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neurons indicates that eNOS modulates
environmentally dependent levels of arousal
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Neurons of the medullary reticular nucleus gigantocellularis (NGC)
and their targets have recently been a focus of research on
mechanisms supporting generalized CNS arousal (GA) required
for proper cognitive functions. Using the retro-TRAP method, we
characterized transcripts enriched in NGC neurons which have pro-
jections to the thalamus. The unique expression and activation of
the endothelial nitric oxide (eNOS) signaling pathway in these cells
and their intimate connections with blood vessels indicate that
these neurons exert direct neurovascular coupling. Production of
nitric oxide (NO) within eNOS-positive NGC neurons increases af-
ter environmental perturbations, indicating a role for eNOS/NO in
modulating environmentally appropriate levels of GA. Inhibition
of NO production causes dysregulated behavioral arousal after
exposure to environmental perturbation. Further, our findings
suggest interpretations for associations between psychiatric disor-
ders and mutations in the eNOS locus.

nucleus gigantocellularis | endothelial nitric oxide synthase | reticular
formation | thalamus | arousal

Are there unique molecular properties of the subtype of nu-
cleus gigantocellularis (NGC) neurons with projections to
central thalamus, cells crucial for maintaining CNS arousal?
These neurons in the NGC of the reticular formation are capable
of integrating information from virtually the entire CNS, as they
feature extremely large dendritic arbors (1) and respond elec-
trically to every sensory modality tested (2). Their ascending
projections (3-6) provide excitatory inputs to central thalamic
regions that are capable of supporting cortical activation and
motor activity in animals (7, 8) and a patient in a vegetative state
(9). Many NGC neurons have descending projections as well,
reaching all levels of the spinal cord bilaterally. Here we provide
a comprehensive analysis of those NGC neurons with long pro-
jections to the central thalamus.

Several lines of evidence indicate that these cells support a
fundamental brain function known as “generalized arousal” (GA),
crucial for initiation of all conscious movements (reviewed in refs.
6, 10, 11). Disorders of GA are involved in a variety of nervous
system problems, including melancholic depression, bipolar dis-
orders, attention deficit hyperactivity disorder, sleep problems,
and disorders of consciousness (10). In addition, proper modula-
tion of GA is essential for function in multiple cognitive tasks as
described by the classical Yerkes—Dodson law (12-15).

Despite the crucial functional role of these neurons and their
large size (40 pm in a mouse; 100 pm in humans), their extensive
dendritic arbors and long axons complicate their isolation from
adult animals. PCRs from single NGC neuronal mRNA obtained
in slices of hindbrain from mouse pups showed that they can
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express genes for receptors related to GA (11), but further
transcriptome information was unavailable.

To address these challenges, we used a recently developed
technique that allows the molecular characterization of partic-
ular neuronal subpopulations based on their neuroanatomical
projections and the locations of their cell bodies (16, 17). This
“retro-TRAP” (translating ribosome affinity purification from
retrogradely labeled neurons) approach relies on viral injection
into an anatomical area targeted by the neurons of interest,
followed by selective precipitation of ribosomes from retro-
gradely labeled cell bodies, and subsequent RNA sequencing
(RNA-seq) analysis (Fig. 14).

By comparing the mRNAs enriched in the NGC neurons
which are retrogradely labeled due to viral injection into central
thalamus with the gene expression of nonlabeled surrounding cells
in NGC and then performing a comprehensive bioinformatics
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Certain large neurons deep in the brainstem, in the nucleus
gigantocellularis (NGC), are crucial for waking up the brain
from deep sleep, anesthesia, or injury. NGC neurons, which
project axons to central thalamus, should be especially impor-
tant because central thalamic stimulation heightens CNS
arousal in animals and in human patients. We have used the
retroTRAP technique to discover mRNAs enriched in such NGC
neurons. One MRNA, for endothelial nitric oxide synthase
(eNOS), is uniquely expressed. By experiments both on the
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lation, endothelial nitric oxide expression is shown to be
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their blood supply.
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Fig. 1. Specific RNA-seq of NGC neurons with as-
cending projections. (A) Outline of the experimental
procedure. CAV-GFP retrograde tracing virus was
injected into the central thalamus of transgenic SYN-
NB-L10 animals, which express the camelid nanobody
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analysis of these results, we were able to identify interesting can-
didate pathways important for these cells. This standard procedure
allowed us to highlight genes and pathways that are unique to these
neurons with projections ascending to thalamus compared with
other cells in NGC.

The most surprising of these mRNAs enriched in NGC neu-
rons with axons projecting to the thalamus was that for the en-
dothelial nitric oxide synthase (eNOS) signaling pathway, which
we verified by immunohistochemistry. Further behavior and
histochemical experiments revealed a close physical proximity
between the eNOS-positive neurons and the surrounding blood
vessels (Fig. 2 C-E). Altogether, five independent lines of evi-
dence—eNOS gene expression, pathway activation, immunohis-
tochemistry, 3D reconstructions, and electron microscopy—show
an unusual relation of these eNOS neurons to their vasculature.

Further, behavioral analysis combined with histochemistry
indicated that the neurons show an increased amount of oxida-
tive damage, indicative of nitric oxide (NO) production, after
exposure to specific environmental perturbations. Finally, in-
hibition of NO synthesis specifically within the NGC indicates
that this molecule plays a role in regulating behavioral arousal
after environmental perturbations. In summary, our results show
how these unusual giant neurons in the medullary reticular for-
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against GFP fused to the L10 ribosomal subunit, un-
der the control of the synuclein (SYN) promoter.
Mice were allowed to recover for 2 wk after surgery
to allow retrograde transport of the virus and then
were killed. The NGC was dissected, and the GFP-
labeled ribosomes were precipitated using mag-
netic beads coated with GFP antibody. The RNA from
precipitated ribosomes (bound sample) and the total
RNA from the NGC of the same animals (input sam-
ple) were sequenced on an lllumina HiSeq machine.
(B) Viral injection into the central thalamus results in
GFP expression in large NGC neurons. Shown are
confocal micrographs of NGC neurons from virus-
injected animals showing dim perinuclear GFP
staining (green) consistent with GFP binding to ri-
bosomes attached to the endoplasmic reticulum.
TUJ1 (red) indicates neuronal-specific tubulin. Dashed
white outlines indicate the shape of the labeled neu-
rons. Asterisks indicate green neurons that are hidden
behind projections from other cells. (Scale bar: 30 pm.)
(C) Heat map of all three experimental runs (biological
replicates) showing all genes later found to be selec-
tively up- or down-regulated (P < 0.05) in bond versus
input samples. There were 339 genes observed to
be selectively up- or down-regulated (P < 0.05) in the
bound sample from NGC neurons compared with
the input control. The heat map has been clustered
to reveal groups of genes with similar patterns of
expression.

mation contribute to the regulation of the elementary function
GA by environmental changes.

Results

As soon as the results revealed the unique expression of eNOS
(see below), we did several studies intended to explore the re-
lation between this specific subset of NGC neurons, their vas-
culature, and NGC function.

RNA Labeling, Purification, and Detection of Enriched Transcripts in
the Bound Sample. As the retro-TRAP approach has not been
performed in the NGC before, we first tested whether we would
be able to label the anterograde-projecting neurons from this
area and isolate a sufficient quantity and quality of RNA from
the labeled cells to detect enriched transcripts. Upon injection of
a genetically modified canine adenovirus type 2 encoding GFP
into the thalamus, retrograde GFP labeling was detected in large
NGC neurons but not in vehicle-injected control brains. Notably,
the GFP signal in labeled NGC neurons appeared to be stronger
in the perinuclear region, suggesting that we successfully labeled
ribosomes binding to the endoplasmic reticulum (Fig. 1 A and B
and ST Appendix, Fig. S1).
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We next tested whether we could selectively immunoprecipi-
tate RNA of sufficient quality and quantity for RNA-seq from
these labeled neurons. We were able to isolate sufficient quan-
tities of RNA to perform three rounds of RNA-seq [>100 pg per
run, RNA integrity numbers (RIN) >7], by pooling five or six
animals per group.

For the each of the three rounds of RNA-seq, we started with
100 pg of RNA, or more, and we obtained at least 20 million
high-quality reads per sample. We then used a bioinformatics
approach (Methods) to detect genes that were significantly up-
or down-regulated in the bound sample (RNA isolated from
ribosomes in retrogradely labeled NGC neurons) as opposed
to the input sample (total RNA from this region of the brain).
Alignment, pooling of samples, and adjusted P value calcula-
tions revealed 260 genes that were significantly up-regulated
(P < 0.05) plus 79 genes that were significantly down-regulated
when comparing the bound sample with the input sample
(Fig. 1C).

In addition to transcripts expected to be differentially expressed
in neurons (Fig. 24 and Dataset S1), we discovered the unique
expression of eNOS and the components of the eNOS signaling
pathway (Fig. 2B, confirmed by immunohistochemistry in Fig. 2 C-
E and discussed below). Thus, we succeeded in detecting genes and
pathways enriched in NGC neurons retrogradely labeled by in-
jection into the thalamus.

The majority of the neurons represented in the bound sample
were glutaminergic, as indicated by the up-regulation of Slc17a6
(Vglut2, vesicular glutamate transporter 2), a molecule that allows
presynaptic neurons to target glutamate to synaptic vesicles (18).

Pathway Analysis of Genes Enriched Within the NGC Indicated
Activation of Multiple Biochemical Pathways. The logical follow-
up to the mRNA results is to explore which biochemical path-
ways would be expected to be up- or down-regulated in the la-
beled cells as compared with surrounding tissue. Pathway
analysis with Ingenuity Pathway Analysis (IPA; Qiagen) found
38 canonical pathways which had z-scores either considerably
greater or considerably lower than 0 and for which the up- or
down-regulation was statistically significant. Some of these
pathways were expected, such as synaptic long-term potentiation
(LTP), while others were unexpected, such as thrombopoietin
signaling. When pathways were broadly classified into groups
based on physiological function, as described in prior reports
from the IPA database, genes involved in neuronal function, cell
size and survival, cell signaling, and endothelial function were
observed to be overrepresented in our dataset. These groups are
illustrated in Fig. 3 and are discussed further below.

To determine the activation state of the pathways in which the
up-regulated genes discussed above might be involved, we per-
formed a molecule activation prediction (MAP) analysis. This
bioinformatics tool predicts the activation states of each pathway
component based on the transcriptional state of the relevant
genes. When all the pathways detected as having significant z-
scores were analyzed, only three showed considerable activation in
many parts of the pathway. These pathways included NO signaling
in the cardiovascular system (discussed below and SI Appendix, Fig.
S2), neuropathic pain signaling in dorsal horn neurons (SI Appendix,
Fig. S3), and calcium signaling (SI Appendix, Fig. S4).

We were surprised by two of the pathways shown to be up-
regulated by z-scores and MAP: NO signaling in endothelial cells
and cardiac hypertrophy signaling. These pathways share ex-
pression of genes associated with eNOS, a molecule previously
not reported in neurons within the intact brain. The enrichment
of pathways related to blood vessel function combined with
eNOS expression result from contamination of the bound sample
by RNA from blood vessels surrounding the labeled cells.
However, three aspects of our experiment made that source
unlikely: (i) there was no detectable GFP labeling in blood
vessels in the virus-injected mice; (if) in the syn-NBL10 mice that
we used, only neurons express ribosomes capable of binding
GFP; and (iii) we used  immunohistochemistry to confirm the

E6902 | www.pnas.org/cgi/doi/10.1073/pnas. 1806123115

presence of eNOS in the cell membranes of multiple large NGC
neurons (Fig. 2 C-E). Thus, our detection of eNOS and other genes
associated with blood vessels was unlikely to be entirely due to
technical reasons. However, the question remains: Do the NGC
neurons actually use eNOS to produce NO, or is the presence of
this protein in the transcriptome due to other causes?

One reason to focus on eNOS and associated pathways was
that they were some of the few shown to be consistently activated
by MAP. Most other canonical pathways showed strong activa-
tion in some parts of the pathway but strong inhibition in other
parts of the same pathway. These included LTP (SI Appendix,
Fig. S5), actin cytoskeleton signaling (SI Appendix, Fig. S6A),
ciliary-derived neurotrophic factor signaling (SI Appendix, Fig.
S6B), cAMP-responsive element binding protein (CREB) sig-
naling (SI Appendix, Fig. S7), and a-adrenergic signaling (SI
Appendix, Fig. S8B). The adrenergic finding is especially notable,
as many neurons within the regions express adrenergic receptors
(SI Appendix, Fig. S8A).

Transcriptional Evidence for the Function of ENOS Within the NGC. As
we had the transcriptome of the eNOS-expressing neurons in
hand, our next question was whether the transcriptional signa-
tures we detected in these neurons were consistent with their
having the ability to activate eNOS. The eNOS protein can be
activated by a large variety of factors, including ones relevant to
GA, such as increases in intracellular calcium (such as occur
during neuronal firing) (19), serotonin (20), and muscarinic
acetylcholine receptors subtype M4 and M2 (21). In the bound
sample, we observed enrichment of the serotonin receptor 5-
HT3 and the M4 muscarinic acetylcholine receptor as well as
calcium-signaling pathways, suggesting that eNOS could be ac-
tivated by these mechanisms.

To support the prediction that eNOS may be producing NO,
we also observed enrichment of a gene required for NO pro-
duction: Slc7al [solute carrier family 7 member 1, also known as
“mouse cationic transporter 17 (MCATI)], a permease whose func-
tion is to transport cationic amino acids, including arginine—the
substrate for NOS—into the cell (22, 23).

Evidence of a Close Relationship Between ENOS-Expressing Neurons
and Local Vasculature. ENOS is usually present in blood vessels
(19-21), and thus its presence and, potentially, its activity in a
specific neuronal subtype was quite unexpected. We speculated
that perhaps this molecule can be used to mediate cerebrovas-
cular coupling in the NGC. To investigate our suspicions, we
probed whether we could detect evidence of a relationship be-
tween the large NGC neurons and the surrounding cerebral mi-
crovasculature. When we used the retro-TRAP data to generate
interaction networks, based on published curated literature, we also
observed a network consisting entirely of extracellular matrix pro-
teins, including collagens and integrins, as well as tyrosine kinase
with Ig-like and EGF-like domains 1 [Tie-I, a receptor tyrosine
kinase that is involved in stabilization of blood vessels (24)]. Other
extracellular matrix proteins found in the vasculature and enriched
in the bound sample include collagen type VI (25) and fibronectin
(Fnl) (26). Likewise, integrin alphal (ltgal), which was enriched
in the bound sample, is part of a complex that mediates the in-
teraction of endothelial cells with the extracellular matrix (27-29).

We therefore hypothesized that the production of these pro-
teins by NGC neurons allows them to communicate more effi-
ciently with blood vessels, either by inducing growth of the
capillaries next to the neuronal cells or, conversely, by allowing
them to bind to the capillary extracellular matrix using integrins.
Electron microscopic images show that glutaminergic NGC
neurons do indeed have their membranes apposed to endothelial
cells (Fig. 2 F and G).

In many areas of the brain, neurovascular coupling is mediated
by astrocytes, which respond to neuronal activity by producing a
variety of factors that cause vasodilation and a resultant increase
in oxygen and glucose available to neurons (30). Our discovery of
eNOS in NGC cells, combined with their close interactions with

Tabansky et al.
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Fig. 2. Up-regulation of eNOS and proximity to blood vessels in NGC neurons. Box plots are intended to show all the data, and biologically significant points (fold
change >2) are in color. Note that the axes for the box plots in A and B are log2. (A) Box plot of the most selectively expressed ion channel genes in the data sample.
(B) Box plot of expression changes of selected genes related to the NO signaling pathway and its metabolic consequences. (C-E) TUJ1 (green) indicates neuronal-
specific tubulin, DAPI (blue) stains nuclei, and eNOS is red. (Scale bars: 50 pm.) (C) Confocal micrograph of an eNOS-positive NGC neuron showing expression in
nearby processus (asterisks) and in the cell body (arrowhead). TUJ1 (green) indicates neuronal-specific tubulin, and eNOS is shown in red. (D and E) A series of
confocal optical sections showing the proximity of eNOS-positive neurons to putative blood vessels. (D) Two confocal optical sections showing an eNOS-positive
neuron (arrowhead) located near a blood vessel (white outline). The Upper Row is 7 pm above the Lower Row in the z plane. For example, regarding TUJ1, the cell
body in the Lower Row is directly beneath the blood vessel outlined in the Upper Row. The location in the z plane is indicated on the left. (E) A confocal optical
section showing the proximity of an eNOS-positive neuron to a blood vessel. (F and G) Electron micrographs show NGC dendrites (identified using immunoper-
oxidase for anti-GFP antibody in vGlut2-GFP reporter mice) closely apposed to the basement membrane adjacent to the endothelial cells. (Scale bars: 500 nm.)
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Ingenuity Canonical Pathways z-score p-value  Number
of genes
_5 Neuropathic Pain Signaling In Dorsal 2.714 0.020417 74
‘g Horn Neurons

2 a-Adrenergic Signaling 2.121 0.019055 64
§ Synaptic Long Term Potentiation 1.732 0.008913 84
g Calcium Signaling 2.236 0.023442 95
_ % CREB Signaling in Neurons 2.673 0.018197 132
[ Actin Cytoskeleton Signaling 1.414 0.011749 156
% p70S6K Signaling 2.496 0.017378 101
7] CNTF Signaling 2.53 0.002818 49
EI IGF-1 Signaling 1.265 0.037154 91
E % EGF S.ignal.ing 2.714 0.002818 57
0 = FGF Signaling 0.905 0.008913 66
3 % Insulin Receptor Signaling 1.807 0.013804 108
© Q JAK/Stat Signaling 1.897 0.028184 68
E’I Phospholipase C Signali 0.378 0.007762 150
C I Gag Signaling 3.051 0.045709 115
- % P2Y Purigenic Receptor Signaling Pathway 2.309 0.033884 100
% L2 Nitric Oxide Signaling in the 3.162 0.013804 70

° 2 Cardiovascular System
g 8 Thrombopoietin Signaling 2.333  0.01349 52
@ Endothelin-1 Signaling 1.604 0.043652 114
_; Thrombin Signaling 1.414 0.004898 144
8 Remodeling of Epithelial Adherens Junctions 1 0.019498 55
o Aldosterone Signaling in Epithelial Cells 1.732 0.014791 119

the endothelial extracellular matrix, led us to infer that they are
capable of contributing to the regulation of neurovascular coupling.

For eNOS in the NGC neurons to be able to influence the
endothelium, the neuron itself must be in sufficient proximity to
the blood vessel that the NO can signal to the endothelial cells.
There is a large literature on the range of diffusion of NO in the
brain, and it appears that 100 pm from its point of origin is an
accurate, conservative estimate (31). Therefore, to have an effect
on the vasculature (or the converse), the eNOS-positive NGC
neurons would have to be less than 100 pm from blood vessels.
The short diffusion range of NO suggests that, to have a systemic
effect on the vasculature, it is necessary for the neurons to have
multiple points of contact with the blood vessels. As NGC neu-
rons have large dendritic trees, this possibility is not out of
the question.

We therefore used immunohistochemistry and confocal mi-
croscopy to calculate the distance between eNOS-positive cell
bodies and blood vessels in stained sections of the NGC with
Imaris software (Bitplane). We also looked for eNOS staining in
the projections of NGC neurons. We found eNOS expression in
the cell membranes of a subpopulation of NGC neurons, and it
marked a large number of projections within the NGC (Fig. 2C).
Furthermore, even within the thin (20-pm) sections, we found
that >90% eNOS-positive neuronal cell bodies were localized
within 50 pm of blood vessels (Fig. 2 D and E). 3D reconstruc-
tions of thicker sections (40 pm) indicated that a large number of
eNOS-positive neurons have membranes closely apposed to
blood vessels, and their projections also interact with blood
vessels. This observation was confirmed by 3D reconstructions of
confocal micrographs of eNOS-positive NGC neurons next to
blood vessels (SI Appendix and Movies S1 and S2). Therefore it is
likely that the NO produced by these cells has an influence on
the surrounding blood vessels, and vice versa.

Thus, we have used five converging methodologies (eNOS
gene-expression observations, immunohistochemical staining,
pathway analyses, 3D reconstructions of confocal images, and
electron microscopy) to support the inference that eNOS-
positive NGC neurons have a close relationship to their blood
supply.

We then followed up these discoveries by functional experi-
ments, first examining what inputs might activate eNOS and then
studying the behavioral consequences of eNOS inhibition.

E6904 | www.pnas.org/cgi/doi/10.1073/pnas. 1806123115

Proportion of up and
down- regulated
genes

Fig. 3. The primary biological functions of signaling
pathways up-regulated in NGC neurons. Plot of se-
lected up-regulated canonical pathways with signif-
icant z-scores (P < 0.05) in bound versus input RNA
samples, as defined by Ingenuity’s core pathway
analysis. These pathways fall into one of four cate-
gories: neuronal function, cell size and survival, sig-
naling pathways, and interactions with blood vessels,
as indicated by the colored bars on the left. Gradi-
ents in these bars indicate that they fulfill more than
one function (for example, actin cytoskeleton sig-
naling is involved in both neuronal function and cell
size/survival). The plots on the right of the chart
show the number of genes found to be up-regulated
(orange), down-regulated (cyan), or unchanged (white)
for each pathway.

Function: ENOS Activation in the NGC Neurons Occurs in Response to
Specific Perturbations in the Environment of the Mouse. We next
wanted to know whether eNOS within NGC neurons is activated
in response to different environments. Knowing that the close
proximity of eNOS-positive neurons to their blood supply would
permit them to increase blood flow during periods of high ac-
tivity, we hypothesized that eNOS activity would be dependent
on NGC activation. NGC neurons have previously been docu-
mented to receive input from all sensory modalities; thus, if NO
production is a result of neuronal activation, we should be able
to detect eNOS activation in conditions that also increase GA.
To test this hypothesis, we subjected the animals to different
environments (Fig. 44) and monitored the activation of eNOS-
positive neurons by quantifying nitrotyrosine, a well-documented
protein modification that occurs as a result of NO production, in
eNOS-positive cell bodies within the NGC (32-34).

To increase GA, we performed three environmental pertur-
bations: (i) exposure of the animal to a clean cage containing
novel scents with which it is able to interact for 1 h; (ii) trans-
ferring the animal to a shock chamber and delivering 15 mild,
unpredictable foot shocks for 1 h; or (iii) three repeated bouts of
forced swim, followed by periods of recovery under a heat lamp
to prevent hypothermia. Unperturbed animals in the home cage
served as controls. In all cases, the brains of the animals were
collected for analysis immediately following the treatment.

We initially expected that GA would increase more as a result of
stress and that high-stress conditions, such as a foot shock or forced
swim, would cause higher levels of nitrotyrosine to be observed. We
did indeed find that the overall amount of nitrotyrosine in the
neurons staining positive for eNOS was quite low in control animals
and that it was increased in certain experimental animals. However,
the foot-shock condition, which has been documented extensively in
the literature to be quite stressful (35, 36), did not result in a sta-
tistically significant increase in the amount of nitrotyrosine within
eNOS-positive neurons in the NGC. In contrast, both exposure to
novel scents and the forced swim test resulted in large, statistically
significant increases in the amount of nitrotyrosine observed within
these cell bodies (Fig. 4 B-D). Thus, the NGC neurons appeared to
produce NO only in particular circumstances. However, it was still
unclear whether NO production within the NGC produces an effect
on GA; this requires the output of the GA system to be measured,
as we did in the following experiments.
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Fig. 4. Context-dependent activation of eNOS in
NGC neurons. (A) Experimental outline. Mice were
exposed to one of four experimental conditions for
1 h: undisturbed control in home cage, repeated mild
foot shock in a shock chamber, repeated forced swim
with periods of recovery under a heat lamp, or
transfer to a new cage with novel scent stimuli. At

90 Nitrotyrosine production in different environments the end of the experiment, the brains of the animals
* were immediately preserved by transcardial perfu-

80 f 1 sion under anesthesia and were stained for eNOS,
nitrotyrosine, and the neuronal marker TUJ1. The
w 70 amount of nitrotyrosine in each eNOS-positive neu-
§ ron was then quantified. Neurons were designated
g 60 * J as nitrotyrosine-positive if the amount of immuno-
E | fluorescence was at least 1 SD above the average for
© 50 the corresponding control population. (B and C) Rep-
'qc) [ resentative microscopy images showing low nitro-
£ 40 tyrosine in neurons (indicated by arrows) from a control
8 J untreated animal (B) and high nitrotyrosine in neurons
..g' 30 from a mouse exposed to novel scents (C). TUJT is
S shown in blue, nitrotyrosine in green, and eNOS in red.
§ 20 The images underwent the following modifications:
1 median filter 3 x 3 x 3 microns applied to the red

10 I channel in Imaris and brightness adjustment for each
channel. (D) Quantification of nitrotyrosine abundance

- after the behavioral experiment. n = 3 mice (biological

control novel scents foot shock forced swim ; P < 005 determined b

treatment replicates) per group. < 0.05 as determined by

Function: Inhibition of NO Production in the NGC Causes Dysregulation
of Arousal After Environmental Perturbation. The next question we
addressed was whether environmentally dependent NO production
within the NGC helps modulate behavior. While long-axoned
NGC, i.e., neurons regulating the locomotor circuitry in spinal cord
and neurons with ascending projections to the thalamus, receive
much attention, the presence of eNOS in the cell bodies and local
projections of the NGC neurons must be considered also. We hy-
pothesized that some fraction of the behavioral effect of eNOS
activation will be exerted locally, within the NGC, affecting blood
flow or on locomotor control circuits. The only detectable source of
NO within the NGC is eNOS, as the other two isoforms, neuronal
NOS and inducible NOS (37), are not present in this brain region
at significant levels, based on our transcriptome and immuno-
histochemistry data.

To determine a behavioral role of NO derived from eNOS in
NGC function, we sought to inhibit NO production within the
NGC in awake and behaving animals. As no eNOS-knockout
mice are available that are specific to this region, we instead
opted for chemical inhibition by implanting cannulae that allow

Tabansky et al.

ANOVA and Wilcoxon rank test. (Scale bars: 20 pm.)

controlled delivery of the NOS inhibitor N(G)-Nitro-L-arginine
methyl ester (L-NAME) into the NGC (Fig. 54). It should be
noted that L-NAME is not specific to eNOS, but it has the ad-
vantage of being a slowly reversible inhibitor. It is also well
characterized in the literature and is water soluble, making it a
well-documented substrate for investigating the effect of NO on
neuronal activity (38).

We implanted the cannula after the month of recording the
baseline daily activity levels of each animal. Once the mice had
recovered, their motor coordination (using the rotarod) and basal
levels of activity were assessed. No significant motor impairments
or changes in daily activity were observed postsurgery (Fig. 5D).

We next used the implanted cannula to introduce either saline
or L-NAME into the NGC of the experimental animals (this
required a <5-min period of handling per mouse). The mice
were then placed in a new cage containing unfamiliar scent
stimuli for 1 h. At the end of the stimulus period, the animals
were then placed back into their home cages and were allowed to
recover. The activity of the mice was monitored continuously
from the start of the experiment until 3 d postinjection.

PNAS | vol. 115 | no.29 | E6905
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Fig. 5. Inhibition of eNOS causes dysregulation of behavioral arousal after exposure to novel stimuli. (A) Outline of the experiment. Cannulated mice were
first injected with either the eNOS inhibitor .L-NAME or vehicle (saline). They were then introduced into a new cage with scent stimuli in an isolated, controlled
environment and were allowed to explore freely. After 1 h they were returned into the home cage. Their activity was monitored throughout. The animals
were allowed to recover for 3 d before the experiment was repeated with the injection of the other compound (.-NAME if they initially had received saline
and saline if they initially had received .-NAME) and a different set of novel stimuli. Thus, each animal served as its own control. After completion of the
experiment, cannulae placements were confirmed by histology. (B) Histological placement of the cannulae in mouse M7, as indicated by the glial scarring. The
NGC is indicated by a dashed blue line. (Magnification: 40x.) (C) Example of a strong response to .-NAME, showing extreme, repeated fluctuations of activity.
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L-NAME show much higher activity after exposure to novel stimuli than animals treated with saline. Graphs show average baseline-adjusted horizontal
activity (F) and total distance travelled (G) for 3 h after return to the home cage. n = 11 animals per group. *P < 0.02 by paired t test.
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At the end of the 3-d recovery period, the mice were micro-
injected with L-NAME if they received saline during the first test,
and vice versa, and the procedure was repeated with novel scent
stimuli (different from those used in the initial test) (Fig. 54).
Thus, each animal served as its own control for each round of
experiments. We did not observe a significant effect of the type
of stimuli used or the order in which the compounds were tested
on the results of the experiment.

At the end of the experiment, the effect of L-NAME on motor
coordination was assessed using the rotarod. For the rotarod
experiment, each animal was again randomly assigned to receive
either saline or L-NAME and then was allowed to recover for
3 d; the experiment was repeated with the other compound. No

E6906 | www.pnas.org/cgi/doi/10.1073/pnas.1806123115

effect of L-NAME administration on motor coordination was
observed (Fig. 5D).

While we initially expected eNOS inhibition to decrease GA,
because we would be downregulating a normal molecular re-
action in neurons known to increase GA, initial comparisons of
the activity levels of each treatment group (microinjected with
saline or L-NAME) showed no significant difference in the re-
action to the unfamiliar scent stimulus. Both treatment groups
showed increased levels of activity, 176% of baseline on average,
compared with their normal activity at that particular time of
day. The increase in activity was observable both when we ana-
lyzed total distance traveled within the assay apparatus and when
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we analyzed smaller, fidgeting movements resulting in single
horizontal beam breaks within the apparatus (Fig. 5 F and G).

However, there was a striking difference in activity after the
animals returned to the home cage. The animals treated with
saline showed a notable decrease in activity, with the total dis-
tance traveled within the cage being 64% of their baseline ac-
tivity. This is consistent with recovery after a highly stimulating
event. In contrast, the average activity levels in animals treated
with L-NAME remained elevated, with the total distance trav-
eled in the cage being 164% of baseline. This difference was
statistically significant when both fidgeting behavior (horizontal
activity) and total distance traveled within the cage were ana-
lyzed (n = 11 mice, P < 0.02 for both measures). This overall
increase resulted from a decrease in the amount of time spent at
rest and also from increased locomotor speed and frequency of
moving about in the cage. Under normal conditions, animals
produce bursts of activity that look like spikes. In animals treated
with L-NAME, both the frequency and the amplitude of the
spikes were considerably increased.

Notably, this effect showed high individual variability and was
observed only in animals in which histological placement con-
firmed that the cannula ended within the NGC. No change in
activity was noted in animals in which the cannula was implanted
just outside the NGC, (n = 3). Similarly, no difference between
saline and L-NAME treatment was detectable in animals that
had not been previously exposed to novel stimuli (n = 6).

The most robust response was in the animals that received
injections into the dorsal posterior NGC, consistent with an
immunohistochemical observation of intensely staining eNOS-
positive neurons located in that region as well as more laterally
within the NGC. However, the location of cannula implantation
varied from animal to animal, which could account for the var-
iability observed in the responses to L-NAME (Fig. 5E).

The results from these two sets of functional experiments—
eNOS activation and eNOS inhibition—indicated that NO pro-
duction from eNOS-expressing neurons in the NGC occurs in
response to specific environmental perturbations and that it is
needed to stabilize GA levels once the animal returns toward
a resting state.

Discussion

The surprising results of the project have implications for the
regulation of arousal and also have potential clinical links. Since
the retroTRAP methodology was developed quite recently, we
first examine the properties of our approach for isolating RNA
from NGC neurons.

Technical Considerations. Here we present transcriptome data on a
vital subpopulation of giant neurons which are involved in the
regulation of GA and whose axonal trees include projections to
the thalamus. Most surprising, we have uncovered a function for
eNOS-expressing NGC neurons in regulating arousal (3-6, 8, 9).
In describing this subpopulation, we pushed the limits of the
retro-TRAP technique (16), identifying cell bodies that are more
than 1 cm away from the injection site. GFP expression in la-
beled cells could be detected only by antibody staining (Fig. 1B),
a potential technical advantage, as it reduces the proportion of
GFP that is unbound to ribosomes during lysis, which in turn
decreases the probability of nonspecific purification of RNA
from cells outside the targeted population.

Technologies involving TRAP have become powerful tools for
analyzing the gene-expression patterns of different neuronal
subpopulations. However, the very nature of the technique is
based on the enrichment of ribosome-bound RNA using affinity
purification (Fig. 14). In contrast, the standard control used in
these techniques is total RNA from the surrounding brain region
(in our case, the input). This means that enrichment of a partic-
ular RNA in the bound sample can occur either through increased
transcription_of the RNA in the target population or by an in-
creased probability of its binding to ribosomes. Either mechanism
would indicate increased translation of this particular RNA. Due
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to ribosome purification, the detection of untranslated RNAs,
such as microRNAs, is possible but less likely to occur.

Implications of the Results. The results of our experiments point to
several surprising features of large NGC neurons. Our combined
observations of the enrichment of molecules related to the
function of blood vessels in these cells (Figs. 3 and 4) and their
proximity to capillaries (Fig. 2 C and D) suggest that these
neurons may crosstalk with the endothelial cells to regulate their
own blood supply, a role that is generally thought to be filled by
glia (30, 39).

The functional and behavioral results supported by the NGC
neuronal transcriptome have both a sensory side (Fig. 4) and a
motor side (Fig. 5). Regarding sensory inputs, we show the
sensitivity of eNOS-expressing NGC neurons to environmental
perturbation, which results in the production of NO (Fig. 4).
Regarding motor output, we report significant changes in two
forms of activity when NO production is inhibited (Fig. 5). This
change in activity occurs only after prior exposure to novelty,
indicating context dependence.

Our gene-expression assays indicate that the GA-related
transmitters serotonin and acetylcholine can activate NO pro-
duction in these neurons, as both are capable of inducing NO
production by eNOS (20, 21). RNA encoding both muscarinic
cholinergic and serotonin receptors are enriched in our bound
sample (Dataset S1). There are cholinergic afferents as well; a
strong candidate for this action is the pedunculopontine teg-
mental nucleus and the lateral tegmental nucleus. These brain-
stem nuclei are important parts of CNS arousal systems (40) and
contain cholinergic cell populations which project to the reticular
formation (41). Likewise, serotonin is also strongly produced in
the brainstem raphe nuclei, and detailed analyses of its source
and mechanism of action within the raphe nuclei adjacent to the
NGC are warranted in future studies.

Clinical Links. The present observations led to links between these
unique NGC neurons and a variety of studies that, unexpectedly,
suggested an important role for eNOS in higher brain functions
(38, 42-51). L-NAME injections and NOS knockout have been
shown to alter mouse behavior (38, 42-44). In the case of the
NGC specifically, the mice injected with an eNOS inhibitor show
a decrease in resting time and an increase in the speed of lo-
comotion after exposure to novel scents and return to the home
cage. The NGC has previously been linked to habituation (2),
and it is possible that the eNOS expression and activation pat-
terns that we observed are involved in environmental adaptation.
An inability to adjust one’s reactions to one’s surrounding could
have a variety of adverse clinical and subclinical effects.

Consistent with the above comments, multiple studies have
implicated polymorphisms in the NOS-III (eNOS) gene in hu-
mans in various aspects of bipolar and major depressive disorder,
including suicidality (45-51). While the effects of NOS-III mu-
tations on cerebral vascular perfusion and neurogenesis likely
play a role in the etiology of these disorders, it is likely that the
direct impacts of eNOS function on GA provide an additional
mechanism for how NOS-III mutations contribute to the devel-
opment of these psychiatric problems. As we suspect a role for
eNOS in neurovascular coupling, it is possible that these mutations
alter the communication between NGC neurons and the sur-
rounding vasculature, possibly in a manner somewhat phenocopied
by the L-NAME experiments. The signaling pathways associated
with eNOS would be disrupted in the long term, potentially causing
difficulties with adaptation to long-term stress or environments that
cause prolonged high levels of GA. The result would be a decrease
in resilience to environmental perturbation that could, in the long
term, lead to adverse psychiatric symptoms.

Methods

Animals. Experiments on animals were approved by the Rockefeller University
Animal Care and Use Committee. Syn-NB-L10 mice were generated in the
J.M.F. laboratory and were backcrossed to C57BL/6J mice as heterozygotes.
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All animals were group housed in standard shoebox cages with food and
water ad libitum. Animals were genotyped at weaning with the following
primers: forward: GCG GCT ACC CCT ACG ACG TT and reverse: TGG TGA ATC
GGC CCT TCA CGG. Virus injection experiments, which proceeded in three
independent runs, were performed in 8- to 16-wk-old animals. For retro-TRAP,
each experimental group contained five or six animals, including two to four
females. C57BL/6J mice were purchased from Jackson Laboratories and bred in
the laboratory for three generations. They were killed for tissue harvest at
12-20 wk of age. VGlut2-GFP mice [stock Tg(Slc17a6-EGFP)FY115Gsat/
Mmucd] were obtained from GenSat.

Retrograde Viral Labeling. Mice were anesthetized with isofluorane in 100%
oxygen and were placed in the ear bars. A Hamilton syringe containing 1 pL of
canine adenovirus (CAV)-GFP was lowered into the midbrain at —1.2 mm
anteroposterior (AP), +1 mm mediolateral (ML), and 5 mm dorsoventral (DV)
(SI Appendix, SI Methods). After recovery, animals were housed in biosafety
level 2 cages for 2 wk to allow retrograde transport. After 2 wk, animals
were killed for immunohistochemistry and RNA isolation (see below).

RNA Isolation and Sequencing. RNA isolation for retro-TRAP was performed as
previously described (16). RNA quality was evaluated using an Agilent Bio-
analyzer system. Sequencing was performed on an Illumina HiSeq machine.

Immunohistochemistry. Mice were transcardially perfused with ice-cold PBS
followed by 4% paraformaldehyde (PFA) under deep anesthesia (0.8 mg/kg
ketamine and 0.12 mg/kg xylazine). Brains were dissected and postfixed in 4%
PFA for 8-16 h. Brains were sectioned on a Leica vibratome at 60-80 pM thick
or on a sledge microtome at 20-40 uM thick. For antibodies and the detailed
immunohistochemistry protocol, please see S/ Appendix, S| Methods. Con-
trols for immunohistochemistry included brain regions where protein ex-
pression was not expected (based on existing data), no primary, and staining
brain regions/structures where staining would be expected (e.g., cerebral
blood vessels for eNOS). Additionally, for nitrotyrosine, multiple monoclonal
antibodies from different vendors were used to confirm the consistency
of staining.

Labeling the Blood-Brain Barrier. Labeling with EZ-Link Sulfo-NHS-Biotin
(Thermo Fisher) was added to the PBS at a concentration of 1 mg/mL, and
the mouse was transcardially perfused for 3 min before a 5-min perfusion
with PFA. The tissues were processed as described above (see Immunohis-
tochemistry above).

Electron Microscopy. The brains of GIUN1-EGFP mice were prepared for
electron microscopic studies using previously described methods (see S/ Ap-
pendix, SI Methods for more information) (52). Profiles containing GFP im-
munoreactivity were classified as neuronal (soma, dendrites, axons,
terminals) or glial based on criteria previously described (53).

Environmental Perturbation Experiments for Measuring Nitrotyrosine. Mice for
environmental perturbation experiments were 8- to 12-wk-old males of a
C57BL/6J background. Mice were group-housed continuously before the start
of the experiment. For the experiment, mice were transferred to a new cage
containing a spoonful of coffee, a spoonful of rosemary, five roasted unsalted
pistachios, and a spoonful of cinnamon in each corner of the cage (for novel
scents), or were placed in room-temperature water in a clear glass cylinder for
periods of 15, 10, and 5 min, followed by recovery under an heat lamp in a
clean cage for 20 and 15 min, or were placed in a shock chamber and ad-
ministered mild foot shocks for 1 h at unpredictable intervals but no more
frequently than 1 every 5 min, or were left unperturbed as controls. All
perturbations were conducted during the second part of the dark phase of
the day/night cycle. Mice were all monitored continuously for signs of distress.
Following the experiments, mice were killed immediately by transcardial
perfusion under ketamine/xylazine anesthesia. Their brains were postfixed
for 12 h in PFA and processed for staining as described.

Image Processing and Analysis. Image analysis was performed using Imaris
software (v5.1; Bitplane). A 3 x 3 median filter was used to remove noise on
the red (eNOS) channels for better detection of eNOS neurons. The maxi-
mum cutoff was adjusted to increase detection of eNOS-positive neurons.
No filters or brightness adjustments were performed on nitrotyrosine
staining, as it was the parameter being quantified.
For_nitrotyrosine_staining, quantification_of secondary immunofluores-
cence is inherently problematic due to the amplification of signal by the
secondary antibody. To avoid this problem, we used a high concentration of

E6908 | www.pnas.org/cgi/doi/10.1073/pnas. 1806123115

primary antibody (1:200) and few brain sections per staining to achieve
antibody saturation. We further addressed this issue by calling nitrotyrosine-
positive only those neurons that were at least 1 SD above average in fluo-
rescence intensity, thus accounting for potential variability in antibody
staining.

Cannulation. Mice used in the experiment were adult (3- to 6-mo-old) male
littermates from a C57BL/6J background. For the duration of the experiment,
mice were housed individually, with normal chow diet (n0.5053) and water
ad libitum.

The home-cage activity of each experimental animal was recorded for
1 mo, producing a baseline for daily activity. Mice were measured continu-
ously for ambulatory activity using a VersaMax Animal Activity Monitoring
System (AccuScan Instruments, Inc.) with a sample interval duration of 60 s
and a light/dark cycle of 12 h with lights on at 3 AM and lights off at 3 PM.
Data were collected and analyzed using the VersaMax Analyzer and VersaDat
software (AccuScan Instruments, Inc.), respectively.

Mice received i.p. injections of 2 mg/kg flunixin meglumine (Banamine)
30 min before surgery and then every 24 h for 3 d. Surgical anesthesia was
isoflurane in O, (for more details, see S/ Appendix, S| Methods). They were
implanted with a double-guide cannula (5-mm length, 26 gauge, 1-mm
distance between the cannulae; Plastics One Inc.) containing a dummy
cannula of equal length (for details, see S/ Appendix, S| Methods). Mice were
placed back into their home cage and under infrared light for 30 min for
postoperative monitoring.

Rotarod and Activity Measurements of Cannulated Mice. All injections (INJ1-4)
took place within the first hour of the dark cycle, with at least 72 h of re-
covery time between injections and a maximum of four injections per ani-
mal. Using double internal cannulae (30 gauge, 5-mm length; Plastics One
Inc.) that were connected to Hamilton syringes (model 7001; Hamilton
Company) via water-filled polyethylene tubes (no. 51158; Stoelting), we in-
jected mice with 0.5 pL per side of either the NOS inhibitor .-NAME
(ab120136; Abcam; 100 mM in 0.9% normal saline) or with vehicle only in a
randomized manner; in the subsequent injection, mice initially injected with
L-NAME would be injected with vehicle, and vice versa. In INJ1 and INJ2, the
mice were placed into a new cage box that contained two novel olfactory
stimuli; these were coffee powder and pistachios after INJ1 and cinnamon
powder and dried rosemary leaves after INJ2. This was followed by an un-
disturbed recording period of 1 h in the novel cage, followed by 24-h re-
cording in the home cage. In INJ3 and INJ4, the mice were again injected
with .-NAME or saline, followed by a 10-min rest period and a rotarod assay.

Mice were trained for the rotarod (Panlab/Harvard Apparatus) 24 h before the
first rotarod assay, until they reached a latency before falling of at least 5 min at
4 rpm. The rotarod assays were performed 24 h before surgery, 24 h before
the first injection experiment, and after INJ3 and INJ4. Each assay consisted of
three trials per mouse, with resting periods of 5 min between trials. The average
of the three latency measurements (in seconds) was used for analysis.

Quantification and Statistical Analysis. For RNA-seq, quality assessment and
pathway analyses were performed using conventionally accepted software.
RIN scores were obtained using an Agilent Bioanalyzer. The fastq files were
generated through CASAVA v1.8.2 (lllumina). They were then examined using
the qualimap application (54) to make sure all samples were sequenced with
proper quality. Reads were first trimmed by cutadapt v1.83 with the following
parameters: cutadapt-times = 2-quality-base = 33-quality-cutoff = 5 -a
AAAAAAAAAAAAA —a TTTTTTTTTTTTT —a AGATCGGAAGAG —a CTCTTCCGATCT.
Trimmed reads were then aligned to mm10 using STAR v2.4.2a (55) aligner with
default parameters. The alignment results were evaluated through RNA-5eQC
v1.17 (56) to make sure all the samples had a consistent alignment rate and no
obvious 5’ or 3’ bias. Aligned reads were then summarized through feature
counts (57) with the gene model from Ensemble at gene level. DESeq2 (58)
was used for gene differential expression analysis. Significantly changed genes
were called by applying the following filtering: log2 fold change >1 and
padj <0.05. Pathway analysis was done through Ingenuity IPA version 01-07
(Qiagen) on genes with a fold change >2 and padj <0.05.

For behavioral data all data analysis was carried out using Microsoft Office
Excel 2016 (see S/ Appendix, SI Methods for details of data analysis).

Data and Software Availability. The RNA-seq data have been deposited in the
GEO database (accession no. GSE115526).

Additional Resources. Qualimap is available at doi: 10.1093/bioinformatics/
bts503.
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