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Abstract 40 

Astrocytes are the most abundant glial cell in the brain and perform a wide range of tasks 41 

that support neuronal function and circuit activities. There is emerging evidence that 42 

astrocytes exhibit molecular and cellular heterogeneity; however, whether distinct 43 

subpopulations perform these diverse roles remains poorly defined.  Here we show that 44 

the Lunatic Fringe-GFP (Lfng-GFP) bacteria artificial chromosome mouse line from both 45 

sexes specifically labels astrocyte populations within lamina III and IV of the dorsal spinal 46 

cord. Transcriptional profiling of Lfng-GFP+ astrocytes revealed unique molecular profiles, 47 

featuring an enriched expression of Notch- and Wnt- pathway components. Leveraging 48 

CRE-DOG viral tools, we ablated Lfng-GFP+ astrocytes, which decreased neuronal 49 

activity in lamina III and IV and impaired mechanosensation associated with light touch. 50 

Together, our findings identify Lfng-GFP+ astrocytes as a unique subpopulation that 51 

occupies a distinct anatomical location in the spinal cord and directly contributes to 52 

neuronal function and sensory responses. 53 

Significance Statement 54 

Astrocytes are the most abundant glial cell in the CNS and their interactions with neurons 55 

are essential for brain function. However, understanding the functional diversity of 56 

astrocytes has been hindered due to the lack of reporters that mark subpopulations and 57 

genetic tools for accessing them. We discovered that the Lfng-GFP reporter mouse labels 58 

a laminae-specific subpopulation of astrocytes in the dorsal spinal cord and that ablation 59 

of these astrocytes reduces glutamatergic synapses. Further analysis revealed that these 60 

astrocytes have a role in maintaining sensory processing circuity related to light touch. 61 
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INTRODUCTION 62 

Astrocytes are the most abundant type of glial cell in the central nervous system (CNS) 63 

and have long been recognized as essential for CNS development and function (Allen 64 

and Barres, 2009; Molofsky and Deneen, 2015). Astrocytes have diverse physiological 65 

roles in neural development and CNS functioning, including forming the blood-brain 66 

barrier, promoting synaptogenesis, participating in neurotransmission, providing 67 

metabolic support of neurons, and secreting molecules that modulate neuronal activity 68 

(Khakh and Sofroniew, 2015; Allen and Eroglu, 2017; Khakh and Deneen, 2019). Despite 69 

these broad physiological functions, it has been challenging to decipher whether distinct 70 

subpopulations of astrocytes execute these diverse roles (Khakh and Sofroniew, 2015; 71 

Allen and Eroglu, 2017; Khakh and Deneen, 2019).  72 

For over 100 years, it has been appreciated that the brain is comprised of a wide 73 

array of morphologically diverse glial populations present throughout the neural axis 74 

(Ramon y Cajal, 1897). While astrocytes have been classified into two broad 75 

morphological groups: protoplasmic or fibrous, unlike neurons, they are electrically silent 76 

and therefore difficult to characterize by electrophysiology. However, more recent studies 77 

in developmental systems have demonstrated new ways to categorize astrocytes (Haim 78 

and Rowitch, 2017). Combinatorial expression of patterning-associated transcription 79 

factors revealed astrocyte subpopulations with unique expression profiles in ventral spinal 80 

cord white matter (Hochstim et al., 2008). Lineage tracing of these patterned spinal cord 81 

domains confirmed the presence of astrocyte subpopulations along the dorsal/ventral axis 82 

(Tsai et al., 2012). In addition to studies in the developing spinal cord a series of recent 83 

studies have also identified molecular diversity in the adult brain (Khakh and Deneen, 84 
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2019). These include identifying molecular diversity across distinct brain regions (i.e., 85 

hippocampus and striatum) and unique interactions with region-specific neuronal 86 

populations (Morel, et al. 2017). Local diversity of astrocytes within brain regions also was 87 

demonstrated using FACS-based and single-cell profiling approaches (John Lin et al., 88 

2017; Batiuk et al., 2020; Bayraktar et al., 2020). Nevertheless, how molecularly distinct 89 

astrocyte populations differentially influence circuit function remains poorly defined 90 

Synaptic inputs from peripheral sensory neurons into the CNS occur in the dorsal 91 

horn of the spinal cord, which is densely populated by astrocytes. Recent studies found 92 

that dorsal astrocytes exhibit unique patterns of marker gene expression and laminar-93 

specific coupling speed (Kronschläger et al., 2021). Accordingly, astrocytes have been 94 

implicated in sensory processing, where inhibition of astrocyte proliferation reduced 95 

injury-induced tactile allodynia (Tsuda et al., 2011). In contrast, injection of reactive 96 

astrocytes with cytokines into the spinal cord increased mechanical allodynia (Gao et al., 97 

2010). In addition to inflammation pathways, direct optogenetic and chemogenetic 98 

stimulation of dorsal astrocytes induced mechanical hypersensitivity through ATP and D-99 

serine, respectively (Nam et al., 2016; Kohro et al., 2020). These distinct mechanisms 100 

suggest that different subsets of astrocytes contribute to sensory processing, highlighting 101 

the need to develop new genetic tools to trace and manipulate them (Tsuda et al., 2011; 102 

Ji et al., 2019).  103 

 In this study, we found that the Lfng-GFP bacteria artificial chromosome (BAC) 104 

mouse line specifically labels a subpopulation of astrocytes in the dorsal horn of the spinal 105 

cord. Lunatic Fringe (Lfng) is a glycosyltransferase enzyme that modifies Notch receptor 106 

and plays a key role in Notch signaling (LeBon et al., 2014). Lfng-GFP+ astrocytes 107 
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localize within lamina III and IV and are endowed with unique molecular profiles compared 108 

to other spinal cord astrocytes. We leveraged viral tools to genetically ablate this 109 

subpopulation, which impaired both neuronal activity in lamina III and IV and sensory 110 

processing of touch. Together, our findings indicate that Lfng-GFP+ astrocytes are a 111 

unique subpopulation that occupies the dorsal spinal cord and contributes to neuronal 112 

function and associated tactile responses. 113 

MATERIALS AND METHODS 114 

Animals 115 

All experimental animals were treated according to the US Department of Health and 116 

Human Services and Baylor College of Medicine IACUC guidelines. All mice were housed 117 

with food and water available ad libitum in a 12-hour light/dark environment. Both male 118 

and female mice were used for all experiments, and mice were randomly allocated to 119 

experimental groups. For the ex vivo and in vivo experiments, adult mice aged 8-12 weeks 120 

were used unless otherwise described. Both male and female Lfng-GFP and Aldh1l1-121 

GFP mice were used and maintained on the C57BL/6J background. The Lfng-GFP 122 

mouse was a gift from Dr. Andrew Groves (Baylor College of Medicine, Houston, TX). 123 

The Lfng-GFP mouse line is crossed to ROSA26-DTA mice line (The Jackson Laboratory; 124 

JAX stock #010527) (Wu et al., 2006) for at least ten generations. 125 

Immunofluorescence on frozen spinal cord tissues 126 

Mice were anesthetized under isoflurane inhalation and perfused transcardially with 1X 127 

Phosphate Buffered Saline (PBS) pH 7.4 followed by 4% paraformaldehyde (PFA). Spinal 128 

cords were dissected out and post-fixed with 4% PFA overnight and then put in 20% 129 
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sucrose for cryoprotection before being sectioned into 20 μm and attached to VWR 130 

VistaVision microscope slides (VWR, Cat. no 16004-406). Slides with spinal cord sections 131 

were washed with 1X PBS 5 min X3, blocked with 10% goat or donkey serum in PBS with 132 

0.3% Triton x-100, and incubated with primary antibodies in blocking solution overnight. 133 

Primary antibodies were used at the following concentrations: Chicken anti-GFP (1:1000; 134 

abcam, ab13970), Isolectin GS-IB4 Alexa Fluor 647 conjugate (1:100; Invitrogen, 135 

I32450), rabbit anti-neurokinin 1 receptor (Nk1r) (1:500; Sigma; S8305), mouse Anti- 136 

glutamic acid decarboxylase 67 (GAD67) Antibody (1:500; Millipore; MAB5406), guinea 137 

pig anti-vesicular glutamate transporter 1 (vGlut1) Antibody (1:1000; Sigma-Aldrich; 138 

AB5905), guinea pig anti-vesicular glutamate transporter 2 (vGlut2) Antibody (1:5000; 139 

Millipore (AB2251), rabbit anti-NFIA (1:500; Sigma, HPA006111), rabbit anti-olig2 (1:500; 140 

Abcam; ab42453), goat anti-Sox9 (1:750; RD system, AF3075), mouse anti-NeuN 141 

(1:1000; Millipore; MAB377), goat Anti-Aldolase C (AldoC) antibody (1:500; Santa Cruz; 142 

sc-271593), mouse anti-GFAP (1:1000, EMD millipore, MAB360), rabbit anti-S100 143 

(1:1000; DakoCytomation;Z 0311), rabbit anti-beta catenin antibody (1:500; Abcam; 144 

ab6302), rabbit anti-Hes1 (1:100; Abcam; ab71559), guinea pig anti-VGAT (1:350; 145 

Synaptic systems; 1310044), mouse anti-Gephyrin (1:600; Synaptic systems; 147011) 146 

and rabbit anti-PSD95 (1:300; Invitrogen; 51-6900). Sections were then incubated for 1 147 

hour with the following secondary antibodies (1:500; Invitrogen), Alexa Fluor 488 Goat 148 

anti-chicken (A11039), Alexa Fluor 568 Goat anti-rabbit (A10036), Alexa Fluor 568 Goat 149 

anti-mouse (A11004 ), and Alexa Fluor 568 Donkey anti-goat (A11057). Fluorescent 150 

imaging was performed using Zeiss Imager M2 and Z1 fluorescence microscope 151 

equipped with a Zeiss AxioCam camera and AxioVision software.  152 
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Preparation of spinal cord slices  153 

To prepare spinal cord slices, all animals were deeply anesthetized with isoflurane. After 154 

decapitation, the spinal cord was quickly excised and submerged in an ice-cold cutting 155 

solution containing (in mM): 130 NaCl, 24 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 1.5 CaCl2, 156 

1.5 MgCl2, and 10 D(+)-glucose, pH 7.4. The whole solution was gassed with 95 %O2-5 157 

% CO2. The dura mater, ventral and dorsal roots were removed. The spinal cord was 158 

glued to an upright agar block and placed in a slicing chamber with ice-cold pre-159 

oxygenated incubation solution. We cut 300 μm thick spinal cord coronal slices (lumbar 160 

segments L1–L5) using a vibratome. The slices were transferred to an extracellular ACSF 161 

solution (in mM): 130 NaCl, 24 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 1.5 CaCl2, 1.5 MgCl2, 162 

and 10 D(+)-glucose, pH 7.4. Slices were incubated at room temperature for at least one 163 

hour prior to recording before being transferred to a recording chamber that was 164 

continuously perfused with ASCF solution (flow rate = 2 ml/min). The slice chamber was 165 

mounted on the stage of an upright Olympus microscope and viewed with a 60X water 166 

immersion objective (NA = 0.90) with infrared differential interference contrast optics. For 167 

passive conductance measurement, astrocytes were patched with an internal solution (in 168 

mM): 140 K-gluconate, 10 HEPES, 7 NaCl, and 2 MgATP adjusted to pH 7.4 with CsOH 169 

and their membrane potential were set at −60 mV. The voltage was injected from −120 to 170 

120 mV for 1 s. 171 

FACS sorting 172 

We harvested and dissociated spinal cords using our previous protocols (John Lin et al., 173 

2017). We used BD FACSAira III to sort dissociated astrocytes of different regions with a 174 

100 μM nozzle. Around 50,000 GFP+ astrocytes and 100,000 GFP- cells were collected 175 
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per 1.5 ml tube, which contained 500 μl of Buffer RLT (Qiagen Cat. No. 79216) with 1% 176 

ß-Mercaptoethanol. In the end, each sample was vortexed and rapidly frozen on dry ice.  177 

Total RNA extraction, library preparation, and sequencing 178 

RNA was extracted from pelleted cells using RNeasy Micro Kit (Cat. No. 74004, 179 

QIAGEN). RNA integrity (RIN ≥ 8.0) was confirmed using the High Sensitivity RNA 180 

Analysis Kit (DNF-472-0500, Agilent formerly AATI) on a 12-Capillary Fragment Analyzer. 181 

Illumina sequencing libraries with 8-bp single indices were constructed from 10 ng total 182 

RNA using the Trio RNA-Seq System (0507-96, NuGEN). We validated resulting libraries 183 

using the Standard Sensitivity NGS Fragment Analysis Kit (DNF-473-0500, Agilent 184 

formerly AATI) on a 12-Capillary Fragment Analyzer. Equal concentrations (2 nM) of 185 

libraries were pooled and subjected to paired-end (2x75) sequencing of approximately 40 186 

million reads per sample using the High Output v2 kit (FC-404-2002, Illumina) on a 187 

NextSeq550 following the manufacturer’s instructions.  188 

Statistical Analysis and Bioinformatics data processing 189 

We downloaded sequencing files from each flow cell lane and merged resulting fastq files. 190 

Quality control was performed using fastQC (v0.10.1) and MultiQC (v0.9). Reads were 191 

mapped to the mouse genome mm10 assembly using STAR (v2.5.0a). Bioconductor 192 

packages GenomicAlignments (v1.16.0) and GenomicFeatures (v1.32.2) were used to 193 

build count matrices. Normalization and differential expression were determined using 194 

DESeq2 (v1.20.0) in R (v3.5.2). RNA-Seq data have been deposited at the NIH GEO database 195 

(GSE186410). Genes were considered differentially expressed with adjusted P-value<0.05 196 
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We determined Gene Ontologies using Enrichr. Heatmap of expression values were 197 

plotted using pheatmap R package.  198 

Plasmids and Adeno-associated virus (AAV) generation 199 

CRE-DOG system consists of pAAV-EF1a-C-CreintG  and pAAV-EF1a-N-CretrcintG, 200 

which were a gift from Connie Cepko (Addgene plasmid # 69571;  201 

http://n2t.net/addgene:69571; RRID: Addgene_69571  and Addgene plasmid # 69570 ; 202 

http://n2t.net/addgene:69570 ; RRID:Addgene_69570, respectively) (Tang et al., 2015). 203 

pAAV-EF1a-N-CreintG and pAAV-EF1a-C-CretrcintG plasmids, were used to generate 204 

AAV2/9 at a concentration of 3.85E12 gc/ml and 5.26E12 gc/ml, respectively. All AAV 205 

viruses were generated in Optogenetics and Viral Vectors Core, Jan and Dan Duncan 206 

Neurological Research Institute. 207 

Injection of the spinal cord 208 

CRE-DOG, which combines the 2 AAV viruses, was injected into the dorsal white matter 209 

of the spinal cord of 8-week-old Lfng-GFP; ROSA26-DTA mice. Only 1 component of 210 

CRE-DOG was injected into the control group or control side. Morphological, 211 

electrophysiological and behavioral studies were carried out 4-5 weeks after the injection. 212 

Injections were performed on the L2-L3 segment of spinal cord. For characterization of 213 

the efficiency of the viral injections each mouse received 1 injection per side. For 214 

electrophysiological and behavioral characterization, each mouse received 4 injections 215 

on L2 and L3 segment per side. Injection volume is 1 ul.  216 

Confocal imaging, synaptic staining and quantification 217 
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Glutamatergic and GABAergic synapses were quantified with the Synapse Counter plugin 218 

for ImageJ (https://github.com/SynPuCo/SynapseCounter). Fluorescent images were 219 

acquired using a Zeiss LSM 880 laser scanning confocal microscope with the 63X oil 220 

immersion objective. Serial images at z axis were taken at an optical step of 1 μm and 221 

encompassing the whole 30 μm section across replicates (n=3 mice). Default parameters 222 

for 1024×1024 pixel images are used for glutamatergic and GABAergic synapse 223 

quantification using vGlut1-PSD95. vGlut2-PSD95 and vGAT-Gephyrin pairs, 224 

respectively in coronal sections. The regions of interest are selected within 100 μm of the 225 

ablation margin (where there are less Lfng-GFP+ astrocytes) are and compared with its 226 

contralateral site.  227 

Electrophysiological recordings of dorsal spinal cord neurons  228 

Field excitatory postsynaptic potential was measured in layer III-IV by electrical 229 

stimulation in layer I-II spinal cord. Electrical stimulation was delivered (From 100 to 500 230 

μA with 0.2 ms duration every 10 seconds) through a concentric bipolar electrode (FHC, 231 

ME, USA), and the recording pipette was filled with 1 M NaCl solution. Electrical signals 232 

were digitized and sampled at 50 μs intervals with Digidata 1550B (Molecular Devices) 233 

using pCLAMP 10.2 software. Data were filtered at 2 kHz. 234 

Hot Plate Test 235 

We heated the hot plate surface to a constant temperature of 55 degrees Celsius. We 236 

placed mice on the hot plate and measured the latency to hind paw response with either 237 

a lick, flick, or jump (whichever came first). We then immediately removed the mouse from 238 

the plate and returned it to its cage. When a mouse did not respond within 30 seconds, 239 
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we terminated the test and removed the mouse to prevent tissue damage. Each animal 240 

was tested only once. 241 

Von Frey filament test 242 

To determine responses to mechanical stimuli, we used Aesthesio von Frey Kit, Touch 243 

Test Sensory Evaluator, which consists of 20 filaments based on the Semmes Weinstein 244 

monofilament set for touch assessment. Mice were placed on a perforated platform in a 245 

transparent Plexiglas chamber and habituated in their individual chambers for 1 hr before 246 

the test. The series of von Frey fibers (0.04-1g) was applied through the wire mesh onto 247 

the plantar surface of both hind paws in ascending order, starting with the finest fiber. The 248 

filament was held in place for 1-1.5 seconds, then removed. We applied each von Frey 249 

hair five times at 5-sec intervals for each paw (left and right), and calculated percent paw 250 

withdrawal responses to gentle von Frey filament stimulation (Woo et al., 2014).  251 

Cotton Swab Test 252 

We used a “puffed out” cotton swab such that the cotton head was >3× the normal size 253 

and applied it to hind paws. We performed a <1-s stroke along the plantar paw surface 5 254 

times, alternating between paws with a 10-s interval between, and recorded the number 255 

of paw withdrawals.                                                                                                                     256 

Adhesive Removal Test 257 

For adhesive removal test, the home cage of the mice was first placed in the testing room. 258 

The feeder bin from the cage is removed and the mice habituated the testing room and 259 

the cage without the feeder for 1h. While in the home cage, the mouse was then 260 

restrained and a cut adhesive tape was placed on alternating hind paws. When the mouse 261 
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makes an attempt to contact the adhesive label or try to remove it, time is recorded. If the 262 

mouse does not contact the adhesive label within 5 minutes trial is ended and label is 263 

removed by the experimenter. All mice receive 5 trials, with 24 hours between trials and 264 

hind paw labeled is rotated by day. Trials where the label falls off or is not secure are not 265 

counted (V et al., 2009).  266 

Experimental Design and Statistical Analysis 267 

Statistical analysis was performed using GraphPad Prism 9. Comparisons of averages of 268 

the resting potential and the capacitance of the ventral and Lfng-GFP+ astrocytes were 269 

performed with the two-tailed, unpaired Student's t-test (Fig. 2U-W). Two-way ANOVA 270 

for repeated measures with post hoc analysis of the Bonferroni test was used to determine 271 

statistical significance in I-V curve where current is measured after voltage injection (Fig. 272 

2T). Characterization of ablation and control sides performed by setting the region of 273 

interest same size in all slices using ImageJ. The significance of Lfng-GFP+ and Sox9+ 274 

cells quantification is assessed by two-way ANOVA with Bonferroni test (Fig. 5L-M). The 275 

significance of Neun+ cells and synaptic markers are assed with two-tailed, paired 276 

Student's t-test (Fig. 5P, 6G-I). Field excitatory postsynaptic potential (fEPSP) off-line 277 

analysis was carried out using Clampfit in addition to GraphPad Prism 9. We assessed 278 

significance of data for comparison by two-way ANOVA with Bonferroni test (Fig. 7C). 279 

For behavioral experiments, hot plate, cotton swab and adhesive removal assays 280 

significance determined by unpaired Student's t-test, while von Frey assay tested with 281 

two-way ANOVA with Bonferroni (Fig 7D-G). Data are presented as mean ± SEM 282 

(standard error of the mean). Levels of statistical significance are indicated as follows: * 283 
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(p < 0.05), ** (p < 0.01), *** (p < 0.001). Details of statistical tests, precise p,n, t and F 284 

values for each experiment are provided in the appropriate figure legends. 285 

 286 

RESULTS 287 

Lfng-GFP reporter mice mark a laminae-specific cell population of the spinal cord  288 

Prior studies established that Notch signaling plays a role in astrocyte differentiation and 289 

function (Ge et al., 2002; Namihira et al., 2009; Shimada et al., 2011; Wilhelmsson et al., 290 

2012; Martini et al., 2013; Lebkuechner et al., 2015; LeComte et al., 2015; Acaz-Fonseca 291 

et al., 2019). Recently, the Lfng-GFP BAC reporter mouse was shown to specifically mark 292 

neural stem cells of the dentate gyrus (Semerci et al., 2017). This observation prompted 293 

us to examine Lfng-GFP expression in the developing and adult spinal cord, where we 294 

performed immunostaining with GFP at postnatal days 3, 7,14, 21, and 8-week in Lfng-295 

GFP reporter mice. We found GFP was expressed throughout the spinal cord during early 296 

postnatal developmental stages; however, in adult mice, Lfng-GFP expression was 297 

restricted to the dorsal horn of the spinal cord (Figs. 1B-E). These expression patterns 298 

were uniformly present along with the spinal cord’s cervical, thoracic, and lumbar 299 

segments at p3, p21, and adult (Fig. 1F-N). 300 

We next asked which laminae of the dorsal horn are occupied by Lfng-GFP+ cells. 301 

Lamina II is marked by Bandeiraea simplicifolia isolectin B4 (IB4) (Wang et al., 1994) and 302 

Neurokinin-1 receptor (NK1R) labels neurons predominantly in lamina I and lamina III-IV 303 

(Sakamoto et al., 1999; Todd et al., 2000; Szabo et al., 2015). Co-immunostaining with 304 

NK1R, IB4 and GFP revealed that Lfng-GFP+ cells co-localize with NK1R in lamina III 305 
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and IV and do not co-localize with IB4, instead appearing to be localized in deeper 306 

laminae (Fig. 1Q). In parallel, we stained for glutamic acid decarboxylase 67 (GAD67) to 307 

define the borders of Lamina III. Previous studies demonstrated that transgenic GAD67-308 

GFP mice predominately labels neurons Laminae I-III (Zeilhofer et al., 2009) and we 309 

found strong co-localization of Lfng-GFP with GAD67 (Fig.1R). Vesicular glutamate 310 

transporter 1 (vGlut1) is most abundant in Laminae III and IV (Alvarez et al., 2004) and 311 

can be used as defining the boundaries of Lamina IV and we found co-localization of 312 

Vglut1 and Lfng-GFP in the dorsal boundaries (Fig. 1S). These studies indicate that Lfng-313 

GFP reporter mice mark a specific cell population of the dorsal horn of the adult spinal 314 

cord in laminae III-IV, in which Aδ hair follicle afferents and Aβ hair follicle and tactile 315 

afferents terminate as well (Fig. 1O-P) (Todd, 2010).  316 

 317 

Lfng-GFP+ cells have molecular and physiological properties of astrocytes 318 

The morphological characteristics of the Lfng-GFP+ cells resembled protoplasmic 319 

astrocytes. Therefore, we next investigated which CNS lineage markers are co-expressed 320 

with Lfng-GFP. Examination of astrocyte markers Sox9 and NFIA revealed extensive co-321 

expression with Lfng-GFP (SOX9:  98% ± 1.2%, n = 40 cells, 9 slices from 3 mice; NFIA: 322 

99% ± 1 %, n = 40 cells, 9 slices from 3 mice) (Fig. 2A-F, Q). Further staining with 323 

neuronal nuclear antigen (NeuN; 0.5%± 0.2 %, n = 40 cells, 9 slices from 3 mice) or 324 

oligodendrocyte transcription factor 2 (Olig2; 0.5%± 0.3%, n = 40 cells, 9 slices from 3 325 

mice) (Fig2. G-L, Q) revealed nominal co-expression. These data indicate that Lfng-326 

GFP+ cells are exclusively co-expressed with astrocyte markers. We corroborated these 327 

findings by staining with additional astrocyte markers such as aldolase C (AldoC), GFAP 328 
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and S100β and observed co-expression (AldoC 97% ± 1.5% n = 40 cells, 9 slices from 3 329 

mice; data not shown) (Fig. 2 M-O, R). Importantly, not all Sox9-expressing cells are 330 

positive for Lfng-GFP in Laminae III and IV. We stained with IB4 to define these laminae 331 

and quantified percentage of Sox9 cells expressing Lfng-GFP, finding that 38% of Lamina 332 

III astrocytes and 4.3% of Lamina IV astrocytes express Lfng-GFP (Fig. 2R-S) 333 

 To evaluate whether the Lfng-GFP+ cells possess the physiological properties of 334 

astrocytes, we performed whole-cell patch-clamp recordings on Lfng-GFP+ astrocytes 335 

and Aldhl1l-GFP+ astrocytes from the ventral spinal cord (Ventral astrocytes n=5. Lfng-336 

GFP+ astrocytes n=10 cells from total of 3 mice from each group). We did not find a 337 

significant difference both astrocyte groups’ membrane potential (unpaired Student's t-338 

test; ventral: -72.6±3.4 mV Lfng-GFP:-72.4±2.4 Mv, t=0.04673, df=13, p=0.9634) and 339 

conductance (unpaired Student's t-test. ventral: 33.6±13.8 pF Lfng-GFP: 29.96±7.51 pF 340 

t=0.2537, df=13, p=0.8037). Stepped voltage injections revealed no differences in 341 

current-voltage (IV) relationship between Lfng-GFP+ and ventral astrocytes (two-way 342 

ANOVA; Cell type, F(1,13)=0.04 p = 0.8290, Group interaction, F(13,169)=0.03 p>0.9999) 343 

(Fig. 2S-W) . In conjunction with our cell lineage marker analysis, these observations 344 

indicate that Lfng-GFP+ cells are astrocytes possessing similar membrane properties as 345 

ventral astrocytes. 346 

 347 

Lfng-GFP+ astrocytes exhibit unique molecular profiles  348 

Having identified the Lfng-GFP+ population as a lamina-specific astrocyte subpopulation, 349 

we asked whether it differs from other astrocytes in the spinal cord. We compared the 350 
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molecular profiles of Lfng-GFP+ astrocytes with astrocytes isolated from the Aldehyde 351 

dehydrogenase family member L1 (Aldh1l1)-GFP reporter (Cahoy et al., 2008). We FACS 352 

isolated Lfng-GFP+ and Aldh1l1-GFP+ astrocytes in addition to Lfng-GFP- and Aldh1l1-353 

GFP- cells from 12-week-old adult spinal cords for mRNA-Seq analysis (Fig. 3A).  We 354 

first verified that Lfng-GFP+ and Aldh1l1-GFP+ populations possessed molecular profiles 355 

consistent with astrocyte-specific signatures by comparing our data set with a previously 356 

established list of astrocytic genes (John Lin et al., 2017) (Fig. 3B). This analysis 357 

confirmed that Lfng-GFP+ cells possess molecular profiles consistent with a pan-358 

astrocytic signature and that we can successfully isolate these populations. Next, we  359 

sought to identify the molecular profile specific to Lfng-GFP+ astrocytes. We analyzed 360 

differentially expressed genes by comparing Lfng-GFP+ astrocytes with Aldh1l1-GFP+ 361 

astrocytes selected genes with a fold change >1.5 and p<0.05 (Fig. 3C). These data 362 

indicate that Lfng-GFP+ astrocytes exhibit unique molecular profiles that distinguish them 363 

from Ald1l1-GFP+ astrocytes in the adult spinal cord. To further understand the unique 364 

molecular profiles of Lfng-GFP+ astrocytes, we performed gene ontology (GO) analysis 365 

on the differentially expressed genes (DEGs) by comparing Lfng-GFP+ astrocytes with 366 

Aldh1l1-GFP+ astrocytes and Lfng-GFP+ astrocytes with Lfng-GFP- cells. Major enriched 367 

processes in the GO analysis were Notch and Wnt signaling, GABAergic, and 368 

glutamatergic synaptic transmission (Fig. 3D-E). These studies indicate that Lfng-GFP+ 369 

astrocytes have unique molecular signatures while also being enriched with astrocytic 370 

genes. 371 

 Among the GO terms and associated genes highlighted Wnt-signaling in Lfng-372 

GFP+ cells we identified Apcdd1, Axin 2, and Ctnnb1 (β- catenin) (Fig. 4A). Wnts are a 373 
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spinal cord morphogen that forms a dorsal to ventral concentration gradient (Megason 374 

and McMahon, 2002). In murine models of nerve injury, Wnt ligands are rapidly 375 

upregulated in dorsal horn neurons and astrocytes (Zhang et al., 2013; Liu et al., 2015). 376 

A recent study showed that an increase in Wnt ligands and β-catenin contributed to 377 

neuropathic pain by causing an increased expression of VGLUT2 in the spinal cord 378 

(Zhang et al., 2020). Furthermore, the inhibition of Wnt ligands alleviated nociceptive 379 

sensitivity (Simonetti and Kuner, 2020). Notch signaling pathways Lfng, Dll4, Notch3, 380 

Sox17, Jag1, Adam10, and Hes1 were also expressed in Lfng-GFP+ astrocytes (Fig. 4A). 381 

Notch signaling pathway has a role in developing sensory organs, sensory processing, 382 

and plasticity (Dahlhaus et al., 2008; Lieber et al., 2011; Dias et al., 2014; Basch et al., 383 

2016). In the dorsal spinal cord; Notch intracellular domain (NICD) expression in the 384 

spinal cord dorsal horn is increased after spared nerve injury (SNI) (Sun et al., 2012), in 385 

addition to an increase in mRNA levels of Hes1, which is a downstream target of Notch 386 

(Duan et al., 2021). Meanwhile, inhibition of Notch decreased pain response in the SNI 387 

model (Sun et al., 2012) and a diabetic peripheral neuropathic pain model (Chen et al., 388 

2017). A recent study showed that a subpopulation of astrocytes was genetically defined 389 

by Hes5, a Notch effector, and had a critical role in mechanosensory behavior (Kohro et 390 

al., 2020).  391 

Given the known roles of Wnt and Notch pathways in the spinal cord, we co-labeled 392 

Lfng-GFP spinal cord sections with β- catenin and Hes1 antibodies. β-catenin was 393 

predominantly expressed in the spinal cord dorsal horn. In addition, both β-catenin, and 394 

Hes1 were enriched in Lfng-GFP+ astrocytes (Fig4.B-G). In summary, essential 395 



 

19 
 

components of two signaling pathways associated with thermal and mechanical sensation 396 

are enriched in this subpopulation.   397 

 398 

Combinatorial DTA and CRE-DOG system ablates Lfng-GFP+ astrocytes  399 

Our anatomical and molecular studies on the Lfng-GFP+ astrocytes led us to hypothesize 400 

that Lfng-GFP+ astrocytes contribute to sensory circuit activity in the dorsal spinal cord. 401 

To examine their prospective role in these processes, we next  manipulated them by using 402 

the Lfng-GFP reporter to perturb their function. Previously, GFP lines have only been 403 

used to label cells, but recent technological developments allow us to manipulate these 404 

cells as well (Jonathan C.Y. Tang et al., 2013). A recently established system utilizes a 405 

split Cre recombinase that is dependent upon GFP (CRE-DOG) to target and manipulate 406 

cells expressing GFP (Tang et al., 2015). CRE-DOG consists of two chimeric proteins 407 

with complementary split Cre fragments (N-CretrcintG (N-CRE) and C-CretrcintG (C-408 

CRE)), each fused to a different GFP binding protein. When CRE-DOG is delivered via 409 

AAV, cells that specifically express GFP exhibit CRE activity (Fig. 5A-C).  410 

We combined the CRE-DOG technology with a floxed mouse line, ROSA-DTA (Palmiter 411 

et al., 1987) that conditionally expresses diphtheria toxin subunit A (DTA) in the presence 412 

of Cre. These Lfng-GFP; ROSA26-DTA mice enabled us to ablate the Lfng-GFP+ 413 

astrocytes with CRE-DOG injection (Fig. 5A-C). We injected viruses into the L2 segment 414 

of the spinal cord when mice are 8-weeks old. N-CRE and C-CRE viruses were injected 415 

into the experimental side, while only the N-Cre virus was injected on the control side. 416 

Four weeks after injection, mice were perfused and stained with GFP and Sox9 417 
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antibodies. (Fig. 5F-K). We measured the efficiency of ablation by comparing Lfng-GFP+ 418 

cells on experimental and control sides (n=3 mice, three slices per distance from injection 419 

site). Viral ablation efficiency was highest in regions closest to the injection site and 420 

decreased with increasing distance from the injection site (two-way ANOVA,  n=3 sections 421 

from 3 mice, , experimental group ablation vs non ablation, F(1,4)=117.8 p=0.0004 Group 422 

interaction, F(2,8)=150.7 p<0.0001, 5 μm adjusted p= 0.0007, 75 μm adjusted p= 0.0063, 423 

150 μm adjusted p= 0.8409)  (Fig. 5L). We also observed a decrease in the relative 424 

number of Sox9-expressing cells between the control and experimental groups at 425 

locations proximal to the injection site (two-way ANOVA,  n=3 sections from 3 mice, , 426 

experimental group ablation vs non ablation, F(1,4)=34.01 p=0.0043 Group interaction, 427 

F(2,8)=15.08 p=0.0019, 5 μm adjusted p= 0.0058, 75 μm adjusted p= 0.0271, 150 μm 428 

adjusted p> 0.9999)   (Fig.5M). Finally, we assessed the number of neurons in these 429 

regions and did not observe any significant changes in their numbers (unpaired Student's 430 

t-test, n=3 sections from 3 mice, Control; 243± 6.6, CRE-DOG; 226± 4.8 t=1.462, df=2, 431 

p=0.2812) suggesting that Lfng-GFP astrocytes are not required for neuronal survival and 432 

that our CRE-DOG targeting approach specifically impacted astrocytes (Fig.5N-P). This 433 

characterization demonstrates that the CRE-DOG/DTA system can eliminate Lfng-GFP+ 434 

astrocytes from the dorsal spinal cord and can be used to examine the role of these 435 

astrocytes in the dorsal spinal cord. 436 

 437 

Ablation of Lfng-GFP+ astrocytes impairs sensory circuit function 438 

Using this model , we first evaluated how loss of Lfng-GFP+ astrocytes impacted synapse 439 

numbers in the dorsal spinal cord. We first isolated experimental and control spinal cord 440 
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from CRE-DOG-injected Lfng-GFP; ROSA-DTA mice and stained for synaptic markers in 441 

pairs of vGLUT1/PSD95, vGLUT2/PSD95, and vGAT/Gephyrin (Fig. 6A-F) in laminae III 442 

and IV. We measured co-localization of these markers in experimental and control sides 443 

and found a significant decrease in glutamatergic synapses at the injection site but no 444 

change in the number of GABAergic synapses (paired Student's t-test, n=3 sections from 445 

3 mice, vGlut1/PSD95; Control:382.33± 13.691 CRE-DOG;263.33± 22.303 , t=13.11, 446 

df=2 p=0.0058, vGLUT2/PSD95; Control:571.33± 12.347 CRE-DOG;267.66± 35.983 , 447 

t=12.21, df=2 p=0.0066 , vGAT/Gephyrin; Control:429.33± 35.968 CRE-DOG;422.23± 448 

20.306, t=0.1573, df=2 p=0.8895) (Fig. 6G-I).  449 

The decrease in the number of excitatory synapses led us to examine whether 450 

ablating Lfng-GFP+ astrocytes also impacts circuit function in the dorsal spinal cord. In 451 

these experiments, the experimental group received two injections to both sides of the 452 

spinal cord, while control mice received only N-Cre injection to both sides at 8-weeks. 453 

Analysis occurred four weeks after injection. To test whether ablation of Lfng-GFP+ 454 

astrocytes affects synaptic transmission, we measured field excitatory postsynaptic 455 

potential (fEPSP) amplitude from layer III-IV after applying electrical stimulation into layer 456 

I-II spinal cord. We found a significant reduction in the input-out curve of fEPSP from Lfng-457 

GFP+ astrocyte ablated spinal cords compared to controls (two-way ANOVA, n=10 cells 458 

from each group with 3 mice per group, experimental group ablation vs non ablation, 459 

F(1,18)=44.98 p<0.0001 Group interaction, F(5,90)=33.19 p<0.0001) (Fig. 7A-D). 460 

Having established that ablation of Lfng-GFP+ astrocytes alters synaptic transmission of 461 

neurons in the dorsal spinal cord, we evaluated whether these changes have behavioral 462 

consequences. Given that vGlut1 synapses are associated with low threshold 463 
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mechanosensitive afferent terminals in the spinal cord and vGlut2 synapses are 464 

associated with interneurons and nociceptive afferents, we examined sensory responses 465 

to thermal and mechanical stimuli in CRE-DOG injected and control animals (Fig. 7E-G) 466 

(Brumovsky, 2013). The CRE-DOG injected group demonstrated similar sensitivity to 467 

controls in the hot plate assay (unpaired Student’s t-test, n=9 mice per each group, CRE-468 

DOG:16.333± 0.373 CRE-DOG; 15.556± 1.444, t=1.341, df=16 p=0.1987) (Fig. 7D), 469 

while the adhesive removal assay revealed a non-significant trend towards increased time 470 

to contact (unpaired Student’s t-test, n=9 mice per each group, Control:117.333± 15.376 471 

CRE-DOG;168.00± 25.343, t=1.777, df=16 p=0.0946)  (Fig. 7G). However, in the von 472 

Frey assay (two-way ANOVA, n=15 mice per group, experimental group ablation vs non 473 

ablation, F(1,14)=106.4 p<0.0001 Group interaction, F(5,70)=53.32 p<0.0001) and cotton 474 

swab (unpaired Student’s t-test, n=9 mice per group, Control:57.78± 3.643 CRE-475 

DOG;38.33± 3.727, t=3.731, df=16 p=0.0018), the CRE-DOG injected group 476 

demonstrated significantly  increased touch threshold and reduced sensitivity, 477 

respectively (Fig. 7E-F). Together, these findings indicate that Lfng-GFP+ astrocytes play 478 

a key role in maintaining circuit functions that contribute to mechanosensation in the 479 

dorsal spinal cord.  480 

 481 

DISCUSSION 482 

Our study used the Lfng-GFP reporter mouse to identify a lamina-specific subpopulation 483 

of astrocytes in the adult spinal cord. We characterized GFP expression in these mice 484 

during postnatal developmental stages and in adults using anatomical and cell lineage 485 

markers. Molecular profiling studies on Lfng-GFP+ astrocytes identified the Notch and 486 
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Wnt pathways as enriched in this population in the adult spinal cord. Using combinatorial 487 

CRE-DOG and DTA systems, we ablated Lfng-GFP+ astrocytes and observed 488 

physiological and behavioral alterations. Collectively, our studies show that the Lfng-GFP 489 

population of astrocytes contributes to the maintenance of sensory circuits in the dorsal 490 

spinal cord.  491 

The nature of astrocyte heterogeneity has rapidly emerged as an area of research 492 

over the past few years (Khakh and Deneen, 2019). Our finding of lamina-specific 493 

astrocyte subpopulations in the dorsal spinal cord parallels prior studies that identified 494 

diverse astrocyte subpopulations in the developing ventral spinal cord (Hochstim et al., 495 

2008). Characterizing spinal cord astrocytes by their anatomical location has allowed for 496 

a deeper understanding of their functions, with prior studies revealing that dorsal 497 

astrocytes contribute to nociception (Nam et al., 2016; Kohro et al., 2020), while ventral 498 

astrocytes contribute to motor circuits (Molofsky et al., 2014). This notion of local or intra-499 

regional heterogeneity is also present in the adult brain, where several studies have 500 

identified molecularly distinct subpopulations of astrocytes within defined brain regions 501 

(John Lin et al., 2017; Batiuk et al., 2020; Bayraktar et al., 2020). Subsets of these 502 

subpopulations were shown to differentially influence synaptogenesis, indicating a level 503 

of functional diversity as well, though the precise anatomical location of these 504 

subpopulations with these regions remains poorly defined (John Lin et al., 2017). In 505 

addition to local heterogeneity, astrocytes also exhibit inter-regional heterogeneity across 506 

diverse brain regions (Chai et al., 2017; Morel et al., 2017; Lozzi et al., 2020). For 507 

instance, astrocytes from the hippocampus and striatum exhibit differences in their 508 

potassium ion currents and calcium activity (Chai et al., 2017). In a parallel study, 509 
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astrocytes in major cortical and subcortical brain were shown to have region-specific gene 510 

expression patterns; notably astrocytes from cortical and subcortical regions had 511 

enhanced synapse formation with region-matched neurons (Morel et al., 2017). 512 

In addition to distinct interactions with neurons, spinal cord astrocytes also exhibit 513 

unique physiological properties. A recent study demonstrated that while astrocytes in 514 

lamina I have faster coupling speed, higher responsiveness to potassium channel 515 

blockage and higher expression of AQP4 than astrocytes in lamina III, their basal 516 

membrane properties are similar (Kronschläger et al., 2021). This prompted us to 517 

compare passive conductance, I-V curve, and resting membrane potential between Lfng-518 

GFP+ and ventral Lfng-GFP- astrocytes, where we found no differences these between 519 

populations. Together, these observations indicate that passive linearity of membrane 520 

potential is a core feature of astrocytes that does not differ between these astrocyte 521 

subpopulations in the dorsal spinal cord. While differential expression astrocyte markers 522 

and connectiveness via coupling may help to attune to differing needs of neurons, 523 

alterations in passive conductance and resting membrane potential may hinder the overall 524 

network. Differences in coupling and marker expression likely reflect distinct neuronal 525 

inputs and understanding how specific neuronal interactions shape astrocytic properties 526 

is an area of active investigation. 527 

Given the broad physiological roles of astrocytes, examining their cellular and 528 

functional heterogeneity requires an extensive set of selective tools.  To characterize their 529 

anatomical, molecular, and physiological properties, several recent studies used Aldh1l1-530 

GFP reporter mice or astrocyte-specific nuclear marker Sox9 to label astrocytes, genetic 531 

targeting with tamoxifen-inducible lines, and GFAP-driven viral tools to manipulate 532 
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astrocyte activity (Shigetomi et al., 2016; Srinivasan et al., 2016; Khakh and Deneen, 533 

2019; Yu et al., 2020). Here, we used a novel approach with Lfng-GFP reporter mice 534 

which label a lamina-specific astrocyte subpopulation in the dorsal horn of the spinal cord. 535 

While the Lfng-GFP mouse allowed us to label these astrocytes, we required  the CRE-536 

DOG viral approach in combination with Cre-dependent expression of DTA to ablate 537 

them. CRE-DOG consists of two split fragments of Cre recombinase that form a functional 538 

Cre molecule only in the presence of GFP (Tang et al., 2015). Our study complements 539 

recent work that used DREADD-based manipulations to define an astrocyte 540 

subpopulation in the spinal cord dorsal horn that contributes to mechanosensitivity  541 

(Kohro et al., 2020). These studies are based on the supposition that DREAD-based 542 

manipulations increase Ca2+ activity, thus increasing astrocyte activity and enhancing 543 

mechanosensitivity. In our studies, we eliminated astrocytes in the dorsal horn and found 544 

decreased circuit function and touch responses. Put together, these studies highlight the 545 

critical interplay between astrocytes and neurons in the processing of sensory information 546 

in the dorsal spinal cord.  547 

We used an array of methods to elucidate the molecular and functional properties 548 

of a newly identified subpopulation of astrocytes in the dorsal spinal cord. Specifically, we 549 

complemented our loss-of-function manipulations with molecular profiling of Lfng-GFP+ 550 

astrocytes and found that GFP+ astrocytes are enriched in Notch, Wnt and VEGF 551 

signaling pathway ligands, receptors, and modifiers. Critically, there is emerging evidence 552 

that the Wnt pathway plays a role in nociception by regulating sensory neuron excitability 553 

(Shi et al., 2012; Zhang et al., 2013, 2020; Itokazu et al., 2014; Liu et al., 2015). Moreover, 554 

inhibition of the Notch signaling pathway significantly increased the threshold to respond 555 
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thermal and mechanosensory stimuli in a SNI model (Sun et al., 2012), highlighting 556 

possible roles for these pathways in astrocyte-neuron communication in Lfng-GFP+ 557 

astrocytes.  Our ablation of a specific subpopulation of astrocytes enriched in components 558 

of the Notch-pathway is unlikely to recapitulate all the sensory processing effects 559 

observed with broader manipulations of Notch-signaling that impact both neurons and 560 

astrocytes. Indeed, we observed specific defects in mechanosensation, but not 561 

thermosensation (Fig.7D-G). Nevertheless, it is quite striking that ablation of a small, yet 562 

specific subset of astrocytes impacts circuit function, which further highlights the 563 

important role of astrocytes in sensory processing (Ung, et al. 2021).  The spinal cord 564 

dorsal horn is a complex center for integration of sensory information such as pain, itch, 565 

cold, warmth, and touch (Braz et al., 2014). Previous studies used intersectional genetic 566 

strategies to mark, ablate, and manipulate defined neuron subpopulations, which led to 567 

the conclusion that superficial laminae relay noxious information, while deeper laminae 568 

relay non-noxious information (Duan et al., 2014; Cheng et al., 2017). In our study, 569 

ablation of Lfng-GFP+ astrocytes  significantly reduced Glutamatergic synapse markers 570 

and the input-out curve of fEPSP amplitude from layer III-IV after applying electrical 571 

stimulation. Next, we examined the behavioral consequences of these changes. We 572 

compared sensory information integration in CRE-DOG ablated and control spinal cords 573 

using four well established behavioral assays: hot plate, von Frey, cotton swab and 574 

adhesive removal test. While the CRE-DOG injected ablated group did not reveal 575 

significant differences in thermal sensations and adhesive removal test, we observed 576 

significantly reduced responses to low threshold mechanical stimuli in von Frey and 577 

cotton swab test. 578 
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 One reason for this selective behavioral response may be that Lfng-GFP+ 579 

astrocytes reside in the laminae III-IV, which is innervated with afferents sensing light 580 

touch. The effect of ablation thus may not affect more superficial laminae, as these 581 

astrocytes only tile an area responsible for low threshold mechanical stimuli. However, 582 

this observation raises the questions of whether regulation of mechanosensation by these 583 

astrocytes is due to their anatomical location and if these astrocytes were located in more 584 

superficial laminae, would we see an effect on thermal nociception. 585 

In summary, we used a variety of viral and mouse tools to identify a unique 586 

subpopulation of spinal cord astrocytes that has a role in the maintenance of synapses 587 

and circuit function in the dorsal spinal cord. Our study, in conjunction with previous 588 

studies demonstrates that understanding astrocyte diversity is essential to understand 589 

circuit function in the CNS and to achieving these goals will require developing new tools 590 

and intersectional targeting technologies.  591 

 592 
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Figure Legends 839 

 840 

Figure 1: Lfng-GFP reporter mice mark a laminae-specific cell population in the 841 

dorsal spinal cord  842 

(A-E) Spinal cord sections of Lfng-GFP reporter mice immunostained with GFP. At 843 

postnatal days 3, 7,14, 21 GFP is expressed throughout the spinal cord. In the adult mice, 844 

Lfng-GFP expression is restricted to the dorsal horn of the spinal cord. Scale bar 100 μm. 845 

 (F-N) Lfng-GFP spinal cord is sectioned by segments: cervical, thoracic and lumbar  and 846 

the dorsal-ventral expression pattern is consistent among the segments in p3, p21 and in 847 

the adult. Scale bar 100 μm. 848 

(O-P) Diagram showing lamina markers in dorsal spinal cord and laminae where primary 849 

afferents terminate.  850 

(Q) IB4 marks Lamina II, while neurons expressing NK1R are in Lamina I, III and IV. 851 

LFNG-GFP+ cells are below lamina II. Scale bar 50 μm.  852 

(R-S) IHC for glutamic acid decarboxylase 67 (GAD67) to define the borders of Lamina 853 

III.  Vesicular glutamate transporter 1 (vGlut1) is most abundant in Laminae III and IV. 854 

Scale bar 50 μm. 855 

 856 

Figure 2: Lfng-GFP+ cells exhibit molecular and physiological properties of 857 

astrocytes 858 
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(A-F,P) Co-expression of NFIA, Sox9 and GFP. Lfng-GFP cells express astrocyte 859 

markers (SOX9:  98% ± 1.5%, n = 40 cells, 9 slices from 3 mice; NFIA: 99% ± 1 %, n = 860 

40 cells, 9 slices from 3 mice. Scale bar 20 μm. 861 

(G-L, P) Co-expression of NeuN and Olig2. Lfng-GFP cells do no express markers for 862 

neuronal and oligodentrocyte lineage. (NeuN; 0.5% %, n = 40 cells, 9 slices from 3 mice 863 

and Olig2; 0.5% %, n = 40 cells, 9 slices from 3 mice.) Scale bar 20 μm. 864 

(M-O, Q) Co-expression of AldoC and quantification of GFAP and S100B with (GFP 865 

(AldoC 97% ± 1.5% n = 40 cells, 9 slices from 3 mice) Scale bar 20 μm. 866 

(R,S) Quantification of the percentage of Sox9 cells expressing Lfng=GFP Scale bar 50 867 

μm. For lamina III 38% ± 7.6% , For lamina IV 4.3% ± 1.15% , ( n=3 slices for 3 mice).  868 

(T-V) Whole-cell patch clamp electrophysiology of astrocytes show no significant 869 

differences in the membrane potential (ventral: -72.6±3.4 mV Lfng-GFP:-72.4±2.4 mV 870 

t=0.04673, df=13, p=0.9634) and conductance (ventral: 33.6±13.8 pF Lfng-GFP: 871 

29.96±7.51 pF t=0.2537, df=13, p=0.8037) between 2 groups. Statistical comparisons 872 

were made performed with the two-tailed, unpaired Student's t-test (Ventral astrocytes, 873 

n=5; Lfng-GFP+ astrocytes n=10). 874 

(W) Stepped voltage injections revealed no differences in current-voltage (IV) relationship 875 

between Lfng-GFP+ and ventral astrocytes. (Cell type, F(1,13)=0.04 p = 0.8290, Group 876 

interaction, F(13,169)=0.03 p>0.9999) Statistical comparisons were made using a two-way 877 

ANOVA (Ventral astrocytes, n=5; Lfng-GFP+ astrocytes n=10). 878 

 879 
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 880 

Figure 3: Lfng-GFP+ astrocytes have a unique molecular signature 881 

(A) Diagram showing dissection, disassociation and collection of LFNG-GFP+ and 882 

Aldhl1l-GFP+ astrocytes for mRNA-sequencing and analysis. 883 

(B) Comparing our data set with astrocytic genes showed Lfng-GFP+ and Aldh1l1-884 

GFP+ populations possess molecular profiles consistent with astrocyte-specific 885 

signatures . 886 

(C) Analysis of differentially expressed genes in Lfng-GFP+ astrocytes. Selected 887 

genes have a fold change >1.5 and p<0.05. We found 148 genes enriched in only 888 

Aldh1l1-GFP+ astrocytes, 81 genes only enriched in only LFNG-GFP+ astrocytes, 889 

while 247 genes were enriched within both groups. 890 

(D) Examination of the GO terms in the comparison of LFNG-GFP+ vs Aldhl1l-GFP+ 891 

astrocytes. 892 

(E) Examination of the GO terms in the comparison of LFNG-GFP+ astrocytes vs 893 

LFNG-GFP- cells. 894 

 895 

Figure 4: Lfng-GFP+ astrocytes are enriched with Notch and Wnt signaling pathway 896 

genes 897 

(A)  Wnt-signaling genes Apcdd1, Axin 2, and Ctnnb1 (β- catenin) and Notch signaling 898 

pathway genes Lfng, Dll4, Notch3, Sox17, Jag1, Adam10, and Hes1 are enriched 899 

in Lfng-GFP+ astrocytes. 900 

(B-D) B-catenin is co-localized with Lfng-GFP+ astrocytes Scale bar 20 μm. 901 

(E-G) Hes1 is co-localized with Lfng-GFP+ astrocytes. Scale bar 50 μm.  902 

 903 
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 904 

Figure 5: CRE-DOG and DTA mediated ablation of Lfng-GFP+ astrocytes 905 

(A-B) Diagram explaining CRE-DOG and DTA. The Cre-Dependent-on-GFP (CRE-DOG) 906 

system uses two split fragments of Cre recombinase that unite as a functional Cre 907 

molecule only in the presence of GFP. Cre controlled cell ablation occurs cell-908 

autonomously. 909 

(C-D) Diagram showing mouse crosses and injection scheme. Lfng-GFP mouse crossed 910 

to ROSA26 - DTA mouse to generate Lfng-GFP;ROSA26-DTA mouse. Cell ablation due 911 

to DTA expression is only seen in cells expressing GFP. 912 

(F-H) Control injection side of Lfng-GFP;ROSA26-DTA mouse. Co-expression GFP and 913 

Sox9. Lfng-GFP+ astrocytes are present. Scale bar 50 μm. 914 

(I-K) CRE-DOG injection side of Lfng-GFP;ROSA26-DTA mouse. Lfng-GFP+ astrocytes 915 

are ablated. Scale bar 50 μm. 916 

(L) Quantification of the relative number of Lfng-GFP+ astrocytes from CRE-DOG side 917 

(ablation) comparing to control side. (n=3 sections from 3 mice, , experimental group 918 

ablation vs non ablation, F(1,14)=117.8 p=0.0004 Group interaction, F(2,8)=150.7 p<0.0001, 919 

5 μm adjusted p= 0.0007, 75 μm adjusted p= 0.0063, 150 μm adjusted p= 0.8409)  920 

Statistical comparisons were made performed with the 2-way ANOVA with Bonferroni’s 921 

multiple comparison test  922 

(M) Quantification of the relative number of astrocytes from CRE-DOG side (ablation) 923 

comparing to control side. (n=3 sections from 3 mice, , experimental group ablation vs 924 

non ablation, F(1,4)=34.01 p=0.0043 Group interaction, F(2,8)=15.08 p=0.0019, 5 μm 925 
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adjusted p= 0.0058, 75 μm adjusted p= 0.0271, 150 μm adjusted p> 0.9999) Statistical 926 

comparisons were made performed with the 2-way ANOVA with Bonferroni’s multiple 927 

comparison test.  928 

(N-P) NeuN staining of control and ablation sites to quantify neurons. Scale bar 50 μm. 929 

(n=3 sections from 3 mice, Control; 243± 6.6, CRE-DOG; 226± 4.8 t=1.462, df=2, 930 

p=0.2812) Statistical comparisons were made performed with the two-tailed, unpaired 931 

Student's t-test. 932 

 933 

Figure 6: Ablation of Lfng-GFP+ astrocytes decreases glutamatergic synapses 934 

(A) Glutamatergic synapse staining with vGlut1 and PSD95 in control and ablation 935 

conditions. Scale bar= 10 μm. 936 

(B) Overlay of vGlut1 and PSD95 staining (Scale bar= 10 μm) with higher magnification 937 

(Scale bar= 2 μm) in control and ablation conditions  938 

(C) Glutamatergic synapse staining with vGlut2 and PSD95 in control and ablation 939 

conditions. Scale bar= 10 μm. 940 

(D) Overlay of vGlut2 and PSD95 staining (Scale bar= 10 μm) with higher magnification 941 

(Scale bar= 2 μm) in control and ablation conditions. 942 

(E) GABAergic synapse staining with Gephyrin and vGat in control and ablation 943 

conditions. Scale bar= 10 μm. 944 

(F) Overlay of Gephyrin and vGat (Scale bar= 10 μm) with higher magnification (Scale bar= 945 

2 μm) in control and ablation conditions. 946 

(G-H) Quantification of glutamatergic synapses using Synapse Counter on ImageJ. (3 947 

slides per region n= 3 mice n=3 sections from 3 mice, vGlut1/PSD95; Control:382.33± 948 

13.691 CRE-DOG;263.33± 22.303 , t=13.11, df=2 p=0.0058, vGLUT2/PSD95; 949 
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Control:571.33± 12.347 CRE-DOG;267.66± 35.983 , t=12.21, df=2 p=0.0066). Statistical 950 

comparisons were made performed with the two-tailed, paired Student's t-test. 951 

(Q-P) Quantification of GABAergic synapse synapses using Synapse Counter on ImageJ. 952 

(3 slides per region n= 3 mice, Control:429.33± 35.968 CRE-DOG;422± 20.306, t=0.1573, 953 

df=2 p=0.8895) Statistical comparisons were made performed with the two-tailed, paired 954 

Student's t-test. 955 

Figure 7: Ablation of Lfng-GFP+ astrocytes impairs dorsal spinal cord circuit 956 

activity  957 

(A) Diagram explaining measuring field excitatory postsynaptic potential (fEPSP) 958 

amplitude from layer III-IV after applying electrical stimulation into layer I-II spinal cord. 959 

 (B-C) Amplitude of fEPSP in control and CRE-DOG injected Lfng-GFP;ROSA26-DTA 960 

mouse. In the CRE-DOG group, there is a significant reduction controls (Ablation vs non 961 

ablation, F(1,18)=44.98 p<0.0001Group interaction, F(5,90)=33.19 p<0.0001) in the input-out 962 

curve. Statistical comparisons were made performed with the 2-way ANOVA with 963 

Bonferroni’s multiple comparison test (n=10 cells from each group with 3 mice per group).  964 

(D) Both groups showed similar latency in hot plate test. (The CRE-DOG injected group 965 

demonstrated similar sensitivity to controls in the hot plate assay (n=9 mice per each 966 

group, CRE-DOG:16.333± 0.373 CRE-DOG; 15.556± 1.444, t=1.341, df=16 p=0.1987) 967 

Statistical comparisons were made performed with unpaired Student's t-test. 968 

 969 

 970 
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(E) Ablation of Lfng-GFP+ astrocytes diminishes light touch sensitivity at 0.4 and 0.6 g 971 

forces.  (n=15 mice per group, experimental group ablation vs non ablation, F(1,14)=106.4 972 

p<0.0001 Group interaction, F(5,70)=53.32 p<0.0001) Statistical comparisons were made 973 

performed with the 2-way ANOVA with Bonferroni’s multiple comparison test. 974 

(F) Ablation group showed reduced paw withdrawal frequency in cotton swab test ( n=9 975 

mice per group, Control:57.78± 3.643 CRE-DOG;38.33± 3.727, t=3.731, df=16 p=0.0018) 976 

Statistical comparisons were made performed with unpaired Student's t-test. 977 

(G) Both groups showed similar time to contact to adhesive label  (n=9 mice per each 978 

group, Control:117.333± 15.376 CRE-DOG;168.00± 25.343, t=1.777, df=16 p=0.0946) 979 

Statistical comparisons were made performed with unpaired Student's t-test. 980 
















