neurons, re-
spectively. Pdyn-positive and Kcnip2-positive neurons showed
the strongest reduction in numbers in AsclI /"~ mice. The degrees
of reduction were similar to those observed in Ptfla~’~ mice (Fig.
4A-B(), indicating that Pdyn and Kcnip2 are expressed almost
exclusively by the AsclI-dependent population of inhibitory dor-
sal horn neurons. As expected, both types were mainly restricted
to the superficial dorsal horn. The few (~10%) Pdyn-positive
neurons remaining in the Ptfla~’~ and Ascll /" mice are likely
to represent a small subpopulation of excitatory dynorphin-
expressing interneurons (Baseer et al., 2012). Klhl14 and Prkecq
were completely lost in the Ptfla /" mice, but a small percentage
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Figure 4. Identification of expression domains marked by genes downregulated in
Ptfla~"~ and/or Asd1™/~ mice. A-Gy, In situ hybridization on spinal cords of control,
Ptf1a~/~, and Ascl1~/~ mice at E18.5 using probes specific for pDyn, Kenip2, Rorb, Tfap2b,
Prkeq, KIhI14, and Npy. A —G,, Quantification of the number of neurons expressing the respec-
tive gene in Ptfla—"" or Ascl1~/~ mice relative to control. Expression of the more
superficially expressed genes pDyn (A-A,), Kcnip2 (B-B,), and Prkcq (€, C) is reduced to
<10% of control levels in Ptfla™"~ and Asc/7™/~ mice. Expression of NPY (E-E,) and
Tfap2b (G-G,) is almost completely lost in Ptf7a—~ but only reduced to 50 or 85% in
Mash™/~, respectively. Error bars represent the SD. Scale bar, 200 m.
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of neurons remained in the deep dorsal horn of Ascll~/~ mice
(Fig. 4C-D,), indicating that these two markers were mainly ex-
pressed in Ascll-dependent inhibitory interneurons. Npy and
Rorb were found in late-born superficial dorsal horn neurons
and deep dorsal horn neurons (Fig. 4 E, F). However, unlike Pdyn
and Kcnip2, reduction of Npy- and Rorb-expressing neurons was
more pronounced in Ptfla /" mice than in Ascll~/~ mice (Fig.
4E-F_), suggesting that both markers are also expressed in AsclI-
independent inhibitory interneurons. Furthermore, a few neu-
rons expressing Npy and Rorb were still detected in the deep
dorsal horn of Ptfla~’~ mice. These remaining neurons may
again be excitatory interneurons. We identified one marker,
Tfap2b, that was completely absent in Ptfla~’~ mice but almost
unaffected in Ascll /" (Fig. 4G-G,), indicating that it was ex-
pressed specifically in the Ascll-independent population of
inhibitory interneurons. These findings indicate that AsclI-
dependent interneurons differentiate further into different in-
hibitory subsets of neurons populating predominantly the upper
layers as well as to some extent the ventromedial region of the
dorsal horn.

Finally, we searched the seven genes identified above for a
selection that displays non-overlapping expression in the dorsal
horn. To this end, we systematically created graphical overlays of
three to four in situ hybridizations made in adjacent sections of
wild-type spinal cords. These overlays revealed that pDyn, Kc-
nip2, Rorb, and Tfap2b were expressed in spatially distinct, mostly
non-overlapping domains arranged from dorsal to ventral, re-
spectively (Fig. 6 A, B). Consequently, these genes were best suited
to identify distinct subpopulations of dorsal horn inhibitory neu-
rons, whereas Kihl14, Npy, and Prkcq were expressed in patterns
partially overlapping with the aforementioned genes (data not
shown). The layer-like expression pattern of the marker genes
analyzed here is reminiscent of the laminar organization of the
adult spinal cord. The specific innervation of these laminae by
different sensory nerve fibers with peptidergic and non-
peptidergic nociceptors innervating the dorsal and middle parts of
lamina IT and with non-nociceptive somatosensory fibers terminat-
ing in laminae I1I and deeper further supports a specific function in
sensory processing of each of these interneuron types.

The inhibitory control of spinal nociceptive reflexes is
impaired in AsclI /" mice

To provide first evidence for a differential role in sensory process-
ing of the AsclI-dependent subpopulation of inhibitory interneu-
rons, we decided to analyze Ascll~’~ mice in tests of spinal
nociception. Because these mice die during the first day after
birth, behavioral characterization in most standard pain models
is not feasible (Guillemot et al., 1993). Therefore, we analyzed
spinal nociceptive reflex responses during C-fiber stimulation
using an in vitro spinal cord preparation (Heppenstall and Lewin,
2001). In these experiments, we recorded electrical potentials in
the ventral root evoked by electrical stimulation of sensory axons
in the dorsal root (Jahr and Yoshioka, 1986; Heppenstall and
Lewin, 2001). A fast potential of large amplitude and a longer-
lasting potential of smaller amplitude could be distinguished.
These potentials reflect the activation of motoneurons through
direct monosynaptic connections and through indirect activa-
tion occurring via dorsal horn interneurons, respectively (Hep-
penstall and Lewin, 2001). The fast potential was similar in
control and Ascll ™/~ mice (1.32 * 0.12 and 1.05 * 0.09 mV,
respectively; p = 0.15 Student’s £ test), whereas the amplitude of
the long-lasting potential was significantly increased in the
Ascll™’~ mice (Fig. 7 A, B), suggesting a critical role of inhibitory
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interneurons and inhibitory neurotrans- Prkcq
mission in the control of nociceptive re-

flexes. In line with this concept, bicuculline, i

a blocker of GABA, receptors, increased J%;,E
ventral root potentials in Ascll /" animals S N

to a lesser extent than in control animals
(224 = 40 vs 138 * 28% increase in control
and Ascll /" mice, respectively). In fact, the
difference in the amplitude of nociceptive
reflexes between the two genotypes disap-
peared when inhibitory GABA ,-receptor-
mediated neurotransmission was blocked
with bicuculline (Fig. 7B).

We then investigated possible changes in
activity-dependent plasticity of the spinal
nociceptive reflex. Repetitive (1 Hz) stimu-
lation of sensory axons evokes a progressive
increase in the amplitude of the ventral root
potentials, called wind-up, which is thought
to reflect central sensitization (Herrero et
al., 2000). Compared with control animals,
wind-up was significantly reduced in
Ascll™’~ mice (Fig. 7C,D), and applica-
tion of bicuculline abolished wind-up in
both genotypes (Fig. 7D). These results
indicate that Ascll-dependent inhibi-
tory interneurons exert a tonic control
on spinal nociceptive reflexes and sug-
gest that their short-term, activity-
dependent facilitation occurs through a
progressive loss of their activity.

Figure5.
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Discussion

In the present study, we identified several
genes highly enriched in AsclI-dependent or
Ascll-independent populations of dorsal
horn inhibitory interneurons and charac-
terized their expression patterns within
the spinal dorsal horn. Our findings
have implications for the understanding
of the development and differentiation
of inhibitory dorsal horn neurons and provide a basis for
functional studies addressing the role in sensory processing of
different subpopulations defined by genetically encoded
markers.

Inhibitory interneurons of the spinal dorsal horn are born in
two sequential phases of neurogenesis and subsequently differen-
tiate into an unknown number of subtypes. This differentiation is
controlled at least partially through the orchestrated sequential
expression of transcription factors, which are so far only partially
identified (Gross et al., 2002; Cheng et al., 2004, 2005; Wildner et
al., 2006; Brohl et al., 2008; Huang et al., 2008). Our present
analysis focused on the AsclI-dependent (late-born) population
of inhibitory dorsal horn interneurons (Mizuguchi et al., 20065
Wildner et al., 2006). Our results indicate that Ascl1-dependent
interneurons constitute approximately half of the dorsal horn
inhibitory interneurons and differentiate into at least four differ-
ent subtypes (Kcnip2, Npy, Pdyn, and Rorb) mainly populating
the superficial dorsal horn. This CNS area is densely innervated
by sensory fibers carrying primarily nociceptive information. The
preferential localization of AsclI-dependent interneurons in the
spinal dorsal horn is thus in good agreement with the facilitation
of nociceptive reflexes observed in Ascll ~/~ mice.

Tfap2b Rorb Kcni

Figure 6.

on Ascl1.
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Coexpression of Pax2 and Kcnip2, Tfap2b, Prkcg, and KIhi14in dorsal horn neurons. A—C, In situ hybridization of Prkeg,
Kenip2, Tfap2b, and K1h/14 on spinal cords at E18.5. Areas of magpnification are indicated by dotted boxes. Ag—Cg, Double staining
of nuclear Pax2 (red) protein and cytoplasmic mRNA (green) encoding the indicated genes in dorsal horn neurons at E18.5. Scale
bars: A-D, 200 um; A,—Ap, 20 um.

EAscl1dep [OAscl1indep

Inhibitory interneuron populations of the dorsal horn marked by different genes. A, Computer overlay of adjacent
cryosections processed for mRNA in situ hybridization with pDyn (ved), Kcnip2 (white), Rorb (blue), and Tfab2b (green). Colors were
artificially assigned. B, Schematic representation of layer-specific distribution of inhibitory subpopulations and their dependents

Transcriptional profiling of Ascll /", Ptfla”’~, and wild-type
dorsal horn tissue and in situ hybridization identified seven genes
(Kcnip2, KIhl14, Npy, Pdyn, Prkcq, Rorb, and Tfap2b) with expres-
sion in inhibitory interneurons of spatially restricted subdomains
of the spinal dorsal horn. All except one (Tfap2b) were signifi-
cantly downregulated in both mutant mice and expressed pri-
marily in the superficial dorsal horn. For two of these genes (Npy
and Pdyn) or their respective gene products, expression in inhib-
itory interneurons of the adult superficial spinal cord has been
demonstrated previously (Laing et al., 1994; Sardella et al., 2011).
NPY-positive neurons make up ~18% of all lamina I/II inhibi-
tory interneurons and ~9% of inhibitory interneurons in lamina
I (Polgar et al., 2011). It is likely that NPY-positive neurons
exert antinociceptive actions through both GABAergic and NPY-
mediated mechanisms. They inhibit spinal projection neurons,
which transmit somatosensory and nociceptive signals to the
brain, and local protein kinase Cy (PKCry)-positive excitatory
interneurons (Polgar et al., 1999, 2011), which critically contrib-
ute to neuropathic pain (Malmberg et al., 1997; Neumann et al.,
2008). Injection of NPY into the spinal canal of rodents exerts
analgesia in different acute pain tests (Hua et al., 1991), whereas
mice lacking NPY Y1 receptors are hypersensitive to acute noci-
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0.005 (unpaired Student’s  test).

ceptive stimuli and develop stronger neuropathic pain than wild-
type mice (Naveilhan et al., 2001).

Pdyn is a second gene identified in our screen that has been
discovered previously as a marker of inhibitory dorsal horn
interneurons. Pdyn (or dynorphin)-expressing neurons and
NPY-positive neurons are found in primarily overlapping re-
gions of the dorsal horn but are rarely coexpressed in the same
neurons (Laing et al., 1994; Sardella et al., 2011). Dynorphin, an
agonist at k-opioid receptors, is strongly upregulated in different
chronic pain states and possibly makes a major contribution to
chronic neuropathic pain. However, neither their synaptic inputs
nor their synaptic targets have been characterized in detail so far.

The other five genes encode different classes of gene products.
Prkeq encodes PKCH, Rorb and Tfap2b are transcription factor
genes, Kcnip2 encodes a potassium channel associated protein,
and KIhl14 is the kelch-like 14 protein whose function is un-
known. Specific functions in spinal circuit formation or sensory
processing have not been attributed to any of them so far.
Nevertheless, their specific expression in dorsal spinal inhibi-
tory subsets should make them suitable markers for inhibitory
subpopulations.

Systematic comparisons of the expression patterns of the
genes studied here suggest a layer- and domain-specific distribu-
tion at least for pDyn-, Kcnip2-, Rorb-, and Tfap2b-expressing
interneurons. The other three genes, Npy, Prkcq, and Klhli4,
showed slightly broader expression patterns overlapping with the
aforementioned genes. For example, Npy expression overlaps
with that of pDyn, Kcnip2, and Rorb. However, as exemplified
above, an overlapping or even a congruent region of expression
does not exclude that both markers label distinct populations of
neurons. Thus, itis possible or even likely that more than the four

e

Changes in the ventral root potentials (VRP) and a reduced wind-up in Asc/7 /" mice. 4, Representative example
traces of ventral root potentials recorded from Asc/7~/~ or wild-type control mice either with or without bicuculline superfusion.
B, Quantification of the (-fiber-evoked amplitude shows a significant increase in Asc/7 ™/~ mice as well s after bicuculline
superfusion. €, Example traces of wind-up in Asc/7~/~ and wild-type control mice. D, Wind-up is significantly reduced in
Ascl1~/~ mice and after bicuculline superfusion [1st, measurement without bicuculine; bicuc, measurement after 10 min bicuc-
ulline superfusion (30 wum); wash-out, measurement after 40 min of bicuculline washout]. The error bars represent the SEM. **p <<

J. Neurosci., April 24, 2013 - 33(17):7299 7307 * 7305

genes with non-overlapping distribution
can be used as markers of distinct popula-
- tions of neurons.

Previous attempts to define neuro-
chemical markers of distinct populations
of dorsal horn inhibitory interneurons re-
lied on the analysis of gene products with
known expression in the dorsal horn (for
review, see Todd, 2010). These studies
identified galanin, neuronal nitric oxide
synthase (nNOS), NPY, and parvalbumin as
markers of four primarily non-overlapping
populations of dorsal horn inhibitory neu-
rons (Laing et al., 1994; Sardella et al., 2011;
Tiong et al, 2011). NPY (Npy) also ap-
peared as downregulated in our genome-
wide screens, and the widespread
coexpression of galanin and dynorphin in
dorsal horn neurons (Sardella et al., 2011)
suggests that the Pdyn-positive population
is closely related to the subset of galanin-
positive interneurons. At present, it is un-
known whether the expression of any of the
remaining five genes identified in the pres-
ent study correlate with the presence of
nNOS or parvalbumin.

Increased nociceptive reflex activity in
spinal cords from Ascll /" mice suggests
the presence of a strong inhibitory tone of
Ascll-dependent inhibitory interneurons
onto the underlying reflex circuit. This is
in good agreement with in vivo findings
demonstrating that block of spinal GABA, and/or glycine recep-
tors induces extensive pain behavior in rodents (Beyer et al.,
1985; Roberts et al., 1986). In the present study, increased noci-
ceptive reflex activity was accompanied by diminished activity-
dependent facilitation of this reflex. Our observation that the loss
of dorsal horn inhibitory neurons causes an increased reflex ac-
tivity but reduces the degree of possible potentiation suggests that
facilitation occurs at least partly through reduced inhibition. This
is in good agreement with the total loss of wind-up after bicucul-
line superfusion and is supported by a previous report showing
that C-fiber-induced spinal hyperalgesia originates from an
endocannabinoid-mediated reduction of dorsal horn inhibitory
neurotransmission (Pernia-Andrade et al., 2009). Work from
several independent laboratories indicates that a reduction in
neuronal inhibition can also occur endogenously after peripheral
inflammation or neuropathy and that diminished inhibition
contributes to symptoms of chronic pain (Moore et al., 2002;
Harvey et al., 2004; Reinold et al., 2005; Scholz et al., 2005; Zhang
etal., 2011).

Inhibitory interneurons of the spinal dorsal horn control so-
matosensation and pain through different and only partially un-
derstood mechanisms. They are activated by excitatory input
from certain sensory nerve fibers arriving from the periphery and
from antinociceptive fiber tracts descending from supraspinal
CNS areas. They target different types of dorsal horn neurons,
including projection neurons and local interneurons, and axon
terminals to mediate presynaptic and postsynaptic inhibition. It
is possible, or even likely, that the different physiological func-
tions outlined above correlate with the expression of genetic
markers. The recent report by Ross et al. (2010) provides an
example for a successful correlation of a genetic marker of inhib-
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itory interneurons with a defined physiological function. Mice
deficient in the transcription factor BHLHb5 show a loss of cer-
tain inhibitory interneurons that selectively affects the assembly
of the sensory circuits involved in the sensation of itch. Another
example is the recently described selective innervation of low-
threshold myelinated afferents by parvalbumin-positive inhibi-
tory interneurons through axo-axonic synapses (Hughes et al.,
2012).

Unlike traditional markers, such as dendritic tree morphology
and firing patterns, genetically encoded markers are extremely
useful for specific genetic manipulations of subtypes of neurons.
Such manipulations include the generation of fluorescent re-
porter mice enabling targeted recordings from identified cells
and of cre diver lines that are extremely versatile tools for the
specific ablation of neurons through targeted expression of cyto-
toxins (Buch et al., 2005; Abrahamsen et al., 2008) or for the
silencing or excitation of neurons by optogenetic (Boyden et al.,
2005; Zhang et al., 2007) or chemogenetic techniques (Ray et al.,
2011).

Although the markers identified here define distinct popula-
tions of dorsal horn inhibitory interneurons, they are also ex-
pressed in cells different from inhibitory interneurons and in
other tissues. Dynorphin is also expressed in some excitatory
interneurons and in dorsal root ganglion (DRG) neurons (Sweet-
nam et al., 1982; Marvizon et al., 2009; Baseer et al., 2012), and
Kenip2, for example, is also expressed in the heart (Decher et al.,
2001). Potential caveats arising from these additional expression
sites can be overcome by cross-sectional gene targeting (for re-
view, see Dymecki et al., 2010). This approach involves the use of
two different recombinases (e.g., cre and flpe) driven by promot-
ers of different but overlapping specificity. In the case of dorsal
horn inhibitory neurons, the use of a GadI-cre transgenic line as
a second recombinase line would, for example, avoid recombina-
tion in DRG neurons or other excitatory cells, whereas the use of
Hoxb8-cre mice (Witschi et al., 2010) would avoid recombina-
tion in supraspinal areas.

The finding of this study should help to resolve the highly
complex architecture of the neuronal circuit in the spinal dorsal
horn and may thus foster our understanding of spinal sensory
processing under physiological conditions and its malfunction-
ing in chronic pain conditions.
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