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Introduction

Abstract

The brainstem preBotzinger complex (preBotC) generates the inspiratory
breathing rhythm, and its core rhythmogenic interneurons are derived from
Dbx1-expressing progenitors. To study the neural bases of breathing, tamox-
ifen-inducible Cre-driver mice and Cre-dependent reporters are used to iden-
tify, record, and perturb Dbxl preBotC neurons. However, the relationship
between tamoxifen administration and reporter protein expression in preBotC
neurons and glia has not been quantified. To address this problem, we crossed
mice that express tamoxifen-inducible Cre recombinase under the control of
the Dbxl gene (Dbx1“"*®'?) with Cre-dependent fluorescent reporter mice
(Rosa26'7°™2t) " administered tamoxifen at different times during develop-
ment, and analyzed tdTomato expression in the preBotC of their offspring.
We also crossed Rosa26'77°™'° reporters with mice that constitutively express
Cre driven by Dbxl (Dbx1“") and analyzed tdTomato expression in the
preBotC of their offspring for comparison. We show that Dbxl1-expressing
progenitors give rise to preBotC neurons and glia. Peak neuronal tdTomato
expression occurs when tamoxifen is administered at embryonic day 9.5
(E9.5), whereas tdTomato expression in glia shows no clear relationship with
tamoxifen timing. These results can be used to bias reporter protein expres-
sion in neurons (or glia). Tamoxifen administration at E9.5 labels 91% of
Dbx1-derived neurons in the preBotC, yet only 48% of Dbx1-derived glia. By
fate mapping Dbx1-expressing progenitors, this study illustrates the develop-
mental assemblage of Dbx1-derived cells in preBotC, which can be used to
design intersectional Cre/lox experiments that interrogate its cellular composi-
tion, structure, and function.

and transmitter phenotypes of Dbxl preBotC neurons
(Bouvier et al. 2010; Gray et al. 2010). Recently, physio-

The brainstem preBotzinger Complex (preBotC) generates
the rhythm that drives inspiratory breathing movements
in mammals (Smith et al. 1991; Feldman et al. 2013;
Moore et al. 2013) and its core rhythmogenic interneu-
rons are derived from progenitors that express the tran-
scription factor Dbx1 (i.e., Dbx1 neurons). The putatively
rhythmogenic nature of Dbx1 preBotC neurons was first
identified using mice that express LacZ under the control
of the Dbx1 gene (Pierani et al. 2001). The LacZ reporter
system was used to quantify peptide receptor localization

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

logical experiments that address the role of Dbx1 neurons
in respiration have employed mice that express constitu-
tive Cre (DbxI™; Bielle et al. 2005) or tamoxifen-induci-
ble Cre (DbxI®®®%; Hirata et al. 2009), both under the
control of the DbxI gene, (Picardo et al. 2013; Wang
et al. 2014; Kottick and Del Negro 2015; Revill et al.
2015; Anderson et al. 2016; Cui et al. 2016; Koizumi et al.
2016). However, it is unclear how the timing and dose of
tamoxifen administration affects the quantity and propor-
tion of preBotC neurons and glia that express reporter
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Dbx1 Neurons and Glia in preBotC

protein, which diminishes the interpretability of these
experiments.

Here, we addressed this problem by breeding
Dbx1“"*RT2 females with male Cre-dependent fluorescent
reporter mice (Rosa26'"°™*°) and administering tamox-
ifen to pregnant dams at either embryonic day 7.5, 8.5, 9.5,
10.5, or 11.5, which covers the peak window of Dbxl
expression during embryogenesis. We found that Dbx1-
derived progenitors give rise to preBotC neurons and glia,
which can be distinguished by molecular markers and mor-
phological criteria. The number of preBotC neurons that
expressed tdTomato peaked when tamoxifen was adminis-
tered at embryonic day 9.5 (E9.5) and was at its nadir at
E11.5, while the number of preBotC glia that expressed
tdTomato did not depend on tamoxifen administration
timing.

These data recap the temporal assemblage of Dbxl1-
derived preBotC cells during embryonic development. This
information can be applied to bias reporter protein expres-
sion in preBotC neurons (or glia) based on tamoxifen
administration timing, which optimizes the applicability of
Dbx1“"*®T2 mice for respiratory neurobiology studies.

Materials and Methods

Animals

All animal procedures were approved by the institutional
animal care and use committee at The College of William
and Mary. Female mice that express a tamoxifen-sensitive
Cre recombinase (Dbx1“"*®'% CD1 background strain,
Hirata et al. 2009) or constitutive Cre recombinase
(Dbx1°™; CD1 background strain, Bielle et al. 2005) in
cells that express the Dbxl gene were crossed with male
mice whose Rosa26 locus was modified to express
tdTomato fluorescent protein in a Cre-dependent manner
(Rosa26'T°™°; C57BL/6 background strain, stock no.
007905, Harbor, ME).
Female Cre-driver mice were always crossed with male
R0sa26"4T°™° mice because CD1 dams yield larger litters
(12-16 pups) than C57BL/6 dams (4-10 pups). We did not
observe a respiratory phenotype in mixed-background
CD1;C57BL/6 mice breathing normally, but their response

Jackson Laboratory; Bar

to hypoxia may diverge based on disparities of CD1 versus
C57BL/6 mice (Zwemer et al., 2007). Males were placed in
cages with females at 4:00 pm and removed at 8:00 am the
following day for a total of 16-h breeding time. Tamoxifen
(22.5 mg/kg body mass, T5648, Sigma-Aldrich; St. Louis,
MO) was administered to pregnant females via oral gavage
at 12:00 pm, either 7, 8, 9, 10, or 11 days after breeding
was initiated, depending on the experimental group.
Experiments were performed on male and female
Dbx1“"FRT2; Rosa26'4TO™2° mice aged 6-8 weeks.
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Adeno-associated virus (AAV) injection

Dbx1°""RT2; Rosa26'9ToM3® mice were anesthetized with
intraperitoneal injection of ketamine (100 mg/kg body
mass) and aseptic surgeries were performed in a stereo-
taxic apparatus. The skulls were exposed and unilateral
craniotomies (0.5 mm diameter) were performed at
7.0 mm posterior to bregma and 1.3 mm lateral to the
midline suture. 200 uL of an AAV that drives GFP
expression in neurons via a human synapsin promoter
(McLean et al. 2014) (AAV-hSyn-GFP, AV-9-PV1696,
University of Pennsylvania Vector Core; Philadelphia, PA)
was injected with a 5-uL syringe at a depth of 4.7 mm
from the dorsal surface of the brain. Incisions were closed
with sutures and mice recovered for 4 days before they
were killed.

Transverse medullary slice preparation

Animals were administered a lethal dose of pentobarbital
(100 mg/kg body mass) via intraperitoneal injection and
then transcardially perfused with 4% paraformaldehyde.
Serial transverse brainstem sections (100-um thick) were
acquired in the rostral to caudal direction using a vibra-
tome and brainstem nuclei were visually analyzed using a
bright-field stereoscope. A single 500-um-thick transverse
slice was acquired from each animal at the level of the
semi-compact division of the nucleus ambiguus and the
principal loop of the inferior olive, which corresponds to
the rostral boundary of the preBotC according to the atlas
for neonatal DbxI"FRT% Rosa26'4T°™° reporter mice
(Ruangkittisakul et al. 2014).

Tissue clearing

Tissue preparation and passive clearing were performed
as described by Treweek et al. (2015). Transverse brain-
stem sections were incubated in A4P1 hydrogel solution
in a glass vacutainer tube on a rocking platform for 12 h
at 4°C. The tube was evacuated of air for 5 min and the
hydrogel solution was bubbled with nitrogen gas for an
additional 5 min to purge residual oxygen. Tubes con-
taining the brainstem slices and hydrogel solution were
incubated in a 37°C water bath for 3 h. Slices were trans-
ferred to SDS clearing buffer and incubated at 37°C on
an orbital shaker for 8-12 h, or until sufficiently clear.
The tissue was washed in 1x PBS on a rotating platform
at room temperature for 12 h, followed by a second wash
at room temperature for 2 h. Slices were transferred to
refractive index matching solution (RIMS) and incubated
on an orbital shaker at room temperature for 2 h, then
mounted on glass slides in RIMS using 500-um -thick
spacers.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.
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Immunohistochemistry

Animals were anesthetized and transcardially perfused
with 4% paraformaldehyde. Brainstems were postfixed for
12 h at 4°C and sliced to a thickness of 30 um, and then
permeabilized in PBS with 0.4% Triton X-100 (PBS-T)
for 30 min on a rotating platform at room temperature.
Slices were incubated in 10% normal donkey serum
(NDS) PBS-T blocking solution for 1 h on a rotating
platform at room temperature. Following blocking, slices
were incubated in primary antibody for NeuN (1:1000,
MAB377, EMD Millipore; Temecula, CA) or Sox9 (1:500,
AF3075, R&D Systems; Minneapolis, MN) diluted in
PBS-T with 2.5% NDS on a rotating platform overnight
at 4°C. Three 15-min washes in PBS were performed, and
then slices were incubated in secondary antibody (Donkey
anti-rabbit IgG; 1:400, Abcam ab150073, Cambridge, UK)
conjugated to Alexa Fluor 488 in PBS-T for 2 h on a
rotating platform at room temperature. Slices were wet-
mounted onto slides using aqueous, hard mount Vec-
tashield (Vector Laboratories, Burlingame, CA).

Imaging, morphology analysis, and cell
counting

We used a Nikon Al laser-scanning confocal microscope
(Nikon USA; Melville, NY) to acquire images with a 40x,
1.15 NA water-immersion objective. FIJI (Image]) soft-
ware (Schindelin et al. 2012) was used to compute the
area of cell somata in acquired images. DbxlI-derived
neuron morphology (i.e., soma area) was analyzed in
tdTomato*/GFP" cells from animals injected with AAV-
hSyn-GFP. We also analyzed the morphology of tdTo-
mato'/NeuN" cells, which resembled tdTomato"/GFP"
cells in terms of soma area, but the quantified data are
from tdTomato'/GFP" cells only. We used tdTomato/
Sox9" cells to analyze the morphology of Dbxl-derived
glia. Image stacks of the preBotC were acquired within
350 x 350 um plane at 1-um increments in depth. The
dorsal limit of the 350 x 350 pum imaging square was
placed at the ventral border of the semi-compact division
of the nucleus ambiguus, while the ventral limit of the
imaging square was parallel with the dorsal border of the
inferior olive. The midline of the 350 x 350 um square
was aligned with the semi-compact division of the
nucleus ambiguus. Image acquisition started at a depth of
100 um (in the preBotC core) and continued along the
z-axis to a final depth of 200 um. The preBotC from each
slice was imaged unilaterally. For each timed-tamoxifen
condition, neurons and glia were sorted according to
morphological criteria (soma area) established using neu-
ron and glia-specific markers and then counted from con-
focal image stacks.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Statistics

We employed resampling statistics (Manly 2007; Motulsky
2014) to quantify the neuronal population that expressed
Cre-dependent fluorophore as a function of tamoxifen
delivery during embryonic development in Dbx]“"F*12;
R0sa26'T°™° mice. In that experiment, we counted the
number of Dbx1 preBotC neurons labeled in three sepa-
rate animals at each date of tamoxifen administration
during embryonic development (E7.5, E8.5, E9.5, E10.5,
and E11.5, thus 15 animal subjects measured). For each
tamoxifen delivery date, we computed the mean number
of tdTomato-labeled neurons. We then tested whether
neuronal labeling as a function of tamoxifen administra-
tion date was significantly higher (or lower) than what
could be explained by chance. First, we disassociated all
of the dependent variables (neuron counts) from the
value of their corresponding independent variables (date
of tamoxifen administration). Then we shuffled the data,
randomly assigned neuron counts to a tamoxifen delivery
date (sampling from the surrogate data without replace-
ment), and recomputed the sample means. We repeated
this shuffling and mean-computing procedure 10,000
times, assembling a matrix (five tamoxifen dates x 10,000
resampled datasets) of the sample means, from which we
extracted the 99% confidence intervals for mean neuron
counts of reshuffled data at each tamoxifen administra-
tion date. Any sample means from the original dataset
that lie outside the 99% confidence intervals for means
computed via shuffled and resampled data are statistically
significant at alpha = 0.01. We wrote Python scripts to
perform resampling statistics according to established
algorithms (Manly 2007).

In descriptive statistics, all measurements are reported
as mean £ SD. For two-group experimental designs with
abundant samples, where the data adhered to the assump-
tion of being normally distributed, we employed an
unpaired t test using SSPSS software (IBM, Armonk,
NY).

Results

First, to characterize the morphological properties of
Dbx1-derived preBotC cells, we crossed Dbx1°ERT2 mice
with Rosa26'7°™° mice, administered tamoxifen to
pregnant dams at E10.5, and screened their offspring
(aged 6-8 weeks) for neuronal and glial markers. Three
days after injecting Dbx1“"*®"% Rosa26'7°™4° mice with
AAV-hSyn-GFP, we identified Dbxl-derived neurons
based on cytosolic tdTomato and GFP expression
(n =37, Fig. 1, tdTomato'/GFP" cells, white arrow-
heads). Alternatively, in Dbx1“**"% Rosa26'7°™*° mice
not injected with AAV-hSyn-GFP, we identified

2017 | Vol. 5 | Iss. 11 | 13300
Page 3



Dbx1 Neurons and Glia in preBotC

tdTomato

AAV-hSyn-GFP

»

40 um

A. Kottick et al.

Overlay

Figure 1. Synapsin promoter-driven GFP in Dbx1-derived preB&tC cells. Confocal images of Dbx 1< 72, Rosa26'9™°Ma mouse preBotC
sections 72 h after injection with AAV-hSyn-GFP. Dbx1-derived cells expressed native tdTomato fluorescence. Dbx1-derived neurons (white
arrowheads) co-expressed tdTomato and GFP. Dbx1-derived glia (gray arrowheads) only expressed tdTomato.

Dbx1-derived neurons based on cytosolic tdTomato
expression and nuclear NeuN immunoreactivity (n = 17
Fig. 2A, tdTomato'/NeuN" cells, white arrowheads). In
contrast, cells exhibiting diffuse fibrils that were closely
apposed to the outer surface of microvasculature (Fig. 2B
and 2B inset, tdTomato" cell), which did not express GFP
driven by synapsin promoter (Fig. 1, gray arrowheads)
and were not immunoreactive for NeuN (Fig. 2A, gray
arrowhead), were deemed to be glia. These Dbx1-derived
glia were immunoreactive for the astrocyte marker Sox9
in some but not all cases (n = 34 of 110 glia examined,
Fig. 2C, gray arrowheads).

We measured the soma area of Dbxl-derived tdTo-
mato*/GFP* neurons as well as tdTomato*/Sox9" glia
and plotted the distributions, which did not overlap
(Fig. 3). The somata of neurons (area = 389 + 102 ,umz,
n = 37) were larger than those of glia (area = 88 + 22
pm?, n = 34, unpaired t test, P < 0.0001). Neurons had
fewer primary processes than glia (3—5 in neurons com-
pared to 6-8 in glia), but their neuronal processes were
notably thicker (diameter of ~1 um in neurons vs.
~200 nm in glia). The number and diameter of primary
processes measured here in juvenile Dbx1 preB6tC neu-
rons match those of preBotC interneurons studied perina-
tally. The round somata and the highly branched fibrils
we observed in preBotC glia are characteristic of proto-
plasmic astrocytes (Stolt et al. 2003; Rowitch and Krieg-
stein 2010; Robel et al. 2011).

Next, we aimed to identify the relationship between
tamoxifen administration and tdTomato expression. We
crossed Dbx1“"™f? females with Rosa26'7°™*° males
and administered tamoxifen via oral gavage to pregnant
dams at embryonic days 7.5, 8.5, 9.5, 10.5, or 11.5
(E 7.5-11.5; Fig. 4A). For comparison, we crossed consti-
tutive DbxI“" females with Rosa26'"°™*° males, whose
offspring express tdTomato in all Dbx1-derived cells. We
performed passive clearing on 500-pm-thick transverse
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brainstem slices from 6- to 8-week-old offspring, and
acquired confocal images (350 x 350 pum) of the preBotC
from a 100—um -thick section of the preBotC (Fig. 4A).

TdTomato expression was widespread in DbxI“"™;
R0sa26'97°™ sections. Labeled somata were densest in
the dorsal region of the brainstem, lateral to the
hypoglossal motor nucleus, and in wide (400-500 um)
bands extending dorsomedially from the hypoglossal
motor nucleus to the ventrolateral edge of the brainstem
(Fig. 4 Ba, top). Although hypoglossal motor neurons did
not express tdTomato, neuropil labeling occurred within
the hypoglossal motor nucleus, as previously shown using
Dbx1“"ERT2 mijce (Ruangkittisakul et al. 2014). The mor-
phological criteria established in Figs. 1-3 suggest that cell
soma area of 200 um® differentiates  neurons
(area > 200 ,umz) from glia (area < 200 ,umz). The distri-
bution of soma area for all tdTomato-labeled cells
(n = 1049 cells counted in 18 different animals) is bimo-
dal with a break at 190 um?, consistent with two popula-
tions of cells: Dbx1-derived neurons and glia, which are
differentiable by size. In Dbx1“"; Rosa26'7°™° mice, we
identified and counted 70 + 1 tdTomato-labeled neurons
and 92 £ 4 tdTomato-labeled glia within the designated
350 x 350 x 100 um imaging volume from the core of
the preBotC (n = 3 cleared slices; Fig. 4B,C).

In Dbx1“ "% Rosa26'17°™° offspring, when tamox-
ifen was administered to pregnant dams at E7.5, tdTo-
mato expression was diffuse and occurred mostly in
somata dorsal and lateral to the hypoglossal motor
nucleus (Fig. 4Bb). In the preBotC, we counted 23 + 1
tdTomato-labeled neurons and 47 £ 7 tdTomato-labeled
glia, which reflects 34% and 52% of the total number
Dbx1-derived neurons and glia found, respectively, in the
DbxI1%"; Rosa26"7°™° mouse tissue (1 = 3 cleared slices;
Fig. 4B,C).

In addition to diffuse labeling in dorsal and lateral

brainstem regions, an inverted U-shaped expression

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 2. Dbx1-expressing progenitors give rise to preB3tC neurons and glia. A. Confocal images of Dbx1<"® 1?; Rosa26'7°™® mouse preBtC
sections immunostained for NeuN. Dbx1-derived neurons (white arrowhead) expressed tdTomato and were immunoreactive for NeuN. Dbx1-
derived glia (gray arrowhead) expressed tdTomato and were not immunoreactive for NeuN. B. Confocal images of Dbx1<"¥R12; Rosa26'dTomate
mouse preBotC sections 72 h after injection with AAV-hSyn-GFP. Dbx1-derived non-neuronal cells extend diffuse fibrils that are closely apposed
to the outer surface of microvasculature (white arrows). C, Confocal images of Dbx1<"ER™2; Rosa26'9°M2' mouse preBotC sections
immunostained for Sox9. Glia (gray arrowheads) were immunoreactive for Sox9. Dbx1-derived neurons (white arrowhead) expressed tdTomato
but were not immunoreactive for Sox9. Dbx1-derived glia expressed tdTomato and were immunoreactive for Sox9 (see “overlay” panel).
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Figure 3. Distribution of soma size (area) of Dbx1-derived preBotC
neurons and glia. The histogram for neurons is plotted in dark gray
bars (right, bin size 26 um?). The histograms for glia are plotted in
light gray bars (left, bin size 10 um?). Statistics (mean = SD) are
given in the main text. The magenta line represents the soma size
(area) distribution of all cells in the timed-tamoxifen experiments

(n = 1,049 cells counted in 18 different animals, bin size 18 um?).

pattern that was anchored at the ventrolateral edge of the
brainstem and extended dorsomedially to the hypoglossal
motor nucleus became visible when tamoxifen was

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

administered to pregnant dams at E8.5 (Fig. 4Bc). We
counted 38 £+ 7 tdTomato-labeled neurons and 30 + 6
tdTomato-labeled glia, which reflects 55% and 34% of the
total number of Dbxl-derived neurons and glia found,
respectively, in the Dbx1“"; Rosa26'T°™*° mouse tissue
(n = 3 cleared slices; Fig. 4B,C).

When tamoxifen was administered to pregnant dams at
E9.5, the majority of tdTomato-labeled somata were con-
fined to bands extending from the hypoglossal motor
nucleus to the ventrolateral edges of the brainstem
(Fig. 4Bd). Dense neuropil labeling was visible in the
hypoglossal motor nucleus (also see Fig. 7 in Ruangkitti-
sakul et al. 2014) similar to the offspring of Dbx1“™ mice.
We counted 63 £ 4 tdTomato-labeled neurons and
42 £ 1 tdTomato-labeled glia in the preBotC, which
reflects 91% and 48% of the total number of Dbxl-
derived neurons and glia found, respectively, in the
Dbx1°"; Rosa26'9T°™3 mouse tissue (1 = 3 cleared slices;
Fig. 4B,C).

When tamoxifen was administered to pregnant dams at
E10.5, tdTomato-labeled somata were more tightly con-
fined to ~200-um wide bands extending dorsomedially
from the hypoglossal motor nucleus to the ventrolateral
edges of the brainstem (Fig. 4Be). Labeling of neuropil in

2017 | Vol. 5 | Iss. 11 | 13300
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Figure 4. Relationship between tamoxifen timing and tdTomato expression. A. Experimental setup: Rosa26'@7°™2 mice were crossed with
either Dbx1<"® or Dbx1<"*tRT2 mice. Pregnant Dbx1<"® T2 dams received tamoxifen at either embryonic day 7.5, 8.5, 9.5, 10.5, or 11.5 (E7.5-
11.5). 500-um-thick brainstem sections encompassing the preBotC were optically cleared and unilateral confocal sections of the preBotC

(350 x 350 um; 100 x 1 um in Z) were acquired. B. tdTomato expression in cleared medullary preBGtC sections from Dbx1<™; Rosa26'9Tomat
(marked ‘Cre’) and Dbx1"ERT2; Rosa26'9T°M (marked ‘E7.5-11.5') mice (top row) and masks of neurons (red) and glia (white) from the
preBotC test volume of 350 x 350 x 100 um (bottom row). C. The mean number of Dbx1 preBotC neurons (red circles) and glia (white
circles) counted in the preBotC test volume of 350 x 350 x 100 um for each animal. Means are indicated by horizontal lines. Gray bars reflect
the 99% confidence intervals for shuffled and resampled data. The mean number of neurons labeled following tamoxifen at E9.5 and E11.5

are statistically significant (P < 0.01).

the medial region of the slice, between the U-shaped
bands, as well as in the hypoglossal motor nucleus, dwin-
dled compared to the offspring of dams who received
tamoxifen at E9.5. We counted 26 + 3 tdTomato-labeled
neurons and 38 + 3 tdTomato-labeled glia in the
preBotC, which reflects 37% and 43% of the total number
of Dbxl1-derived neurons and glia found, respectively, in
the DbxI®™; Rosa26'97°™° mouse tissue (n = 3 cleared
slices; Fig 4B,C).

When tamoxifen was administered at E11.5, tdTomato-
labeled somata were tightly confined to bands extending
from the hypoglossal motor nucleus and terminating in the
preBotC (Fig. 4Bf). The bands were less prominent than in
the offspring of dams who received tamoxifen between
E8.5 and E10.5, and did not reach the ventral border. Neu-
ropil was sparsely labeled in the hypoglossal motor nucleus.
We counted 9 + 3 tdTomato-labeled neurons and 34 + 3
tdTomato-labeled glia, which reflects 14% and 38% of the
total number of Dbxl-derived neurons and glia found,
respectively, in the DbxI“™; Rosa26'7°™° mouse tissue
(n = 3 cleared slices; Fig 4B,C).
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The number of tdTomato-labeled Dbx1 preBotC neu-
rons peaked for tamoxifen administration at E9.5. That
peak was statistically significant (alpha = 0.01) because it
exceeded the upper limit of the 99% confidence intervals
for the shuffled and resampled data (see Methods). Con-
versely, the nadir of tdTomato-labeled Dbxl preBotC
neurons was associated with tamoxifen delivery at E11.5,
which was also statistically significant (alpha = 0.01) by a
similar argument, that is, the actual mean was below the
lower limit of the 99% confidence intervals from the
resampled surrogate data (Manly 2007; Motulsky 2014).

Discussion

Here, we describe how tamoxifen administration timing
in pregnant Dbx1“*®* mice, crossed with an appropri-
ate Cre-responder line, influences reporter protein expres-
sion in the preBotC of their offspring. Using homozygous
Dbx1<"58"2 mice, we show that Dbx1-derived progenitors
give rise to morphologically distinct preBotC neurons and
glia.  Furthermore, we

fate-map  Dbx1-expressing
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progenitors by administering tamoxifen at different times
during development, then quantify their progeny (as
either neurons or glia) in the preBotC of juvenile mice.
These data demonstrate the total number, as well as the
relative proportion, of Dbxl-derived preBotC neurons
and glia that express reporter protein as a function of the
timing of tamoxifen administration during embryogene-
sis. Neuronal reporter expression peaks when tamoxifen is
administered at E9.5 and is at its low point when tamox-
ifen is administered at E11.5, but there is no relationship
between tamoxifen timing and glial reporter expression.

We observed tdTomato expression in Dbxl1-derived
cells, which included both neurons and glia differentiated
by molecular markers. tdTomato-expressing cells that did
not express GFP driven by a synapsin promoter and were
not immunoreactive for NeuN, yet were immunoreactive
for Sox9, were deemed glia. Dbx1-derived glia measured
smaller in soma area, with thinner and more densely
branched processes. tdTomato-expressing cells that always
expressed GFP driven by a synapsin promoter and were
immunoreactive for NeuN were deemed neurons. DbxlI-
derived neurons were larger in soma area (measured from
GFP-expressing cells), with thicker primary processes (i.e.,
dendrites). These data are consistent with Bouvier et al.
(2010) and Gray et al. (2010), who also identified Dbx1-
derived glia as well as Dbxl-derived neurons in the
preBotC, and indicate that hindbrain Dbx1 proliferative
zones generate preBotC neurons and glia that can be reli-
ably distinguished morphologically.

Classifying glia is challenging because there are several
subtypes, for which few (if any) subtype-specific molecu-
lar markers are currently available. Nearly one-third of
Dbx1-derived preBotC glia were immunoreactive for
Sox9, which suggests that they might be protoplasmic
astrocytes. That identity would be consistent with Gray
et al. (2010), who showed that a subset of Dbx1-derived
preBotC cells are immunoreactive for the astrocyte mar-
ker S100f. Notwithstanding, Sox9 and S100f8 have also
been implicated in oligodendrocyte development (Stolt
et al. 2003), and not all astrocytes express either marker.
Oligodendrocytes are morphologically diverse and in
some circumstances resemble the Dbx1-derived preBotC
glia (e.g., compare our Fig. 2A,B to Fig. 3G in Zhao et al.
2016). Furthermore, Dbxl-expressing precursors of the
ventricular zone give rise to a subpopulation of oligoden-
drocytes in the dorsal spinal cord (Fogarty et al. 2005), so
it would not be surprising that Dbx1 gives rise to oligo-
dendrocytes in the hindbrain too. Dbxl-derived preBotC
glia could include both astrocytes and oligodendrocytes.

Why is it significant that DbxI-derived preBotC glia
express reporter protein? Studies of respiratory rhythmo-
genesis typically focus on neuronal mechanisms. However,
astrocytes are chemosensitive and release ATP in response
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to hypoxia-induced intracellular Ca*" elevations (Ange-
lova et al. 2015; Turovsky et al. 2016). As a result, medul-
lary astrocytes have Dbeen implicated in
chemoreception and respiratory control (Gourine et al.
2005; Funk et al. 2015). Further, at least one report shows
preBStC astrocytes that exhibit rhythmic Ca®* elevations
preceding inspiratory neuronal activity, and whose tran-
sient activation elicits single or burst firing of action
potentials in inspiratory neurons (Okada et al. 2012).
Because Dbx1-derived preBotC glia might influence respi-
ratory rhythm, their physiological impact in experiments
that utilize Dbx1-Cre-driver mice must be considered.
For example, Cre-driver mice crossed with Cre-dependent

central

channelrhodopsin reporters enable photo-activation of
Dbx1 preBotC neurons (Kottick and Del Negro 2015;
Anderson et al. 2016; Cui et al. 2016). It is reasonable to
assume that Dbxl1-derived glia also express channel-
rhodopsin, and were photo-activated in parallel with
Dbx1 neurons in those studies. Similarly, Cre-driver mice
have been crossed with Cre-dependent archaerhodopsin
reporters to transiently suppress Dbxl preBotC neurons.
(Koizumi et al. 2016; Vann et al. 2016). In some systems,
mastication for example, astrocytes appear to play an
integral role in rhythm and burst generation (Morquette
et al. 2015). However, for respiratory rhythm in the
preBotC, the role of astrocytes is far from clear at this
stage.

Although transient activation or suppression of
preBotC glia might impact the results of physiological
experiments, our data suggest that any confounding influ-
ence of reporter-expressing glia can be strategically miti-
Specifically,
breeding and administering tamoxifen can bias reporter
protein expression toward neurons and minimize reporter

gated via intersectional mouse genetics.

protein expression in glia. When tamoxifen is adminis-
tered at E9.5, Dbx1“"*®"% Rosa26'{T°™*° mice express
tdTomato in 91% of the total neurons that express tdTo-
mato in DbxI"; Rosa26'YT°™° mice, but only 48% as
many glia. Further, the density of tdTomato-expressing
neuropil in the preBotC of Dbx1“" % Rosa26'dTomate
mice is lower than in their DbxI"; Rosa26'97°™° coun-
terparts. This facilitates identification of DbxlI-derived
neuronal somata based on morphology, particularly soma
area, with a reasonable cutoff at 200 um? for neonatal
mice (Fig. 3). To minimize the influence of glia in phys-
iological experiments aimed at manipulating the activity
of Dbxl neurons, we recommend using Dbx]CreERT2
mice (administering tamoxifen at E9.5) as opposed to
Dbx1“" mice. We also recommend using Dbx]“"FR"?
mice for targeted recordings or ablations, because their
low background fluorescence facilitates visual identifica-
tion and differentiation of Dbx1 cells (i.e., neurons or
glia).
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Because Cre-mediated recombination does not occur in
all Dbx1-derived cells when using Dbx1FRT2 mice, we
recommend using constitutive DbxI“™ mice for experi-
ments that cannot tolerate false negatives, that is, cells
that do not express reporter protein, but are nonetheless
Dbx1-derived. For example, Dbx1“" mice are preferable
for experiments that involve electrophysiological, RT-
PCR, or RNA-Seq comparisons of Dbx1- and non-Dbx1-
derived preBotC cells, or any experiment that involves
identifying non-Dbx1 cells based on lack of reporter pro-
tein expression.

These data can also be used to devise strategies to
address the role of Dbxl-derived glia in respiratory
rhythm or pattern generation. Crossing Dbx]“"FR"2
R0sa26'T°™° mice and administering tamoxifen at E11.5
sparsely labels neuropil in the preBotC and yet labels far
more glia than neurons. Under these circumstances,
detailed morphologies of glia could be acquired in images
that remain relatively uncluttered by fluorescent Dbxl1-
derived neurons, and glia would be easy to distinguish for
targeted electrophysiological recordings or calcium imag-
ing. One could ablate Dbx1-derived astrocytes by crossing
constitutive Dbx1“" mice with Aldh1L1-eGFP-Stop-DTA
mice (Tsai et al. 2012; stock no. 026033, Jackson Labora-
tory), which would activate Diphtheria toxin expression
in (and subsequently destroy) Aldhl 11-expressing Dbx1-
derived astrocytes. However, this experiment would
destroy all Dbx1-derived Aldhl 11-expressing cells, includ-
ing those outside of the preBotC. We are not currently
aware of any available transgenic strains that would per-
mit targeted manipulation of Dbx1-derived preBotC glia,
but it might involve crossing Dbx1-Cre-driver mice with
Cre-dependent reporters whose genomes have been modi-
fied to express a light gated ion channel or proton pump
under the control of a glia-specific promoter (and then
light could be selectively delivered to the preBotC).

Another viable approach to selectively manipulate
Dbx1-derived preBotC neurons could employ a double-
stop system featuring Cre- and FlpO- recombinase-
dependent reporters (Britz et al. 2015). For example, a
transgenic line containing two stop codons flanked by
LoxP and FRT sites, followed by a reporter transgene
could be crossed with a Dbx1 Cre driver. Cre recombi-
nase would remove the first stop codon in Dbx1-derived
cells, and a synapsin-dependent FlpO vector could be
injected into the preBotC of postnatal mice to eliminate
the FRT-flanked stop codon. This double-stop approach
would target in reporter protein expression only to Dbx1-
derived preBotC neurons.

Dbx1 preBotC neurons have respiratory rhythm-gener-
ating and premotor function (Bouvier et al. 2010; Gray
et al. 2010; Picardo et al. 2013; Wang et al. 2014; Cui et al.
2016; Koizumi et al. 2016; Vann et al. 2016), and represent

2017 | Vol. 5 | Iss. 11 | e13300
Page 8

A. Kottick et al.

a potential therapeutic target for apnea of prematurity,
obstructive sleep apnea, and respiratory failure in geriatrics
or neurodegenerative disease. Therefore, it is physiologi-
cally relevant to determine the anatomical boundaries of
the preBotC and quantify its constituent interneurons.
Studies of rhythmically active brainstem preparations
suggest that the preBotC extends along the rostral-caudal
axis for ~150 ym in neonatal mice (Ruangkittisakul et al.
2011, 2014) and ~200 um in neonatal rats (Ruangkittisakul
et al. 2006, 2008), where the preBotC core is centered at
the level of the semicompact nucleus ambiguus, the princi-
pal loop of the inferior olive is fully developed, and the
medial inferior olive shows a sharp dorsomedial stalk-like
structure. Histological analysis of these landmarks in 3-
month-old mice suggests that the preBotC spans 440 pum
in the rostral-caudal axis in juveniles (similar to the mice
used in this study) (Franklin and Paxinos 2013). In the
transverse plane, the dorsal border of the preBotC is located
ventral to the nucleus ambiguus and its ventral border is
parallel to the dorsal boundary of the inferior olive (Gray
et al. 2001; Ruangkittisakul et al. 2006, 2008, 2011, 2014), a
region spanning roughly 350 x 350 pm in our brainstem
sections (Fig. 4). Therefore, we estimate the preB6tC occu-
pies a volume of 350 x 350 x 440 um in our DbxI“";
R0sa26'7°™° mice. We identified an average of 63 neu-
rons in a 350 x 350 x 100 um region in the center of the
preBotC. Extrapolating these data for the estimated dimen-
sions of the preBotC (i.e., 440 pm in the anterior-posterior
axis) provides an estimate of ~554 Dbxl1-derived preBotC
neurons. This enumeration matches other estimates of the
essential preBotC core such as ~550 neurons in neonatal
Dbxl reporter mice (Wang et al. 2014) and ~600 neurons
in adult rats (Gray et al. 2001). We therefore conclude that
550-600 neurons is a reasonable estimate for the size of the
rhythmogenic neuronal core of the preBotC in mice.
Dbx1-derived preBotC neurons are born at E10.5 (Bou-
vier et al. 2010); yet, we report that optimal neuronal
labeling occurs when tamoxifen is administered at E9.5,
which may appear to contradict the prior reports. How-
ever, BrdU, which is administered via intraperitoneal
injection for birth dating in DbxI"*“ knock-in mice,
takes effect immediately,
(which is administered via oral gavage for CreERT2-

almost whereas tamoxifen
dependent reporter labeling) has a lag time of approxi-
mately 24-h due to digestion, Cre-activation, as well as
transcription and translation of reporter proteins. Given
the inherent delays associated with tamoxifen-triggered
Cre-recombination and reporter expression, the BrdU and
fluorescent reporter data are in fact congruent. Recogniz-
ing that difference, Gray et al. (2010), who used the same
Dbx1°ERT2 mouse, also reported that tamoxifen adminis-
tration at E9.5 labels the majority of rhythmogenic
preBotC neurons (Gray et al. 2010).
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The precise kinetics of CreERT2 nuclear translocation
and subsequent cleavage of LoxP sites following tamox-
ifen administration is not well-defined and difficult to
assess. Here, we show that the number of tdTomato-
expressing neurons and glia counted for each tamoxifen
administration time point (E7.5-11.5) sums to greater
than 100% of the total number of Dbx1-derived neurons
and glia (counted in experiments using the constitutive
Cre mouse). That disparity can be explained by CreERT2
nuclear activity that persists for more than 24 h (Reinert
et al. 2012).

This study describes the developmental assemblage of
the preBotC, both its neuronal and glial components
derived from Dbxl1-expressing progenitors. These findings
can be used to bias reporter protein expression toward
Dbx1 preBotC neurons or could be applied to investigate
the respiratory role(s) of Dbx1-derived glia. By optimizing
the use of Cre-driver mice coupled with Cre-dependent
reporters, one can design better experiments to interro-
gate the cellular mechanisms underlying respiratory
rhythmogenesis and pattern formation.

Conflict of Interest

The authors declare no competing financial interests.

References

Anderson, T. M., A. J. Garcia, N. A. Baertsch, J. Pollak, J. C.
Bloom, A. D. Wei, et al. 2016. A novel excitatory network
for the control of breathing. Nature 536:76-80.

Angelova, P. R, V. Kasymov, I. Christie, S. Sheikhbahaei,

E. Turovsky, N. Marina, et al. 2015. Functional oxygen
sensitivity of astrocytes. J. Neurosci. Off. J. Soc. Neurosci.
35:10460-10473.

Bielle, F., A. Griveau, N. Narboux-Néme, S. Vigneau, M.
Sigrist, S. Arber, et al. 2005. Multiple origins of Cajal-
Retzius cells at the borders of the developing pallium.

Nat. Neurosci. 8:1002—1012.

Bouvier, J., M. Thoby-Brisson, N. Renier, V. Dubreuil, J.
Ericson, J. Champagnat, et al. 2010. Hindbrain interneurons
and axon guidance signaling critical for breathing. Nat.
Neurosci. 13:1066—1074.

Britz, O., J. Zhang, K. S. Grossmann, J. Dyck, J. C. Kim,

S. Dymecki, et al. 2015. A genetically defined asymmetry
underlies the inhibitory control of flexor-extensor locomotor
movements. eLife 4:e04718.

Cui, Y., K. Kam, D. Sherman, W. A. Janczewski, Y. Zheng,
and J. L. Feldman. 2016. Defining preBotzinger complex
rhythm- and pattern-generating neural microcircuits in vivo.
Neuron 91:602-614.

Feldman, J. L., C. A. Del Negro, and P. A. Gray. 2013.
Understanding the rhythm of breathing: so near, yet so far.
Annu. Rev. Physiol. 75:423-452.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Dbx1 Neurons and Glia in preBotC

Fogarty, M., W. D. Richardson, and N. Kessaris. 2005. A
subset of oligodendrocytes generated from radial glia in the
dorsal spinal cord. Dev. Camb. Engl. 132:1951-1959.

Franklin, K., and G. Paxinos. 2013. Paxinos and Franklin’s the
mouse brain in stereotaxic coordinates, 4th ed.. Academic
Press, an imprint of Elsevier.

Funk, G. D., V. Rajani, T. S. Alvares, A. L. Revill, Y. Zhang,
N. Y. Chu, et al. 2015. Neuroglia and their roles in central
respiratory control; an overview. Comp. Biochem. Physiol.
A Mol. Integr. Physiol. 186:83—95.

Gourine, A. V., E. Llaudet, N. Dale, and K. M. Spyer. 2005.
ATP is a mediator of chemosensory transduction in the
central nervous system. Nature 436:108—111.

Gray, P. A., W. A. Janczewski, N. Mellen, D. R. McCrimmon,
and J. L. Feldman. 2001. Normal breathing requires
preBotzinger complex neurokinin-1 receptor-expressing
neurons. Nat. Neurosci. 4:927-930.

Gray, P. A., J. A. Hayes, G. Y. Ling, I. Llona, S. Tupal,

M. C. D. Picardo, et al. 2010. Developmental origin of
preBotzinger complex respiratory neurons. J. Neurosci. Off.
J. Soc. Neurosci. 30:14883-14895.

Hirata, T., P. Li, G. M. Lanuza, L. A. Cocas, M. M.
Huntsman, and J. G. Corbin. 2009. Identification of distinct
telencephalic progenitor pools for neuronal diversity in the
amygdala. Nat. Neurosci. 12:141-149.

Koizumi, H., B. Mosher, M. F. Tariq, R. Zhang, N. Koshiya,
and J. C. Smith. 2016. Voltage-dependent rhythmogenic
property of respiratory pre-botzinger complex
glutamatergic, Dbx1-Derived, and somatostatin-expressing
neuron populations revealed by graded optogenetic
inhibition. eNeuro 3:ENEURO.0081-16.2016.

Kottick, A., and C. A. Del Negro. 2015. Synaptic
depression influences inspiratory-expiratory phase
transition in Dbxl interneurons of the preBotzinger
complex in neonatal mice. J. Neurosci. Off. J. Soc.
Neurosci. 35:11606-11611.

Manly, B. F. J. 2007. Randomization, bootstrap and Monte
Carlo methods in biology, third edition. Chapman & Hall/
CRC, Boca Raton, FL.

McLean, J. R., G. A. Smith, E. M. Rocha, M. A. Hayes, J. A.
Beagan, P. J. Hallett, et al. 2014. Widespread neuron-specific
transgene expression in brain and spinal cord following
synapsin promoter-driven AAV9 neonatal
intracerebroventricular injection. Neurosci. Lett. 576:73—78.

Moore, J. D., M. Deschénes, T. Furuta, D. Huber, M. C.
Smear, M. Demers, et al. 2013. Hierarchy of orofacial
rhythms revealed through whisking and breathing. Nature
497:205-210.

Morquette, P., D. Verdier, A. Kadala, J. Féthiere, A. G.
Philippe, R. Robitaille, et al. 2015. An astrocyte-dependent
mechanism for neuronal rhythmogenesis. Nat. Neurosci.
18:844-854.

Motulsky, H. 2014. Intuitive Biostatistics, 3rd ed. Oxford
University Press, New York, NY.

2017 | Vol. 5 | Iss. 11 | 13300
Page 9



Dbx1 Neurons and Glia in preBotC

Okada, Y., T. Sasaki, Y. Oku, N. Takahashi, M. Seki,

S. Ujita, et al. 2012. Preinspiratory calcium rise in
putative pre-Botzinger complex astrocytes. J. Physiol.
590:4933—-4944.

Picardo, M. C. D., K. T. H. Weragalaarachchi, V. T. Akins,
and C. A. Del Negro. 2013. Physiological and morphological
properties of Dbx1-derived respiratory neurons in the pre-
Botzinger complex of neonatal mice. J. Physiol. 591:2687—
2703.

Pierani, A., L. Moran-Rivard, M. J. Sunshine, D. R. Littman,
M. Goulding, and T. M. Jessell. 2001. Control of interneuron
fate in the developing spinal cord by the progenitor
homeodomain protein Dbx1. Neuron 29:367-384.

Reinert, R. B., J. Kantz, A. A. Misfeldt, G. Poffenberger,

M. Gannon, M. Brissova, et al. 2012. Tamoxifen-induced
Cre-loxP recombination is prolonged in pancreatic islets of
adult mice. PLoS ONE 7:€33529.

Revill, A. L., N. C. Vann, V. T. Akins, A. Kottick, P. A. Gray,
C. A. Del Negro, et al. 2015. Dbx1 precursor cells are a
source of inspiratory XII premotoneurons. eLife 4:e12301.

Robel, S., B. Berninger, and M. G6tz. 2011. The stem cell
potential of glia: lessons from reactive gliosis. Nat. Rev.
Neurosci. 12:88-104.

Rowitch, D. H., and A. R. Kriegstein. 2010. Developmental
genetics of vertebrate glial-cell specification. Nature
468:214-222.

Ruangkittisakul, A., S. W. Schwarzacher, L. Secchia,

B. Y. Poon, Y. Ma, G. D. Funk, et al. 2006. High
sensitivity to neuromodulator-activated signaling pathways
at physiological [K+] of confocally imaged respiratory
center neurons in on-line-calibrated newborn rat
brainstem slices. J. Neurosci. Off. J. Soc. Neurosci.
26:11870-11880.

Ruangkittisakul, A., S. W. Schwarzacher, L. Secchia, Y. Ma, N.
Bobocea, B. Y. Poon, et al. 2008. Generation of eupnea and
sighs by a spatiochemically organized inspiratory network. J.
Neurosci. Off. J. Soc. Neurosci. 28:2447-2458.

Ruangkittisakul, A., B. Panaitescu, and K. Ballanyi. 2011. K(+)
and Ca?(+) dependence of inspiratory-related rhythm in
novel “calibrated” mouse brainstem slices. Respir. Physiol.
Neurobiol. 175:37-48.

Ruangkittisakul, A., A. Kottick, M. C. D. Picardo, K. Ballanyi,
and C. A. Del Negro. 2014. Identification of the pre-

2017 | Vol. 5 | Iss. 11 | e13300
Page 10

A. Kottick et al.

Botzinger complex inspiratory center in calibrated
“sandwich” slices from newborn mice with fluorescent Dbx1
interneurons. Physiol. Rep. 2:e12111.

Schindelin, J., I. Arganda-Carreras, E. Frise, V. Kaynig,

M. Longair, T. Pietzsch, et al. 2012. Fiji: an open-source
platform for biological-image analysis. Nat. Methods 9:676-682.

Smith, J. C., H. H. Ellenberger, K. Ballanyi, D. W. Richter, and
J. L. Feldman. 1991. Pre-Botzinger complex: a brainstem
region that may generate respiratory rhythm in mammals.
Science 254:726-729.

Stolt, C. C., P. Lommes, E. Sock, M.-C. Chaboissier, A. Sched],
and M. Wegner. 2003. The Sox9 transcription factor
determines glial fate choice in the developing spinal cord.
Genes Dev. 17:1677-1689.

Treweek, J. B., K. Y. Chan, N. C. Flytzanis, B. Yang,

B. E. Deverman, A. Greenbaum, et al. 2015. Whole-body
tissue stabilization and selective extractions via tissue-
hydrogel hybrids for high-resolution intact circuit mapping
and phenotyping. Nat. Protoc. 10:1860—1896.

Tsai, H.-H., H. Li, L. C. Fuentealba, A. V. Molofsky, R.
Taveira-Marques, H. Zhuang, et al. 2012. Regional astrocyte
allocation regulates CNS synaptogenesis and repair. Science
337:358-362.

Turovsky, E., S. M. Theparambil, V. Kasymov, J. W. Deitmer,
A. G. Del Arroyo, G. L. Ackland, et al. 2016. Mechanisms of
CO2/H+ sensitivity of astrocytes. J. Neurosci. Off. J. Soc.
Neurosci. 36:10750—10758.

Vann, N. C,, F. D. Pham, J. A. Hayes, A. Kottick, and
C. A. Del Negro. 2016. Transient Suppression of Dbx1
PreBotzinger Interneurons Disrupts Breathing in Adult
Mice. PLoS ONE 11:e0162418.

Wang, X., J. A. Hayes, A. L. Revill, H. Song, A. Kottick,

N. C. Vann, et al. 2014. Laser ablation of Dbx1 neurons in
the pre-Botzinger complex stops inspiratory rhythm and
impairs output in neonatal mice. eLife 3:e03427.

Zhao, C., Y. Deng, L. Liu, K. Yu, L. Zhang, H. Wang, et al.
2016. Dual regulatory switch through interactions of
Tcf7 12/Tcf4 with stage-specific partners propels
oligodendroglial maturation. Nat. Commun. 7:10883.

Zwemer, C. F., M. Y. Song, K. A. Carello, L. G. D’Alecy.
2007. Strain differences in response to acute hypoxia: CD-1
versus C57BL/6] mice. J. Appl. Physiol. Bethesda Md
102:286-293.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



	Fate mapping neurons and glia derived from Dbx1-expressing progenitors in mouse preBotzinger complex
	Recommended Citation

	Fate mapping neurons and glia derived from Dbx1&#x2010;expressing progenitors in mouse preB&#x00F6;tzinger complex

