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Abstract Neuropeptides play important physiological
functions during distinct behaviors such as arousal, learn-
ing, memory, and reproduction. However, the role of local,
extrahypothalamic neuropeptide signaling in shaping syn-
apse formation and neuronal plasticity in the brain is not
well understood. Here, we characterize the spatiotemporal
expression profile of the neuropeptide corticotropin-
releasing hormone (CRH) and its receptor CRHR1 in the
mouse OB throughout development. We found that CRH-
expressing interneurons are present in the external plexi-
form layer, that its cognate receptor is expressed by granule
cells, and show that both CRH and CRHRI1 expression
enriches in the postnatal period when olfaction becomes
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important towards olfactory-related behaviors. Further, we
provide electrophysiological evidence that CRHRI-
expressing granule cells functionally respond to CRH
ligand, and that the physiological circuitry of CRHRI1
knockout mice is abnormal, leading to impaired olfactory
behaviors. Together, these data suggest a physiologically
relevant role for local CRH signaling towards shaping the
neuronal circuitry within the mouse OB.

Keywords Neuropeptide - CRH - CRF - Olfactory -
Granule cell - GPCR - EPL - CRHR1 - CRFRI1

Introduction

Patterns of connectivity and communication between the
diverse repertoires of neurons that make up the brain
underlie complex behavior, physiological states, and allow
for perception of environmental stimuli. Traditionally,
hypothalamic neuropeptides, such as corticotropin-releas-
ing hormone (CRH), somatostatin, oxytocin, neuropeptide
Y, and vasopressin have been shown to be important for
both brain development and function, where they influence
physiological states such as arousal, stress, and reproduc-
tion (Bayatti et al. 2003; Chaves et al. 2013; Holzer et al.
2012; Merrill et al. 2013; Ramirez-Sanchez et al. 2013;
Vale et al. 1981, 1983). Due to the vascularity of the
hypothalamus, secreted neuropeptides can have long-
ranging effects in distant brain regions that harbor cells that
express cognate receptors (Bayatti et al. 2003; Inutsuka and
Yamanaka 2013a, b; Iovino et al. 2012; Zwanzger et al.
2012). Depending on the brain region, neuropeptides
function either as neurotransmitters, or act via slower
neuromodulatory mechanisms (Maras and Baram 2012;
Roozendaal et al. 2002; Schmolesky et al. 2007).
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Additionally, neuropeptides have been implicated in den-
dritic outgrowth and neuroprotection (Chen et al. 2004;
Hanstein et al. 2008; Sheng et al. 2012). Given the
important roles of neuromodulators and neuropeptides
towards regulating neuronal function, we sought to inves-
tigate possible roles that neuropeptides play towards
shaping synapse development and plasticity, and/or
remodeling of both existing and de novo brain circuits.

Extrahypothalamic neuropeptidergic interneurons have
been identified throughout the brain (Le Magueresse and
Monyer 2013; Ma et al. 2006; Rudy et al. 2011; Xu et al.
2013). However, neuropeptide expression patterns have
largely served as a classification scheme, leaving the pre-
cise neuropeptidergic signaling mechanisms poorly
understood. Because neuropeptides selectively bind spe-
cific neuropeptide receptors, it is important to identify the
detailed local expression patterns of extrahypothalamic
neuropeptides and their cognate receptors, with the larger
goal of dissecting the precise physiological functions of
neuropeptide signaling within distinct brain regions.

Extrahypothalamic brain regions with prominent neuro-
peptide signaling include the hippocampus (Maras and Baram
2012) and the olfactory system (Huang et al. 2013; Lepousez
et al. 2010a, b), two regions of the mouse brain where con-
tinuous neurogenesis, apoptosis, synaptogenesis, and circuit
integration occur throughout life (Abrous et al. 2005; Ming
and Song 2005). To determine if local neuropeptide signaling
plays a role in brain regions that exhibit high neuronal plas-
ticity and turnover both during development and into adult-
hood, we examined the mouse olfactory system.

The mouse olfactory system is an ideal model to
investigate mechanisms of neuronal maturation, synapto-
genesis, and circuit integration because of its well-descri-
bed feature of sustained neurogenesis throughout life
(Abrous et al. 2005; Alvarez-Buylla and Garcia-Verdugo
2002; Ming and Song 2005). In the olfactory system, new
neurons are continuously generated in the subventricular
zone (Alvarez-Buylla and Garcia-Verdugo 2002; Ming and
Song 2011) and migrate via the rostral migratory stream to
populate the olfactory bulb (OB), where a majority become
inhibitory granule cells (Gheusi et al. 2013; Lledo and
Saghatelyan 2005). Granule cells extend their dendritic
arbors into the external plexiform layer (EPL) where they
form dendrodendritic connections with principal mitral and
tufted cells (Chen et al. 2000; Isaacson and Strowbridge
1998; Schoppa et al. 1998). This connectivity plays a
prominent role in shaping olfaction (Abraham et al. 2010;
Belnoue et al. 2011; Breton-Provencher et al. 2009; Mouret
et al. 2009).

Interestingly, granule cell circuit integration is an
activity-dependent process (Arenkiel et al. 2011; Kelsch
et al. 2009; Yamaguchi and Mori 2005). Throughout later
stages of neuronal migration and synaptogenesis, granule
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cells receive numerous synaptic and extrasynaptic inputs
that convey activity-dependent cues that help guide the
integration of these new neurons into the pre-established
OB circuitry (Arenkiel et al. 2011; Eyre et al. 2008;
Pressler and Strowbridge 2006). Neuromodulators and
neuropeptides are important candidates for shaping this
process, and are thus likely to play important roles towards
neuronal plasticity and circuit integration.

We have recently identified a select population of EPL
interneurons with high expression levels of the neuropeptide
CRH, and have shown that these neurons form GABAergic
connections with mitral cells (Huang et al. 2013). However,
the role of CRH-mediated signaling by EPL interneurons
within the OB has not been investigated. Hypothalamic
CRH is implicated in mediating stress responses, arousal,
and reproduction by acting on two CRH receptors, CRHR1
and CRHR2 (Perrin et al. 1993, 1995). In the central nervous
system, CRHRI1 is expressed at higher levels than its
counterpart CRHR2 (Allen Brain Atlas), and CRH shows a
higher binding affinity to CRHR1 (Bale and Vale 2004).
CRHRI1 is a 7-transmembrane domain G4-coupled receptor,
and its activation triggers signaling cascades that affect
diverse physiological functions, depending on the cell type
in which it is expressed (Berger et al. 2006; Blank et al.
2003; Perrin et al. 1993; Thiel and Cibelli 1999). Given the
heterogeneous cell population of the OB, and that CRH is
only expressed in a select subset of OB interneurons, we
hypothesized that local cells express CRHR1, providing a
potential neuromodulatory signaling mechanism for CRH
within the OB circuitry.

Here, we describe the detailed spatiotemporal expres-
sion profile of CRH ligand in a restricted population of OB
EPL interneurons, and further show that its cognate
receptor CRHR1 is dynamically expressed in granule cells
that are continually generated throughout life. This spa-
tiotemporally restricted CRH neuropeptide-receptor match
first appears in the early postnatal period, and is sustained
throughout adulthood. Further, we provide evidence that
CRHR1-expressing granule cells physiologically respond
to CRH ligand, and mice that lack CRHRI1 exhibit
impaired OB circuit function and olfactory behaviors.
Together, our data reveal a novel, locally acting, and
physiologically relevant interaction between two different
interneuron subpopulations with important roles in shaping
the OB circuitry and behavioral outputs.

Materials and methods

Animals

All experimental animals were treated in compliance with
the United States Department of Health and Human
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Services and the Baylor College of Medicine IACUC
guidelines. Mice were reared on 12-h light-dark cycles
with access to food and water ad libitum. Crh-Cre knock-in
(Taniguchi et al. 2011), Rosa™"™" """ knock-in (Arenkiel
et al. 2011), Crhrl-EGFP BAC transgenic (Justice et al.
2008) and Crhrl™'~ (Smith et al. 1998) mice were previ-
ously described. Crh-Cre™™; Rosa™""™™* mice were
obtained by crossing male Crh-Cre™™ to female Rosa™"
tdTom/lsl-tdTom ;e Embryonic tissues were obtained from
embryos of timed-pregnant females at E16.5 and E18.5.
Presence of plugs was assumed to be embryonic day 0.5.
Mice were genotyped using standard polymerase chain
reaction from isolated tail DNA.

Immunohistochemistry

To characterize the expression of CRH and CRHRI1 in the
OB, mice were deeply anesthetized using isoflurane, and
perfused intracardially with phosphate-buffered saline
(PBS) and 4 % paraformaldehyde (PFA). Brains were
dissected and postfixed in 4 % PFA/PBS overnight at
4 °C. The next day, fixed brains were transferred to fresh
PBS, and 50-um free-floating OB slices were cut using a
Compresstome (Precisionary Instruments, San Jose, CA)
(Selever et al. 2011). Confocal microscopy was performed
using a Leica TCS SPE confocal microscope under a 10 or
20x objective. For immunohistochemistry, free-floating
tissue sections were incubated in blocking solution (10 %
normal goat serum, 0.3 % Triton-X in PBS, pH 7.35) for
1 h at room temperature. OB tissue sections were stained
overnight at 4 °C using the following primary antibodies
diluted in blocking solution: guinea pig anti-Parvalbumin
(1:500, Synaptic Systems 195004, Germany), mouse anti-
GABA (1:2,000, Millipore MAB316, Billerica MA),
rabbit anti-Calretinin (1:1,000, Millipore MAB377,
Billerica MA), rabbit anti-VGlutl (1:500, Synaptic Sys-
tems 135302, Germany), rabbit anti-TBX21 (1:500, gift
from Dr. Sachiko Mitsui, RIKEN Brain Science Institute,
Japan), rabbit anti-Tyrosine Hydroxylase (1:2,000, Mil-
lipore AB152, Billerica MA), and rabbit anti-Calbindin
(1:500, Abcam AB9481, Cambridge MA). The following
day, OB tissue sections were washed 4 x 15 min in
phosphate-buffered saline with 0.1 % Triton-X (PBST).
Secondary Alexa-633 anti-rabbit, mouse or guinea pig
(Invitrogen, Carlsbad, CA) were diluted 1:500 in blocking
solution and applied for 1 h at room temperature. Sections
were washed 4 x 15 min in PBST as above and mounted
using Vectashield mounting medium (Vector Laborato-
ries, Burlingame, CA). Tissue sections stained with sec-
ondary antibodies only served as negative antibody
controls.

CRHR1 and CRHR?2 expression analysis

For CRHR1 and CRHR2 mRNA transcript analysis, OBs
(~24 mg tissue per animal) from wild-type mice were
dissected out, placed in 1-ml Trizol reagent (Ambion,
Invitrogen, Carlsbad, CA), and homogenized using a 1.5-
ml presterilized pestle. Samples were allowed to incubate
at room temperature for 5 min, followed by addition of
0.2 ml of chloroform. The sample was again incubated at
room temperature for 2 min and centrifuged at
12,000x g for 15 min at 4 °C. The upper aqueous phase
was pipetted into a new tube, 0.5 ml of isopropanol was
added, and the mixture was incubated at room temperature
for 10 min. The tube was centrifuged at 12,000x g for
10 min at 4 °C, and the supernatant was removed. The
RNA pellet was washed with 1 ml of 75 % ethanol, vor-
texed, and centrifuged at 7,500x g for 5 min at room
temperature. The pellet was air-dried for 15 min and
resuspended in 40-pl RNase-free water at 60 °C. RNA was
DNAse-digested using the manufacturer’s protocol (Pro-
mega). DNAse was inactivated via phenol-chloroform
extraction, and purified RNA was quantified using a
NanoDrop (Wilmington, DE). First-strand cDNA was
synthesized using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Negative controls
did not contain reverse transcriptase. Transcripts were
amplified using standard PCR conditions (95 °C for 120 s,
95 °C for 20 s, 60 °C for 20 s, 72 °C for 20 s, 40 cycles,
72 °C for -300 s, 4 °C for o0). Primer sequences were as
follows: GAPDH F-tgatgacatcaagaaggtggtgaag R-tccttgga
ggccatgtaggccat, CRHR1 F-ccaggatcagcagtgtgaga R-agtgg
cccaggtagttgatg, CRHR2 F-ctggaacctcatcaccacct R-gtccace
aaatcaccagctt.

Nonradioactive double in situ hybridization

The expression of CRHR1 and EGFP was analyzed in OB
sections from Crhrl-EGFP transgenic mice using a robotic
platform as previously described (Yaylaoglu et al. 2005).
The published protocol was modified to allow the visuali-
zation of two probes simultaneously using a combination
of digoxigenin (DIG)- and fluorescein (FITC)-labeled
riboprobes and development of signal by fluorescently
labeled tyramide. All modifications described were per-
formed at room temperature, and the abbreviated solutions
are described in detail in the original protocol. In brief, the
protocol changes were: DIG- and FITC-labeled probes
were added and hybridized simultaneously. Following the
previously described hybridization, stringency washes,
blocking and anti-DIG-horseradish peroxidase (HRP)
steps, the DIG-labeled probes were developed by the

@ Springer
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addition of tyramide-Cy3 (Tyramide Plus Cy3, Perkin
Elmer) according the manufacturer’s protocol. The slides
were then washed in (Tris—-HCI-NaCl with Tween 20
(TNT), treated with 0.2 M HCI for 30 min to quench any
remaining HRP activity, washed in TNT, and incubated in
TNB-blocking solution for 15 min prior to incubation in
anti-FITC-HRP antibody (1/500, Roche) for 30 min. After
washing in TNT, the slides were treated with tyramide-
FITC (Tyramide Plus FITC, Perkin Elmer) according to the
manufacturer’s protocol to develop the signal from the
FITC-labeled probe. Slides were then washed in TNT and
mounted in Vectashield with DAPI (Vector Labs).

Cell type-specific birthdating

For cellular birthdating of CRH+ EPL interneurons,
timed-pregnant females at E16.5 and E18.5 from Crh-
Cret’—; ROSA™" T+ crosses, or PO, P7, P14, and P30
animals received one dose of EdU intraperitoneally
(Invitrogen, Carlsbad CA, 50 mg/kg) and were killed
30 days post injection. 14-pm OB sections were made
throughout the olfactory bulb (from Bregma: 3.92 to
4.28 mm), and every 5th section was processed as
described in the EdU Click-It reaction kit (Invitrogen,
Carlsbad, CA), and imaged under a 20x objective, zoom
factor 3, 10-pm Z-stack. The ratio of EdU/tdTom double-
positive EPL interneurons (region of 180 x 180 x 10
um?) was divided by the number of tdTom-positive cells
to obtain the percentage of EPL interneurons born at the
time of injection (n = 3 mice per time period, 6 OBs, 5
slices per bulb, 5 sections per slice). For birthdating of
CRHR1+ cells in the granule cell layer, pregnant Crhri-
EGFP mice at E16.5 and E18.5, or PO, P7, P14, P30, P90,
and P180 mice were pulsed with EdU. 14-um OB sections
were collected as above, and the ratio of EdU/EGFP
double-positive granule cells (180 x 180 x 10 um®) was
divided by the number of EGFP-positive cells to obtain
the percentage of CRHR 1+ granule cells born at the time
of injection (n = 3 mice per time period, 6 OBs, 5 slices
per bulb, 5 sections per slice). Statistical analysis was
performed using ANOVA and Graphpad software.

Imaging and mean fluorescent intensity analysis

All images were taken using a Leica TCS SPE confocal
microscope under a 10 or 20x objective with a Z depth
spanning 10-12 um. To determine the mean fluorescent
intensity of Crhrl-EGFP mice at different time points, OB
layer-specific images were taken under a 20x objective
with a digital zoom factor of 3. Intensity measurements
were performed using Imagel] software from five layer-
specific sections per slice, five slices per animal, from three
animals per time period.
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Electrophysiology

Coronal OB slices (300 um) were prepared from Crhrl-
EGFP or Crhrl™* and Crhrl ~'~mice (P21-P35). Animals
were deeply anesthetized using isoflurane, and perfused
intracardially with ice-cold artificial cerebrospinal fluid
(aCSF, in mM: 122 NaCl, 3 KCl, 1.2 NaH,PO,, 26
NaHCOs3, 20 glucose, 2 CaCl,, 1 MgCl,, 305-315 mOsm,
pH 7.3). Brains were dissected and rapidly embedded in
low melting point agarose, sectioned into ice-cold oxy-
genated (5 % CO,, 95 % O,) dissection buffer (in mM: 87
Na(Cl, 2.5 KCl, 1.6 NaH,PO,, 25 NaHCOs;, 75 sucrose, 10
glucose, 1.3 ascorbic acid, 0.5 CaCl,, 7 MgCl,), recovered
(15 min at 37 °C) in oxygenated ACSF, and acclimated at
room temperature for 10 min prior to electrophysiological
recordings. Borosilicate glass electrodes (Sutter Instru-
ments, Novato CA) were used for whole cell patch-clamp
recordings. Electrodes were pulled with a tip resistance
between 4 and 7 MQ, and filled with internal solution (in
mM: 110 CsMeSO3, 0.2 EGTA, 4 NaCl, 30 HEPES, 2 Mg-
ATP, 0.3 Na-GTP,14 creatine phosphate). During record-
ings, coronal OB slices were placed in a room temperature
chamber mounted on an Olympus upright microscope
(BX50WI) and perfused with oxygenated ACSF. Cells
were visualized under differential interference contrast
imaging. Data were obtained via a Multiclamp 700B
amplifier, low-pass Bessel filtered at 4 kHz, and digitized
on computer disk (Clampex, Axon Instruments). CRH (500
nM) was bath-applied to the recording chamber of Crhrl-
EGFP slices, and spontaneous excitatory/inhibitory post-
synaptic currents (EPSCs or IPSCs) were measured before
and 5 min after CRH application. Neurons were held at —
80 mV for EPSC recordings or at 0 mV for IPSC record-
ings. Statistical analyses were performed using Student’s
t test.

Odor detection threshold

Control Crirl ' *(n=5) and experimental Crhrl -/=
(n = 5) mice were habituated to experimental conditions
for 4 consecutive days. Habituation involved placing mice
in a clean 35 cm x 17 cm x 12.5 cm cage and exposing
them to two mineral oil-soaked cotton-tipped applicators,
suspended from opposite ends of the cage lid, for 5 min.
During the testing phase of this experiment, one of the
mineral oil-soaked cotton-tipped applicators was replaced
with a cotton-tipped applicator soaked in a 1 x 107°
dilution (in mineral oil) of an odorant. Six odorants were
presented [(4)terpinen-4-ol, 2-heptanol, butyraldehyde,
I-octanol, isoamyl acetate, and limonene (—), obtained
from Sigma, St. Louis MO], with only two odorants tested
per day. New cages and cotton-tipped applicators were
used for every odorant. Sniffing time for the mineral oil
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versus odorant was recorded during the course of a 10-min
trial for each odorant presented that day. Mice were sub-
sequently tested at 1 x 1075, 1 x 1074, and 1 x 1073
dilutions of each odorant using the same procedures. An
odor detection index (sniffing time for odor/total sniffing
time) was calculated for each mouse, at every concentra-
tion of every odorant. Odor indexes of control and exper-
imental mice were analyzed via repeated ANOVA
measures in SPSS, in which four and six levels were
assigned to the within-subjects factors of concentration and
odorant, respectively.

Odor discrimination

Control Crhrl™* (n = 8) and experimental Crhrl™'~
(n = 8) mice, previously habituated to experimental con-
ditions, were placed in a clean 35 cm x 17 cm x 12.5 cm
cage, in which a cotton-tipped applicator soaked in a 1 x
1072 dilution of butyraldehyde was suspended from the
cage lid. Sniffing time for the butyraldehyde was measured
during three 10-min habituation trials, with a 5-min delay
between trials. 5 min following habituation, mice were
placed in a cage in which two cotton-tipped applicators,
one soaked in butyraldehyde and the other in isoamyl
acetate (1 x 107> in mineral oil), were suspended from
opposite ends of the cage lid. Sniffing time for the familiar
(butyraldehyde) versus novel (isoamyl acetate) odorant was
recorded during the course of a 10-min trial. The following
day, this test was repeated with another set of odorants,
2-heptanol and limonene (—). All odorants were obtained
from Sigma, St. Louis MO. For each set of odorants,
comparisons between control and Crhrl™~ were made
using a Student’s 7 test.

Olfactory short-term memory

Crhrl™* (n = 8) and Crirl™~ (n = 8) mice, previously
habituated to experimental conditions, were placed in a clean
35cm x 17 cm x 12.5 cm cage, in which a cotton-tipped
applicator soaked in a 1 x 107 dilution (in mineral oil) of
(4) terpinen-4-ol was suspended from the cage lid. Sniffing
time for the (4) terpinen-4-ol applicator was recorded during
a 10-min trial, after which mice were returned to their home
cages. Following a 30-min delay, mice were again placed in
the experimental cage, where a cotton-tipped applicator
freshly soaked in the same odorant was inserted into the same
position in the cage lid. Time spent sniffing the applicator
was recorded during a 10-min trial. During the subsequent
3 days, delay times of 60, 90, and 120 min were tested using
a different odorant each day [limonene (—), 1-octanol, and
isoamyl acetate]. Within Crirl™* and Crirl™~ groups,
sniffing time during the first and second exposures of odor-
ants were compared using Student’s 7 tests.

Results

CRH expression is initiated postnatally in EPL
interneurons

The mouse OB contains diverse populations of inter-
neurons that differ morphologically and functionally.
Granule cells make up the vast majority of interneurons
in the OB and have been extensively studied (Gheusi
et al. 2013; Isaacson and Strowbridge 1998; Lledo and
Saghatelyan 2005). However, EPL interneurons have
recently received attention due to their roles in shaping
the olfactory bulb circuitry (Hamilton et al. 2005; Hu-
ang et al. 2013; Kato et al. 2013; Miyamichi et al.
2013), and have been classified as Parvalbumin-
expressing (PV+), fast-spiking GABAergic interneurons
(Batista-Brito et al. 2008; Hamilton et al. 2005; Huang
et al. 2013; Kato et al. 2013; Kosaka and Kosaka
2008). We have recently discovered that a subpopula-
tion of EPL interneurons expresses the neuropeptide
CRH, in addition to GABA (Huang et al. 2013). Given
the role of neuropeptides in physiological homeostasis
and synaptic plasticity, we questioned if local CRH
signaling by EPL interneurons plays additional roles
within the OB circuitry.

To first determine the spatiotemporal expression profile
of CRH during development, we crossed Crh-Cre mice to
conditional tdTomato reporter mice to obtain Crh-Cre™™;
Rosa=S= T4+ mice (Fig. 1). We analyzed these animals
at E16.5, E18.5, and PO and did not observe CRH
expression at these time points in the OB (data not shown).
Bulbar CRH expression first appeared at postnatal day 7
(P7), and increased substantially from P7 to P30 (Fig. 1b).
Because CRH is expressed in a select population of inter-
neurons throughout the cortex as well as in the paraven-
tricular nucleus of the hypothalamus, we validated our
reporter allele via expression of CRH in these domains
(Fig. lc, d).

Given that EPL interneurons make up a subpopulation
of PV+ interneurons in the OB (Hamilton et al. 2005;
Huang et al. 2013; Kato et al. 2013; Kosaka and Kosaka
2008), we sought to determine if the temporally controlled
expression pattern of CRH correlated with expression of
mature neuronal identity markers. Immunohistochemistry
against PV revealed an expression pattern that mirrored
CRH, with very low expression in the early postnatal
period, and increased expression levels from P14 into
adulthood (Fig. 2a, b). At P60, 95 % of CRH+ EPL
interneurons were also PV+. Interestingly, this value var-
ied from our previous quantification of PV expression
(Huang et al. 2013), where we initially reported that
81.5 % of CRH+ EPL interneurons also expressed PV at
weaning age (P21). This differential result suggests that

@ Springer
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«Fig. 1 CRH expression in olfactory bulb EPL interneurons is
initiated during the postnatal period. a Simplified schematic of the
olfactory bulb circuitry (RMS rostral migratory stream, GCL granule
cell layer, EPL external plexiform layer, MCL mitral cell layer, GL
glomerular layer). Confocal image of the expression pattern of Crh-
Cre; Rosa"™7oma°/+ mice at P7, P14, and P30 in the (b) olfactory
bulb (scale bar 100 um), the ¢ motor cortex (MC) (scale bar 150 pm),
and the d hypothalamic paraventricular nucleus (PVN) (scale bar
100 pum)

CRH and PV expression in EPL interneurons is likely not
stabilized until early adulthood.

Since EPL interneurons have been previously shown to
be GABAergic (Hamilton et al. 2005; Huang et al. 2013;
Kato et al. 2013; Kosaka and Kosaka 2008; Miyamichi
et al. 2013), we next set out to determine if the expression
pattern of CRH correlated with the onset of expression of
the neurotransmitter GABA in the EPL. We found that
once EPL interneurons expressed CRH, they also expres-
sed GABA; and this occurred as early as P14 (Fig. 2c).
Interestingly, CRH+4 EPL interneurons comprise a rare
subset of mature neuronal subtypes, apart from cerebellar
Purkinje cells, mitral cells, and retinal photoreceptor cells
(Mullen et al. 1992) with relatively weak expression of the
neuronal marker NeuN (Fig. 2d, e). However, nearly all
CRH+ EPL interneurons expressed the calcium-binding
protein Calretinin (Fig. 2f, g).

It has been previously shown that different interneuron
populations in the OB are generated during different
developmental stages. EPL interneurons are predominantly
generated postnatally, and are not replaced in adulthood
(Batista-Brito et al. 2008). Because EPL interneurons did
not express CRH until the postnatal period, we next set out
to establish the birthdate of these cells during development.
For this, we pulsed Crh-Cre™™; Rosa™S="T9To™+ mice
with the proliferation marker EQU at multiple time points
to determine the percentage of CRH+ EPL interneurons
that are generated at different stages of development
between E16.5 and P30 (Fig. 2h, i). We found that CRH+
EPL interneurons are continuously generated during the
early postnatal life, with a large increase in cell prolifera-
tion between P7 and P14 (Fig. 2i). These findings were
consistent with a previous report of the birthdating of EPL
interneurons within the OB (Batista-Brito et al. 2008).
Taken together, these data suggest that CRH+ EPL inter-
neurons are predominantly generated postnatally, and soon
thereafter express markers of mature neuronal identity.

CRHRI1 gradually enriches postnatally
and into adulthood

Because the physiological effects of CRH are mediated by
binding to one of the two CRH receptors, CRHR1 and
CRHR2 (Perrin et al. 1993, 1995), we next examined the

receptor expression within the OB. Expression analysis of
cDNA from wild-type OB tissue revealed that CRHR1
transcript is expressed at higher levels than CRHR2, con-
sistent with in situ hybridization data reported in the Allen
Brain Atlas (Fig. 3a).

In order to determine the precise cellular identity and
spatiotemporal pattern of CRHR1 expression within the
OB, we utilized a BAC transgenic Crhrl-EGFP allele that
allows dynamic visualization of CRHR1 expression
throughout the brain (Justice et al. 2008). We validated its
expression profile by double in situ hybridization against
EGFP and CRHRI1, and found that it recapitulates endog-
enous CRHR1 expression (Fig. 3b). Using this mouse
allele, we observed that CRHR1 expression is low during
the embryonic period, but gradually enriches postnatally
both in the granule cell layer (GCL) and glomerular layer
(GL) (Fig. 4). Interestingly, between P7 and P14,
CRHR1+ granule cells become enriched in the very outer
regions of the granule cell layer (GCL), closely juxtaposing
mitral cells (Fig. 4a). In contrast, between P14 and P30, the
inner regions of the GCL are populated with CRHRI1+
cells. Throughout development, there is no expression of
CRHRI in the core of the OB.

Because CRHRI is strongly expressed in the outer GCL
that directly juxtaposes the mitral cell layer (Fig. 4), we
questioned if CRHRI is also expressed by mitral cells.
Immunohistochemistry against the mitral cell-specific
marker TBX-21 (Mitsui et al. 2011) and the vesicular
glutamate transporter VGlutl showed that CRHRI
expression is completely absent in mitral cells of the OB
(Fig. 5).

Given that a subpopulation of CRHR 1+ cells within the
OB is located in the glomerular layer (Figs. 4, 5), we next
sought to determine the identity of these neurons. We
found that 26 = 7 % of CRHRI1+ periglomerular cells
expressed Tyrosine Hydroxylase (TH), suggesting that a
subpopulation of these cells are dopaminergic (Fig. 6a).
However, none of the CRHRI1+ periglomerular cells
expressed either of the calcium-binding proteins Calbindin
(CB) or Calretinin (CR) (Fig. 6b, c). Additionally, we
found that TH, CB, and CR are mutually exclusive within
the GL of the OB (Fig. 6d—f).

Because CRHRI1 is strongly expressed within the GCL,
and granule cells in the OB are continuously generated
throughout life (Gheusi et al. 2013; Lledo and Saghatelyan
2005), we set out to (1) investigate if CRHR1-expression in
granule cells correlates with expression of markers of
mature neuronal identity, and (2) determine when during
development CRHRI1+ granule cells are predominantly
generated. To address the first question, we asked if
CRHRI1 is expressed in mature granule cells. Towards this,
we performed immunohistochemistry against NeuN and
CR from PO until P30 (Fig. 7a—d). We found that granule
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Fig. 2 CRH+ EPL
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Fig. 3 The CRH receptor
CRHRI is enriched in the a

OB RT-PCR

olfactory bulb. a Semi-
quantitative RT-PCR of
olfactory bulb cDNA
amplifying CRHR1 and CRHR2
mRNA transcript (—ctr]l RNA
without reverse
transcriptase,~+ctrl GAPDH).
b Double in situ hybridization
image of EGFP and CRHR1
expression in Crhri-EGFP
BAC transgenic olfactory bulb

slice (GCL granule cell layer, b

EPL external plexiform layer, ]
GL glomerular layer, scale bar
200 pm)

Crhr1-EGFP

cells that express CRHRI1 are also NeuN and CR+. In fact,
CRHR 1+ granule cells comprise a subset of NeuN+, CR+
interneurons within the OB.

With this in mind, we next wished to determine when
during development CRHR1+ granule cells are generated,
and secondarily, when the highest proportion of CRHRI14
granule cells appears. To answer this question, we pulsed
Crhri1-EGFP transgenic mice with the proliferation marker
EdU between embryonic days E16.5 and P180, and assayed
for EQU and CRHR1-double marker expression in the GCL
(Fig. 7e, f). We found that CRHR 1+ granule cells are con-
tinuously generated throughout life, beginning from the late
embryonic period and continuing into adulthood. Interest-
ingly, the highest proportion of CRHR1+ granule cells is
generated postnatally, which coincides with when CRH+
EPL interneurons first appear within the OB (Figs. 1, 2).

CRH signaling influences olfactory bulb circuitry,
function, and olfactory performance

Given that CRH and CRHR1+ interneurons show spatially
restricted distribution within the OB, we next wondered if
these two cell populations are juxtaposed anatomically, and
performed a double-reporter, 3-allele lineage analysis of
Crh-Cre; Rosa™™™™; Crhrl-EGFP mice (Fig. 8). We
found that CRHRI1 is strongly expressed by granule cells
(Figs. 4, 7, 8), whose dendritic arbors extend into the EPL
and precisely juxtapose CRH+ EPL interneurons (Fig. 8).

CRH is a neuropeptide that can act both as a neuro-
transmitter and neuromodulator. Thus, we next sought to

investigate the role of CRH on CRHR1+ granule cells. For
this, we performed electrophysiological recordings of
CRHR1+ granule cells before and after bath application of
CRH ligand (Fig. 9a, b) and found that CRH bath appli-
cation did not elicit rapid changes in membrane potential,
nor fast synaptic responses in CRHR 14 granule cells (data
not shown). Together, these data suggested that CRH does
not act as a bona fide neurotransmitter onto granule cells,
but may rather instead function as a neuromodulator. In
support of this, indeed we observed gradual, selective, and
time-dependent decreases in the amplitudes of excitatory
postsynaptic currents (EPSCs) without affecting their fre-
quencies (Fig. 8c, d). Furthermore, CRH ligand did not
cause any changes in rise and decay time of neuronal firing
(Fig. 9e, 1).

Because CRH acts by binding to CRHR1, and CRHR1 is
a G-protein-coupled receptor, we wondered if removing
CRHRI1 from granule cells would cause changes in the
electrophysiological properties of the OB circuitry.
Towards this, we utilized Crhrl™ mice (Smith et al.
1998) and recorded EPSCs from granule cells and inhibi-
tory postsynaptic currents (IPSCs) from mitral cells
(Fig. 10a—d). We found that granule cells from Crhrl ™'~
mice showed significantly higher EPSC frequencies than
control granule cells (Fig. 10d). To next test the effect of
removing CRHRI1 from granule cells onto mitral cells, we
recorded IPSCs from mitral cells and found significantly
decreased amplitudes and frequencies (Fig. 10g, h), sup-
porting decreased inhibitory drive from granule cells onto
mitral cells. Together these data suggest that granule cells

@ Springer



Brain Struct Funct (2016) 221:1-20

10

P30

d4193-T444D

80

E18.5

< O
O N = O
a a a o
" B BN
.
o o (=] o (=] o o
~ o n < ) N —

(gwn QT X 00T X 00T ‘syun Aesyigse)
Ajisuaju| 9duadsalton|4 4493 uesy

0

Outer GCL/IPL GCL Inner GCL/RMS

EPL

pringer

A's



Brain Struct Funct (2016) 221:1-20

11

<«Fig. 4 Olfactory bulb CRHR1 expression enriches postnatally and
into adulthood. a Olfactory bulb expression pattern of Crhrl-EGFP
transgenic mice throughout development at E18.5, PO, P7, P14, and
P30 (GL glomerular layer, EPL external plexiform layer, GCL granule
cell layer, scale bar 300 and 100 pum for inserts, respectively).
b Quantification of the layer-specific expression pattern of Crhrl-
EGFP transgenic mice between E18.5 and P30. All data points
represent averages == SEM

in Crhrl™'~ mice receive more excitatory currents from
mitral cells, but are unable to inhibit mitral cells at normal
levels. This decreased level of inhibition, in turn, could
explain the higher frequency of EPSCs onto granule cells
due to their dendrodendritic connectivity.

Granule cells form inhibitory synapses onto mitral cells
and have a prominent role in shaping olfactory output to
higher cortical regions (Isaacson and Strowbridge 1998;
Luo and Katz 2001). Moreover, it has been described that
dysfunctional granule cells lead to impaired olfactory
behaviors and olfactory memory (Breton-Provencher et al.
2009; Gheusi et al. 2000). Having determined that the
mitral cell-granule cell interaction is abnormal in Crhrl ==
mice, we wanted to determine if CRH signaling plays a
role in olfactory behavior. Using Crhrl ™'~ mice, we first
evaluated odor detection responses, and found that
Crhrl™"~ mice showed normal detection of several odor-
ants across various concentrations (Fig. 10i), suggesting no
obvious deficit in olfactory sensory neurons. Interestingly
however, despite normal odor detection, these mice
exhibited impaired ability to discriminate a novel from a

habituated odorant (Fig. 10j). This phenotype was inde-
pendent of the odorants presented, as two separate groups
of odorants validated these data. With the proposed role of
granule cells in olfactory memory (Breton-Provencher
et al. 2009; Lazarini et al. 2009; Rochefort et al. 2002), we
next tested Crharl ™~ animals on short-term (non-operant)
olfactory memory tasks, which do not require discrimina-
tion between odorants. Crirl "~ mice showed deficits in
short-term olfactory memory compared to controls
(Fig. 10k). Together with electrophysiological data, our
behavior assays suggest that CRHRI1-mediated signaling
plays an important role in shaping the olfactory circuitry,
and ultimately, olfactory behavior.

Discussion

Here, we have characterized the dynamic expression pat-
terns of CRH and CRHRI1 in the OB over time, and have
shown that this interaction is important for the proper
functioning of the OB circuitry. Interestingly, CRHRI1
expression in the OB appears prior to CRH, and is first
observed embryonically. CRHR1 expression then signifi-
cantly increases in the postnatal period, coincident with
CRH (Fig. 11). Because olfaction is refined during this
time period, the expression of CRH and CRHR1 in distinct
interneuron subtypes of the OB suggests that local CRH
signaling may serve physiologically important roles
towards olfactory processing, synaptic function, and/or

Fig. 5 CRHRI is not expressed

by olfactory bulb mitral cells. a Crhr1-EGFP

I | TBX-21 | I Merge

Immunohistochemistry confocal
image of Crhri-EGFP olfactory
bulb tissue stained with a TBX-
21 (GCL granule cell layer,
MCL mitral cell layer, EPL
external plexiform layer, scale
bar 50 um), and b VGlutl
(scale bar 20 pm)

b | Crhr1-EGFP

I VGlut1

@ Springer



12

Brain Struct Funct (2016) 221:1-20

Fig. 6 CRHRI is expressed by
a subset of dopaminergic
periglomerular cells.
Immunohistochemistry confocal
images of Crhrl-EGFP
olfactory bulb tissue stained
with a Tyrosine Hydroxylase
(TH) (EPL external plexiform
layer, GL glomerular layer,
scale bar 40 pm), b Calbindin
(scale bar 40 pm), and

¢ Calretinin (scale bar 40 pm).
Confocal images of wild-type
olfactory bulb tissue stained
with d Calbindin and TH (scale
bar 40 pm), e Calretinin and TH
(scale bar 40 pm), and

f Calbindin and Calretinin
(scale bar 40 pm)
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Fig. 7 CRHR1+ granule cells a b
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synaptic plasticity. Of note, the majority of neurons in the
olfactory system have already established their terminal
identity by mid-embryonic and early neonatal periods, as
suggested by early expression of the neuronal markers
NeuN and Calretinin (Fig. 11). In contrast, local CRH
expression appears later in the postnatal period, appointing
towards a distinct role for neuropeptide signaling between
EPL interneurons and CRHR 1+ neurons at later develop-
mental stages, and/or throughout adulthood.

Dual roles for neuropeptidergic EPL interneurons

In a previous report, we have characterized CRH+ EPL
interneurons as GABAergic, and have functionally shown
that they make reciprocal synaptic connections with the
principal neurons of the OB (Huang et al. 2013). CRH+
EPL interneurons inhibit mitral/tufted cells via GABA
neurotransmission, and are in turn excited by glutamate
released from mitral cells. More recently, it has been
shown that PV+ EPL interneurons are broadly tuned and

Time of EdU Injection

influence olfactory circuit function via GABAergic sig-
naling mechanisms (Kato et al. 2013; Miyamichi et al.
2013). Given that this cell population expresses both
GABA and the neuropeptide CRH, the question arises if
there is a dual functional role for these neurons toward
olfactory processing. Our data show that impaired CRH
signaling, via removal of CRHRI1 from the OB circuitry,
leads to abnormal circuit physiology and behavioral
responses.

Interestingly, CRHR1+ granule cells vastly outnumber
CRH+ EPL interneurons, suggesting that any given EPL
interneuron might have an effect on numerous granule
cells. Previously, we have shown that EPL interneuron
neurites span ~71 pm from the soma (Huang et al. 2013).
Given their location within the EPL, this radius is likely to
facilitate contacts with numerous granule cell dendrites.
Additionally, CRHR1 expression is also found within
periglomerular cells. Because we only rarely observed
CRH+ terminals directly within the glomerular layer, it is
possible that locally secreted CRH diffuses short distances
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Fig. 8 CRH and CRHRI1 a
expressing interneurons are

closely juxtaposed in the mouse
olfactory bulb. a Simplified

schematic of the mouse brain —
and olfactory bulb circuitry (GL

glomerular layer, EPL external £ )
plexiform layer, MCL mitral ) /
cell layer, GCL granule cell
layer, RMS rostral migratory
stream). b Confocal images of
double-reporter expression in
the olfactory bulb of Crh-Cre;
Rosa'*tdTomato’+ . Crpr]-EGFP

Olfactory bulb
) \J} Sy GL
PP \\7 . 5 sosssssss

Crhr1-EGFP

mice. (scale bars 100, 50, and b |

Crh-Cre; Rosqg'St-tdTom

| | Crhr1-EGFP I | Merge

10 pm, respectively)

to act on periglomerular cells. Together, our data support
the idea that neuropeptidergic EPL interneurons have two
roles in the OB circuitry, first, to inhibit mitral/tufted cells
via GABAergic classical neurotransmission, and second, to
act as neuromodulators on granule/periglomerular cells.
Because CRHR?2 is also present in the OB, it is possible
that CRH does not act exclusively via CRHRI, but also via
CRHR2. Interestingly, Lovenberg et al. (1995) reported the
differential expression pattern of the CRHR2 alpha and
beta form, and showed that the alpha form was almost
exclusively expressed in the central nervous system and
particularly enriched in the hypothalamus, lateral septum,

@ Springer

and olfactory bulb. Although CRHR?2 is expressed at lower
levels than CRHR1 in the OB (Fig. 3a, Allen Brain Atlas,
and GENSAT), it is possible that CRH also acts via
CRHR?2 within the OB. However, the precise downstream
signaling mechanism of CRH on CRHR1 and/or CRHR2-
expressing cells within the OB remains to be determined.

Local CRH signaling emerges in the postnatal OB
Because the OB is a laminar structure with different func-

tional roles for each layer, the cell type-specific expression of
CRH and CRHR1 suggests functional relevance. A previous
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report (Batista-Brito et al. 2008) has shown that different OB
interneuron subtypes are produced during distinct develop-
mental stages. For example, PV+ EPL interneurons are
predominantly generated in the postnatal period, suggesting
that EPL interneurons might become physiologically rele-
vant postnatally. Interestingly, EPL interneuron-mitral/tufted
cell synapses are also formed postnatally. It remains to be
determined in future studies if these cell connections are
stable or plastic throughout the animal’s life. In contrast,
granule cells are continuously generated throughout life.
Thus, EPL interneuron connections onto granule cells are
either highly plastic, in that they continuously form con-
nections onto newly generated CRHR1+ granule cells, or
that CRH+ EPL interneuron connections might be stable and
it is the diffusion of secreted CRH that acts onto CRHR1+
cells via an extrasynaptic mechanism.

Interestingly, we found that there appear to be two dif-
ferent waves of CRHRI1+ granule cells that populate the
OB. Whereas CRHR expression is enriched in the outer
granule cell and mitral layers between postnatal days 7-14,
the inner granule cell layer becomes populated with
CRHR+- cells between postnatal days 14-30, and remains
stable thereafter (Fig. 4). Intriguingly, the first wave of
CRHR1+ granule cells is coincident with the appearance
of CRH+ EPL interneurons during the postnatal period
(Figs. 1, 2). This differential pattern of developmental
expression suggests that there may be distinct signaling
mechanisms that guide early postnatal and adult neuro-
genesis. Recent studies discovered that a Foxjl-dependent
lineage in the forebrain is required for the overall postnatal
neurogenesis in the OB (Jacquet et al. 2011; Muthusamy
et al. 2014), that Foxj1-derived neurons arrived in the OB
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Fig. 10 Mice lacking CRHRI1
show olfactory bulb circuit
dysfunction and impaired
olfactory behaviors.

a Experimental scheme:
electrophysiological recordings
are taken from granule cells in
Crhrl ™~ slices via patch
clamp. b Representative traces
showing EPSCs from Crhrl '™
and Crhrl™"~ granule cells.
Quantification of the

¢ amplitudes and d frequencies
of granule cell EPSCs

(*p < 0.05, n = 10 cells per
group from 3 mice).

e Experimental scheme:
electrophysiological recordings
are taken from mitral cells in
Crhrl™ olfactory bulb slices.
f Representative traces showing
IPSCs from mitral cells of
CrhrI™* and Crhrl™'~
olfactory bulbs. Quantification
of the g amplitudes and

h frequencies of mitral cell
IPSCs (*p < 0.05, n = 10 cells
per group from 3 mice). i Odor
detection threshold of control
and Crhrl™ mice at
concentrations from 1077 to
1073, j Odor discrimination and
k short-term olfactory memory
performance of Crirl™~ mice
compared to controls

(*p < 0.05). All behavior data
points represent mean + SEM,
n = § animals per group
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Fig. 11 CRH and CRHR1
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between PO and P21, and that these unique cells populated
both the mitral cell and granule cell layers, and persist
during adulthood (Jacquet et al. 2011). Furthermore, Foxj1-
derived neurons affect postnatal and adult neurogenesis in
a paracrine manner. Interestingly, although Foxjl-derived
neurons in the OB only make up ~3 % of the total cell
number, Foxjl '~ mice show a 65 % reduction in the total
population of neurons in the OB (Jacquet et al. 2011).
Moreover, the identity of Foxjl-derived neurons still
remains in question, since they did express known granule
cell markers. Given our data, it is possible that this distinct
cell population consists of the postnatal wave of neurons
we have identified to be CRH and CRHRI1+, which
remains to be determined.

It is likely no coincidence that the expression of CRH
and CRHR1 in the OB occurs in a paired manner, and
supports a physiological role for neuropeptide signaling
onto granule and/or periglomerular cells. This is particu-
larly interesting since granule cells undergo continuous
regeneration in the OB, and that their survival and function
is dynamically regulated via levels of neuronal activity
(Abrous et al. 2005; Ming and Song 2005). Also, given that
Crhrl™~ mice show abnormal electrophysiology, odor
discrimination, and olfactory memory performance, it is
possible that CRH signaling is a key mediator of activity
within the OB circuitry. However, it is important to inter-
pret these results with caution since we cannot rule out
combinatorial effects on olfactory processes with loss of
other brain region-specific CRH signaling mechanisms
potentially contributing to abnormal olfactory behaviors in
these mice.

Neonatal

Postnatal

Developmental Stage

The role of CRH on olfactory learning processes

Given that CRH has traditionally been studied as a sig-
naling molecule released in times of stress, the question
arises if the increased stress levels cause modulation and/or
release of CRH by EPL interneurons within the OB. Other
studies have demonstrated that CRH is released from
neurons in different regions of the brain during stress. For
example, CRH has been found in the developing and adult
hippocampus (Sakanaka et al. 1987; Chen et al. 2001,
2012), amygdala (Roozendaal et al. 2002), and locus coe-
ruleus (Valentino and Wehby 1988; Snyder et al. 2012).
Interestingly, it has been discovered that early life stress
disrupts maternal attachment learning and increases aver-
sion learning via a unique pathway in which corticosteroids
released during stress activate the amygdala, which in turn
excite the locus coeruleus via CRH afferents and increases
norepinephrine levels within the OB (Moriceau et al.
2009). The precise role of local OB CRH release during
stress responses remains unknown. However, our data
suggest that CRH acts as a neuromodulator within the OB
to shape physiological outputs and olfactory-related
learning processes.

Finally, it is intriguing that in addition to CRH, the OB
contains an abundance of other local neuropeptides,
including somatostatin, vasoactive intestinal peptide, cho-
lecystokinin, neuropeptide Y, and oxytocin (Gracia-Llanes
et al. 2003; Lepousez et al. 2010a, b; Ma et al. 2013; Tobin
et al. 2010). This suggests the presence of the different
neuropeptide receptors within the different cell populations
of the OB. It remains to be determined if these locally
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secreted neuropeptides all act via distinct mechanisms, or
in a redundant manner to allow for the proper functioning
of the olfactory system.
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