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Abstract 56 

The mouse olfactory bulb (OB) features continued, activity-dependent integration of 57 

adult-born neurons, providing a robust model to examine mechanisms of plasticity in the 58 

adult brain. We previously reported that local OB interneurons secrete the neuropeptide 59 

corticotropin releasing hormone (CRH) in an activity-dependent manner onto adult-born 60 

granule neurons, and that local CRH signaling promotes expression of synaptic 61 

machinery in the bulb. This effect is mediated via activation of the CRH receptor 1 62 

(CRHR1), which is developmentally regulated during adult-born neuron maturation.  63 

CRHR1 is a GS protein-coupled receptor that activates CREB-dependent transcription in 64 

the presence of CRH. Thus, we hypothesized that locally secreted CRH activates 65 

CRHR1 to initiate circuit plasticity programs. To identify such programs, we profiled 66 

gene expression changes associated with CRHR1 activity in adult-born neurons of the 67 

OB. Here we show that CRHR1 activity influences expression of the brain-specific 68 

Homeobox-containing transcription factor POU Class 6 Homeobox 1 (POU6f1). To 69 

elucidate the contributions of POU6f1 towards activity-dependent circuit remodeling, we 70 

targeted CRHR1+ neurons in male and female mice for cell type-specific manipulation 71 

of POU6f1 expression. Whereas loss of POU6f1 in CRHR1+ neurons resulted in 72 

reduced dendritic complexity and decreased synaptic connectivity, overexpression of 73 

POU6f1 in CRHR1+ neurons promoted dendritic outgrowth and branching, and 74 

influenced synaptic function. Together, these findings suggest that the transcriptional 75 

program directed by POU6f1 downstream of local CRH signaling in adult-born neurons 76 

influences circuit dynamics in response to activity-dependent peptide signaling in the 77 

adult brain. 78 
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 79 

Significance Statement  80 

Elucidating mechanisms of plasticity in the adult brain is helpful for devising strategies 81 

to understand and treat neurodegeneration. Circuit plasticity in the adult mouse 82 

olfactory bulb is exemplified by both continued cell integration and synaptogenesis. We 83 

previously reported that these processes are influenced by local neuropeptide signaling 84 

in an activity-dependent manner. Here we show that local CRH signaling induces 85 

dynamic gene expression changes in CRH receptor expressing adult-born neurons, 86 

including altered expression of the transcription factor POU6f1. We further show that 87 

POU6f1 is necessary for proper dendrite specification and patterning, as well as 88 

synapse development and function in adult-born neurons. Together, these findings 89 

reveal a novel mechanism by which peptide signaling modulates adult brain circuit 90 

plasticity.  91 

 92 

Introduction 93 

The adult mammalian brain exhibits remarkable cellular and synaptic plasticity 94 

(Alvarez-Buylla and Temple, 1998) (Ming and Song, 2005; Zhao et al., 2008). Although 95 

basic brain architecture is established at birth, sensory experience continually refines 96 

brain circuitry. In the adult rodent OB, this is accomplished in part by ongoing, activity-97 

dependent integration of adult-born neurons (Corotto et al., 1994; Najbauer and Leon, 98 

1995; Cummings et al., 1997; Fiske and Brunjes, 2001; Yamaguchi and Mori, 2005; 99 

Alonso et al., 2006; Mandairon et al., 2006), dynamic dendritogenesis (Saghatelyan et 100 

al., 2005; Yoshihara et al., 2012), new spine formation (Arenkiel et al., 2011), and 101 
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sensory-dependent synaptic modulation (Gao and Strowbridge, 2009; Cauthron and 102 

Stripling, 2014). Thus, the mouse OB represents a robust model system in which to 103 

dissect the mechanisms of neural circuit plasticity in adult brain tissue. While it is well 104 

established that activity affects the integration and synaptogenesis of new neurons in 105 

the adult OB, the molecular signaling events that sculpt the bulb’s circuitry in response 106 

to external stimuli are poorly understood.  107 

We previously discovered that activity-dependent CRH signaling by local 108 

interneurons shapes continual refinement of adult OB circuitry. CRH-secreting 109 

interneurons reside within the external plexiform layer (EPL) of the bulb. These CRH 110 

interneurons are reciprocally connected to mitral cells (MCs) (Huang et al., 2013), 111 

which, together with tufted cells, comprise the principal excitatory cells of the OB. When 112 

excited by sensory input relayed via mitral/tufted (M/T) cells, EPL interneurons both 113 

provide inhibitory feedback onto MCs (Huang et al., 2013; Kato et al., 2013; Miyamichi 114 

et al., 2013) and locally secrete CRH (Huang et al., 2013; Garcia et al., 2014). Secreted 115 

CRH signals to CRHR1-expressing granule cells (GCs) (Garcia et al., 2014). 116 

Interestingly, much of the GC layer in adult OBs is populated by adult-born granule 117 

neurons, which migrate to the bulb from their birthplace in the subventricular zone 118 

(SVZ). As they undergo survival selection and integration, adult-born neurons 119 

upregulate expression of CRHR1. CRHR1 activation by locally secreted CRH drives 120 

expression of synaptic proteins in the bulb, promotes integration of adult-born neurons, 121 

and marks a developmental window in which sensory learning can broaden and 122 

reshape excitatory connections onto developing GCs (Quast et al., 2017). This suggests 123 

that signaling by neuropeptides such as CRH exert critical roles in adult brain plasticity. 124 
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However, the transcriptional programs that govern the functional and morphological 125 

changes downstream of activity-dependent neuropeptide signaling remain unclear.  126 

In the present study, we investigated gene expression changes downstream of 127 

CRHR1 activity in OB GCs. We found that CRHR1 activity modulated transcriptional 128 

cascades implicated in neuronal maturation and/or synaptic development. Of these, we 129 

found that CRH signaling dynamically regulates expression of the transcription factor 130 

POU Domain Class 6 Transcription Factor 1 (POU6f1). POU6f1 is a member of the 131 

POU factor family of transcription factors (Andersen et al., 1993; Okamoto et al., 1993; 132 

Bulleit et al., 1994), which have previously been shown to regulate neural development 133 

(Latchman, 1999). Despite previous characterization of POU6f1, contributions to 134 

peptide signaling, and how POU6f1 influences ongoing circuit remodeling through adult 135 

neurogenesis remain unknown. Here, we generated two novel mouse models which 136 

harbor either an endogenous HA tag on POU6f1, or a conditional knockout allele of 137 

POU6f1, to investigate the expression patterns and functions of POU6f1 in CRHR1+ 138 

GCs of the OB. To examine the contributions of the POU6f1 transcriptional program 139 

towards peptide-dependent circuit refinement, we implemented both loss- and gain-of-140 

function approaches. Using electrophysiological recordings and cell tracing analysis, we 141 

found that POU6f1 modulates excitatory synaptic connections established onto 142 

CRHR1+ neurons, and directly influences dendritic branch patterning of CRHR1+ 143 

neurons. Together, our studies reveal a novel pathway by which neuropeptide signaling 144 

activates transcriptional programs to govern cell and synaptic plasticity in the adult 145 

brain. 146 

 147 
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Materials and Methods 148 

Experimental Animals  149 

Experimental animals were treated in compliance with the US Department of Health and 150 

Human Services and Baylor College of Medicine (BCM) IACUC guidelines. Mice were 151 

maintained on a 12-hour light-dark cycle with access to rodent chow and water ad 152 

libitum. CRHR1-/- animals (Smith et al., 1998) were obtained from JAX 153 

(https://www.jax.org/strain/004454). The generation and transgene expression patterns 154 

of CRHR1-Cre (Taniguchi et al., 2011) and CRHR1-EGFP (Justice et al., 2008) mice 155 

were previously described. Generation of POU6f1 conditional knockout mice and 156 

POU6f1HA/HA mice are described below. 157 

 158 

Generation of POU6f1HA/HA CRISPR Knock-in Mouse 159 

A DNA template for in vitro transcription of a 20 nt single guide RNA (sgRNA) targeted 160 

to the C terminal end of POU6f1 (5’- GAACGTCTTTCAGATCCCGT-3') was produced 161 

by the BCM Mouse ES Cell Core via overlapping oligonucleotides and high-fidelity PCR 162 

(Bassett et al., 2013). In vitro transcription of the sgRNA was performed using the 163 

MEGA shortscript T7 kit (ThermoFisher, Waltham, MA). The BCM Genetically 164 

Engineered Mouse Core microinjected Cas9 mRNA (100 ng/ml) (ThermoFisher), the 165 

sgRNA (20 ng/ml), and the single stranded oligonucleotide donor DNA carrying the 166 

3xHA peptide tag (5’- 167 

ACTGAAGAACACCAGCAAGCTGAACGTCTTTCAGATCCCGtCTAGAGCGGCCGTTT168 

ACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTATGCA169 

GGATCCTATCCATATGACGTTCCAGATTACGCTCCGGCCGCCCTCGAgTAGGGCTC170 
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AGTGTCAGCGTGTGCCGGCGCACTGTACTCTT-3’) with 40 bp arms of homology to 171 

the target genomic region (Integrated DNA Technologies, Coralville, IA) (100 ng/ml), in 172 

RNase-free 1x PBS into the cytoplasm of 200 pronuclear (0.5 days post coitum) stage 173 

C57Bl/6J embryos. Injected embryos were then implanted into pseudo-pregnant ICR 174 

females. Offspring were genotyped (n = 43) using the primer set: 5’-175 

GCAGAACCTGATGGAGTTCG-3’ (F) and 5’-AAACCCCCTCCTTCCACAT-3’ (R). One 176 

homozygous founder female tested positive for the POU6f1HA fusion-tagged allele, and 177 

the POU6f1HA/HA homozygous genotype was verified by Sanger sequencing. The 178 

founder was bred with a wild type C57Bl/6 male mouse and progeny screened for 179 

transmission of POU6f1HA at P14.  180 

 181 

Generation of POU6f1 Conditional Knockout Mouse 182 

To generate POU6f1 knockout mice, AB2.2 embryonic stem cells (ESC) derived from 183 

the 129 SvEv strain (BCM Mouse ES Cell Core) were electroporated with a custom-184 

designed linearized targeting vector harboring co-directional LoxP sites that flank exons 185 

2-11 of POU6f1. DNA from electroporated ESC lines was digested with EcoNI and 186 

analyzed by Southern blot using a radio-labeled 3’ probe (flanking the arms of homology 187 

and external to the targeting vector) and by genomic PCR with the primer set: 5’-188 

CATATATACCCGTCGCTTTGGTA-3’ (F) and 5’-AGTTTTTAAGGCCCAGTCTCACT-3’ 189 

(R) to identify the 5’ end of the targeting vector. Three independently targeted cell lines 190 

were selected and microinjected into the C57Bl/6 blastocysts to generate chimeric mice. 191 

Male chimeric mice were kept for breeding with female C57Bl/6 mice to test germ line 192 

transmission of the targeted POU6f1 locus. Of the three lines of mice generated from 193 
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these chimeras, two (from ESC clones 1F11 and 1G11) displayed stable germline 194 

transmission. Progeny generated from clone 1G11 were selected for breeding and 195 

experimentation. To verify Cre-recombined excision of exons 2-11, we PCR-genotyped 196 

to detect the recombined band, using the primer set: 5’-197 

CATATATACCCGTCGCTTTGGTA-3’ (F) and 5’-ACAAAACTTCTCTCATCCCAAGC-3’ 198 

(R). 199 

 200 

Microarray Experiments 201 

For control and overactive CRH signaling groups: CRHR1-Cre mice were stereotaxically 202 

injected with either AAV-FLEX-EGFP or AAV-FLEX(CA)CRHR1::EGFP (both serotype 203 

2/9), respectively. The FLEX configuration renders expression of the payload dependent 204 

upon Cre recombinase (Atasoy et al., 2008). pAAV-(CA)CRHR1::EGFP was previously 205 

described (Garcia et al., 2014). Briefly, it is a constitutively active variant of the CRHR1 206 

receptor (Nielsen et al., 2000) that encodes a moiety of the ligand fused to the active 207 

region of CRHR1. For the loss-of-CRH signaling group: CRHR1-/- animals were injected 208 

with AAV-FLEX-EGFP serotype 2/9. All animals (N = 5 per group) were adult males (6-8 209 

week old) and were injected into the core OB with coordinates targeting the GCL (from 210 

Bregma in mm: AP 3.92, ML 0.9, DV from surface of skull -2.88). Injection parameters: 211 

20x 25 nl, 30s apart, flow rate 23 nl/s.  Animals were sacrificed two wks post-infection 212 

for RNA isolation. Whole OBs (~24 mg tissue per animal) were dissected, and total RNA 213 

extracted using TRIzol reagent (Ambion, Invitrogen), according to manufacturer’s 214 

protocol. RNA isolate was treated with DNAse (Promega), followed by phenol-215 

chloroform extraction.  Purified RNA was quantified using a NanoDrop (NanoDrop 216 
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Technologies). 217 

 218 

Microarray Hybridization and Analysis  219 

 RNA samples were shipped to Miltenyi Biotec on dry ice for hybridization. RNA 220 

samples were quality-checked via the Agilent 2100 Bioanalyzer platform (Agilent 221 

Technologies). 100 ng of each total RNA sample was used for the linear T7-based 222 

amplification step. RNA samples were amplified and Cy3-labeled using the Agilent Low 223 

Input Quick Amp Labeling Kit (Agilent Technologies) according to the manufacturer’s 224 

protocol. Yields of cRNA and the dye-incorporation rate were measured with the ND-225 

1000 Spectrophotometer (NanoDrop Technologies). Hybridization was performed 226 

according to the Agilent 60-mer oligo microarray processing protocol using the Agilent 227 

Gene Expression Hybridization Kit (Agilent Technologies). Fluorescence signals of the 228 

hybridized Agilent Microarrays were detected using Agilent’s Microarray Scanner 229 

System (Agilent Technologies). Agilent Feature Extraction Software (FES) was used to 230 

read out and process the microarray image files. Statistical analyses were performed by 231 

Dr. Zhandong Liu (BCM and Texas Children’s Neurological Research Institute). 232 

Expression fold-changes between groups were considered significant at a false 233 

discovery rate of q < 0.05 when unpaired Student’s t-tests were corrected for multiple 234 

comparisons (Storey and Tibshirani, 2003). The datasets have been deposited in 235 

NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO 236 

Series accession number GSE98799 237 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98799). 238 

 239 
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RNA in situ Hybridization 240 

In situ hybridization (ISH) was performed on 25 μm coronal olfactory bulb sections from 241 

fresh frozen adult CRHR1+/+ or CRHR1-/- P90 male mouse brains. A digoxigenin (DIG)-242 

labeled mRNA antisense probe was designed against POU6f1 using reverse-243 

transcribed mouse cDNA as a template. The sequence for the custom-designed 244 

POU6f1 probe was 5’-245 

TCCTGTCTCNCCCCACCTCCCAAGCACTGGGTCTGCAGTCGCGTGCCACTGTGCC246 

GCTGTGCCTGGCTCTTCTCCACTCCACAGCCTTACTGAGCTTGCTCTCTGGATGAT247 

GTTGACATCACGTGATCTACCCTGAAGCAATGACTCTCAAACATGGACATGATGCA248 

GAGACACCAGGGCTCAGCTTTCTCTCTCGTACCCTGTTCCCTTTCCTGGTCCTCTT249 

GGGTCCTGCAGTACTGGTGTGGAGGGACCTCCTAGTAGCTCTGACAATGAGAGGA250 

GGGCAGTTGTGTGCTGATCACACACACACACACACACCACAAGTCTGTCAGGTATA251 

AGGAGACAAGTAGGTTGCTTTCCTGATCCTGCCTCCCAAGAAAGAATAATTCCCAG252 

AGCGATTCTAGGTCATGTGATTATCATCCTGCTTCTGTGAGATGGAAGTCAGGAGG253 

GGTCCTGTAAGAGAGCTTTCAGTAGGGATGCTTAGAGCCCTGAAGCTTATCAAGAT254 

GATGCACCTGAGAAAACTATATGCAGATCTGCAGCTTTTCTTGCTCAAAGCCTGCA255 

CTCAGGAGGTACTACACAGTCAGCCATGCTGTGGTCAGCCATGCTGTGGTCAGCC256 

ATGCTGTGGACATGGGAGAGGATGCCATGCAGTCTATGCATGACAGGCGGGGATA257 

ATCATGGCCCACTAAATTAAGCCGACCACTCGTTCTCACCC-3’. ISH was performed 258 

and tissue imaged by the RNA In Situ Hybridization Core at BCM using an automated 259 

robotic platform as previously described (Yaylaoglu et al., 2005). Slides were imaged 260 

and post hoc pseudo-coloring for cellular POU6f1 expression was performed using the 261 

Celldetekt protocol as previously described (Carson et al., 2005). 262 



 

11 
 

 263 

Luciferase Reporter Assay 264 

The 686 bp POU6f1 candidate promoter element was amplified from a template of 265 

purified mouse genomic DNA, using a high fidelity Taq (Roche 11732641001) and the 266 

primers 5’-gaaggtgggaaagcgagcta-3’ (F) and 5’-gcccgcagacaaagaagc-3’ (R), harboring 267 

KpnI and BamHI linkers, respectively. The amplicon was electrophoresed on a 1% 268 

agarose gel and purified using a kit (Qiagen 28704). The 66 bp element within the 269 

POU6f1 candidate promoter containing the predicted CREB-binding site (5’-tgacgtcc-3’) 270 

was generated by annealing the forward oligo 5’-271 

cacagctgctccggagaccctgagccttagtgacgtccgagttccctctcctttacggcctagagg-3’ with the 272 

reverse oligo 5’-273 

cctctaggccgtaaaggagagggaactcggacgtcactaaggctcagggtctccggagcagctgtg-3’, creating a 274 

double-stranded oligo, with 5’ KpnI and 3’ HindIII linkers. The 686 bp candidate 275 

promoter element and 66 bp CREB binding site-containing element were individually 276 

cloned into the pGL4.29-Luc2P reporter vector (Promega E8471) upstream of the firefly 277 

luciferase Luc2P gene. The promoter element vector and the CREB binding site-278 

containing element vector were independently co-transfected with (CA)CRHR1 – a 279 

constitutively active variant of CRHR1 (Nielsen et al., 2000) – or an empty vector 280 

control, into Neuro2A cells (ATCC CCL-131) or MCF-7 cells (ATCC HTB-22, kindly 281 

gifted by Dr. Rachel Schiff). Cells were plated to subconfluence in a multi-well plate, and 282 

transfected with Lipofectamine2000 reagent (ThermoFisher 11668027) (for Neuro2A 283 

cells) or Lipofectamine LTX reagent (ThermoFisher 15338100) (for MCF-7 cells), 284 

according to manufacturer’s protocol. The pRL-TK vector, carrying a copy of the Renilla 285 
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luciferase under control of the weakly expressed HSV thymidine kinase promoter 286 

(Promega E2241), was co-transfected in every well as a control for transfection 287 

efficiency. A vector containing Luc2P downstream of a promoter sequence that was 288 

ablated of all potential CREB binding sites served as the negative control. 48 h-120 h 289 

post-transfection, cell lysates were obtained. Activity of firefly luciferase (Fluc) and 290 

Renilla luciferase (Rluc) were measured for each lysate using a Dual Luciferase 291 

Reporter Assay kit (Promega E1910) to generate the single measurement for reporter 292 

activity in relative light units (RLU) in a TD-20/20 luminometer. Comparisons were made 293 

by Student’s t-test or Kruskal-Wallis test as indicated in text. All experiments were 294 

performed in replicate with 3-6 wells per transfection condition.  295 

 296 

Western Blot Analysis 297 

Male POU6f1HA/HA mice were deeply anesthetized using isoflurane. Brain tissue was 298 

dissected and homogenized in ice-cold RIPA buffer with protease inhibitor (1:200, 299 

Roche 11873580001). Total protein from samples equalized by mass were separated 300 

on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane. The membrane 301 

was blocked in 1x TBS without Tween, with 5% nonfat dry milk for 1 hr at room 302 

temperature followed by overnight incubation with 1:1000 mouse anti-HA.11 (Covance 303 

MMS-101R-200) and 1:2500 rabbit anti-actin (Sigma A5060) in 0.1% TBST/5% milk. 304 

The next day, the membrane was washed with 0.1% TBST and incubated with 1:12500 305 

goat anti-mouse (IRDye 800CW, Li-Cor 926-32210) and 1:12500 goat anti-rabbit 306 

secondary (IRDye 680RD, Li-Cor 926-68071) in 0.1% TBST/5% milk for 1 hr at room 307 

temperature. The membrane was washed prior to visualization by near infrared imaging 308 
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(Odyssey CLx, LiCor).  309 

 310 

Immunohistochemistry  311 

Animals were deeply anesthetized with isoflurane, followed by intracardial perfusion of 312 

ice cold 1X PBS (pH 7.35) and 4% PFA/1X PBS. Brains were dissected, post-fixed in 313 

4% PFA for 2 h at room temperature before cryoprotection in 30% sucrose at 4°C for 2 314 

days. Brains were then frozen in OCT compound (4585, Fisher) on dry ice and OBs 315 

coronally sectioned into 1X PBS at 25-30 μm using a cryostat (Leica CM1860). Free-316 

floating OB sections were blocked in 0.3% Triton-X/10% normal goat serum/1X PBS for 317 

30 min at room temperature on a shaker and stained with rabbit anti-HA (1:250) 318 

(C29F4, Cell Signaling Technology), mouse anti-NeuN (1:500) (MAB377, Millipore), 319 

rabbit anti-GFAP (1:1000) (Z0334, DAKO), rabbit anti-DCX (1:500) (4604, Cell 320 

Signaling) , or rabbit anti-TBX21 (1:500) (kindly gifted by Dr. Sachiko Mitsui, RIKEN 321 

Brain Science Institute, Japan) in the same blocking solution as above overnight at 4°C. 322 

The following day, sections were washed in 1X PBS twice for 15 min at room 323 

temperature on a shaker, then stained with (1:500) anti-rabbit Alexa Fluor-546 324 

(ThermoFisher) and (1:500) anti-mouse Alexa Fluor-633 (ThermoFisher) in blocking 325 

solution for 1 hr at room temperature on a shaker. Sections were again washed twice in 326 

1X PBS, and then mounted in Fluoromount-G (Southern Biotech) on glass slides for 327 

imaging on a Leica DM6000B microscope. For quantification of co-expression, serial 328 

epifluorescent images from 4-7 OB slices per mouse (N = 3 mice) were obtained and 329 

examined for co-expression of CRHR1-GFP, POU6f1::HA, or NeuN, in the total GCL or 330 

the superficial GCL, as specified. For colocalization of CRHR-GFP with POU6f1::HA, 331 
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CRHR-GFP cells were selected first in a single image visualized in the green 332 

fluorescence channel, followed by determination of expression of POU6f1::HA in a 333 

superimposed image visualized in the red fluorescence channel. For each analysis, 334 

180-400 cells per animal were randomly selected and counted. Statistical comparison 335 

for co-expression of CRHR1 and POU6f1::HA in the total versus superficial GCL was 336 

made by Student’s t-test.  337 

 338 

EdU Pulse Labeling and POU6f1 Co-expression or Survival Analysis 339 

EdU injection was performed as previously described (Garcia et al., 2014). Briefly, adult 340 

male and female POU6f1HA/HA mice received four doses of EdU intraperitoneally 341 

(Invitrogen, 50 mg/kg) with each dose injected 2 hours apart. 8, 14, 21, 31, and 45 days 342 

post pulse (dpp), animals were sacrified and OBs sliced coronally at 30 μm for staining 343 

against EdU (Click-iT™ EdU Alexa Fluor™ 647 Imaging, ThermoFisher C10340) and 344 

POU6f1::HA (using the procedure described above). Analysis of adult-born neuron 345 

survival in the OBs of CRHR1-Cre; POU6f1∆Exon2-11/∆Exon2-11 conditional knockout animals 346 

was performed by pulse labeling adult-born neurons in > 4 wk old male and female 347 

mice, and sacrificing animals at 31-32 dpp for OB sectioning and staining against EdU. 348 

Comparisons for survival rates were made between conditional knockout tissue to that 349 

obtained from POU6f1floxed Exon2-11/ floxed Exon2-11 littermates that did not inherit the CRHR1-350 

Cre transgene.  351 

 352 

Electrophysiology 353 

For all groups, both male and female mice > 4 wks of age were used. For the POU6f1 354 
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loss-of-function group (N = 12): CRHR1-Cre; POU6f1∆Exon2-11/∆Exon2-11 conditional 355 

knockout (cKO) mice were stereotaxically injected with AAV-FLEX-EGFP or AAV-FLEX-356 

mRuby2 (both serotype DJ/8) to label CRHR1+ cells lacking POU6f1 for recording. For 357 

the control (N = 7 mice) and gain-of-function (N = 8 mice) groups: CRHR1-Cre mice 358 

were injected respectively with either AAV-FLEX-EGFP (or AAV-FLEX-mRuby2) or with 359 

AAV-FLEX-GFP::POU6f1 (all serotype DJ/8). All mice were injected into the OB core to 360 

target the GCL (coordinates from Bregma in mm: AP 3.7-3.92, ML 0.65-0.9, DV from pia 361 

-0.8-1.1). Injection parameters per bulb were as follows: 10 x 69 nl, 10s apart, flow rate 362 

at 69 nl/s. Animals were sacrificed > 14 days post-infection and before animals reached 363 

12 wks of age.   364 

 365 

Slice preparation and recordings  366 

Animals were deeply anesthetized with isoflurane and perfused intracardially with ice 367 

cold artificial CSF (ACSF) containing the following (in mM): 122 NaCl, 3 368 

KCl, 1.2 NaH2PO4, 26 NaHCO3, 20 glucose, 2 CaCl2, and 1 MgCl2 at 369 

305–310 mOsm, pH 7.3. Brains were dissected, embedded in low-melting point 370 

agarose, sectioned to 300μM on a microtome (VT1200, Leica) and placed in ice cold 371 

oxygenated (5% CO2, 95% O2) dissection buffer containing the following (in mM): 87 372 

NaCl, 2.5 KCl, 1.6 NaH2PO4, 25 NaHCO3, 75 sucrose, 10 glucose, 1.3 ascorbic acid, 373 

0.5 CaCl2, and 7 MgCl2. Sections were recovered (at least 30 min at 37°C) in 374 

oxygenated ACSF and then acclimated at room temperature for 10 min before 375 

recordings. After recovery, slices were placed in a recording chamber on a fixed stage 376 

of an upright microscope (SliceScope Pro 6000 platform, Scientifica) and perfused with 377 
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oxygenated ACSF at room temperature. Labeled cells were identified by transmitted 378 

light (DIC) and fluorescent imaging with a CoolLED pE-100 470 nm (EGFP) or 565nm 379 

(RFP) excitation light source, 49002- ET-EGFP (FITC/Cy2) or 41043-HcRed1 emission 380 

filters (Chroma Technology), and optiMOS camera (QImaging) controlled by Micro-381 

Manager 1.4.22 software (University of California San Francisco). Whole-cell voltage-382 

clamp recordings were performed using a Multiclamp 700B amplifier (Axon CNS, 383 

Molecular Devices, Sunnyvale, CA, USA) at room temperature (25-27°C). Electrodes 384 

were prepared from borosilicate glass electrodes (outer diameter 1.5 mm) by a 385 

micropipette puller (Sutter Instruments), pulled to tip resistances between 4-7 MΩ, and 386 

filled with internal solution containing the following (in mM): 110 CsMeSO3, 0.2 EGTA, 4 387 

NaCl, 30 HEPES, 2 Mg-ATP, 0.3 Na-GTP, and 14 creatine phosphate, 300–310 mOsm, 388 

pH 7.3. Miniature excitatory postsynaptic events were recorded in oxygenated ASCF 389 

with the addition of 1 μM TTX and 20 μM Gabazine. Neurons were held at -80 mV 390 

throughout the experiment. The recorded current was digitized at 20 KHz using a 391 

Digidata 1440A (Axon Instruments) and Clampex 10.6.2.2 software (Molecular 392 

Devices), and stored on a PC hard disk. Off-line analysis included filtering at 1 kHz and 393 

was performed using MiniAnalysis (Synaptosoft Inc, Fort Lee, NJ) and Clampfit-10.0.0.3 394 

(Molecular Devices) software. Statistical comparisons were made by one-way ANOVA 395 

or Kruskal-Wallis test, or by a two-sample Kolmogorov-Smirnov test, as indicated in the 396 

text. Post hoc tests for ANOVA analysis included examinations for linear trends among 397 

the loss-of-function, control, and gain-of-function groups, Dunnett’s multiple 398 

comparisons test for ANOVA tests, and Dunn’s multiple comparisons test for Kruskal-399 

Wallis tests. To test whether the proportion of total observed mEPSC decay time 400 
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constants < 2.5 ms or, separately, > 4 ms changed for POU6f1-overexpressing 401 

neurons, we performed a chi-square test (without Yates' correction) for deviations of 402 

these proportions from expected frequencies determined by recordings from control 403 

neurons.  404 

 405 

Cell Morphology Analyses 406 

Animal groups representing loss- and gain-of-function and control groups were 407 

established as above in electrophysiology experiments. Adult male and female mice (N 408 

= 3 per group) were injected using the same parameters as outlined above into the core 409 

of OBs with low titer viruses to achieve single cell labeling (for loss-of-function: AAV-410 

FLEX-tdTomato, for gain-of-function: AAV-FLEX-GFP-2A-POU6f1, for control: AAV-411 

FLEX-tdTomato). Animals were sacrificed > 14 days post-infection.  412 

 413 

Brain slice preparation and imaging 414 

Animals were deeply anesthetized and sacrificed using isofluorane, followed by 415 

intracardial perfusion of ice cold 1X PBS (pH 7.35) and 4% PFA/1X PBS. Brains were 416 

dissected, post-fixed in 4% PFA for 2 h at room temperature and then transferred to ice 417 

cold 1X PBS. OBs were mounted on a sectioning post in 2-3% low-melting point 418 

agarose and sectioned horizontally into 120-150 μm slices on a vibratome. If bulbs were 419 

injected with a GFP-containing virus, the slices obtained were blocked with 0.3% Triton-420 

X/10% normal goat serum/1X PBS and then stained overnight at 4°C with rabbit anti-421 

GFP (1:500) (Synaptic Systems) and subsequently with (1:500) anti-rabbit Alexa Fluor-422 

488 (ThermoFisher). Images of labeled cells were obtained with a Leica TCS SPE 423 
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confocal microscope with a 20x objective using a digital zoom of 1.25x. Z-stacks were 424 

collected at 1.01 μm intervals, covering the entire cell and all dendritic arbors, and 425 

images were rendered to Neurolucida 360 (MBF Bioscience) for tracing. Analysis was 426 

performed using Neurolucida Explorer (MBF Bioscience) by an experimenter blinded to 427 

genotype. Measurements for dendritic lengths, branch order and branch number were 428 

compared by ordinary one-way ANOVA with post hoc tests for linear trend and 429 

Dunnett’s multiple comparisons test. Sholl analyses were compared using two-way 430 

ANOVA with post hoc Bonferroni’s multiple comparisons test. 431 

 432 

Olfactory Behavior  433 

Adult male and female mice cKO (CRHR1-Cre; POU6f1∆Exon2-11/∆Exon2-11) or control 434 

(POU6f1floxed Exon2-11/floxed Exon2-11) were tested for Go/No-Go olfactory associative task 435 

learning (N = 9 control and N = 12 cKO mice) and short-term olfactory memory (N = 8 436 

per group) deficits, using previously described approaches (Garcia et al., 2014). Briefly, 437 

for Go/No-Go olfactory task learning, mice were water-restricted 1 d prior to training. 438 

Mice were trained in an odorant delivery chamber equipped with infrared beam-break 439 

nose-poke ports (Med associates Inc.). Using a step-wise paradigm to shape behavior, 440 

mice were trained to respond to the Go odor (hexanol) stimulus by seeking a water 441 

reward, and to respond to the No-Go odor (butyric acid) stimulus by refraining from 442 

seeking the water reward. Rates of correct responses were tracked by blocks of 200 443 

completed trials during the learning acquisition phase and performance between groups 444 

assessed by two-way ANOVA.  445 
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For short-term olfactory memory assays, animals were acclimated to a mock test 446 

chamber for 30 min prior to being individually placed inside the experimental odor 447 

chamber by an experimenter blinded to genotype. The chamber featured two odorant 448 

ports on opposite sides, each loaded with either a cotton tip applicator soaked in 100μL 449 

of a test odorant diluted to 1% volume/volume in mineral oil, or in 100μL of pure mineral 450 

oil. The following odors comprised the odor test panel: iso-amyl acetate, carvone, 451 

eugenol, and anisole. At each port, IR beam break sensors detected and recorded the 452 

number and length of nose-pokes, to quantify olfactory investigation of novel odors or 453 

mineral oil. Each mouse was tested at time 0 (initial exposure to novel odor), 30, 60, 90, 454 

and 120 min for 10 min per trial. One odorant per day was tested for each mouse, with 455 

one time interval (30 or 60 or 90 or 120 min after initial presentation) observed, for a 456 

total of 4 odorants tested per mouse over the course of 4 days. Data were transmitted to 457 

an Arduino Uno board, and a custom Arduino script was written to quantify the number 458 

of nose pokes per animal per port. Negative pressure was applied on both sides of the 459 

box to prevent passive diffusion of odors throughout the testing phase.  460 

 461 

Experimental Design and Statistical Analysis 462 

All means are reported as means ± standard error unless otherwise specified. Details 463 

including statistical analyses specific to each experiment are listed in appropriate 464 

subsections in Methods. A minimum number of animals to be used toward each 465 

experiment was determined by previous findings on the electrophysiological and 466 

morphological effects of altered CRH signaling on adult-born neurons in the OB (Garcia 467 

et al., 2014) and power analysis based on α = 0.05 at 80% statistical power. Data were 468 
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analyzed using Prism 6 (GraphPad Software) or Excel (Microsoft). For relevant 469 

datasets, prior to analysis, statistical outliers were identified by either Grubb’s test for a 470 

single outlier (two tailed at p < 0.05) for n < 25 or Rosner's Extreme Studentized Deviate 471 

test for multiple outliers (two tailed at p < 0.05) with a maximum number of outliers of 2 472 

for n  25 datasets, using internet-based software (http://contchart.com/outliers.aspx) 473 

and removed before comparisons. This procedure identified outliers each in the 474 

following datasets and groups for electrophysiology experiments: mEPSC frequency, 475 

control (x2) and overexpression (x2); mEPSC amplitude, cKO (x2); membrane 476 

resistance, cKO (x2), control (x1).  Removal of outliers did not change conclusions for 477 

mEPSC frequency or membrane resistance but did change the conclusion for mEPSC 478 

amplitudes (with two outliers in cKO group retained: Kruskal-Wallis test p = 0.1888 479 

versus with two outliers removed: one-way ANOVA, p = 0.0481). No outliers were 480 

detected for morphological datasets. Statistical comparisons between control and loss- 481 

or gain-of-function groups were made by ordinary one-way ANOVA or Kruskal-Wallis 482 

test as appropriate, followed by Dunnett’s or Dunn’s multiple comparisons tests, 483 

respectively, as specified in Results. For normally distributed electrophysiological and 484 

morphological data, we performed an additional post hoc test for linear trend among the 485 

groups for each dependent variable, when the groups were ordered by increasing levels 486 

of the independent variable (POU6f1 expression in CRHR1+ GCs): CRHR1-487 

Cre;POU6f1∆Exon2-11/∆Exon2-11;AAV-FLEX-GFP (cKO) representing low expression of 488 

POU6f1, CRHR1-Cre;AAV-FLEX-GFP (Control) representing endogenous expression 489 

of POU6f1, and CRHR1-Cre;AAV-FLEX-GFP::POU6f1 (POU6f1) representing high 490 

expression of POU6f1.  491 



 

21 
 

 492 

Results 493 

CRH signaling in the bulb is associated with gene expression changes 494 

 We previously showed that local CRH signaling functions as an activity-495 

dependent cue for morphological and functional development of adult-born GCs in the 496 

OB (Garcia et al., 2014). As adult-born neurons mature into CRHR1-expressing GCs, 497 

olfactory learning influences their connectivity (Quast et al., 2017). Thus, CRHR1 498 

expression and synaptic input mark a developmental window for sensory-dependent 499 

refinement in the olfactory circuit. To examine how CRH signaling mechanistically 500 

regulates the maturation of adult-born granule neurons in the bulb, we queried the 501 

downstream transcriptional targets of altered levels of CRH signaling. Due to technical 502 

limitations of controlling expression of the small, secreted neuropeptide CRH, we 503 

established animal models of loss- and gain-of-function by using genetically modified 504 

variants of the CRHR1 receptor (Figure 1A, top).  505 

We modeled loss of local CRH signaling by utilizing a knockout CRHR1-/- mouse 506 

line, in which GCs of the OB lack functional CRHR1 expression (Smith et al., 1998). To 507 

model endogenous or increased levels of CRH signaling, we used CRHR1-Cre 508 

transgenic animals (Taniguchi et al., 2011). CRHR1-Cre  animals were stereotaxically 509 

injected with conditional adeno-associated viruses (FLEX) AAV (Atasoy et al., 2008), to 510 

selectively target CRHR1+ neurons with either AAV-FLEX-EGFP (modeling 511 

endogenous levels of CRH signaling), or a FLEXed constitutively active (CA) version of 512 

CRHR1 fused to EGFP (AAV-FLEX-(CA)CRHR1::EGFP) (Nielsen et al., 2000) 513 

(modeling overactive CRH signaling). To control for the effects of viral infection on gene 514 
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expression analysis, we also injected AAV-FLEX-EGFP into the bulbs of CRHR1-/- 515 

animals. All AAVs were injected into OBs using coordinates to target the granule cell 516 

layer (GCL). Two wks post-injection, total bulb RNA was extracted from all three animal 517 

groups (n = 5 per group), and microarray hybridization was performed using Agilent 518 

Whole Mouse Genome Oligo Microarrays (8x60K, Design ID 028005). 519 

To query the potential transcriptional targets of local CRH-dependent circuit 520 

refinement,  we examined differential transcript expression in conditions of altered 521 

CRHR1 activity. Changes in transcript expression were considered significant when 522 

unpaired Student’s t-tests, corrected for multiple comparisons, had a false discovery 523 

rate (q) < 0.05 (Storey and Tibshirani, 2003). Of transcripts whose expression patterns 524 

significantly changed in response to altered CRH signaling, we narrowed candidates for 525 

further study to those with reciprocal expression changes between loss- and gain-of-526 

function animal models. This filter criterion focused our study on changes that were 527 

more likely to be in direct response to changes in CRH signaling, and yielded a total of 528 

57 genes whose expression changed dynamically and reciprocally when CRHR1 529 

activity was altered. Interestingly, one of the most common cellular processes affected 530 

by reciprocally expressed transcripts was gene regulation (Figure 1-1). This suggested 531 

that one major contribution of local CRH signaling in the bulb is to induce action of an 532 

array of gene regulators to systematically direct adult-born neuron maturation and 533 

integration.  534 

Because we were interested in identifying the most upstream genetic changes 535 

related to CRH signaling in the bulb, we further focused our study toward genes 536 

implicated in direct transcriptional regulation. Of the transcription factors identified from 537 
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our filter criteria, we observed the largest reciprocal expression changes for POU 538 

Domain Class 6 Transcription Factor 1 (POU6f1). Relative to expression in CRHR1-/- 539 

bulbs, POU6f1 expression was 5.28-fold higher in CRHR1-Cre;AAV-FLEX-EGFP 540 

control bulbs (n = 5 animals per group, q = 0.04) and 6.82-fold higher in (CA)CRHR1 541 

overactivation bulbs (q = 0.0076) (Figure 1B, 1C). This suggested that POU6f1 542 

transcription mirrors CRHR1 expression and activity in the adult OB. POU6f1 is a 543 

member of the POU factor family of transcription factors (Andersen et al., 1993; 544 

Okamoto et al., 1993), which regulate expression of developmental genes in the 545 

nervous system (Latchman, 1999). Expression of POU6f1 is noted widely throughout 546 

the embryonic (Cui and Bulleit, 1998) and adult central nervous system (CNS) (Lein et 547 

al., 2007), yet its functions in both peptide signaling mediation and synaptic and circuit 548 

development in the adult brain have not been elucidated.  549 

To verify the relationship of CRHR1 activity to POU6f1 in the OB, we performed 550 

RNA in situ hybridization using a custom-designed probe against POU6f1 in OB 551 

sections of CRHR1+/+ or CRHR1-/- animals (Figure 1D). In CRHR1-/- bulbs, lower 552 

POU6f1 signal intensities, as determined by post hoc pseudo-color cell expression 553 

analysis (Figure 1E), suggested that POU6f1 expression declines in the absence of 554 

functional CRHR1 expression. Thus, we next sought to investigate whether CRHR1 555 

activity directly promotes transcriptional activation of POU6f1.  556 

  557 

CRH signaling promotes transcriptional activation of POU6f1 558 

 CRH-to-CRHR1 binding drives GS-coupled signaling (Berger, 2003; Blank et al., 559 

2003; Berger et al., 2006), and leads to cAMP-dependent gene transcription via 560 
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phospho-activated cAMP-responsive element binding (CREB) protein (Aguilera et al., 561 

1983; Giguere et al., 1983; Gonzalez and Montminy, 1989; Thiel and Cibelli, 1999) in 562 

the receptor-expressing cell. Interestingly, cAMP signaling has been shown to activate 563 

transcription of POU family factors related to POU6f1 (Wang et al., 2009) (Monuki et al., 564 

1989), and the promoter region of POU6f1 [Ensembl release 87] (Zerbino et al., 2015) 565 

harbors several potential CREB binding sites, suggesting that POU6f1 may be a direct 566 

target of cAMP signaling. Notably, the sequence 5’-TGACGTCC- 3’, located proximally 567 

upstream of the transcription start site of POU6f1, differs from the consensus CREB 568 

binding site 5′-TGACGTCA-3′ (Montminy et al., 1986) by only the terminal base pair and 569 

thus functions as a potential CREB binding site.  570 

To test whether CRHR1 activity regulates POU6f1 transcription via a CREB-571 

dependent mechanism, we cloned two separate vectors that contained elements from 572 

the regulatory region of POU6f1 upstream of a luciferase enzyme. One vector 573 

comprised a 686 bp region at the 5’ end of the POU6f1 gene, including the 564 bp 574 

immediately upstream of exon 1 and 122 bp of the 5’ segment of exon 1 (Figure 2A, 575 

‘Promoter’). The second vector contained only the 66 bp region that immediately flanks 576 

the predicted CREB binding site within the promoter region of POU6f1 (Figure 2A, 577 

‘CREB site’). The ‘CREB site’ reporter was comprised of the predicted CREB binding 578 

site (8 bp), flanked by a total of 58 bp of genomic sequence unique to POU6f1 (Kent, 579 

2002). Both reporter vectors were independently co-transfected into Neuro2A or MCF-7 580 

cells, each with either a construct encoding the constitutively active variant of CRHR1 581 

((CA)CRHR1) (Nielsen et al., 2000), or an empty control construct, to test whether 582 

CRHR1-mediated cAMP signaling in cells altered activity of the regulatory components 583 
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of POU6f1. To verify that observed changes in reporter activity in the presence of 584 

(CA)CRHR1 were mediated via CREB binding, we also tested a negative control vector 585 

harboring the luciferase reporter downstream of a minimal promoter, in which all 586 

predicted CREB-binding sites had been mutated. Indeed, when this negative control 587 

vector was co-transfected with (CA)CRHR1 into cells, no significant change in the level 588 

of reporter activity was observed relative to co-transfection of the negative control with 589 

an empty plasmid (unpaired Student’s t-test, t(4) = -1.74, p = 0.157) (Figure 2B, left two 590 

solid gray bars). These data suggest that activity of POU6f1 regulatory elements 591 

induced by (CA)CRHR1 was dependent on CREB binding. 592 

Interestingly, transfection of the ‘Promoter’ vector into cells resulted in an 593 

increase in reporter activity versus the negative control vector (Figure 2B) (negative 594 

control + empty plasmid: 4.33 ± 0.33 relative light units or RLU versus promoter vector + 595 

empty plasmid: 23.67 ± 5.67 RLU, unpaired Student’s t-test, t(4) = -3.41, p = 0.027, 596 

measurements on lysates obtained from 3 independent wells per transfection condition, 597 

means reported as means ± standard error). This indicated that the POU6f1 promoter 598 

showed basal activity in a neural cell line, consistent with the predicted role of POU6f1 599 

in developing brain cells (Bulleit et al., 1994). We further observed increased reporter 600 

activity when (CA)CRHR1 was co-transfected with the ‘Promoter’ vector, but not with 601 

the negative control (Figure 2B) (negative control vector + (CA)CRHR1: 8 ± 2.08 RLU 602 

versus promoter vector + (CA)CRHR1: 37 ± 6.11 RLU, unpaired Student’s t-test, t(4) = -603 

4.49, p = 0.011), providing evidence of a synergistic interaction between CRHR1 activity 604 

and the POU6f1 candidate promoter sequence in a neural cell line.  605 

Unexpectedly, when the ‘Promoter’ vector was co-transfected with (CA)CRHR1, 606 
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reporter activity was not significantly increased over basal activity of the ‘Promoter’ 607 

alone (Figure 2B, right two bars) (promoter vector + empty plasmid: 23.67 ± 5.67 RLU 608 

versus promoter vector + (CA)CRHR1: 37 ± 6.11 RLU, unpaired Student’s t-test, t(4) = -609 

1.6, p = 0.18). We reasoned that this resulted from either constitutively high basal 610 

promoter activity, and/or the presence of other regulatory components within the 611 

promoter element that could mute the effect of (CA)CRHR1-associated activation.  612 

To address whether reducing basal promoter activity in cells could clarify the 613 

relationship of (CA)CRHR1 to activity of the candidate POU6f1 promoter sequence, we 614 

identified the MCF-7 cell line (Soule et al., 1973), which has been reported to have low 615 

POU6f1 expression as determined by RNA sequencing (Uhlén et al., 2015). MCF-7 616 

cells were co-transfected with either the ‘Promoter’ vector plus (CA)CRHR1 or empty 617 

vector control. Data from these experiments revealed a direct activation of the POU6f1 618 

promoter by constitutive CRHR1 activity in a cell line with low baseline POU6f1 619 

expression (Figure 2C) (promoter vector + empty plasmid: 10.1 ± 0.64 RLU versus 620 

promoter vector + (CA)CRHR1: 15.4 ± 0.45 RLU, Kruskal-Wallis test, H(1) = 14.593, p = 621 

0.00013).   622 

To address the possible presence of inhibitory components within the candidate 623 

POU6f1 promoter that could lessen the effects of (CA)CRHR1, we co-transfected 624 

(CA)CRHR1 or an empty vector control with the ‘CREB site’ reporter vector (Figure 2A) 625 

– containing only 66 bp of the predicted POU6f1 promoter (including the 8 bp CREB 626 

binding site) – into the Neuro2A cell line. Because the ‘CREB site’ reporter vector 627 

contained only a minimal segment of the predicted POU6f1 promoter, we anticipated 628 

that when the ‘CREB site’ vector was co-transfected with (CA)CRHR1, reporter activity 629 
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would rise. Indeed, reporter activity significantly increased when the ‘CREB site’ 630 

reporter plasmid was co-transfected with (CA)CRHR1 (CREB site reporter vector + 631 

empty plasmid: 3.33 ± 0.33 RLU versus CREB site reporter vector co-transfected with 632 

(CA)CRHR1: 12.33 ± 2.33 RLU, unpaired Student’s t-test, t(4) = -3.82, p = 0.019) 633 

(Figure 2D). Together, these data suggest that activation of CRHR1 can initiate CREB-634 

dependent transcriptional activation of POU6f1, and that POU6f1 is a CRHR1/cAMP-635 

inducible transcription factor whose expression in a developing neural cell can be 636 

mediated by external stimuli. 637 

  638 

POU6f1 is expressed in CRHR1+ granule cells in vivo 639 

By microarray and in situ hybridization analyses (Figure 1), we inferred a 640 

relationship between CRHR1 activity and POU6f1 expression in the adult OB. 641 

Consistent with these data, in vitro luciferase reporter assays showed regulation of 642 

POU6f1 expression by CRHR1 activation (Figure 2). We next sought to reveal the 643 

relationship between POU6f1 and CRHR1 expression in intact brain tissue. To avoid 644 

nonspecific labeling of POU6f1 from commercial antibodies (data not shown), we 645 

pursued a strategy of endogenously labeling POU6f1 by epitope tagging. Towards this, 646 

we used a CRISPR-based gene targeting strategy (Cong et al., 2013) to generate a 647 

novel mouse line, which harbors a multimeric hemagglutinin tag (3xHA) at the C 648 

terminal end of POU6f1. For this, a 20 nt sgRNA and 200 nt single-stranded oligo donor 649 

template were designed to target endogenous POU6f1 upstream of the native stop 650 

codon, creating a cut site for the insertion of the 3xHA sequence (Figure 3A). 200 651 

mouse embryos (0.5 days post coitum) were used for pronuclear injection of these 652 
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components, along with wild type Cas9 mRNA. Injected embryos were then implanted 653 

into pseudopregnant female mice. PCR-based genotyping and sequencing revealed 654 

that 1 out of 43 (2.3%) live-born pups carried the correctly targeted, full sequence of 655 

3xHA tagged POU6f1 (Figure 3B, 3C). This mouse was used as a founder to generate a 656 

colony of POU6f1HA/HA homozygote animals. Translation of the tagged-variant of 657 

POU6f1 in the brains of POU6f1HA/HA animals was verified by Western blot, which 658 

detected the 3xHA peptide at the predicted molecular weight for 3xHA-tagged POU6f1 659 

protein in the OB, cortex, and cerebellum of POU6f1HA/HA adult mouse brains (Figure 660 

3D). 661 

 To determine if POU6f1 is expressed in CRHR1+ GCs of the adult OB, we 662 

crossed the POU6f1HA/HA mouse line with a CRHR1-EGFP reporter mouse line (Justice 663 

et al., 2008), and stained OB sections obtained from CRHR1-EGFP; POU6f1HA/HA mice 664 

for HA antigen. Colocalization analysis of CRHR1+ cells randomly selected from the 665 

total GCL showed that 50.25  7.4% of CRHR1+ cells are POU6f1::HA+ (N = 3 mice, 4-666 

7 brain slices per mouse, n = 400 cells total counted, means reported as  95% 667 

confidence interval), suggesting that CRHR1 activation in vivo may drive expression of 668 

POU6f1 in only a subset of CRHR1-expressing GCs.  669 

POU6f1 has been hypothesized to be involved in maturation of developing 670 

neurons in culture (Bulleit et al., 1994). Thus, we reasoned that CRHR1+POU6f1::HA+ 671 

cells may represent olfactory GCs in later stages of development than 672 

CRHR1+POU6f1::HA- cells. To determine whether expression of POU6f1 is associated 673 

with a specific developmental stage, we co-stained GCs for POU6f1::HA and NeuN, a 674 

marker for mature neurons (Mullen et al., 1992). We found that 96.25  3.4% of 675 
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POU6f1::HA+ cells are NeuN+ and 94.38  3.6% of NeuN+ cells are POU6f1::HA+, 676 

suggesting that POU6f1 is correlated with maturity in neurons. Further, to examine how 677 

POU6f1::HA expression changed through development of adult-born neurons, we 678 

pulse-labeled adult-born neurons with the thymidine analog 5-ethynyl-2’-deoxyuridine 679 

(EdU) and co-stained for EdU and POU6f1::HA from birth through integration (Figure 680 

3E, 3F). The proportion of EdU-labeled adult-born neurons that expressed POU6f1::HA 681 

was very low on the day of pulsing (1.67% ± 1.67% at 0 days post-pulse or dpp), and 682 

progressively increased over time (16.79% ± 4.39% at 8 dpp, 31.19% ± 4.52% at 14 683 

dpp, 58.33% ± 1.67% at 21 dpp, 68.33% ± 1.67% at 31 dpp, and 72.81% ± 2.19% at 45 684 

dpp). This steady increase in POU6f1::HA expression by adult-born GCs over time as 685 

GCs migrate functionally mature inside the bulb supported the notion that POU6f1::HA 686 

expression is correlated with neuronal maturity.  687 

Interestingly, the localization patterns of CRHR1+POU6f1::HA+ versus 688 

CRHR1+POU6f1::HA- GCs within the GCL suggested that POU6f1 may alter other 689 

aspects of neuronal fate and/or maturation in CRHR1-expressing neurons. We 690 

observed that the majority of double-labeled GCs localized to the superficial regions of 691 

the GCL (Figure 3G). Others have shown that the superficial GCL is enriched for long-692 

surviving (Lemasson et al., 2005; Imayoshi et al., 2008) granule neurons, with abundant 693 

synaptic connections (Orona et al., 1983; Orona et al., 1984). Superficial GCs also 694 

display distinct electrophysiological profiles relative to GCs deeper within the core of the 695 

bulb (Carleton et al., 2003). We therefore reasoned that CRHR1+POU6f1::HA+ cells 696 

may be earmarked for a functional fate distinct from that of CRHR1+POU6f1::HA- cells. 697 

In consideration of this, we asked whether POU6f1::HA expression in CRHR1+ neurons 698 
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was increased in the superficial GCL, relative to CRHR1+ neurons selected at random 699 

(from the “total” GCL). Whereas about half of randomly selected CRHR1+ cells in the 700 

total GCL coexpressed POU6f1::HA, that ratio increased significantly in the superficial 701 

GCL, where abundant synapses are found (50.25  7.4% colocalization in the total GCL 702 

versus 85.56  7.3% in the superficial GCL, Figure 3H, right and Figure 3I) (unpaired 703 

Student’s t-test, t(36) = 7.106, p < 0.0001, N = 3 mice, 5-7 brain slices per mouse, n = 704 

180 cells total counted). Enrichment of CRHR1+POU6f1::HA+ colabeling in synapse-705 

rich regions of the GCL supported the possibility that CRHR1+POU6f1::HA+ cells may 706 

be functionally distinct from those that express CRHR1 alone. We note that the above 707 

results do not distinguish whether POU6f1 could broadly promote neuronal maturation 708 

or specifically promote of a specific functional fate in CRHR1+ GCs. In either of these 709 

cases, however, we predicted that POU6f1 expression would affect the synaptic 710 

connectivity of adult-born CRHR1+ GCs. 711 

   712 

POU6f1 influences synaptic formation and connectivity in CRHR1+ neurons 713 

Having established that CRHR1+POU6f1::HA+ neurons selectively populate OB 714 

regions enriched for the formation (Orona et al., 1983; Orona et al., 1984) and long-term 715 

maintenance of synapses (Lemasson et al., 2005; Imayoshi et al., 2008), we next 716 

sought to determine the effects of altered POU6f1 expression on synaptic connectivity. 717 

For this, we generated models of both loss- and gain-of-POU6f1-function, again using 718 

CRHR1-Cre transgenic mice (Taniguchi et al., 2011) to target CRHR1+ neurons for 719 

POU6f1 knockout or overexpression, respectively. Target cells in the bulb were verified 720 

independently by crossing CRHR1-Cre mice to a ROSALSL-tdTomato reporter line, which 721 
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revealed the vast majority of fluorescent reporter expression in the bulb to be within 722 

GCs (Figure 4A, right). Scattered periglomerular cells were also labeled, consistent with 723 

the small population of adult-born neurons that adopts this cell fate in the OB (Luskin, 724 

1993; Ming and Song, 2005). To determine further the specificity of CRHR1 expression 725 

by GCs, we examined co-expression of CRHR1 and GFAP, a marker of glial cells 726 

(Figure 4B, top), or TBX21, a marker of M/T cells (Figure 4B, bottom) in OB sections 727 

prepared from CRHR1-EGFP reporter mice (Justice et al., 2008). These data affirmed 728 

that the primary cell population targeted by our manipulations in CRHR1-Cre mice were 729 

granule neurons of the OB.  730 

For loss-of-function studies, we crossed CRHR1-Cre transgenic mice to a novel 731 

POU6f1 conditional knockout-ready (POU6f1floxed Exon2-11) mouse line (Figure 4C) to 732 

generate CRHR1-Cre; POU6f1∆Exon2-11/∆Exon2-11 conditional knockout (cKO) animals. cKO 733 

mice harbored a recombined floxed POU6f1 allele (excised of exons 2-11, including the  734 

DNA-binding domain (Wey et al., 1994)) in CRHR1+ cells (Figure 4D).  735 

For gain-of-function studies, CRHR1-Cre animal OBs were stereotaxically 736 

injected with AAV carrying a Cre-dependent copy of POU6f1 cDNA fused to a GFP 737 

marker (AAV-FLEX-GFP::POU6f1), or GFP alone (AAV-FLEX-GFP) as a control (Figure 738 

5A).  CRHR1 expression in adult-born GCs is detected at approximately day 14 after 739 

birth in the SVZ (Garcia et al., 2014), which coincides with activity-dependent selection 740 

(Yamaguchi and Mori, 2005; Mouret et al., 2008; Kelsch et al., 2009). Thus, our 741 

manipulations specified either cell type-specific conditional knockout or overexpression 742 

of POU6f1 at this period in development for adult-born neurons.   743 



 

32 
 

To determine whether and how POU6f1 expression altered synaptic inputs onto 744 

CRHR1+ neurons, we performed whole cell voltage-clamp recordings from labeled 745 

CRHR1+ GCs in the presence of the sodium channel blocker tetrodotoxin (TTX). TTX 746 

blocks action potential-driven circuit activity, and thus its application isolates small 747 

subthreshold currents that are transmitted via synaptic inputs onto patched cells. We 748 

analyzed the frequency and amplitudes of currents recorded in TTX from patched 749 

CRHR1+ cells to reveal quantal features of their synaptic contacts. Since a major 750 

contribution of GCs to odor processing is to shape bulb output via reciprocal, 751 

dendrodendritic connections with excitatory M/T cells (Jahr and Nicoll, 1980; Isaacson 752 

and Strowbridge, 1998), we focused on how altered POU6f1 expression within GCs 753 

influenced excitatory currents back onto GCs. Miniature excitatory postsynaptic current 754 

(mEPSC) recordings were performed from CRHR1+ GCs labeled with a Cre-dependent 755 

vector (AAV-FLEX-GFP for cKO and control animals, AAV-FLEX-GFP::POU6f1 for gain-756 

of-function animals), to restrict our cross-group comparisons to granule neurons of a 757 

specific (CRHR1+) subpopulation in the OB.  758 

 With altered POU6f1 expression in CRHR1+ neurons, we detected a significant 759 

change in the mEPSC frequency among loss-of-function, control, and gain-of-function 760 

groups (Kruskal-Wallis test, H(2) = 8.382, p = 0.0151). Neurons that lacked POU6f1 761 

showed a decreased frequency of mESPCs (0.41 ± 0.055 Hz) compared to controls 762 

(0.811 ± 0.15 Hz) (Figure 5B, 5C) (p < 0.05, Dunn’s multiple comparisons post-test, 763 

cKO group: N = 12 animals, n = 29 cells, control: N = 7 animals, n = 24 cells, means 764 

reported as means ± standard error), suggesting that POU6f1 expression is required for 765 

CRHR1+ neurons to establish the normal repertoire of excitatory connections. While the 766 



 

33 
 

frequency of mEPSCs was higher for POU6f1-overexpressing neurons (0.838 ± 0.13 Hz 767 

for POU6f1-overexpressing cells versus 0.811 ± 0.18 Hz for controls), this difference did 768 

not reach significance (p > 0.05, Dunn’s multiple comparisons post-test, POU6f1 769 

overexpression group: N = 8 animals, n = 25 cells). 770 

We next examined whether POU6f1 influences other properties of excitatory 771 

synapses that are made onto GCs. GCs receive excitatory input from M/T cells via 772 

dendrodendritic connections in the EPL, and via axodendritic connections from M/T cell 773 

collaterals in the GCL (Shepherd et al., 2004). The disparate distances of these 774 

synapses from GC somas influence recorded electrophysiological properties, including 775 

excitatory current decay time constants ( decay) (Schoppa, 2006). Dendrodendritic M/T 776 

cell synapses onto GCs exhibit currents with longer decay values relative to more 777 

proximal axodendritic M/T cell synapses. Thus we reasoned that significant changes in 778 

decay distributions for mEPSCs recorded from POU6f1-overexpressing GCs could 779 

suggest a difference in the type of M/T connections established onto these cells. 780 

Because the majority of GCs display a mix of excitatory inputs (Schoppa, 2006), we 781 

examined the distributions of decay from randomly sampled populations of mEPSC 782 

events across experimental groups.  783 

Analysis showed a right shift in the distribution of decay values for mEPSCs 784 

recorded from POU6f1-overexpressing neurons versus controls (Figure 5D) (two 785 

sample Kolmogorov-Smirnov test, p < 0.0001, control group: N = 7 animals, n = 26 786 

cells, 50 events per cell, POU6f1 overexpression group: N = 8 animals, n = 27 cells, ~50 787 

events per cell). Thus, more mEPSCs onto POU6f1 –overexpressing CRHR1+ GCs 788 

displayed larger decay values versus mEPSCs onto control CRHR1+ GCs. No significant 789 
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change in the distribution of decay values was found between cKO and control mEPSCs 790 

(two sample Kolmogorov-Smirnov test, p = 0.1542, control: N = 7 animals, n = 26 cells, 791 

50 events per cell, cKO: N = 12 animals, n = 27 cells, ~50 events per cell). This 792 

suggested that POU6f1-overexpressing CRHR1+ GCs gain excitatory input from 793 

synapses with decay kinetics similar to those of dendrodendritic M/T cell synapses 794 

(and/or those further away from the soma). Together with the above findings, these data 795 

suggest the possibility that while loss of POU6f1 may indiscriminately reduce the 796 

quantal content of excitatory connections onto developing GCs, increased POU6f1 797 

levels may enhance the quantal content of particular types of excitatory connections. 798 

However, this idea would require further experimentation and analysis to substantiate.   799 

In our experiments, levels of POU6f1 expression in CRHR1+ cells also linearly 800 

affected the amplitudes of mEPSCs across cKO (10.23 ± 0.42 pA), control (10.17 ± 0.57 801 

pA), and POU6f1 overexpressing (11.93 ± 0.67 pA) neurons (Figure 5E) (one-way 802 

ANOVA, F(2, 77) = 3.156, p = 0.0481, animals per group as above, cKO: n = 27 cells, 803 

control: n = 26 cells, POU6f1 overexpression: 27 cells; post-test for linear trend, R2 = 804 

0.05532, p = 0.035). While differences between the groups did not reach statistical 805 

significance in pair-wise comparisons against controls (p > 0.05, Dunnett’s multiple 806 

comparisons test for both cKO versus control and POU6f1-overexpression versus 807 

control), the observed subtle but linear increase in mEPSC amplitudes in response to 808 

increasing levels of POU6f1 could reflect a modest role for POU6f1 in influencing the 809 

quantal size of excitatory synapses onto CRHR1+ neurons. The above results suggest 810 

that POU6f1 could influence multiple properties of excitatory inputs onto CRHR1+ GCs.  811 
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We next sought to determine whether POU6f1 influenced passive membrane 812 

properties of CRHR1+ GCs. No differences were observed in membrane resistance 813 

among groups (Figure 5F) (cKO mean: 751.6 ± 79.9 MΩ, control mean: 729.5 ± 46.6 814 

MΩ, POU6f1-overexpression mean: 685.3 ± 47.5 MΩ) (Kruskal-Wallis test, H(2) = 815 

0.636, p = 0.7256, cKO: N = 12 animals, n = 32 cells, control: N = 7 animals, n = 39 816 

cells, POU6f1-overexpression: N = 8 animals, n = 34 cells). Similarly, no difference in 817 

membrane electrical capacitance (Cm) was observed between neurons that lacked 818 

POU6f1 expression and controls (cKO mean: 13.41 ± 0.85 pF versus 13.03 ± 0.63 pF in 819 

controls; one-way ANOVA, F(2, 105) = 6.236, p = 0.0028, p > 0.05 post hoc Dunnett’s 820 

multiple comparisons test between cKO and control). Overexpression of POU6f1, 821 

however, resulted in higher Cm of CRHR1+ GCs (Figure 5G) (16.53 ± 0.83 pF in 822 

POU6f1-overexpressing cells versus 13.03 ± 0.63 pF in controls) (p < 0.05, post hoc 823 

Dunnett’s multiple comparisons test between POU6f1-overexpressing cells and 824 

controls), with a significant linear trend identified for Cm dependent on levels of POU6f1 825 

(R2 = 0.06733, p = 0.0059).  This observation suggested a role for POU6f1 in 826 

membrane outgrowth or branching of CRHR1+ GCs.  827 

 828 

POU6f1 influences dendritic branching in CRHR1+ neurons  829 

 Having established that levels of POU6f1 in CRHR1+ cells are associated with a 830 

linear increase in Cm, we next examined the effects of POU6f1 expression on dendritic 831 

outgrowth. Loss- and gain-of-function groups were again established using CRHR1-Cre 832 

mice to conditionally excise or overexpress POU6f1 in CRHR1+ cells, respectively. 833 

Cells were targeted with sparse viral labeling to enable single cell analysis for the 834 
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effects of POU6f1 on morphological development of CRHR1+ GCs. Using this 835 

approach, we observed increased total dendrite length associated with higher levels of 836 

POU6f1 expression (Figure 6A, 6B) (1469.5  94 m for controls versus 1891.2  124.8 837 

m for overexpression) (one-way ANOVA, F(2, 34) = 8.254, p = 0.0012, p < 0.05, 838 

Dunnett’s multiple comparisons test, N = 3 animals per group, n = 12-13 cells per group, 839 

means reported as means  standard error; post-test for linear trend R2 = 0.3198, p = 840 

0.0003). This increase in total dendritic length was primarily due to an increase in apical 841 

dendrite length (Figure 6C) (one-way ANOVA, F(2, 34) = 7.280, p = 0.0023, p < 0.05 842 

Dunnett’s multiple comparisons test) (1620.3  112.2 m versus 1262.8  90.4 m for 843 

controls). Moreover, we again observed a linear association between the lengths of 844 

apical dendrites with respect to levels of POU6f1 expression (post-test for linear trend, 845 

R2 = 0.2949, p = 0.0006). This contrasted with unchanged lengths of basal dendrites for 846 

CRHR1+ granule neurons, regardless of POU6f1 expression (Figure 6D) (cKO: 182.9  847 

41.4 m, control: 206.7  57.9 m, POU6f1 overexpression: 270.9  40.4 m) (one-way 848 

ANOVA, F(2, 34) = 0.9214, p = 0.4077). Increased apical dendrite lengths associated 849 

with increased POU6f1 expression provided further support that POU6f1 influences the 850 

functional development of dendrodendritic synapses with M/T cells, since apical 851 

dendrites of mature GCs project into the EPL to establish such contacts (Shepherd et 852 

al., 2004; Schoppa, 2006).  853 

To determine whether changes in apical dendrite length associated with POU6f1 854 

expression were also accompanied by changes in branch architecture, we measured 855 

both the total dendritic branch number, as well as maximum branch order for neurons in 856 

each group. We found that POU6f1 overexpression in CRHR1+ cells resulted in 857 
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increased formation of dendritic branches (Figure 6E) (12.46  1.27 branches for control 858 

versus 28.75  2.85 branches for  POU6f1 overexpression) (one-way ANOVA, F(2, 34) 859 

= 20.57, p < 0.0001; post hoc Dunnett’s multiple comparisons test p < 0.05 for control vs 860 

POU6f1 overexpression). Moreover, the maximum branch order for neurons 861 

overexpressing POU6f1 was greater than that of control (Figure 6F) (8  0.60 for 862 

POU6f1 overexpressing neurons versus 4.23  0.26 for controls) (one-way ANOVA, F 863 

(2, 34) = 22.01, p < 0.0001; post hoc Dunnett’s multiple comparisons test p < 0.05 for 864 

control vs POU6f1 overexpression). These results suggested that POU6f1 influences 865 

dendritic branch formation and architecture in CRHR1+ neurons. To examine the 866 

consequence of changed POU6f1 expression on dendrite patterning we further 867 

performed Sholl analysis (Figure 6G) on traced dendritic branches. For this, we 868 

quantified branch intersections with concentric circles drawn starting from the somata of 869 

traced neurons, moving in 10 μm steps distally to cover the entirety of dendritic 870 

expanse. Both POU6f1 cKO and POU6f1 overexpressing neurons showed changes in 871 

neuronal arborization compared to controls (two-way ANOVA, F(2, 2890) = 68.72, p < 872 

0.0001 for levels of POU6f1 as a source of variation). Loss of POU6f1 expression 873 

resulted in reduced branching complexity relative to controls (p < 0.05, at radii of 520-874 

650 μm distal to somas, Bonferroni multiple comparisons post hoc test), while POU6f1 875 

overexpression enhanced branching complexity (p < 0.05, at radii of 290-410 μm distal 876 

to somas). Together, the above results suggest that the POU6f1 transcription program 877 

influences dendritic outgrowth and branch patterning in CRHR1+ neurons.  878 

 879 

Discussion 880 
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Plasticity in the adult brain is typified by activity-dependent structural alterations 881 

(Volkmar and Greenough, 1972; Magarinos et al., 1996). The mouse OB circuit features 882 

ongoing, activity-dependent structural changes via integration of adult-born granule 883 

cells. Interestingly, enhanced activity by odor enrichment or learning does not affect 884 

dendritic arborization of M/T cells (Mizrahi and Katz, 2003), the principal excitatory cells 885 

of the OB that relay multiple streams of output from the bulb (Fukunaga et al., 2012). 886 

The structural rigidity of M/T cells contrasts sharply with remodeling observed in 887 

newborn inhibitory neurons in the bulbs of animals subjected to odor task learning and 888 

enrichment (Saghatelyan et al., 2005; Arenkiel et al., 2011; Breton-Provencher et al., 889 

2016; Huang et al., 2016; Quast et al., 2017). This suggests that in the OB, activity-890 

dependent circuit sculpting is primarily the domain of interneuron dynamics. However, 891 

the molecular pathways by which interneurons initiate and maintain structural changes 892 

in response to sensory input remain largely unresolved. 893 

We recently discovered an interneuron-to-interneuron signaling mechanism 894 

mediated via activity-dependent, locally secreted CRH in the bulb. This 895 

neuropeptidergic signaling cascade influences morphology and functional maturation of 896 

CRHR1+ GCs (Garcia et al., 2014). Both CRH (Swanson et al., 1983) and its main CNS 897 

receptor CRHR1 (Chalmers et al., 1995) are expressed in other brain areas, and the 898 

local release of CRH in these areas is also influenced by environmental cues (Imaki et 899 

al., 1991). Thus, we hypothesize that CRH and/or other neuropeptide signaling 900 

networks are broadly embedded to convey network-shaping effects of sensory activity. 901 

Indeed, others have reported that CRH signaling within the hippocampus remodels 902 

pyramidal cell dendrites in response to stress (Chen et al., 2004). The role of CRH in 903 
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activity-dependent circuit restructuring in the bulb may therefore exemplify a more 904 

generalizable principle of peptide-mediated plasticity.  905 

Here, we examined a mechanism by which local CRH signaling reshapes 906 

circuitry in the adult OB. We found that CRHR1 activity influences expression of the 907 

transcription factor POU6f1 in neural cells, and that expression of this factor is required 908 

for normal synaptic integration and dendritic elaboration. 909 

 910 

Local CRH signaling promotes activation of the transcriptional regulator POU6f1  911 

CRH-to-CRHR1 signaling has previously been implicated in altered dendritic 912 

morphology in the hippocampus (Chen et al., 2004), and bulk-loaded CRH is reported to 913 

induce expression of immediate early genes, such as the transcription factor c-fos in 914 

other brain regions (Clark et al., 1991; Parkes et al., 1993). However, to date, no link 915 

between local CRH signaling and a specific transcriptional program that regulates 916 

dendritic plasticity has been established. Here, we performed a screen for gene 917 

expression changes downstream of CRH signaling in the bulb and found that CRHR1 918 

activation was associated with expression of the transcription factor POU6f1. Notably, 919 

our screen was performed on whole bulb tissue, and thus did not discern cell type 920 

specificity of expression changes. However, in situ hybridization against POU6f1 in the 921 

OBs of adult CRHR1-/- mice showed that CRHR1-/- cells in the GCL downregulated 922 

expression of POU6f1.  923 

In vitro data further suggest that POU6f1 is directly modulated by CREB-924 

dependent transcription in response to CRHR1 activity. This is consistent with the 925 

known CREB-activating mechanism of CRHR1, a GS protein-coupled receptor (Berger, 926 
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2003; Blank et al., 2003; Berger et al., 2006). However, it is possible that an alternative 927 

or additional CREB-dependent mechanism of POU6f1 activation operates in vivo. Of 928 

note, Bulleit et al. 1994 showed that POU6f1 mRNA increased in cultured neurons 929 

following NMDA receptor activation. NMDAR-mediated calcium influx could therefore 930 

also contribute to CREB-dependent transcriptional activation (Sheng et al., 1990) of 931 

POU6f1 in vivo.  932 

 933 

POU6f1 expression correlates with neuronal maturity 934 

We found that POU6f1::HA is progressively expressed as adult-born neurons 935 

develop. Moreover, most mature (NeuN+) GCs also expressed POU6f1::HA, and 936 

reciprocally most POU6f1::HA+ GCs expressed NeuN, suggesting that POU6f1 937 

expression correlates with maturation of GCs. Interestingly, NeuN expression, which 938 

appears after developing neurons exit the cell cycle (Kim et al., 2009), reportedly 939 

increases rapidly in adult-born neurons of the OB during the first two weeks after birth 940 

before plateauing (Petreanu and Alvarez-Buylla, 2002). Thus, NeuN is predicted to 941 

appear prior to expression of both CRHR1 (Garcia et al., 2014) and POU6f1::HA.  We 942 

previously found that CRHR1 expression was required for normal rates of survival 943 

(Garcia et al., 2014), and report here that POU6f1 influences both structural and 944 

functional aspects of development in CRHR1-expressing cells. Thus, early NeuN 945 

expression relative to expression of either CRHR1 or POU6f1 in adult-born neurons 946 

suggests that they may be marked for generalized maturation (i.e., cell cycle exit) prior 947 

to subsequent expression of genes involved in neuropeptide signaling. Interestingly, we 948 

did not observe a direct effect of POU6f1 on survival of CRHR1+ adult-born (data not 949 
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shown). This is consistent with the notion POU6f1 influences later aspects of 950 

maturation.  951 

 952 

POU6f1 mediates synapse and dendrite branch formation 953 

  We found that loss of POU6f1 reduced the quantal content – encompassing the 954 

number of release sites and/or probability of vesicle release – of excitatory synaptic 955 

connections formed onto CRHR1+ GCs. Increased POU6f1 expression resulted in 956 

delayed excitatory current kinetics in a manner consistent with increased input by 957 

dendrodendritic synapses with M/T cells. This was further consistent with analysis 958 

suggesting that POU6f1 promotes formation of apical dendrites, onto which 959 

dendrodendritic synapses between CRHR1+ GCs and M/T form. Together, these 960 

results indicate that POU6f1 contributes to the content and function of excitatory 961 

synaptic inputs onto CRHR1+ cells. 962 

We observed that low levels of POU6f1 were associated with reduced total 963 

dendrite length in GCs, and high levels of POU6f1 resulted in increased dendrite length. 964 

Interestingly, these differences were almost entirely explained by changes in apical 965 

dendrite lengths, as basal dendrites were unaffected by POU6f1 expression. This has 966 

intriguing implications for whether POU6f1 preferentially influences dendrodendritic 967 

synapses of GCs with M/T cells, which tend to make contacts onto distal apical 968 

dendrites of GCs (Schoppa, 2006), over inputs by centrifugal fibers, which tend to form 969 

basal and proximal connections onto GCs (Shipley and Adamek, 1984) (Laaris et al., 970 

2007). It is tempting to speculate that local CRH secreted from within the EPL promotes 971 

the formation of dendrodendritic synapses in this same layer, to enhance olfaction at 972 
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proximal sites of sensory processing. Of note, others have reported that functionally 973 

correlated GCs appear to cluster (Wienisch and Murthy, 2016) in alignment with M/T 974 

cells, and along borders of odor-specific glomeruli (Guthrie et al., 1992) (Wilhite et al., 975 

2006). A localized peptidergic cue that is secreted with odor activity to guide synapse 976 

formation in such a functional vicinity provides a potential mechanism by which these 977 

topographic relationships are established and/or maintained across the surface of the 978 

bulb. However, more direct testing would be required to investigate such a possibility.  979 

The notion that POU6f1 reshapes GC connectivity was further supported by 980 

observations of increased dendritic branch number, maximum branch order, and branch 981 

pattern complexity in POU6f1-overexpressing neurons. Such intricate outgrowths of 982 

granule cell arborizations could give rise to more and/or varied granule-to-M/T cell 983 

contacts, which tend to form on lateral secondary dendrites of M/T cells distal to their 984 

somas (Bartel et al., 2015). Functionally, more numerous or expanded GC connections 985 

may contribute to broadened GC tuning and contrast enhancement (Cazakoff et al., 986 

2014) or serve as a means to synchronize M/T firing, such that the bulb relays a tight 987 

representation of the collective attributes of complex odors (Davison and Katz, 2007). 988 

Such outcomes would be promising paths for future inquiry. 989 

One caveat to our studies arises from the expression pattern of CRHR1 in adult-990 

born neurons, thus affecting our maniuplations in CRHR1-Cre mice. CRHR1 is 991 

expressed by adult-born neurons both during and continually after integration, when 992 

dendrite extension has ceased (Mizrahi, 2007). Our assays examined aspects of 993 

plasticity normally restricted to the pre-integration period. Thus, since our experiments 994 

targeted both younger and older CRHR1+ GCs, our interpretations likely underestimate 995 
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the effects of POU6f1 in shaping these processes in younger cells. This may explain 996 

why we observed no differences in odor learning or short term olfactory behavior in cKO 997 

versus control mice (data not shown).  More selective tests of developmental 998 

contributions of POU6f1 would require a CRHR1-Cre inducible mouse model.  999 

Nevertheless, our data suggest that within CRHR1+ GCs in the adult OB, 1000 

POU6f1 is a transcriptional regulator that can influence dendrite specification, and is 1001 

required to establish a normal complement of excitatory synapses onto CRHR1+ GCs. 1002 

Notably, the effects of loss and gain of POU6f1 in the present studies did not perfectly 1003 

mirror the effects of loss and gain of CRHR1 in our previous studies (Garcia et al., 1004 

2014). This implies that CRH signaling in the OB likely results in other changes beyond 1005 

those mediated by POU6f1, and that POU6f1 may have roles outside of conveying the 1006 

effects of local CRH signaling. However, the data herein present the first evidence that 1007 

a specific transcription program can be initiated downstream of activity-dependent local 1008 

peptide signaling, to the end effect of functional circuit refinement in the adult brain 1009 

(Figure 7).  1010 
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 1022 

Figure Legends 1023 

 1024 

Figure 1. Local CRH signaling is associated with dynamic expression of the 1025 

transcription factor POU6f1.  1026 

A, (Top) Method of gene expression profiling. Three groups of animals were used to 1027 

model changes in local CRH signaling in the bulb by viral and genetic manipulations: 1028 

‘loss of CRH signaling’ group represented by CRHR1-/- mice injected with AAV-FLEX-1029 

GFP; ‘endogenous CRH signaling’ group represented by CRHR1-Cre mice injected with 1030 

AAV-FLEX-EGFP; and ‘overactive CRH signaling’ group represented by CRHR1-Cre 1031 

mice injected with AAV-FLEX-(CA)CRHR1::EGFP (N = 5 animals per group). (Bottom) 1032 

Experimental timeline. B, Heatmap of microarray expression signals for POU6f1 from 1033 

bulbs with low, endogenous, or high levels of CRHR1 activity. Each colored box 1034 

represents the normalized signal intensity obtained from an individual sample from each 1035 

group (low = light pink, high = dark red) (N = 5 animals per group). The full list of genes 1036 

whose expression changed reciprocally in response to higher and lower levels of CRH 1037 

signaling in the bulb, and the cellular processes in which these genes are implicated, 1038 

are provided in Figure 1-1. C, Bar graph depicting estimated expression fold-changes in 1039 

POU6f1 across experimental groups, assigning CRHR1-/- OBs as the reference sample 1040 

(value of 1). A single value for expression fold-change was derived across each group. 1041 
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Thus, no variance or errors of estimation are shown. Relative to POU6f1 expression in 1042 

CRHR1-/- bulbs: bulbs with endogenous levels of CRHR1 activity expressed 5.28-fold 1043 

higher levels of POU6f1 (q = 0.04) and bulbs expressing (CA)CRHR1 expressed 6.82-1044 

fold higher levels of POU6f1 (q = 0.0076). Statistical comparisons were made by 1045 

unpaired Student’s t-test corrected for multiple comparisons at a false discovery rate (q) 1046 

(Storey and Tibshirani, 2003) as specified in Methods. D, Raw data from RNA in situ 1047 

hybridization to detect POU6f1 expression in coronal bulb sections from CRHR1+/+ 1048 

wildtype versus CRHR1-/- bulbs of adult male mice (P90). Custom probe was designed 1049 

against the C terminal region of the gene and is represented as a gray bar above the 1050 

exon-intron schematic of POU6f1. E, Signal intensities from in situ hybridization in (D) 1051 

were pseudocolored post-processing to detect relative intensity of changes in POU6f1 1052 

expression as specified in Methods (lower levels of expression = blue, higher = red).  1053 

 1054 

Figure 1-1. Candidate target genes downstream of local CRH signaling in the 1055 

bulb. 1056 

A, B, Tables of candidate target genes whose expression changed significantly 1057 

(determined by q < 0.05 for unpaired Student’s t-tests corrected for multiple 1058 

comparisons) and reciprocally between CRHR1-/- (low CRH signaling) versus 1059 

(CA)CRHR1  (high CRH signaling) bulbs. Genes whose expression fold-changes 1060 

decreased in CRHR1-/- bulbs and increased in (CA)CRHR1 bulbs (A), and genes whose 1061 

expression fold-changes increased in CRHR1-/- bulbs and decreased in (CA)CRHR1 1062 

bulbs (B), are listed by gene ontology categories. Where no significant or reciprocal 1063 

gene expression changes were detected for a particular gene ontology category, table 1064 
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entries show ‘[None]’. Estimated fold-changes in expression of each candidate target 1065 

gene are listed relative to their expression in control bulbs, in which expression level of 1066 

each gene is assigned the index value of 1. Fold-change values < 1 indicate a decrease 1067 

in expression of the gene relative to its expression in control bulbs, and values > 1 1068 

indicate increases in expression relative to expression in control bulbs. Asterisks (*) 1069 

denote that for the particular gene, multiple estimates of expression fold-change were 1070 

averaged (based on multiple probes used in the hybridization to detect expression 1071 

levels of the gene). Numerical superscripts following asterisks indicate the number of 1072 

probes used to derive this average. In the case of Ldb3, two probes were used to derive 1073 

a fold-change estimate for CRHR1-/- bulbs relative to control bulbs, but only one probe 1074 

was used to derive the fold-change estimate for (CA)CRHR1 bulbs relative to control 1075 

bulbs. Total number of candidates that were dynamically expressed in response to 1076 

changes in CRH signaling: 57. Some genes showed diverse gene ontological 1077 

associations and are therefore represented multiple times in this table. N = 5 animals 1078 

per genotype. 1079 

 1080 

Figure 2. CRHR1 activity drives regulatory activation of POU6f1.   1081 

A, Luciferase reporter constructs used to test the interaction between CRHR1 activity 1082 

and transcriptional activation of POU6f1. Two moieties, each containing the same 1083 

predicted CREB-binding site, from the regulatory regions of POU6f1 (gray triangle) were 1084 

independently cloned upstream of the firefly luciferase reporter. The first reporter 1085 

construct (‘Promoter’, top) contained a 686 bp element (comprised of a 564 bp portion 1086 

of the region immediately upstream of Exon 1 and a 122 bp segment of Exon 1) 1087 
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upstream of the luciferase reporter. The second construct (‘CREB site’, bottom) 1088 

contained a 66 bp minimal sequence from the predicted POU6f1 promoter that flanked 1089 

the 8 bp predicted CREB-binding site. These vectors were independently transfected 1090 

into cell lines with a plasmid that encoded either (CA)CRHR1 (also CRHR (CA)) or an 1091 

empty plasmid control. All wells additionally received a control pRL-TK vector carrying a 1092 

copy of Renilla luciferase under control of the weakly expressed HSV thymidine kinase 1093 

promoter, as an internal control for transfection efficiency. B, Luciferase reporter assay 1094 

for ‘Promoter’ vector in Neuro2A cells. The negative control vector contained a minimal 1095 

promoter element that was ablated of predicted CREB-binding sites upstream of the 1096 

luciferase reporter. Negative control was co-transfected with either an empty plasmid or 1097 

the plasmid encoding CRHR (CA) (left two gray bars). Means for Neg Control + Empty: 1098 

4.33 ± 0.33 relative light units (RLU) versus Neg Control + CRHR (CA): 8 ± 2.08 RLU, p 1099 

= 0.157. Promoter vector was co-transfected with either an empty plasmid or the 1100 

plasmid encoding CRHR (CA) (right two patterned bars). Means for Promoter + Empty: 1101 

23.67 ± 5.67 RLU versus Promoter + CRHR (CA): 37 ± 6.11 RLU, p = 0.18. Other 1102 

comparisons (Neg Control + Empty versus Promoter + Empty and Neg Control + CRHR 1103 

(CA) versus Promoter + CRHR (CA)) are described in Results. C, Luciferase reporter 1104 

assay for ‘Promoter’ vector in MCF-7 cells. Means for Promoter + Empty: 10.1 ± 0.64 1105 

RLU versus Promoter + (CA)CRHR1: 15.4 ± 0.45 RLU, Kruskal-Wallis test, p = 1106 

0.00013).  D, Luciferase reporter assay for ‘CREB site’ vector. Means for CREB site + 1107 

Empty: 3.33 ± 0.33 RLU versus CREB site + CRHR (CA): 12.33 ± 2.33 RLU, p = 0.019. 1108 

Means are displayed as means ± standard error. For all experiments, N = 3-6 1109 
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independent wells per transfected construct pair. All comparisons made by unpaired 1110 

Student’s t-test, unless otherwise specified. 1111 

 1112 

Figure 3. POU6f1 is expressed by CRHR1+ granule cells of the adult olfactory 1113 

bulb.   1114 

A, Approach to targeting POU6f1 with an endogenously expressed 3x HA peptide tag 1115 

by CRISPR knock-in. A 20nt single guide RNA was designed to target the C’ end of 1116 

POU6f1 upstream of the native stop codon (open hexagon). The homology-directed 1117 

repair donor construct was a 200nt single stranded DNA oligomer that carried the 1118 

sequence for the 3x HA peptide tag flanked by 40 bp arms of homology to POU6f1. 1119 

Constructs were injected along with wildtype Cas9 mRNA into 200x 0.5 dpc mouse 1120 

embryos before implantation into pseudopregnant female mice. Live-born pups were 1121 

genotyped by PCR using primers (forward, F, and reverse, R) depicted as arrows 1122 

(bottom), outside the arms of homology. UTR, untranslated region. B, Sanger 1123 

sequencing and trace results from a purified PCR amplicon amplified using the primers 1124 

depicted in (A). Results correspond to DNA from the POU6f1HA/HA founder animal (N = 1 1125 

of 43 live born pups) in (C). C, Sample PCR genotyping results using primers specified 1126 

in (A) from tail DNA obtained from live-born pups. One animal out of 43 (2.3% of live-1127 

born pups) exhibited the predicted insertion of the 3x HA peptide tag and was used as 1128 

the colony founder. The single 597 bp band for the founder animal indicates that both 1129 

copies of the POU6f1 gene were tagged in this animal (POU6f1HA/HA). D, Western blot 1130 

demonstrating detection of the HA antigens fused to POU6f1 in protein lysates taken 1131 

from three brain regions of an adult POU6f1HA/HA animal (OB, olfactory bulb, Cx, cortex, 1132 
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Cb, cerebellum) (right three lanes, HA/HA) but not from lysates obtained from these 1133 

regions in a POU6f1+/+ littermate control (left three lanes, +/+). Actin was used as a 1134 

loading control. E, Representative images of EdU pulse-labled adult-born neurons co-1135 

stained for POU6f1::HA expression from POU6f1HA/HA OBs at the time points specified 1136 

in (F). Scale bar, 25 μm. F, Quantification of proportion of EdU-labeled adult-born 1137 

neurons that express POU6f1::HA at specified time points in development (data points 1138 

represent averages ± SEM, n = 3 animals per time point). G, Representative image of 1139 

the superficial granule cell layer of OB sections obtained from CRHR1-1140 

GFP;POU6f1HA/HA animals and stained for HA expression in co-localization analysis. 1141 

Double-labeled cells (CRHR1-GFP+ and POU6f1::HA+) indicated with continuous line 1142 

circles. Single-labeled cells (CRHR1-GFP+ and POU6f1::HA-) indicated with dotted line 1143 

circles. Scale bar, 35 μm. H, Diagram of co-expression of CRHR1 with POU6f1::HA in 1144 

the total granule cell layer (GCL) versus superficial GCL of the adult OB. In the total 1145 

GCL, 50.25 ± 7.4% of CRHR1+ granule cells express POU6f1::HA and 22.75 ± 5.2% of 1146 

POU6f1::HA+ granule cells expresses CRHR1. In the superficial GCL, 85.56 ± 7.3% of 1147 

CRHR1+ granule cells express POU6f1::HA and 66.67 ± 7.2% of POU6f1::HA+ cells 1148 

express CRHR1.  I, Quantification of proportion of co-expression of CRHR1+ and 1149 

POU6f1::HA among CRHR1+ granule cells selected from the total versus superficial 1150 

GCL (p < 0.0001, unpaired Student’s t-test, N = 3 mice, 4-7 brain slices per mouse, n = 1151 

180-400 cells total counted). Means are ± standard error. 1152 

 1153 

Figure 4. Generation of a conditional POU6f1 knockout transgenic animal line. 1154 
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A, Micrograph of sagittal whole brain (left) and coronal OB (middle, right) sections from 1155 

an adult mouse expressing the CRHR1-Cre transgene and harboring one copy of the 1156 

Cre-dependent conditional tdTomato reporter at the ROSA locus (ROSALSL-tdTomato/+). 1157 

Scale bars, 1850 μM (left), 400 μM (middle), 75 μM (right). B, Co-expression analysis of 1158 

CRHR1 and GFAP to mark glial cells (top) or CRHR1 and TBX21 to mark projection 1159 

neurons (bottom) in OBs of CRHR1-EGFP reporter mice (Justice et al., 2008). Scale 1160 

bars, 50 μM. C, (Left) Conditional knockout-ready floxed POU6f1 allele (POU6f1floxed 1161 

Exon2-11). Primers to generate the 3’ probe for Southern blotting to verify locus targeting 1162 

are depicted as black lines above the schematic. The 3’ probe contained regions of the 1163 

locus lying outside the arms of homology. The targeting vector introduced a novel 3’ 1164 

EcoNI site (bold, italicized), which distinguishes the wildtype from the floxed POU6f1 1165 

allele. Genotyping primers (depicted as arrows below the schematic) were designed 1166 

upstream of the first LoxP site and downstream of the second LoxP site, to verify Cre-1167 

mediated recombination. (Right) Southern blot using probe against 3’ region of POU6f1 1168 

hybridized to genomic DNA isolated from founder mouse and digested with EcoNI. D, 1169 

(Left) Predicted Cre-recombined allele (POU6f1∆Exon2-11). (Right) Genotyping primers 1170 

shown in (C) were used to detect the recombined allele of POU6f1 in the presence of 1171 

Cre recombinase (left lane, OB DNA from a CRHR1+/+;POU6f1floxed Exons 2-11 mouse 1172 

versus right lane, OB DNA from a CRHR1-CreTg/+;POU6f1∆Exon2-11/∆Exon2-11 littermate).  1173 

 1174 

Figure 5. POU6f1 influences functional maturation of CRHR1+ neurons. 1175 

A, Generation of POU6f1 loss-of-function (cKO), control (CRHR1-Cre;AAV-FLEX-GFP), 1176 

and gain-of-function (CRHR1-Cre;AAV-FLEX-GFP::POU6f1) groups for analysis of the 1177 
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effects of POU6f1 on miniature excitatory postsynaptic currents (mEPSCs) onto 1178 

CRHR1+ neurons. All mice were injected with a Cre-dependent vector to ensure 1179 

recording from labeled neurons of the same molecular subtype (CRHR1+) across 1180 

groups. Recordings were performed in the presence of 1μM TTX to eliminate action 1181 

potential-driven circuit activity. B, Representative traces from granule cells of each 1182 

experimental group (left). Scale bars, 10pA, 1s. Averaged traces from granule cells from 1183 

each experimental group (right). Scale bars, 20pA, 18ms. C, Comparisons of mEPSC 1184 

frequency. cKO mean: 0.41 ± 0.055 Hz, control mean: 0.811 ± 0.15 Hz, POU6f1 1185 

overexpression mean: 0.838 ± 0.13 Hz (p = 0.0151, Kruskal-Wallis test, post hoc 1186 

Dunn’s multiple comparisons test: p < 0.05 for the difference between cKO and control 1187 

groups. cKO: N = 12 animals, n = 29 cells, control: N = 7 animals, n = 24 cells, POU6f1 1188 

overexpression: N = 8 animals, n = 25 cells). Outliers were identified and removed from 1189 

the control and overexpression groups but doing so did not change the results of 1190 

analysis (see Methods). D, Cumulative mEPSC decay time constants. (p < 0.0001, two 1191 

sample Kolmogorov-Smirnov, or KS, test for the difference between distributions of the 1192 

control versus POU6f1 overexpression groups. For the difference between cKO and 1193 

control groups, p = 0.1542 by two sample KS test. Control: N = 7 animals, n = 26 cells, 1194 

~50 events per cell, POU6f1 overexpression: N = 8 animals, n = 27 cells, ~50 events 1195 

per cell). E, Comparisons of mEPSC amplitudes. cKO mean: 10.23 ± 0.42 pA, control 1196 

mean: 10.17 ± 0.57 pA, POU6f1 overexpression mean: 11.93 ± 0.67 pA. (F (2, 77) = 1197 

3.156, p = 0.0481, ordinary one-way ANOVA. Dunnett’s post hoc multiple comparisons 1198 

test did not reveal significant pair-wise differences between groups. Post hoc linear 1199 

trend R2 = 0.05532, p = 0.035. cKO: N = 12 animals, n = 27 cells, control: N = 7 1200 
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animals, n = 26 cells, POU6f1 overexpression: N = 8 animals, n = 27 cells.) Outliers 1201 

were identified and removed from the cKO group prior to comparisons (see Methods). 1202 

F, Quantifications of membrane resistance. cKO mean: 751.6 ± 79.9 MΩ, control mean: 1203 

729.5 ± 46.6 MΩ, POU6f1 overexpression mean: 685.3 ± 47.5 MΩ (p = 0.7256, Kruskal-1204 

Wallis test, cKO: N = 12 animals, n = 32 cells, control: N = 7 animals, n = 39 cells, 1205 

POU6f1 overexpression: N = 8 animals, n = 34 cells.) Outliers were identified and 1206 

removed from the cKO and control groups but doing so did not change the results of 1207 

analysis (see Methods). G, Comparisons of membrane capacitance. cKO mean: 13.41 1208 

± 0.85 pF, control mean: 13.03 ± 0.63 pF, POU6f1 overexpression mean: 16.53 ± 0.83 1209 

pF. F (2, 105) = 6.236, p = 0.0028, ordinary one-way ANOVA; p < 0.05 for the difference 1210 

between control and POU6f1 overexpression groups by post hoc Dunnett’s multiple 1211 

comparisons test. Post hoc linear trend R2 = 0.06733, p = 0.0059.) Means displayed as 1212 

mean ± standard error. 1213 

 1214 

Figure 6. POU6f1 influences morphological development of CRHR1+ neurons.   1215 

A, Representative reconstructions of granule cell morphology across experimental 1216 

groups. B, Comparisons of total dendrite length. cKO mean: 1216.7  125 m, control 1217 

mean: 1469.5  94 m, POU6f1 overexpression mean: 1891.2  124.8 m. (F (2, 34) = 1218 

8.254, p = 0.0012, one-way ANOVA, post-test for linear trend, R2 = 0.3198, p = 0.0003. 1219 

p < 0.05 by post hoc Dunnett’s multiple comparisons test for the difference between 1220 

control and POU6f1 overexpression lengths) N = 3 animals per group, n = 12-13 cells 1221 

per group. C, Quantifications of apical dendrite length. cKO mean: 1033.7  113.5 m, 1222 

control mean: 1262.8  90.4 m, POU6f1 overexpression mean: 1620.3  112.2 m. (p 1223 
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= 0.0023, one-way ANOVA, Dunnett’s multiple comparisons test p < 0.05 for difference 1224 

between control and gain-of-function groups; post-test for linear trend, R2 = 0.2949, p = 1225 

0.0006.) D, Basal dendrite lengths. cKO mean: 182.9  41.4 m, control mean: 206.7  1226 

57.9 m, POU6f1 overexpression mean: 270.9  40.4 m. (F (2, 34) = 0.9214, p = 1227 

0.4077, one-way ANOVA.) E, Comparisons of dendrite branch number. cKO mean: 13.2 1228 

 1.25 branches, control mean: 12.46  1.27 branches, POU6f1 overexpression mean: 1229 

28.75  2.85 branches. (F (2, 34) = 20.57, p < 0.0001, one-way ANOVA; p < 0.05 by 1230 

post hoc Dunnett’s multiple comparisons test for control versus POU6f1 1231 

overexpression.) F, Comparisons of maximum branch order. cKO mean: 4.5  0.36, 1232 

control mean: 4.23  0.26, POU6f1 overexpression mean: 8  0.60. (F (2, 34) = 22.01, p 1233 

< 0.0001, one-way ANOVA; p < 0.05 by post hoc Dunnett’s multiple comparisons test 1234 

for control versus POU6f1 overexpression). G, Sholl analysis of the number of branch 1235 

intersections with concentrically drawn circles at consecutive 10 μM increments distally 1236 

from the soma. (F (2, 2890) = 68.72, p < 0.0001 for levels of POU6f1 as source of 1237 

variation, two-way ANOVA; p < 0.05 for differences between cKO and control groups at 1238 

radii of 520-650 μM; p < 0.05 for differences between control and POU6f1 1239 

overexpression groups at radii of 290-410 μM.) All means reported as mean ± standard 1240 

error. 1241 

 1242 

Figure 7. POU6f1 regulates synapse and dendrite plasticity in CRHR1+ granule 1243 

cells of the olfactory bulb.  1244 

Proposed model: Sensory input and experience induce release of CRH from local 1245 

interneurons of the external plexiform layer (EPL) of the bulb. Secreted CRH binds to 1246 
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CRHR1 expressed by adult-born granule interneurons, which in turn activates POU6f1 1247 

transcription within granule cells. The POU6f1 transcription program elaborates granule 1248 

cell dendrites and promotes dendrodendritic synapse formation with excitatory mitral 1249 

cells of the bulb. This activity-dependent peptide signaling mechanism reshapes bulb 1250 

circuitry and thus output to higher brain areas for sensory processing.    1251 
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