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Abstract

Central norepinephrine producing neurons comprise a diverse population of cells differing in
anatomical location, connectivity, function and response to disease and environmental insult. At
present, the mechanisms that generate this diversity are unknown. Here we elucidate the lineal
relationship between molecularly distinct progenitor populations in the developing mouse
hindbrain and mature norepinephrine neuron subtype identity. We have identified four genetically
separable subpopulations of mature norepinephrine neurons differing in their anatomical location,
axon morphology and efferent projection pattern. One of the subpopulations revealed an
unexpected projection to the prefrontal cortex, challenging the long-held belief that the locus
coeruleus (LoC) is the sole source of norepinephrine projections to the cortex. These findings
reveal the embryonic origins of central norepinephrine neurons and provide for the first time
multiple molecular points of entry for future study of individual norepinephrine circuits in
complex behavioral and physiological processes including arousal, attention, mood, memory,
appetite, and homeostasis.

Introduction

Brainstem norepinephrine neurons comprise a small yet diverse population of cells that
project to virtually all areas of the central nervous system. Through release of
norepinerphrine, these neurons play an essential role in a wide range of behavioral and
physiological processes including arousal, attention, mood, memory, appetite, and
homeostasis!-3. Reflecting this functional diversity, norepinephrine neurons vary in their
anatomical location?, connectivity®, and response to disease®-11 and environmental
insult!215, The mechanisms that determine this diversity are unknown, as are molecular
markers capable of identifying functionally distinct subpopulations of norepinephrine
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neurons. Such knowledge is fundamental to understanding the basis of selective
norepinephrine neuron subtype vulnerability to disease and environmental insult and for
gaining selective access to individual subpopulations of norepinephrine neurons for
experimental study.

Current tract tracing and lesioning techniques used to study norepinephrine neuron diversity
rely solely on anatomical subdivision of the mature system into six nuclei: A1, A2, A5, A7,
LoC and subcoeruleus (SubC). The utility of these subdivisions is undeniable, but upon
closer inspection, norepinephrine neurons in the brainstem appear as a continuum of cells
that blur the boundaries between nuclei and make them difficult to target by viral injection
or chemical lesioning. Furthermore, there is evidence that functional heterogeneity exists
within these nuclei®6. Unlike the anatomical subdivisions, classification of norepinephrine
neurons based on molecular criteria would permit the use of new genetically encoded tools
to map, monitor, and manipulate individual norepinephrine subpopulations in vivol’.

Over the past decade, the importance of molecular programs enacted during early
development to the organization and function of mature neuronal circuitry has been
demonstrated for a number of cell-types, including those controlling respiration and
locomotion!®-21, In the present study, we adopted a similar approach, resolving the mature
norepinephrine system into molecularly separable subpopulations by exploiting the
differences in gene expression that distinguish progenitor populations in the developing
hindbrain. Through the process of segmentation, the developing hindbrain is transiently
subdivided into eight segmental units, termed rhombomeres (r)22. Each rhombomere is
distinguished by a unique gene expression code2324 so norepinephrine neurons derived from
a given rhombomere will share a common developmental gene expression history and
constitute a genetic lineage. The presumptive norepinephrine progenitor domain appears to
span r1-625:26: therefore, six distinct rhombomere-based genetic lineages may exist.
Previous reports have indicated that the LoC is populated by neurons originating in r125:27,
but the fates of norepinephrine progenitors from the remaining rhombomeres are unknown.
Because the final fate of a neuron is determined, at least in part, by the cumulative effect of
lineage-specific gene expression, dividing the norepinephrine system according to genetic
lineage is likely to reveal functionally distinct subpopulations neurons.

To elucidate the embryonic origins of norepinephrine neurons and the role of genetic lineage
in defining subtype identity, we applied a recombinase based intersectional genetic strategy
in mice28-30, We selectively labeled four discrete subpopulations of norepinephrine neurons,
each defined by the overlapping expression domains of a norepinephrine neuron marker,
dopamine B-hydroxylase (Dbh), and a marker of r1, r2, r3&5, or r4. We mapped each
subpopulation onto the adult brain and carried out whole brain mapping of their axon
targets. We found that each subpopulation is distinct in its anatomical distribution and
efferent projection pattern, revealing previously unrecognized lineal relationships between
norepinephrine neurons located in distant regions of the brainstem. In addition, we
uncovered an unexpected projection to the prefrontal cortex arising from outside of the LoC,
contradicting the dogmatic view that the LoC alone projects to the cortex. Thus, we not only
identify the embryonic origins of the central norepinephrine system but provide evidence
that rhombomeric origin and concomitant developmental gene expression history contribute
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to mature norepinephrine neuron subtype identity. Together, these findings provide a novel
platform for studying the contribution of individual subpopulations of norepinephrine
neurons to circuits governing complex behaviors and physiological processes.

To visualize r-derived subpopulations of norepinephrine neurons in isolation, we generated a
norepinerphrine-specific Flpo recombinase driver line, DbhF!Po (Supplementary Fig. 1 and
Supplementary Fig. 2a) and crossed it with a dual recombinase-responsive indicator line,
RC: FrePe31:32 and one of four cre driver lines, each expressed in a different rhombomere:
r1(En1°€)33, r2(Hoxa2-cre)?8, r3&5(Krox20%€)34, or r4(Hoxb1%7€)35, The expression of
these cre drivers outside of the hindbrain is not confounding, because norepinephrine
neurons arise only within the hindbrain. In mice that inherit the indicator and both driver
alleles (Fig. 1a), only cells that have expressed both Flpo and cre (i.e. norepinephrine
neurons derived from a given rhombomere) will be labeled with enhanced green fluorescent
protein (eGFP). Cells that have expressed Flpo alone (norepinephrine neurons derived from
outside of that rhombomere) will be labeled with mCherry. Cells that have expressed only
cre recombinase (non-norepinephrine cells from a given rhombomere) will not be labeled
with either fluorophore. Co-labeling of the same cell with eGFP and mCherry cannot occur
with these combinations of alleles, because of the order in which driver expression occurs.
Dbh is expressed only in postmitotic neurons38, and the earliest we detected DbhF!Po-
mediated recombination is at E12.5 (Supplementary Fig. 2a), several days after the cre
drivers are first active in progenitor cells28:33-35 Therefore, cre activity will delete the
mCherry in RC. .FrePe before FIp-dependent removal of a stop cassette that would permit
mCherry expression.

Each r-derived subpopulation of norepinephrine neurons was tracked into the adult brain and
mapped onto the anatomically defined nuclei in the pons (LoC, SubC, A7, A5) and medulla
(A2, A1) according to an adult mouse brain atlas3”. For each anatomically defined nucleus,
we counted the number of mCherry- and eGFP-positive cells to determine the contribution
from the different r-derived subpopulations. In the medulla, the A2 and Al nuclei are
closely associated with two nuclei (C2, C1) that express epinephrine, and because Dbh is
also expressed in those neurons, our analyses did not distinguish C2 from A2 or C1 from
Al.

By mapping r1(En1°€)-derived norepinephrine neurons onto the adult brainstem, we found
that they populate the LoC, the dorsal SubC (SubCD), and A7 nuclei (Fig.1b). These
findings confirm and extend previous reports that ri1-derived neurons populate the LoC25:27,
No rl-derived norepinephrine neurons were found in the ventral portion of the SubC
(SubCV), or anywhere in the A5, C2/A2 and C1/A1 nuclei (Fig. 1b). Interestingly, we
identified a small but consistent subset of ventral LoC norepinephrine neurons that are non-
rl-derived (Fig. 1b). To determine the origin of this subset, we compared the fate map of the
r1(En1°®€)-derived subpopulation with that of the r2(Hoxa2-cre)-, r3&5(Krox20°€)-, and
r4(Hoxb1°"®)-derived norepinephrine subpopulations (Fig. 2). As the complementary fate
maps revealed, this small subset of norepinephrine neurons in the ventral LoC is r2(Hoxa2-
cre)-derived (Fig. 2a). Examination of the other norepinephrine nuclei demonstrated that, as
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in the LoC, the r2-derived subpopulation constitutes a small proportion of all brainstem
norepinephrine neurons. Despite their small numbers, however, r2-derived norepinephrine
neurons were consistently observed in the LoC, SubCD, SubCV, A7, and A5 nuclei (Fig.
2h).

As contributions from the r1- and r2-derived norepinephrine subpopulations diminished in
more ventral and caudal regions of the brainstem, we observed an increased contribution
from the r3&5(Krox20%€)-, and r4(Hoxb1¢€)-derived subpopulations. We found that r3&5-
derived norepinephrine neurons populate the SubCV and A5 pontine nuclei (Fig. 2), as well
as a small portion of the C2/A2 and C1/A1 medullary nuclei (Fig. 3). While the r3&5-
derived subpopulation constitutes a larger percentage of the total norepinephrine system than
the r2-derived, the contribution is still relatively minor when compared with the r1-derived
subpopulation. Indeed, only upon mapping r4(Hoxb1%€)-derived norepinephrine neurons did
we uncover another subpopulation that rivals r1(En1°®)-derived neurons in overall
contribution to the norepinephrine system. We found that the r4-derived subpopulation
provides the largest contribution of norepinephrine neurons to both the SubCV and A5
pontine nuclei (Fig. 2). In addition, we observed r4-derived norepinephrine neurons in
caudal portions of the C1/A1 and C2/A2 medullary nuclei (Fig. 3), which are predominately
norepinephrine rather than epinephrine-producing neurons38. The location of these r4-
derived norepinephrine neurons in the caudal medulla implies a long migratory path from
their origin similar to the migration of the r4-derived facial branchiomotor neurons3°.

Collectively, the above findings revealed that the organization of norepinephrine neurons
defined by rhombomeric origin and associated genetic lineage differs remarkably from
traditional anatomical subdivisions of the adult system (Fig. 4 and Supplementary Table 1).
Each of the anatomically defined norepinephrine nuclei is populated by neurons derived
from more than one rhombomere, and each of the r-derived populations contributes to more
than one anatomically defined nucleus. Given that this new classification is based on genetic
lineage, we predicted it would reveal functionally distinct subpopulations of norepinephrine
neurons.

Because the ultimate function of a neuron depends on its axonal targets, we began to test this
prediction by mapping efferent projections from each genetically defined norepinephrine
subpopulation (Supplementary Table 2). We confirmed that eGFP expressed from

RC: FrePefills the axon terminals of norepinephrine neurons by co-staining with an
antibody against the norepinephrine transporter (NET) (Supplementary Fig. 2b). Consistent
with our finding that the r1(En1°€)-derived subpopulation comprised the largest fraction of
norepinephrine neurons, their projections were widespread (Supplementary Table 2). In
general, rl-derived norepinephrine neurons, which encompassed the LoC and portions of
SubCD and A7, gave rise to fine axon fibers that project throughout the neuroaxis. These
axons most densely innervated regions involved in higher order cognition and sensory
perception, including the cortex, thalamus, and hippocampus (Supplementary Table 2). This
pattern of input is in agreement with published reports of LoC efferents in the rat brain“C.

In comparison to the r1-derived norepinephrine neurons, the relatively small populations of
r2(Hoxa2-cre)-, r3&5(Krox20%€)-derived norepinephrine neurons projected to limited
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targets. r2-derived norepinephrine neurons provided a sparse yet consistently observed input
to the somatosensory cortex (Fig. 5), LoC, parvicellular and intermediate reticular nuclei,
and the cerebellum (Supplementary Table 2). Projections from r3&5-derived norepinephrine
neurons were restricted to the hindbrain, providing sparse to moderate input to the LoC,
parabrachial nucleus (PBN), and the parvicellular and intermediate reticular nuclei; as well
as substantial input to the solitary nucleus (NTS) (Fig. 5 and Supplementary Table 2).
Though we were unable to distinguish norepinephrine neurons derived from r3 from those
originating in r5, the narrow focus of their projections, together with their shared expression
of Krox20, suggests that the r3&5-derived norepinephrine neurons form a single,
functionally distinct subpopulation.

Similar to the r1(En1%€)-derived population, axons from r4(Hoxb1%€)-derived
norepinephrine neurons projected throughout the brain (Supplementary Table 2). We
observed overlapping inputs, arising from both subpopulations, to multiple target areas.
Within these target areas, our ability to visualize the inputs from r1- and r4-derived neurons
in complete isolation revealed unique insights into the architecture of norepinephrine
efferents. The morphology, density, and regional distribution of inputs arising from these
two subpopulations were distinct (Fig. 6 and Supplementary Table 2). In comparison with
the fine axons characteristic of the rl-derived subpopulation, r4-derived norepinephrine
neurons had axons that were considerably thicker with larger varicosities. Quantification of
the average pixel intensity of the two fiber types in the insular cortex and the posterior
basolateral amygdaloid nucleus (BLP) confirmed that this difference was significant (Fig.
6b).

Additionally, r4-derived neurons provided the highest density of inputs to regions that for
the most part received sparse input from r1-derived subpopulations, including the
hypothalamus, NTS, PBN, BLP, and the bed nucleus of the stria terminalis (BNST) (Fig. 6
and Supplementary Table 2). This finding highlights the propensity of r4(Hoxb1%€)-derived
neurons to project to key components of the central autonomic nervous system (Fig. 7 and
Supplementary Table 2). Consistent with these observations, we also uncovered inputs from
the r4(Hoxb1%€)-derived norepinephrine subpopulation to the insular and orbital prefrontal
cortex, regions known to be involved in visceral sensory perception. These results challenge
the long-held belief that the LoC is the sole-source of norepinephrine projections to the
cortex1:341,

To precisely determine which of the r4(Hoxb1®)-derived norepinephrine neurons situated
in the SubC, A5, C1/A1 and C2/A2 nuclei provided this non-LoC input to the insular cortex,
we performed in vivo retrograde labeling with FluoroGold in mature

Hoxb1¢€: DbhF!Po: RC: FrePe mice. Notably, we found eGFP-positive r4(Hoxb1€)-derived
neurons co-labeled with FluoroGold in the SubC, C2/A2, and C1/A1 nuclei (Fig. 8 and
Supplementary Fig. 3). To confirm the identity of these neurons we stained with an antibody
against NET, which is expressed by norepinephrine neurons but not by the epinephrine
neurons that populate C2 and C142. In each of the three nuclei, we observed norepinephrine
neurons co-labeled with eGFP, FluoroGold, and NET (Fig. 8). The identification of a shared
projection to the insular cortex by r4(Hoxb1¢€)-derived norepinephrine neurons distributed
throughout the hindbrain, supports the hypothesis that developmental gene expression
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history contributes to neuronal function. These findings underscore both the strength of the
intersectional genetic strategy and the importance of genetic lineage in determining
norepinephrine neuron subtype identity.

Discussion

In the present study, we reclassified the norepinephrine system into molecularly separable
subdivisions permitting, for the first time, non-invasive and reproducible genetic access to
distinct subpopulations of norepinephrine neurons for experimental study. Using differences
in rhombomeric origin and associated gene expression history as the basis for this
subdivision, we have provided evidence that these early developmental events contribute to
mature norepinephrine neuron subtype identity. We defined four subpopulations of
norepinephrine neurons that differ in their anatomical distribution and have revealed
previously unappreciated lineal relationships between neurons located in distant regions of
the brainstem (Fig. 4). We also found that these subpopulations differ in their axon
morphology and that each projects to a unique set of targets (Fig. 7). The intersectional
genetic strategy used to define these subpopulations enables visualization of innervation at a
resolution that cannot be achieved with traditional retrograde and anterograde tracing
studies, thereby revealing unique insight into the organization of central norepinephrine
efferents. Notably, we uncovered a projection to the prefrontal cortex by genetically related
norepinephrine neurons located outside of the LoC.

This novel subdivision of the norepinephrine system based on genetic lineage differs from
the classically defined anatomical subdivisions. With the exception of the LoC, which is
>99% populated by r1(En1%€)-derived norepinephrine neurons, we found that the
anatomically defined nuclei are populated by two or more r-derived subpopulations. This
result revealed underlying heterogeneity within each anatomically defined nucleus that had
not previously been appreciated, as well as unexpected lineal relationships shared by
neurons in different anatomical nuclei. Even within the LoC, our analysis revealed a small
but consistent subpopulation of r2(Hoxa2-cre)-derived norepinephrine neurons. The
functional relevance of this subpopulation is of particular interest, and perhaps these neurons
are the source of the sparse r2-derived projection we identified in the somatosensory cortex

(Fig. 5).

In each of the anatomically defined nuclei except the LoC, there are some neurons that are
not labeled by any cre driver and cannot be assigned to a rhombomere. The highest
proportion of unlabeled neurons are in the C2/A2 and C1/Al medullary nuclei
(Supplementary Table 1), and because the norepinephrine progenitor domain appears to
span r1-62226 it is likely that these neurons originate in r6. The cre drivers for r1-5 appear
to recapitulate the expression of the wild-type genes28:33-35 and our cell counts indicate that
they consistently label the same number of neurons. However, we cannot rule out the
possibility that one or more of the cre drivers fail to express in 1200% of cells of a given
rhombomere. Development of cre driver lines that selectively mark r6 or even more caudal
rhombomeres will be necessary to confirm the origin of the unassigned norepinephrine
neurons and would allow for isolation of another subpopulation that is likely to have its own
specific and unique projection patterns.
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Initial insight into the functional significance of the genetically defined norepinephrine
subpopulations was revealed by whole brain mapping of their efferent projections.
Norepinephrine circuitry encompasses virtually every domain of the brain, and decoding its
intricacy using conventional tract tracing methods has required a monumental effort over
several decades®43-45. Yet, limitations in resolution due to injection site variability and non-
specific uptake of tracers often generate conflicting results dependent on the precise
experimental paradigm. Our ability to reproducibly label and visualize each of the
genetically defined subpopulations in complete isolation has revealed unique insights into
the structure and organization of the norepinephrine efferent system.

Several target regions are known to receive inputs from norepinephrine neurons located in
multiple anatomically defined nuclei. For example, the BNST, a critical node of the brain for
the regulation of stress-induced physiological and behavioral responses, receives dense
norepinephrine innervation from both the pons (LoC) and medulla (A1, A2)#647, Due to
limitations of current tract tracing technologies, visualizing the full complement of inputs
from each anatomically defined nucleus and their distribution within the BNST is not
possible. In the present study, we determined that r1- and r4- derived subpopulations provide
norepinephrine input to the BNST. Given that r1-derived norepinephrine neurons populate
only the LoC, SubCD, and A7 pontine nuclei, we are now able to discriminate their inputs to
the BNST from those arising from the A1 and A2 medullary nuclei. Not only can we
unambiguously assess the contribution of the subpopulations to distinct regions of the BNST
(Supplementary Table 2), but we can also identify the source of morphologically distinct
norepinephrine fibers (Fig. 6). This new view of norepinephrine input to the BNST provides
a vital foundation for understanding the modulatory influence of norepinephrine in stress
and anxiety related circuitry.

Our ability to label r4(Hoxb1®€)-derived norepinephrine efferents in isolation also revealed
a never before reported projection to the cortex from a non-LoC source. Consensus in the
field, based on conventional tract tracing, has been that the LoC is the sole source of
norepinephrine projections to the cortex where it heavily influences states of arousal and
vigilancel:341, Our genetic analysis, combined with retrograde tracing, reveals that r4-
derived norepinephrine neurons from the SubC, C1/Al, and C2/A2 innervate the prefrontal
insular cortex. This shared projection from r4(Hoxb1¢®)-derived neurons located in different
nuclei in the pons and medulla highlights the importance of genetic lineage in
norepinephrine circuit formation. As noted above, r4(Hoxb1%€)-derived norepinephrine
neurons have a propensity to innervate central autonomic centers, and given their anatomical
location they likely receive corresponding visceral sensory input from the peripheral nervous
system?, such as respiratory related afferents. The identification of projections from these
r4(Hoxb1°"®)-derived norepinephrine neurons directly to the insular cortex, a prefrontal
region that is important for the perception of unpleasant respiratory sensations, hints at a role
for r4-derived norepinephrine neurons in driving behavioral responses to respiratory
discomfort*8. In other words, r4-derived inputs to the cortex may serve as sensory relays that
bypass the LoC to directly convey interoceptive information about the homeostatic state of
the body to prefrontal regions capable of modulating arousal and attention states, endocrine
and behavioral stress responses, and emotional learning.
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In summary, by defining norepinephrine neurons based on rhombomeric origin and
developmental gene expression we have gained unprecedented access to the central
norepinephrine system and revealed previously unrecognized diversity within the system.
We identified the contribution of neurons originating in r1-5 to the mature central
norepinephrine system, and inferred the contribution from r6 or more caudal rhombomeres.
The unique set of features that define each of these subpopulations provides evidence that
rhombomeric origin and early developmental gene expression history contribute to mature
norepinephrine neuron subtype diversity. Additional determinants of diversity, including
differences in intrinsic genetic programs, extracellular signals and experience-dependent
activity, all likely contribute to further heterogeneity in the norepinephrine system.
Nevertheless, our findings for the first time provide multiple molecular points of entry to the
norepinephrine system that will enable the functional manipulation of individual circuits at
all stages of development. Phenotypes resulting from such manipulation promise unique
insights into the function and differential response of norepinephrine neurons to disease and
environmental insult.

Generation of DbhF!P® mice

To generate a norepinephrine neuron-specific Flp driver line, we used the dopamine [3-
hydroxylase promoter, taking a gene targeting rather than transgenic approach to minimize
the possibility of ectopic expression. By searching the Ensembl mouse genome browser
(http://www.ensembl.org), we identified BAC bMQ 351i2249, containing the Dbh locus
from a 129/SVEv mouse. We PCR amplified an Em7-galK cassette from pGalK>C using
primers 5’-
TGGACAGGCATAAATGGCAGAGTGGGGTTGGGGTGCTCATCCCTGCCATGCCTG
TTGACAATTAATCATCGGCA (DbhGalKF) and 5-CTGGGGCTTGGGAGGCTGCTCCA
ACAAGGCTGGTGGCTGAGATGAGCTTGTCAGCACTGTCCTGCTCCTT
(DbhGalKR), and inserted it via homologous recombination at the start codon of Dbh in
bMQ351i22. In primer DbhGalKF, the start codon of Dbh is underlined and galK sequence
is italicized. We identified recombinant BACs by their ability to grow on minimal medium
with galactose as the sole carbon source, and we confirmed the galK insertion by PCR at the
5" end with primers 5-GCCAATTAGGGGAGATGTGTTTGC (Dbh5’F), and 5’
TCTGCCTCCTGGGTTTAGTTCC (GalK5'R) and at the 3’ end with 5/-
GCAAGCTGTCGCTGAACAATATG (GalK3’F) and 5-TGGATGATCTCCT
GGACATAGCTG (Dbhex1R). We then replaced the galK gene with a Flpo-polyA cassette
amplified from pPGKFlpobpA®! using primers 5’-
TGGACAGGCATAAATGGCAGAGTGGGG
TTGGGGTGCTCATCCCTGCCATGGCTCCTAAGAAGAAGAGGAAGGTG (DbhFIpoF)
and 5'-
GGTAGGGGAAGGGGCTCTCTGGAGGCTCCGAGCCCCGCAGTGCAGCCACCCCAT
AGAGCCCACCGCATCCCCAG (DbhFIpoR3). In primer DbhFIpoF, the start codon of Dbh
is underlined and Flpo sequence is italicized. The FIpo cassette replaces 107 bp within Dbh
exon 1, and we selected the recombinant BAC, 351DbhFIpo, by its ability to grow in the
presence of 2-deoxygalactose.
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We amplified fragments of genomic DNA corresponding to the desired ends of the targeting
vector homology arms from BAC bMQ351i22 using primer pairs 5’-
GACTGCGGCCGCTCACTCCTCAGGCTTCCTGTAG (DbhFIpoN1F), 5/-
ATGCAAGCTTGTTCTCAGAACTGCATG (DbhFlpoH3R) and 5/-
ATGCAAGCTTCTGAAGTCTGAGGTCCCCAC (DbhFIpoH3F), 5-
GACTGGATCCTTCGTGACTTTTGTGATGAAGTC (DbhFIpoB1R) and cloned them
between the Notl and BamHI sites of pL253%2. We linearized the plasmid with HindlIl and
used homologous recombination to subclone an 11.8 KB fragment of 351-DbhFIpo,
including the Flpo cassette and approximately 5 Kb of genomic sequence on each flank, thus
generating pL253-DbhFIpo. To generate the final targeting vector, pL253-DFN, we
amplified a loxP-flanked PGK/Em7-Neo cassette from pL45252 with 5/-
TAGGCAGCAGTATGCTCAGGTCTGCACTGTAGCTTCCCAGCAGCAATGCCGTCG
ACAATTCCGATCATATTCAATAACC (DbhLoxNeoF) and 5-GGCTCCTGTTGGGGTT
GCTGCTGACTCACAGCAGGACCAGCCAGGCAGTTCTAGAACTAGTGGATCCCCT
CGAG (DbhLoxNeoR) and inserted it into Dbh intron 1 of pL253-DbhFIpo.

We linearized pL253-DFN with Notl and electroporated it into Ab2.2 mouse embryonic
stem cells. To identify recombinant ES cell clones, we employed long-range PCR using the
Expand Long Range dNTP Pack (Roche Applied Science) and primer pairs 5’-
CTTTGTCATCTAGGGAAGATCCAGGGCTGC (DbhFIp5longF), 5/-
CACAGGATGTCGAACTGGCTCATCACCTTC (DbhFIp5’longR) and 5’-
ATGGAGCTAGGAAGGCAGCTATCTTTGTGC (DbhFIp3’longF), 5'-
ATGGAGCTAGGAAGGCAGCTATCTTTGTGC (DbhFIp3’longR). Chimeras were
produced by injecting the targeted ES cells into blastocysts of B6(Cg)-Tyr2J/J mice, and
bred to C57BL6/J mice to establish the DbhF!PO [ine.

Characterization of DbhF/P® mice

As expected, heterozygous DbhFIP° mice were indistinguishable from wild type animals
upon gross inspection. The rate limiting step in norepinephrine synthesis is conversion of
tyrosine to L-DOPA by tyrosine hydroxylase, so loss of one Dbh allele does not affect levels
of norepinephrine®3. To confirm that the DbhF!PC allele is a recessive loss of function
mutation, we intercrossed heterozygotes and genotyped offspring at weaning and at E12.5.
At weaning, no homozygotes were observed among 32 surviving pups. At E12.5, we
observed 4 homozygotes among 25 embryos, and the homozygotes were growth retarded
and dead or dying. These results are consistent with previous observations of a knockout
allele®?,

To characterize the expression pattern of Flp recombinase from the DbhF!PO allele, we
crossed DbhFIPO heterozygotes with B6;129-Gt(ROSA)26SortM8(CAG-mCherry,-EGFP)Dym
(RC:. FrePe)31:32 homozygotes to obtain double heterozygotes and assessed mCherry
expression (corresponding to the history of Flpo expression) in sagittal sections from adult
brain and E14.5 embryos (n=3). We visualized the pattern of mCherry expression by
immunofluorescence using a rabbit anti-dsRed antibody (1:1000; 632496 Clontech) and
Alexa Fluor 568 goat anti-rabbit secondary antibody (1:1000; A11036 Invitrogen) as
described in the immunohistochemistry section below. We confirmed the identification of
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norepinephrine neurons by labeling with a chicken anti-tyrosine hydroxylase antibody
(1:100; CH23006 Neuromics) and Alexa Fluor 488 goat anti-chicken secondary antibody
(1:1000; A11039 Invitrogen). To detect Flpo activity earlier in development, we crossed
Tg(ACTB-cre)2Mrt (hfactin-cre)>® heterozygotes with mice heterozygous for DbhF!Po and
homozygous for RC: FrePe. We visualized eGFP expression in sagittal sections of E12.5
embryos (n=5) by labeling with chicken anti-GFP (1:10,000; ab13970 Abcam) and Alexa
Fluor 488 goat anti-chicken (1:1000; A11039 Invitrogen). There were no limitations in the
repeatability of these observations.

Breeding and genotyping of mice

For intersectional genetic fate mapping of norepinephrine neurons, we backcrossed DbhF!PO
heterozygotes with homozygous RC. FrePe mice to generate mice heterozygous for DbhF!Po
and homozygous for RC. FrePe. We then crossed these DbhF!Po; RC: FrePe mice with
animals heterozygous or hemizygous for the various cre alleles. We obtained RC. .FrePe and
STOCK Tg(Hoxa2-cre)1Dym (Hoxa2-cre)28 mice from Susan Dymecki (Harvard Medical
School), and B6:129-Egr2m2(cré)Peh (K ox20¢7€)34 mice from Patrick Charnay (INSERM).
We purchased FVB/N-Tg(ACTB-cre)2Mrt>® (hfactin-cre), STOCK En1tm2(cre)Wrst
(En1€)36 and B6;129-Hoxb1ML(Cre)O (Hoxb1¢€) 35 mice from the Jackson Laboratory.
We maintained colonies of all mouse strains by backcrossing to C57BL/6J. For routine
genotyping, we carried out PCR amplification of DNA prepared from ear-punch biopsies by
the hot sodium hydroxide method. Flpo-specific genotyping primers were 5’-
AGAGCATCTGGGAGATCACCGAG and 5-ATGCCGTTCCAGGCGGGGTATCTG.
RC: FrePe primers were 5-GCACTTGCTCTCCCAAAGTC and 5'-
GGGCGTACTTGGCATATGAT. Cre primers were ¥-GCAGAACCTGAAGATGTTCGC
and 5-ACACCAGAGACGGAAATCCAT.

All mice were maintained on a 12/12-hour light/dark cycle with water and food ad libitum,
and either singly or group housed. All animal experiments were performed with approval of
the NIEHS Institutional Animal Care and Use Committee.

Immunohistochemistry

Male and female mice (a minimum of n=4 for each sex) from 4 to 6 weeks old were
anesthetized with phenobarbital and transcardially perfused with 0.1M phosphate-buffered
saline (PBS) then with 4% paraformaldehyde (PFA) in PBS. After dissection, we post-fixed
the brains overnight in 4% PFA at 4°C and then rinsed them in PBS prior to equilibration in
30% sucrose in PBS. Before sectioning, we embedded the cryoprotected brains in tissue-
freezing medium (Triangle Biomedical Sciences).

We performed double immunofluorescence labeling on 40 um free floating sagittal sections
to examine the fate map of each animal. There were no limitations in the repeatability of the
fate map observations. We identified r-derived norepinephrine neurons by chicken anti-GFP
(1:10,000; ab13970 Abcam) immunolabeling and detected mCherry expression, which
indicated the remaining norepinephrine neurons, with rabbit anti-dsRed (1:1000; 632496
Clontech) immunolabeling. We used Alexa Fluor 488 goat anti-chicken (A11039) and Alexa
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Fluor 568 goat anti-rabbit (A11036) secondary antibodies from Invitrogen at a 1:1000
dilution and collected images on a Zeiss LSM 710 inverted confocal microscope.

For the highest-sensitivity detection of eGFP in axons, we used immunoperoxidase labeling
on 40 pm free-floating coronal sections. To detect immunoreactivity, we used chicken anti-
GFP (1:10,000; ab13970 Abcam) in conjunction with a biotinylated goat anti-chicken
secondary (BA9010), Vectastain Elite ABC kit, and DAB (all Vector Laboratories). For
each genotype we assessed the distribution of eGFP-positive projections throughout the
brain in a minimum of four animals (Supplementary Table 2), and designated brain regions
according to an adult mouse brain atlas3”. There were no limitations in the repeatability of
the projection pattern observations. Images were collected on a Zeiss Axio Imager.Z2 light
microscope. As a control to ensure expression of eGFP throughout norepinephrine terminals,
we co-stained additional 40 pm free-floating coronal sections with mouse anti-NET
(1:1,000; 1447-NET Phosphosolutions) and anti-GFP (n=3). Alexa Fluor 488 goat anti-
chicken (A11039) and Alexa Fluor 568 goat anti-mouse (A11004) secondary antibodies
from Invitrogen were used at 1:1000 dilution, and images were collected on a Zeiss LSM
710 inverted confocal microscope.

Cell counts of norepinephrine neurons in the anatomically defined nuclei were based on
procedures previously described®’. For counts, eGFP and mCherry positive norepinephrine
neurons were labeled by double immunofluorescence as described above. Cell numbers are
the sum of bilateral counts from 30 pm sections spaced 120 pm apart from the brainstem of a
minimum of four animals for each fate map. For each animal, we anatomically matched the
sections to an adult mouse brain atlas3’ and manually counted cells in each norepinephrine
nucleus. For each nucleus, we compared total norepinephrine neuron cell counts between
genotypes by one-way ANOVA analysis for nuclei populated by three or four r-derived
nuclei or by an unpaired t-test for the medullary nuclei populated only by the r3&5 and r4-
derived subpopulations. Both statistical tests were performed using GraphPad Prism
(GraphPad Software).

Projection Pixel Intensity Quantification

We performed analysis of projection pixel intensity on the sections labeled for eGFP by the
immunoperoxidase methods described above. On average, we photographed three fields
from the region of interest in four animals at 2.5, 10, 20, and 40x magnifications. For
quantification, we visualized the region of interest at 40x magnification as a maximal
projection of a Z-stack (15 images total for insular cortex and 10 images for the posterior
basolateral amygdala). Using NIH ImageJ and Metamorph software, we inverted the images
and manually applied a threshold function to identify and isolate projections with the eGFP
label. Following isolation of the projections, average pixel intensity was calculated across
the image. We statistically analyzed the average projection pixel intensity by an unpaired t-
test using GraphPad Prism. Images were collected on a Zeiss Axio Imager.Z2 light
microscope.
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Retrograde Labeling

Four Hoxb1S€; DbhFIPo: RC. FrePe mice, heterozygous for both Hoxb1"€ and DbhF!Po,
received bilateral pressure microinjections of the retrograde tracer, FluoroGold
(Fluorochrome LLC), into the insular cortex. Stereotaxic coordinates for these injections
from bregma were +0.62mm anteroposterior, £3.75mm mediolateral, and —3.5mm
dorsoventral. Following anesthesia with ketamine, a total volume of 0.2 to 0.1pL of 4%
FluoroGold in distilled water was perfused at a rate of 0.1 pL/min in each mouse. These
experimental parameters were based upon previously published protocols®8. Five days post
injection, animals were transcardially perfused and the tissue was processed as described
above to yield 40 um free floating sagittal sections. For double immunofluorescence
detection of eGFP and FluoroGold in four mice, we followed the protocol described above
for eGFP immunofluorescence, with the addition of rabbit anti-FluoroGold (1:100,000;
Fluorochrome, LLC) followed by Alexa Fluor 488 goat anti-chicken (1:1000; A11039
Invitrogen) and Alexa Fluor 647 goat anti-rabbit (1:1000; A21244 Invitrogen) in 1% BSA.
Images were collected on a Zeiss LSM 710 inverted confocal microscope. There were no
limitations in the repeatability of the retrograde labeling observations.

Statistical Analysis

All data are expressed as the mean + standard error (s.e.m.). We determined mean
differences between groups using two-tailed t tests or one-way ANOVA for multiple
comparisons. The data meet the assumptions of these tests. All data have normal distribution
(Shapiro-Wilk test for normality) and equal variances (Levene's test for homogeneity of
variances). We conducted all statistical analyses using GraphPad Prism (GraphPad
Software). The number of animals and specific statistical analyses used in each experiment
are indicated in the figure legends and/or text. No statistical methods were used to pre-
determine sample sizes, but our sample sizes are similar to those reported previously®’. We
did not use randomization in this study, but for each experiment all genotypes were
represented and appropriately blocked for data collection. We did not perform data
collection and analysis blind to the conditions of the experiments because the fate maps for
each rhombomere are so distinct the investigators would be able to tell the genotype of the
animals by observation of the tissue sections,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Required alleles Potential outcomes
En1W— (r1-specific cre driver)
r1-derived
X norepinephrine Cre+
neurons FIPO-
Dbh— FIEo (norepinephrine-specific Flpo driver) wErePe+
non-ri-derived
X norepinephrine Wzl
neurons
GH(ROSA) 26 Sor— TNl rrr- T rar- v {glelilisy - - el —
(Dual-responsive indicator RC::FrePe)
b En1cre ;DbhFIpo ;RC::FrePe

r1-derived norepinephrine neurons C2/A2

non-r1-derived norepinephrine neurons

C1/A1

Fig. 1. Intersectional genetic fate mapping strategy distinguishes r 1(En1°"®)-derived from non-
r1-derived norepinephrine neurons

(a) Visualization of r1-derived norepinephrine neurons in isolation requires a rl-specific cre
driver line (En1°€), a norepinephrine-specific Flpo driver line (DbhF!PO, see Supplementary
Fig. 1), and a dual recombinase-responsive indicator line (RC. .FrePe). In mice that inherit
all three alleles, norepinephrine neurons from r1 will express both Flpo and cre resulting in
eGFP expression (green neuron in schematic), and all non-r1-derived norepinephrine
neurons will express only Flpo resulting in mCherry expression (red neuron in schematic).
Non-norepinephrine neurons will not express Flpo and are not marked by a fluorophore
regardless of Cre expression (white cellsin schematic). (b) Sections from

En1€reé DbhF!Po: RC: FrePe adult mouse brainstem immunostained for eGFP and mCherry
reveal the contribution of r1(En1°®)-derived norepinephrine neurons (green) to A7, LoC,
and SubCD nuclei, and non-r1-derived norepinephrine neurons (red) to A7, LoC, SubCD,
A5, C2/A2 and C1/AL nuclei. Scale bar indicates 200 pm (A7, LoC, SubCD, and A5 coronal
images) and 218 um (C2/A2 and C1/A1 sagittal images).
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Fig. 2. Complementary fate mapsreveal the distribution of r-derived norepinephrine
subpopulationsin the pontine nor epinephrine nuclei

(a) Coronal sections from adult mouse brainstems reveal the contribution of
r1(En1°e,DbhF!Po;RC: FrePe)-, r2(Hoxa2-cre; DbhF!Po;RC: FrePe)-,
r3&5(Krox20°€:DbhFIPo:RC: FrePe)-, and r4(Hoxb1°eDbhF!Po:RC: FrePe)-derived
norepinephrine neurons to the SubCV, LoC, and A5 nuclei. eGFP (green) marks the r-
derived norepinephrine population and mCherry (red) marks all other norepinephrine
neurons in the representative sections corresponding to the boxed areas within the
schematics (left). Scale bar indicates 200 pum (LoC) and 166 um (SubCV and A5). (b) Cell
counts of eGFP and mCherry positive neurons reveal the contribution of norepinephrine
neurons derived from rl, r2, r3&5 and r4 to the LoC, SubCD, SubCV, A7, and A5 pontine
nuclei. Numbers are the sum of bilateral counts from 30 um sections spaced 120 um apart
from the brainstem of four animals for each fate map (error bars are mean + s.e.m). Green
bars represent counts of eGFP positive r-derived norepinephrine neurons, and red bars
represent the counts of mCherry positive norepinephrine neurons (all other non-r-derived
norepinephrine neurons). Total cell counts (mCherry plus eGFP positive cells) for each
norepinephrine nucleus were not significantly different between fate maps (One-way
ANOVA analysis p > 0.05; df=3 and 12; LoC F=0.6073; SubCD F=2.727; SubCV F=2.203;
AT F=0.7999; A5 F=2.694).
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Fig. 3. r3& 5(Krox20%®)- and r4(Hoxb1°"®)-derived norepinephrine neurons populate the
medullary C1/A1 and C2/A2 brainstem nuclei
(a) Sagittal sections from adult mouse brainstems reveal the contribution of norepinephrine

neurons derived from r3&5(Krox20%€;DbhF!PO:RC: FrePe) and

r4(Hoxb1¢€;DbhFIPO:RC: FrePe) to the caudal regions of the C1/A1 and C2/A2 nuclei. Our
analyses do not distinguish epinephrine neurons in C2 and C1 from norepinephrine neurons
in A2 and Al. eGFP (green) marks the r-derived population and mCherry (red) marks all
other norepinephrine and epinephrine neurons in the representative sections corresponding
to the boxed areas within the schematics (left). Scale bar indicates 100 um. (b) Cell counts
of r-derived norepinephrine and epinephrine neurons in the C1/A1 and C2/A2 medullary
nuclei (r3&5 n=5; r4 n=6 mice; error bars are mean + s.e.m.). Unpaired, two-tailed t-tests
demonstrate that total numbers of norepinephrine and epinephrine neurons (sum of eGFP-
and mCherry-positive cells) were not significantly different between genotypes (p>0.05;
df=9; C2/A2 t=1.571; C1/Al1 t=1.631).
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Fig. 4. Distribution of central norepinephrine neur ons defined by genetic lineage differsfrom the
traditional anatomical subdivisions

Schematic sagittal views of the embryonic brain (left), and the adult brain (right)
compressed along the mediolateral axis. The shaded regions of the embryonic brain
correspond to r1-8 of the hindbrain, and are labeled with genes used to define each
rhombomere. In the adult brainstem the anatomically defined nuclei are designated as LoC,
SubCD, SubCV, A7, A5, C2/A2 and C1/A137. r1(En1°®)-derived norepinephrine neurons
(purple circles) contribute to the LoC, SubCD, and A7. r2(Hoxa2-cre)-derived
norepinephrine neurons (orange circles) contribute to the LoC, SubCD, SubCV, A7, and A5.
r3&5(Krox20°®)-derived norepinephrine neurons (yellow circles) contribute to SubCD,
SubCV, A5, C2/A2, and C1/AL. r4(Hoxb1°€)-derived norepinephrine neurons (blue circles)
contribute to the SubCD, SubCV, A5, C2/A2, and C1/Al. Gray circles indicate presumptive
ré-derived norepinephrine neurons.
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Fig. 5. r2(Hoxa2-cre)- and r3& 5(Krox20°"®)-derived nor epinephrine neurons project to limited
tar gets
Coronal sections from adult mouse brains immunostained for eGFP to detect axonal inputs

from r1(En1¢€;DbhF!PO:RC: FrePe)- and r2(Hoxa2-cre;DbhF!Po:RC: FrePe)- derived
norepinephrine neurons to the somatosensory cortex (top panel), and
r3&5(Krox20°€;DbhFIPO:RC: FrePe)- and r4(Hoxb1"e DbhFIPO;RC: FrePe)-derived
norepinephrine neurons to the commissural solitary nucleus (bottom panel). The
representative sections correspond to the boxed areas within the brain schematics (left).
Sparse but specific projections from r2(Hoxa2-cre)-derived norepinephrine neurons are seen
in the somatosensory cortex (top row, arrowheads in second panel), which is also targeted
by the r1(En1%€)-derived subpopulation (top row, first panel). Strong innervation of the
solitary nucleus by r3&5(Krox20°€)-derived norepinephrine neurons (bottom row, first
panel) and r4(Hoxb1¢€)-derived norepinephrine neurons (bottom row, second panel) is
observed in the brainstem. Scale bar indicates 25 um (cortex) and 100 um (solitary nucleus).
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Fig. 6. r1(En1°®)- and r4(Hoxb1% ®)-derived norepinephrine neurons differ in their axon
mor phology at multipletarget sites

(a) Coronal sections from adult mouse brains immunostained for eGFP to detect axonal
inputs from r1(En1¢€;DbhFPO:RC: FrePe)- and rd4(Hoxb1¢"€;DbhF!Po;RC: FrePe)-derived
norepinephrine neurons to the insular cortex, basolateral amygdala posterior part (BLP),
paraventricular hypothalamus, and the bed nucleus of the stria terminalis (BNST) medial
division ventral part (STMV). In the representative sections, corresponding to the boxed
areas within the brain schematics (left), axons from r4(Hoxb1%€)-derived norepinephrine
neurons appear thicker and have larger varicosities than those of r1(En1¢®)-derived neurons.
Scale bar indicates 56 pm (cortex, amygdala), 222 pm (hypothalamus), and 500 pm (BNST).
(b) Quantitative comparison of projection fiber type from r1(En1%®)- and r4(Hoxb1€)-
derived norepinephrine neurons, confirms the link between genetic lineage and fiber
morphology. The average projection pixel intensity of eGFP-positive axon fibers from
r1(En1°®)- and r4(Hoxb1%®)-derived norepinephrine neurons projecting to the insular cortex
and BLP amygdala is shown (insular cortex n=15 and BLP amygdala n=10 images from
four mice; error bars are mean + s.e.m.). A two tailed, unpaired t-test was used to determine
significance **p=0.009 t=6.801 df =14 (insular Ctx), ***p=0.0006 t=2.808 df=28 (BLP
amygdala).
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Fig. 7. Genetically defined norepinephrine subpopulations project to unique sets of targets
Selected axonal projections from r-derived norepinephrine neuron subpopulations located in

the brainstem are illustrated as colored lines on a schematic of the adult mouse brain
compressed along the mediolateral axis. Approximate positions of the subpopulations from
which the projections originate are illustrated as colored circles (bottom panel). Thickness of
the colored lines encircling target regions of interest qualitatively represent the density of
innervation from the genetically defined subpopulation of the same color (r1 purple; r2
orange; r3&5 yellow; r4 blue). r1(En1®)-derived neurons (purple) project throughout the
neuroaxis, providing the most dense innervation to regions involved in higher order
cognition and sensory perception, including the cortex (Ctx), thalamus (Thal), and
hippocampus (Hippo). r2(Hoxa2-cre)-derived norepinephrine neurons (orange) project to
limited targets, including a sparse projection to the somatosensory cortex (Ctx somato) and
the cerebellum (Cereb). Projections from r3&5(Krox20° €)-derived norepinephrine neurons
(yellow) are restricted to the hindbrain, including a sparse to moderate input to the
parabrachial nucleus (PBN) and Cereb, as well as a substantial input to the NTS.
r4(Hoxb1°®)-derived norepinephrine neurons (blue) project to key components of the
central autonomic nervous system, including regions of the amygdala (Amyg),
hypothalamus (Hyp), bed nucleus of the stria terminalis (BNST), and insular cortex (Ctx
ins).
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Fig. 8. I dentification of a shared projection to theinsular cortex from r4(Hoxb1°®)-derived
norepinephrine neuronsresiding in the C2/A2, C1/A1 and SubC nuclei

(a) Schematic sagittal view of adult mouse brain compressed along the mediolateral axis
(Ieft) and representative coronal section from Hoxb1¢"€; DbhFIPo: RC: FrePe mouse brain
(right) injected with FluoroGold into the insular cortex. Scale bar indicates 2.5 mm. (b)
Sagittal sections from adult animals corresponding to the boxed regions in (a). eGFP-
positive r4(Hoxb1®€)-derived norepinephrine neurons (green) co-labeled (*) with
FluoroGold (blue) and NET (red) in C2/A2 (top panel), C1/A1 (middle panel), and SubC
(bottom panel). Scale bar indicates 20 um.
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