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ARTICLE INFO ABSTRACT

Exposure to acute intermittent hypoxia (AIH) induces a progressive increase of sympathetic nerve activity (SNA)
that reflects a form of neuroplasticity known as sympathetic long-term facilitation (SLTF). Our recent findings
indicate that activity of neurons in the hypothalamic paraventricular nucleus (PVN) contributes to AIH-induced
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gm‘iﬂy' sLTF, but neither the intra-PVN distribution nor the neurochemical identity of AIH responsive neurons has been
H"'Preism‘f determined. Here, awake rats were exposed to 10 cycles of AIH and c-Fos immunohistochemistry was performed
ypertension

to identify transcriptionally activated neurons in rostral, middle and caudal planes of the PVN. Effects of graded
intensities of AIH were investigated in separate groups of rats (n = 6/group) in which inspired oxygen (O2) was
reduced every 6 min from 21% to nadirs of 10%, 8% or 6%. All intensities of AIH failed to increase c-Fos counts
in the caudally located lateral parvocellular region of the PVN. c-Fos counts increased in the dorsal parvocellular
and central magnocellular regions, but significance was achieved only with AIH to 6% O, (P < 0.002). By
contrast, graded intensities of AIH induced graded c-Fos activation in the stress-related medial parvocellular
(MP) region. Focusing on AIH exposure to 8% O,, experiments next investigated the stress-regulatory neuro-
peptide content of AlH-activated MP neurons. Tissue sections immunostained for corticotropin-releasing hor-
mone (CRH) or arginine vasopressin (AVP) revealed a significantly greater number of neurons stained for CRH
than AVP (P < 0.0001), though AIH induced expression of c-Fos in a similar fraction (~14%) of each neuro-
chemical class. Amongst AlH-activated MP neurons, ~30% stained for CRH while only ~2% stained for AVP.
Most AlH-activated CRH neurons (~82%) were distributed in the rostral one-half of the PVN. Results indicate
that AIH recruits CRH, but not AVP, neurons in rostral to middle levels of the MP region of PVN, and raise the
possibility that these CRH neurons may be a substrate for AIH-induced sLTF neuroplasticity.

1. Introduction

Exposure to acute intermittent hypoxia (AIH) induces plasticity in
neural circuits that govern sympathetic nerve activity (SNA). This
plasticity, referred to as sympathetic long-term facilitation (sLTF), de-
velops upon returning to continuous normoxia following AIH exposure
and manifests as a progressive increase of SNA lasting for at least sev-
eral hours (Dick et al., 2007; Kim et al., 2018; Xing and Pilowsky,
2010). AIH-induced sLTF is understood only on a rudimentary level, but
has recently been linked to actions of the hormone angiotensin II
(AnglI) at the blood-brain-barrier deficient subfornical organ (SFO) of
the forebrain and at arterial chemoreceptors of the carotid bodies (Kim
et al., 2018). Consistent with this mechanism, our recent study revealed

that AIH-induced sLTF is nearly prevented by prior chemical inhibition
of the hypothalamic paraventricular nucleus (PVN) (Kim et al., 2018),
which lies synaptically downstream of the SFO (Ferguson, 2009;
Miselis, 1981) and carotid body chemoreceptor inputs (Coldren et al.,
2017; Kim et al., 2018; King et al., 2012; King et al., 2015; Reddy et al.,
2005; Reddy et al., 2007). Whether dependence of sLTF on PVN neu-
ronal activity reflects an active role for PVN neurons in responding to
AIH or a permissive role in which ongoing PVN neuronal discharge
supplies a required ‘background’ level of synaptic excitation within
SLTF circuitry is presently unknown.

Here, we quantified AIH-induced recruitment of PVN neurons by
exposing awake rats to graded intensities of AIH and used im-
munostaining for the immediate early gene product c-Fos to map the
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regional and rostro-caudal distribution of transcriptionally activated
PVN neurons. Intermittent hypoxia has been linked to activation of
endocrine and autonomic components of the stress axis (Hwang et al.,
2017; Ma et al., 2008; Przygodda et al., 2017; Wang et al., 2004; Zoccal
et al., 2007), and because stress axis activation can enhance specific
forms of synaptic plasticity that may contribute to sLTF (Arango-
Lievano et al., 2015; Peters et al., 2018; Schierloh et al., 2007), we used
dual immunostaining to determine the extent to which individual AIH-
activated (c-Fos positive) PVN neurons contained the stress-regulatory
neuropeptides corticotropin releasing hormone (CRH) and arginine
vasopressin (AVP). We found that AIH robustly induced c-Fos amongst
CRH containing, but not AVP containing, neurons located in the rostral
half of the PVN's medial parvocellular subdivision, suggesting this po-
pulation of CRH neurons could contribute to AIH-induced sLTF neu-
roplasticity.

2. Methods
2.1. Animals and ethical approval

Studies used male Sprague-Dawley rats (250-380 g; Charles River
Laboratories, Wilmington, DE) that were housed in a temperature-
controlled room (22-23 °C) with a 14:10-h light-dark cycle. Rats con-
sumed standard chow with ad libitum access to tap water. All experi-
mental procedures conformed to National Institutes of Health
Guidelines and were approved by Institutional Animal Care and Use
Committee of the University of Texas Health Science Center at San
Antonio.

2.2. Telemetric recording of arterial pressure and heart rate

Mean arterial pressure (MAP) and heart rate (HR) changes during
exposure to sham or graded intensities of AIH were recorded by radio
telemetry (Data Sciences International, Inc., Minneapolis, MN, USA) in
unanesthetized and unrestrained rats. Telemetry transmitters (model
HD-S10) were implanted using aseptic surgical technique as previously
described (Bardgett et al., 2014a; Sharpe et al., 2013a; Sharpe et al.,
2013Db). Briefly, each rat was anesthetized with isoflurane (~3% in O,),
a laparotomy was performed and the gel-filled catheter of pre-sterilized
transmitter was inserted into the abdominal aorta and affixed with
tissue adhesive. The transmitter housing was sutured to the posterior
abdominal wall and the laparotomy sutured closed. Upon regaining
consciousness, each rat received injections of the antibiotic penicillin G
(30,000 units) and the analgesic buprenorphine (50 pug/kg) before being
returned to a clean home cage. Rats were allowed to recover from
surgery for 7 days prior to experiments. Arterial pressure was sampled
at 500 Hz during 10 s sampling period each minute while rats experi-
enced sham AIH or AIH to 10%, 8% or 6% O,.

2.3. Exposure to acute intermittent hypoxia

Each rat individually housed in its home cage was relocated to a
custom-built Plexiglas chamber and allowed to acclimate at normoxia
(21% O,) for 5days. Thereafter, rats were exposed to our previously
described (Kim et al., 2018) AIH protocol (see Fig. 1A). Briefly,
chamber O, was reduced by perfusion with N, from 21% to nadirs of
10%, 8% or 6% over a period of ~145s. Chamber O, was then held
near its nadir for ~35s before being returned to ~21% by perfusion
with room air over the next ~105 s. Episodes of hypoxia were separated
by a period of normoxia lasting ~75s such that the duration of each
normoxia-hypoxia cycle averaged ~6 min, allowing for 10 cycles/h. For
exposure to sham AIH, chamber O, was held continuously at 21% by
alternately switching chamber perfusion between two sources of com-
pressed room air. Fluctuations of O, during AIH were separately re-
corded from each chamber using an analog sensor (KE-25, Figaro GS
YUASA, Japan). Signals were amplified (Kent Scientific, Inc. USA),
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digitized at 10 Hz and analyzed using Spike2 software (v 7.1, Cam-
bridge Electronic Design, Cambridge, UK).

2.4. Immunohistochemistry

Ninety minutes after exposure to sham AIH or one of the three levels
of AIH, rats underwent transcardiac perfusion with 4°C solutions of
heparinized saline (1000 U/mL, 100mL) followed by 4% paraf-
ormaldehyde (PFA, 300 mL) in 0.2 M phosphate buffer (pH 7.4). Brains
were removed, post-fixed at 4 °C for 4 h in PFA and transferred to 30%
sucrose-PBS for ~2 days at 4 °C. Brains were sectioned in the coronal
plane at 40 um using a sliding microtome (Leica SM 2000R). Sections
through the hypothalamus were collected into four serially adjacent
sets and stored in polyvinyl-pyrrolidone cryoprotectant at —20 °C.

Detection of c-Fos: Immunostaining for c-Fos protein in neuronal
nuclei was performed as described previously (Mitchell et al., 2018;
Stocker et al., 2004; Stocker et al., 2006). Tissue sections through the
PVN were removed from cryoprotectant and rinsed in 0.01 M PBS prior
to incubation in 0.5% sodium borohydride for 30 min then in PBS
containing 3% donkey serum and 0.3% Triton-X 100 for 2h. Sections
were then incubated with a polyclonal rabbit anti-rat c-Fos antibody
(1:10,000; Millipore) at 4 °C for 72 h followed by incubation with bio-
tinylated donkey anti-rabbit IgG (1:250; Vector Laboratories) for 2 h at
room temperature. Sections were rinsed and incubated for 10 min with
streptavidin-Alexa Fluor 594 (1:250; Invitrogen).

Neurochemical phenotyping: c-Fos stained sections underwent co-
immunostaining for corticotropin-releasing hormone (CRH) or arginine
vasopressin (AVP). Staining was compared between rats exposed to
sham AIH and AIH to 8% O,. The latter intensity of AIH was selected
because it induced robust c-Fos expression in the PVN without eliciting
obvious arousal behavior (see supplemental video file, S1). Hence c-Fos
expression likely reflects neurons responsive to intermittent hypoxia
rather than any behavioral consequences of hypoxic exposure.

To colocalize c-Fos amongst CRH or AVP containing neurons, c-Fos
stained sections were incubated for 2h in PBS containing 3% normal
goat serum and 0.3% Triton-X 100 followed by incubation with a goat
anti-rabbit IgG secondary antibody. Sections were then rinsed and in-
cubated with polyclonal guinea pig anti-CRH or anti-AVP antibody
(1:1000; Peninsula Laboratories). Sections were then rinsed and in-
cubated for 2h with a goat anti-guinea pig IgG secondary antibody
(1:250; Invitrogen). Sections were again rinsed, then incubated for
10min with streptavidin-Alexa Fluor 488 conjugate (1:250;
Invitrogen).

Immunofluorescent images of PVN were captured using an inverted
confocal microscope (Eclipse TE 2000E, Nikon) equipped with a 16-bit
Andor Technology iXon camera. NIS-Elements AR software (v3.2) was
used to mark and count neurons containing c-Fos, CRH and AVP im-
munofluorescence. Sub-divisions of the rat PVN were defined according
to established criteria (Swanson and Kuypers, 1980).

2.5. Data analysis

For analysis of MAP and HR, values acquired each minute were
averaged into 6 min bins, which is equivalent to the average during of
each normoxia-hypoxia cycle. Values during sham and graded AIH were
analyzed by two-way ANOVA followed by a layered Bonferroni post hoc
test when indicated by a significant treatment x time interaction. The
number of c-Fos stained nuclei as well as CRH or AVP stained soma
were separately counted in representative sections from representative
rostral, middle and caudal planes of the PVN. To quantify the propor-
tion of CRH or AVP neurons activated by AIH, we related the size of
each neuropeptide population (i.e., total CRH+ or AVP + counts) in the
PVN to the size of the respective population that contained both CRH
and c-Fos or AVP and c-Fos immunoreactivities (i.e., double-labelled
neurons). These ratios were expressed as the percent of the CRH or AVP
cell population that was doubled labelled with c-Fos (see Fig. 3D).



N.O. Maruyama et al.

A

Experimental Neurology 314 (2019) 1-8

Fig. 1. Chamber O,fluctuations and cardiovas-

sham AIH AlH 10% 02 cular responses to graded AIH. (A) Representative
22 s 22 traces of chamber O, concentration showing the
%g ] %g i pattern of O, changes during exposure to sham AIH
Chamber 16 - 16 - (top, left) and graded intensities of AIH (bottom,
e) 14 14 right) over a period of 1h. (B) Summary mean ar-
2 ,113 : 1% ] terial pressure (MAP, left) and heart rate (HR, right)
(%) 8 - 8 - _ data at baseline and during exposure to sham and
61 6 6 min graded AIH (n = 4/group). MAP and HR were un-
0r o Ui o altered relative to baseline by sham AIH or AIH to
22 - AlH 8% C)2 22 4 AlH 6% 02 10% and 8% O,. AIH to 6% O, was accompanied by
20 20 1 modest and transient increase of MAP during cycles
Chamber 15 L 1 and 2. * P < 0.0017, ¢ P < 0.004 vs. corre-
o 14 - 14 sponding time point in the sham AIH group. Dashed
2 1(2) - :]lg - vertical lines indicate period of AIH exposure.
(%) g 8]
6 < 61
o= o>
B -0- ShamAIH -« AIH8% O,
o AIH10% 0O, —+ AIH 6% O,
120 : : 500+
115 : :
L —
£ 105 g 400-
£ 100 o
o 9 x 350
< w0 ;
85 : 300-
ol . ; . , 2501 —; . ; . .
0 30 60 90 120 0 30 60 90 120

Time (min)

Similarly, to quantify the proportions of AIH-activated PVN neurons
that co-stained for CRH or AVP, we related the size of the AIH-activated
neuron population (i.e., total c-Fos+ counts) to the size of the neuron
population that contained both c-Fos and CRH or c-Fos and AVP im-
munoreactivities (see Fig. 3E). At each rostro-caudal plane, counts were
separated according to PVN subregions and compared between sham
AIH and AIH to 10%, 8% and 6% O,. Neurons in rostral, middle, and
caudal planes of the PVN that were c-Fos-positive and double-labelled
with CRF or AVP were separately counted. Total counts in each PVN
subregion were estimated by summing region specific counts across the
rostral, middle and caudal planes. Cell count data were analyzed by
two-way ANOVA (GraphPad Prism 7.04 Software) followed by a
layered Bonferroni post-hoc test when indicated by a significant treat-
ment x time interaction. For all comparisons, a multiplicity error cor-
rected critical value of P < 0.05 was considered statistically sig-
nificant.

3. Results
3.1. Effects of AIH on blood pressure and heart rate

Conscious unrestrained rats were exposed to continuous normoxia
(sham AIH) or to AIH protocols consisting of 10 normoxia-hypoxia
cycles over a period of 1h. Hypoxic episodes of AIH were to graded
nadirs of 10%, 8% or 6% O, (Fig. 1A). Values of MAP and HR (Fig. 1B)
remained stable during sham treatment and during AIH exposure to
10% and 8% O.. AIH to 6% O, also failed to alter HR, but a significant
increase of MAP relative to the sham group was detected [F
(3,156) = 11.58, P < 0.0001], with pair-wise analysis indicating in-
creased MAP limited to AIH cycles 1 (P < 0.0017) and 2 (P < 0.004).
MAP and HR were stably maintained in the sham-AIH group during a
1h post exposure period. By comparison, values in rats exposed to
graded intensities of AIH were more variable, but not statistically

Time (min)

different from those of the sham-AIH group.

3.2. Distribution of AIH responsive PVN neurons

Immunofluorescent staining of c-Fos was used to identify neurons in
rostral, middle, and caudal planes of the PVN that were tran-
scriptionally activated by AIH (Fig. 2A). Amongst rats exposed to sham
AIH, c-Fos counts were sparse (total: 38 = 12) and distributed nearly
evenly through rostro-caudal planes of the PVN. A significant interac-
tion between PVN subregions and graded intensities of AIH was de-
tected [F(9,80) = 18.89, P < 0.0001], with c-Fos counts in the medial
parvocellular (MP) region being significantly greater relative to sham
treatment at each intensity of ATH (sham vs. 10%, P < 0.0065; sham vs.
8% and 6%, P < 0.0001). Analysis further revealed that c-Fos counts
in the MP region progressively increased with increasing intensities of
AIH (sham vs. 10%, P < 0.0065; 10% vs. 8%, P < 0.005; 8% vs. 6%,
P < 0.0001). Relative to sham treatment, c-Fos counts also increased
(P < 0.05) in the dorsal parvocellular (DP) and central magnocellular
(CM) regions of the PVN, but only in response to AIH to 6% O,. No level
of AIH increased c-Fos counts in the caudally located lateral parvocel-
lular (LP) region (Fig. 2B).

3.3. AIH activation of corticotropin releasing hormone (CRH) and arginine
vasopressin (AVP) neurons

Given that exposure to graded intensities of AIH induced graded c-
Fos counts only in the MP region of PVN, further analysis focused on
determining the neurochemical phenotype(s) of activated MP neurons.
Phenotyping focused on rats exposed to moderate AIH to 8% O, since
these showed significant c-Fos expression in the MP region (Fig. 2B)
without exhibiting obvious behavioral responses during hypoxic epi-
sodes (see video supplement, S1). Co-localization analysis focused on c-
Fos amongst CRH and AVP expressing neurons since these are the
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Fig. 2. Regional distribution of c-Fos in the PVN induced by exposure to
AIH. (A) Representative images of rostral (a-d), middle (e-h) and caudal (i-])
planes through the PVN. Immunofluorescence of c-Fos staining is shown for rats
exposed either to sham AIH (ae,i) or AIH to 10% (b,f,J), 8% (c,gk) and 6%
(d,h,1) O,. Line drawings (right column) depict PVN subregions. (B) Summary
data (n = 6/group) of the number of c-Fos immunoreactive nuclei in PVN
subregions summed across rostral, middle and caudal planes. AIH to graded
nadirs of O, induced graded increases of c-Fos only in the MP subregion of PVN.
c-Fos counts also increased in the DP and CM regions of PVN, but only in the
group exposed to AIH to 6% O,. PVN subregions - DP, dorsal parvocellular; MP,
medial parvocellular; LP, lateral parvocellular; CM, central magnocellular.
Significance symbols indicate comparison within PVN subregion. * P < 0.0065 vs.

sham AIH, ¢ P < 0.005 vs. 10% AIH, ¥ P < 0.0001 vs. 8% AIH, 6 P < 0.002
vs. 10% and 8% AIH.
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LP CM

dominant stress-regulatory cell types of the MP region of PVN (Herman
et al., 1994; Lightman, 2008).

A significantly greater (P < 0.0001) number of MP neurons were
immunoreactive for CRH than AVP (Fig. 3C), and count totals were
unaffected by AIH to 8% O,. Although AIH triggered c-Fos in a greater
percentage of MP CRH (P = 0.0013) and AVP (P = 0.0006) neurons
relative to sham treated controls, a similar percentage (~14%) of CRH
and AVP stained neurons co-localized c-Fos in the AIH group (Fig. 3D).
Further analysis revealed that the percentage of c-Fos stained neurons
co-labelled with CRH or AVP was not different between sham treated
and AIH exposed rats (Fig. 3E), indicating that c-Fos induced in re-
sponse to ATH was not specific to these neuropeptide expressing neu-
rons. Analysis further revealed that a significant fraction of AIH re-
sponsive (c-Fos positive) MP PVN neurons expressed CRH (~30%), but
not AVP (~2%) (Fig. 3E).

3.4. Rostro-caudal distribution of MP CRH neurons activated by AIH

Because ~30% of c-Fos counts were localized to CRH neurons both
in sham treated and AIH exposed rats (see Fig. 3D), AIH does not appear
to selectively recruit CRH containing PVN neurons. However, AIH in-
creased both the number (see Fig. 3C) and percentage (see Fig. 3D) of
activated (c-Fos stained) CRH neurons without changing the size of the
CRH neuron population. Data therefore indicate that AIH recruited
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~12% more of the CRH neuron pool compared to sham treatment. With
the latter in mind, we sought to determine if MP CRH neurons recruited
by AIH were differentially distributed within the PVN. Figs. 4A shows
that 83 + 2% of c-Fos counts induced by AIH were located in the
rostral half of the PVN, with significantly greater c-Fos counts located at
the middle plane of the PVN compared to the rostral (P = 0.0003) or
caudal planes (P < 0.0001). A similar pattern was observed for CRH
stained neurons in which 80 + 2% were located in the rostral half of
the nucleus (Fig. 4B). In line with this pattern, 82 + 2% of AIH-acti-
vated CRH stained neurons (double labelled) in the MP region were
likewise located in the rostral one-half of the PVN, with a significantly
greater number of double labelled neurons in the rostral (P = 0.002)
and middle (P = 0.02) planes than the caudal plane of the PVN
(Fig. 4C).

4. Discussion

Recent findings suggest that exposure to AIH activates PVN neurons
(Blackburn et al., 2018). This interpretation is based on evidence in
anesthetized rats that chemical inhibition of the PVN interferes both
with bursts of sympathetic nerve activity (SNA) that accompany hy-
poxic episodes of AIH and with long-term facilitation of SNA (sLTF) that
develops thereafter. But it is unknown whether these effects of PVN
inhibition reflect interference with AIH stimulated discharge of PVN
neurons or a reduction of ongoing PVN output signals that normally
facilitate AIH-driven responses of neurons downstream. To address this
knowledge gap, we used immunostaining of the immediate early gene
product c-Fos to index transcriptional activation of PVN neurons when
conscious rats were exposed to graded intensities of ATH.

In support of the view that AIH did indeed activate PVN neurons,
graded AIH was found to induce graded increases in the number of c-
Fos stained neuronal nuclei, but, interestingly, only in the MP sub-
region, which is densely populated with stress-related neurons in the rat
(Coldren et al.,, 2017; Herman et al., 1995; Hwang et al., 2017;
Wamsteeker and Bains, 2010). Of interest is that PVN neurons with
monosynaptic connections to the spinal cord that regulate sympathetic
outflow are dominantly located caudally in the PVN (Chen and Toney,
2003; Pyner and Coote, 2000; Sawchenko and Swanson, 1982; Stocker
et al., 2006), and somewhat to our surprise AIH induced c-Fos expres-
sion in relative few neurons in the caudal LP region, suggesting that
sympathetic responses to AIH are not likely to be relayed through these
direct spinal projections.

Within the MP region, CRH stained neurons far outnumbered those
stained for AVP. With this previously documented pattern (Lightman,
2008; Sawchenko et al., 1984) in mind, it is perhaps not surprising that
a significant fraction of activated MP neurons (~30%) contained CRH,
while a small minority (~2%) contained AVP. Together with existing
literature evidence (Ma et al., 2008; Przygodda et al., 2017; Xing and
Pilowsky, 2010), these findings suggest that MP CRH neurons could
represent a synaptic nodal point within an AIH responsive network.
Insight into the circuitry activated by AIH has been provided in a recent
report (Kim et al., 2018), which revealed a critical role for the circu-
lating hormone angiotensin II (Angll) in triggering AIH-induced sLTF.
According to that study, AIH increases blood borne Angll, which then
acts both at carotid body chemoreceptors to sensitize their activation by
hypoxemia (Fung, 2015; Marcus et al., 2010; Schultz, 2011), and at the
blood-brain-barrier deficient forebrain subfornical organ (SFO)
(Anderson et al., 2001; Ferguson, 2009). This model of sLTF is con-
sistent with involvement of PVN neurons because they receive inputs
both from arterial chemoreceptor responsive neurons in the nucleus
tractus solitarius (NTS) (Coldren et al., 2017; King et al., 2012; King
et al., 2015; Reddy et al., 2005; Reddy et al., 2007) and from AngII
responsive neurons in the SFO (Bains et al., 1992; King et al., 2012).

The extent to which CRH neurons expressed c-Fos specifically in
response to these Angll-facilitated AIH-driven inputs is presently un-
known. If they did, an important question is whether CRH neuronal
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activation (with or without exposure to AIH) would be sufficient to
recapitulate sLTF-like ramping of SNA. Support for this possibility
stems from our previous study in which a progressive increase of
splanchnic SNA was elicited by hyperglycemia (Bardgett et al., 2014b).
In that study, the slope of the SNA ramp was similar to that of post-AIH
sLTF, and the ramp was largely prevented by prior blockade of CRH
receptors in the brainstem RVLM. Given that the RVLM is a known
downstream target of CRH neurons in the PVN (Bardgett et al., 2014b;
Van Kempen et al.,, 2015), activation of a PVN-RVLM CRHergic
pathway appears capable of triggering a ramp-like increase of SNA that
resembles the sLTF response.

It should be stressed that most PVN-RVLM neurons express vGlut2
(Stocker et al., 2006), a marker of glutamatergic neurons, which sug-
gests that RVLM-projecting CRHergic neurons are likely also glutama-
tergic. Consequently, ramp increases of SNA caused by activating this
pathway, possibly by AIH, could reflect an interaction in the RVLM
between CRH receptor signaling and glutamatergic transmission
(Marcus et al., 2010). Such interactions have been documented for
hippocampal CA1 pyramidal neuron responses to Schaffer collateral
inputs from the CA3 region (Kratzer et al., 2013).

CRH
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Fig. 3. Co-localization of AIH-induced c-Fos with stress-
regulatory neuropeptides. Images of c-Fos stained sections
(a,d, red) in the MP region of PVN following exposure to sham
AIH and AIH to 8% O,. Sections were co-stained (b,e, green)
for CRH (A) or AVP (B) and merged images (c,f) show c-Fos
co-localization with CRH or AVP. Higher magnification
(40 x) images (far right) show double labelled neurons in
yellow. (C) Summary data (n = 6/group) of c-Fos, CRH and
AVP immunoreactive counts in the MP region of PVN. (D) AIH
induced c-Fos in a similar fraction of CRH and AVP neurons.
(E) The fraction of c-Fos positive MP PVN neurons that ex-
pressed CRH was similar in sham and AIH exposed rats, and
these were each significantly greater than the fraction im-
munoreactive for AVP. * P < 0.005, 0 P = 0.0006 vs. sham
AIH, 1 P < 0.0001, ¥ P = 0.0035, ¢ P = 0.0005 vs. corre-
sponding AVP value. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)

AVP

As noted, the present study found that ~30% of AIH-activated MP
neurons contained CRH and exceeding few contained AVP. The neu-
rochemical identity of the remaining ~70% of AIH responsive PVN
neurons is unknown. Within the MP region, neurons express a host of
neuropeptides including oxytocin (Kita et al., 2006; Lee et al., 2013),
dynorphin (Lee et al., 2013), somatostatin (Swanson and Sawchenko,
1983), neurotensin (Goedert et al., 1985) and substance P (Argiolas and
Melis, 2013; Nunn et al., 2011), along with a population of dopami-
nergic neurons (Swanson and Sawchenko, 1983; Swanson et al., 1981).
Which of these might be responsive to AIH is unknown, and what role
they might play in transmitting sLTF signals remains to be investigated.

Most AlH-activated PVN neurons were located in the rostral half of
the nucleus. This distribution has potentially important implications
because neurons in the rostral and middle portions of PVN, in addition
to projecting to the brainstem to regulate SNA (Stocker et al., 2004;
Stocker et al., 2006; Swanson and Kuypers, 1980), comprise neu-
roendocrine cells of the HPA axis and are thus critical for responding to
a host of stressors (Lightman, 2008; Wamsteeker and Bains, 2010). This
is important because stress responsive PVN neurons are known to also
project to limbic regions (Li and Sawchenko, 1998; Rodaros et al.,
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Fig. 4. Distribution of AIH responsive CRH neurons. Cell counts of neurons
individually stained for c-Fos (A) and CRH (B) in rostral, middle and caudal
planes of the MP PVN of rats exposed to sham AIH (n = 6, open bars) and AIH
to 8% O, (n = 6, filled bars). (C) Rostro-caudal distribution of double-labelled
MP PVN neurons containing c-Fos and CRH immunoreactivity. * P = 0.0003 vs
rostral value in AIH group; 6 P < 0.0001 vs caudal value in AIH group and middle
value in sham group; T P < 0.002, ¥ P < 0.003 vs corresponding caudal values; ¢
P = 0.002 vs rostral value in sham group; ¥ P = 0.02 vs. within group caudal value.

Rostral

2007; Sofroniew, 1980), which suggest possible roles in modulating
mood (Bao and Swaab, 2010; Mitchell et al., 2018; Scott and Dinan,
1998; Veenema and Neumann, 2008) as well as memory acquisition
and retention (Bergstrom, 2016). Hence AIH exposure may constitute a
stressor that modulates a host of functionally significant endpoints,
possibly by triggering widespread neuroplasticity through mechanisms
in common with those that result in post-AIH sLTF.

To our knowledge, this study is the first to have recorded MAP and
HR responses to graded intensities of AIH in conscious unrestrained rats
using radio telemetry. We found that graded levels AIH did not affect
HR, and caused a modest and transient rise of MAP only in animals
exposed to the most hypoxic level of AIH examined (i.e., nadirs of 6%
0,). More pronounced cardiovascular effects of AIH have been reported
in anesthetized rats (Blackburn et al.; Kim et al., 2018), and these are
likely explained by one or more of the following: (1) Anesthesia-in-
duced blunting of arterial chemoreflex sympathoexcitation, which
could have permitted more pronounced depressor effects of hypoxic
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vasodilation (Marcus et al., 2009). (2) Inability of anesthetized animals
to hyperventilate during hypoxic episodes due to chemical paralysis
and artificial ventilation. (3) Interruption of pulmonary and cardiac
viscero-sensory inputs as well as cardio-motor inhibitory outflow due to
bilateral cervical vagotomy.

Of interest is that development of sLTF during the post-AIH period
in anesthetized rats is not accompanied by significant effects on HR and
is inconsistently accompanied by an increase of MAP (Blackburn et al.,
2018; Kim et al., 2018; Xing and Pilowsky, 2010; Xing et al., 2014).
Here, we recorded HR and MAP in conscious rats during a 1 h post-AIH
period and found that neither HR nor MAP was significantly altered
relative to baseline. Whether this indicates that any increase of SNA
that may have occurred during the post-AIH period (i.e., sLTF) was
dominated by non-vasomotor activity is presently unknown. It is also
possible that autonomic reflexes as well as peripheral vascular and
cardio-regulatory mechanisms active during the post-AIH period could
have offset any tachycardic and pressor effects of sLTF that might
otherwise have been observed. Finally, we cannot presently rule out the
possibility that failure of HR and MAP to change during the post-AIH
period in conscious rats might reflect failure of AIH to trigger sLTF.

Favoring the likelihood that AIH in conscious animals can trigger
sLTF is evidence that intermittent optogenetic activation of the caudal
NTS, where arterial chemoreceptor afferent inputs terminate, triggers
an sLTF-like response without causing repetitive reductions of MAP
(renal perfusion pressure) (Yamamoto et al., 2015). This is significant
because repetitive reductions of MAP during AIH presumably aid acti-
vation of the peripheral renin-angiotensin-system, which has recently
been reported in anesthetized rats to be essential for triggering post-AIH
SLTF (Kim et al., 2018). Studies in conscious humans also indicate that
repetitive voluntary apneas that are not accompanied by reductions of
MAP can also trigger a long-lasting elevation of SNA, resembling the
sLTF response (Cutler et al., 2004). The above findings suggest that
elevated plasma AnglI during AIH may not depend on renin released in
response to reduced MAP. Definitive evidence that AIH induces sLTF in
conscious animals will require stable recording of SNA during and after
AIH, which poses a daunting technical challenge given available nerve
recording technology.

In summary, results of the present study indicate that exposure of
conscious rats to graded intensities of AIH elicits only muted cardio-
vascular responses, but triggers graded c-Fos activation amongst PVN
neurons in the rostral half of the medial parvocellular region of the
nucleus. The neurochemical identity of most AIH responsive PVN
neurons remains to be determined, but findings reveal a significant
population of responsive neurons contain the neuropeptide CRH. These
neurons likely contribute to AIH-induced activation of endocrine and
autonomic components of the stress response. Additional studies are
needed to precisely define the role these CRH neurons play in AIH-
induced sLTF neuroplasticity.
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