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Abstract

We tested the hypotheses that: 1) long-term facilitation (LTF) following acute intermittent hypoxia
(AIH) varies among three inbred rat strains: Fischer 344 (F344), Brown Norway (BN) and Lewis
rats, and 2) ventral cervical spinal levels of genes important for phrenic LTF (pLTF) vary in
association with pLTF magnitude. Lewis and F344, but not BN rats exhibited significant increases
in phrenic and hypoglossal burst amplitude 60 min post-AlH that were significantly greater than
control experiments without AlH, indicating strain differences in phrenic (98%, 56% and 20%,
respectively) and hypoglossal LTF (66%, 77% and 5%, respectively). Ventral spinal 5-HT,a receptor
mMRNA and protein levels were higher in F344 and Lewis versus BN, suggesting that higher 5-
HT,p receptor levels are associated with greater pLTF. More complex relationships were found for
5-HT7, BDNF and TrkB mRNA. BN had higher 5-HT7 and TrkB mRNA versus F344; BN and Lewis
had higher BDNF mRNA levels versus F344. Genetic variations in serotonergic function may
underlie strain differences in AlH-induced pLTF.

1. Introduction

Acute intermittent hypoxia (AIH) elicits a form of respiratory plasticity known as long-term
facilitation (LTF), a serotonin-dependent increase in respiratory motor output that persists long
after AIH has ended (Mitchell et al., 2001b; Mahamed and Mitchell, 2007). LTF is observed
in many species, including humans (Babcock & Badr, 1998; Pierchala et al., 2008) cats
(Millhorn et al, 1980a,b), rats (Bach and Mitchell, 1996), mice (Kline et al., 2002), dogs (Cao
et al., 1992), goats (Turner & Mitchell, 1997) and ducks (Mitchell et al., 2001a). In
unanesthetized, spontaneously breathing mammals, LTF is prominently expressed as increased
breathing frequency, with lesser changes in tidal volume; in contrast, LTF is predominantly
expressed as increased respiratory-related nerve burst amplitude (tidal volume equivalent) in
anesthetized animals (Powell et al., 1998; Mitchell et al., 2001b; Baker-Herman and Mitchell,
2008).
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Although frequency LTF most likely arises from plasticity in brainstem respiratory rhythm
generating neurons or in neural pathways to rhythm generating neurons (Powell et al., 1998;
Blitz and Ramirez, 2002), amplitude LTF most likely arises predominantly in respiratory motor
nuclei (Powell etal., 1998; Mitchell et al., 2001b; Feldman et al., 2003; Mahamed and Mitchell,
2007). Although our understanding of cellular/synaptic mechanisms giving rise to amplitude
LTF has advanced considerably in recent years (Feldman et al., 2003; Mahamed and Mitchell,
2007; MacFarlane et al., 2008), mechanisms of frequency LTF remain poorly understood. We
hypothesize that a similar mechanism underlies amplitude LTF in phrenic and other respiratory
motor pools (e.g., hypoglossal LTF).

pLTF is hypothesized to be initiated by intermittent serotonin release in the cervical spinal cord
near phrenic motor neurons, thereby initiating signaling cascades that ultimately strengthen
synaptic inputs to respiratory motor neurons (see Baker et al., 2001; Mitchell et al., 2001b;
Feldman et al., 2003; Mahamed and Mitchell, 2007; MacFarlane et al., 2008). Our working
model is that intermittent 5-HT> receptor activation on (or near) phrenic motor neurons (Fuller
etal., 2001a; Baker-Herman and Mitchell, 2002) or interneurons initiates new BDNF synthesis
(Baker-Herman et al., 2004), subsequently activating the high affinity BDNF receptor, TrkB
(Baker-Herman et al., 2004). We further hypothesize that TrkB activation strengthens
glutamatergic inputs from pre-motor to phrenic motor neurons or interneurons (McGuire et al.,
2005, 2008; Bocchairo and Feldman, 2004). AIH may increase the activation of other receptors,
including 5-HT> and/or adenosine Ay receptors, which constrain the 5-HT, receptor induced
pLTF via cross-talk inhibition (Hoffman and Mitchell, 2008a,b; Hoffman et al., 2009).

There is considerable variation in LTF, even in the same species (Fuller et al., 2000b; Mitchell
et al., 2001b; Behan et al., 2003). For example, Sprague-Dawley rats from different suppliers
(Fuller et al., 2001b), or different colonies within the same supplier (Fuller et al., 2000), exhibit
substantial variation in the magnitude of AlH-induced LTF. Sex hormones also influence LTF
(Zabka et al., 2001, 2005, 2006), with estrogen proposed to play a key role in this form of
neuroplasticity (Behan et al., 2003; Zabka et al., 2006; Behan and Wenninger, 2008). Genetic
or epigenetic factors may underlie these differences in the capacity for respiratory plasticity.
Indeed, genetic differences in plasticity-related proteins are associated with a differential
capacity for plasticity in the hippocampus in different rodent strains (Nguyen et al., 2000;
Manahan-Vaughan, 2000; Schimanski et al., 2007).

Here, we tested the hypothesis that variations existin pLTF, X1l LTF and frequency LTF among
inbred rat strains, and that these strain differences are associated with variations in gene
expression (MRNA) and protein levels of key molecules in the mechanism of pLTF. Thus, we
measured AlH-induced LTF in three inbred rat strains that exhibit similar burst amplitude
responses in phrenic and XII activity during hypoxia (Golder et al., 2005a): Fisher 344 (F344),
Brown Norway (BN) and Lewis rats. We also measured constitutive expression of 5-HT,4 and
5-HT7 receptor, BDNF and TrkB receptor mRNA, and 5-HT>,a receptor protein levels in
ventral cervical segments that encompass the phrenic motor nucleus. Rat strains with greater
pLTF exhibit greater ventral cervical spinal levels of 5-HT,4 mRNA and protein, whereas the
relationships between BDNF, TrkB and 5-HT7 receptor mRNA with pLTF are less clear.

2. Material and Methods

2.1 Animals

Electrophysiological recordings were made from male rats from three inbred strains: Brown
Norway (BN, n = 41; 104 £ 9 days old; 285 + 4 g; Harlan colony 217), Fischer F344 (F344,
n = 45; 115 + 3 days old; 295 £ 9 g; Harlan colonies 202A and 202B, and NIH-NIA Aged
Rodent Colony), and Lewis (n = 34; 117 £ 4 days old; 367 + 7 g; Harlan colonies 202A and
202B). Data were obtained from rats specific to this study (BN, n = 12; F344, n = 18; Lewis,
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n = 18) and rats used in other published studies from our laboratory using an identical
experimental protocol (Golder and Mitchell, 2005; Zabka et al., 2005, 2006; Wilkerson et al.,
2005). Although all rats were exposed to the same treatment and experimental protocols, minor
differences may exist in surgical preparation. For example, some rats received sham surgeries
for gonadectomy (Zabka et al., 2005, 2006) or spinal cord injury (Golder and Mitchell,
2005), or were prepared for bilateral phrenic nerve recordings (Golder and Mitchell, 2005).
These additional rats from our other published studies were included to increase our confidence
in observed pLTF differences among rat strains. Similar qualitative results were obtained prior
to the addition of these rats (compare Bavis et al., 2003 abstract with data presented here).

Separate groups of rats were used for mMRNA analyses of 5-HT,a receptors (BN, n = 4; F344,
n=4; Lewis, n =4), BDNF (BN, n = 4; F344, n = 5; Lewis, n =5), TrkB (BN, n =5; F344, n
=5; Lewis, n = 4) and 5-HT7 receptors (BN, n = 4; F344, n = 5; Lewis, n = 4) in the ventral
cervical spinal cord. Another separate group of rats was used to assess 5-HT,a receptor protein
levels in the ventral cervical spinal cord (BN, n = 3; F344, n = 3; Lewis, n = 3). Rats for the
mRNA and protein analyses were obtained from the following colonies: BN, Harlan colony
217; F344, Harlan colony 202A; Lewis, Harlan colony 202A. All procedures were approved
by the Institutional Animal Care and Use Committee of the School of Veterinary Medicine at
the University of Wisconsin, Madison.

2.2 Electrophysiology

Phrenic and hypoglossal (XII) neurograms were recorded in rats exposed to acute intermittent
hypoxia (AlH; phrenic: BN, n = 28; F344, n = 31; Lewis, n = 25; XII: BN, n=23; F344,n =
36; Lewis, n = 14) or an equivalent duration of recording without AIH (time controls; phrenic:
BN, n=12; F344, n = 4; Lewis, n =7; XII: BN, n = 11; F344, n = 4; Lewis, n = 4). We were
unable to obtain data from both the phrenic and XII nerves in a few rats; thus, sample sizes for
phrenic and XII LTF differ slightly.

2.3 Experimental preparation

Rats were induced with isoflurane anesthesia (in 50% O,, balance N»). The trachea was
exposed and cannulated to permit mechanical ventilation (2.0-2.5 ml, Rodent respirator model
683; Harvard Apparatus, South Natick, MA). Rats were ventilated with approximately 50%
Oy, balance N, throughout surgery and experimental protocols. Bilateral vagotomy was
performed to prevent entrainment of respiratory nerve activity with the ventilator. The femoral
artery was cannulated to measure arterial blood pressure (model P122, Grass Telefactor, West
Warrick, RI) and to sample arterial blood for pH and blood-gas measurements (ABL-500,
Radiometer, Copenhagen, Denmark). A femoral or tail vein was cannulated to enable drug and
fluid administration (5 ml/kg/h, lactated Ringer with 0.8% sodium bicarbonate). Endtidal
PCO, was measured continuously using a mainstream CO, monitor (Capnoguard, Novametrix
Medical Systems, Wallingford, CT) with sufficient response time to measure endtidal gas
composition in anesthetized rats. The left phrenic and hypoglossal nerves were isolated via a
dorsal approach, desheathed and submerged in mineral oil. Following surgery, the rats were
converted to urethane anesthesia (1.6 g/kg i.v.) and isoflurane was discontinued. Rats received
pancuronium bromide (1 mg/kg i.v.) for neuromuscular paralysis.

Phrenic and XII nerves were placed on bipolar silver recording electrodes. Nerve activity was
amplified (gain, 10,000; A-M Systems, Everett, WA), band-pass filtered (100 Hz to 10 kHz),
rectified, and processed with a moving averager (CWE 821 filter; Paynter, Ardmore, PA; time
constant, 50 ms). The signal was then digitized, recorded, and analyzed using the WINDAQ
data-acquisition system (DATAQ Instruments, Akron, OH). Inspired CO, was added and/or
ventilation rate was adjusted until fictive respiratory bursts were observed in the phrenic and
XI1I neurogram. This generally occurred at end-tidal PCO levels between 40 and 45 mmHg.
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2.4 Long-term facilitation protocol

One hour following surgery, the apneic and recruitment CO, thresholds were determined.
Briefly, end-tidal PCO, was decreased by hyperventilating the rats until phrenic inspiratory
activity ceased (apneic threshold), and then slowly increased until phrenic bursting resumed
(recruitment threshold). Baseline burst amplitude was set at 2-3 mmHg above the recruitment
threshold. End-tidal PCO, was monitored throughout the protocol and maintained at baseline
levels.

Integrated phrenic and hypoglossal neurograms were recorded for 20—30 min following
determination of the recruitment threshold to establish baseline respiratory activity. Rats were
then given 3, 5 min episodes of isocapnic hypoxia (F|o, = 0.10-0.12), separated by a 5 min
return to baseline conditions (Fjo, = 0.5). After the final hypoxic episode, baseline conditions
were again restored and respiratory activity was recorded for at least 60 minutes.

Avrterial blood samples (0.3-0.4 ml) were collected for pH and blood-gas measurements during
baseline conditions, during the first hypoxic episode, and 15, 30 and 60 minutes following the
final hypoxic episode. Peak integrated hypoglossal and phrenic burst amplitude and frequency
were measured for 30-s periods immediately before each blood sample. Animals were included
in the final analysis if: 1) arterial PO, (PaO,) during the hypoxic period was between 35 and
45 mmHg, 2) PaO, during baseline conditions was above 150 mmHg, 3) PaCO, during hypoxia
was within 2 mmHg of the baseline value, and 4) PaCO», following intermittent hypoxia was
within 1 mmHg of the baseline value.

2.5 Quantitative Real time-Reverse Transcriptase-PCR

Ventral cervical spinal sections (C3-Cs) were harvested from naive rats for mRNA analysis.
Briefly, rats were initially anesthetized with isoflurane in a closed box, and then were
euthanized via an intracardiac injection of sodium pentobarbital (150-200 mg/kg). Cervical
spinal segments C3-Cg were then removed quickly. Segments were placed onto a freezing
microtome and successive 50-um sections of dorsal horn were removed and discarded until
the ventral aspect of the central canal was visible. Total RNA was extracted from the remaining
ventral spinal tissue using TRIzol (1 ml; Invitrogen, Carlsbad, CA). 1 ug RNA was used from
each sample for reverse transcriptase using oligo(dT) primers and MMLYV reverse transcriptase
(Invitrogen). gRT-PCR was performed in duplicate to analyze the expression of 5-HT2a,
BDNF and TrkB mRNA using the following primer sequences:

BDNF forward 5'-CTGACACTTTTGAGCACGTGATC-3'
reverse 5-AGGCTCCAAAGGCACTTGACT-3

5-HT,a forward 5'-TGCCTGTGTCCATGTTAACCA-3'
reverse 5'-AAGAGCACATCCAGGTAAATCCA-3

Trk B forward 5'-GGCTGTGGTACCCGATCAGT-3'
reverse 5-CACTCACCCTTCGCCACCTA-3'

18s forward 5-AACGAGACTCTCGGCATGCTAA-3'
reverse 5'-CCGGACATCTAAGGGCATCA-3'

Primer specificity was confirmed by dissociation (melting) curve analysis and agarose gel
electrophoresis.

Data were collected and analyzed using the Comparative Cy method. Cycle thresholds (Cy)
were set in the linear range of amplification for each gene. The gene of interest was normalized
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as a difference from the amplification cycle at threshold for 18s mRNA. Non-template controls
(lacking cDNA) were generated for each gene to control for baseline reagent contamination.

2.6 Immunoblots

Ventral cervical spinal sections (C3-Cs) were harvested for 5-HT, receptor protein
measurements. Briefly, a separate group of naive rats were initially anesthetized with isoflurane
in a closed box, and then were euthanized via an intracardiac injection of sodium pentobarbital.
Cervical spinal segments C3-Cs were quickly removed and sections were placed onto a freezing
microtome. Successive 50-pum sections of dorsal horn were removed and discarded until the
ventral aspect of the central canal was visible. The remaining tissue was stored at —80°C until
homogenization in lysis buffer [20 mM Tris (pH = 8.0), 137 mM NaCl, 1% Tergitiol (Type
NP-40), 10% glycerol, 20 pg/ml aprotinin, 2 pg/ml leupeptin, 1 mM phenylmethylsulfonyl
fluoride and 1 mM sodium metavanadate]. Samples were centrifuged for 15 min at 12,000xg,
and the supernatants collected. Total protein was quantified using a commercially available kit
(Pierce Biotechnology Inc., Rockford, IL).

Samples were added to sample buffer (final concentration: 10 mM Tris, 0.75 mM EDTA, 10
mM DTT, 1% SDS, 3% glycerol and 0.1% bromophenol blue), boiled for 4-5 min and 25 g
protein was loaded into each well of a 10% SDS-PAGE gel. Proteins were transferred to
Immaobilon polyvinylidene difluoride (PVDF) membranes (Millipore Corp., Bedford, MA).
Membranes were blocked in 5% non-fat milk/TBST (10 mM Tris-HCL, pH 8.0, 150 mM NacCl,
0.05% Tween 20) at 37°C for 30 min and then probed for 1 hr at 37°C with mouse anti-5-
HT,a antibodies (1:1000; BD Biosciences, San Diego, CA) in 5% milk/TBST. Membranes
were washed 3x5 min in TBST and subsequently probed with anti-mouse antibodies
conjugated to horseradish peroxidase (1:4000; Santa Cruz Biotechnology, Santa Cruz, CA).
The immunoreactive bands were visualized using SuperSignal West Pico Chemiluminescent
Substrate (Pierce Biotechnology, Rockford, IL) and the Autochemi detection system (UVP,
Inc, Upland, CA). To ensure equal protein loading, blots were probed with antibodies
recognizing the cytosolic protein Grb-2 (1:2500; Santa Cruz Biotechnology, Santa Cruz, CA).

2.7 Data Analysis

Variables characterizing phrenic and hypoglossal motor output were averaged in 30s bins
(immediately preceding blood sampling) under baseline conditions, during and 60 min
following AlH, or an equivalent duration of baseline recording conditions (time controls).
Variables measured included peak amplitude of integrated phrenic and hypoglossal burst
activity and nerve burst frequency. Changes from baseline in burst amplitude were normalized
as a percentage of baseline values (% baseline). Changes in burst frequency are reported as the
absolute change in frequency from baseline values. Since there were no obvious strain
differences in time-dependent changes in phrenic or XII motor output in time controls, and no
a priori expectation of a difference, time controls from each strain were pooled together to
increase statistical power.

A one-sample t-test was used to determine if pLTF and XII LTF were significantly different
than zero, which represents the baseline value. A one-way ANOVA was used to determine if
recruitment thresholds, pLTF, XII LTF or changes in burst frequency 60 min post-AlH differed
among treatment groups. Time dependent changes in blood gases, blood pressure and burst
frequency were compared among treatment groups using two-way repeated measures ANOVA
followed by Student-Newman-Keuls post hoc tests.

For each rat, average Ct values for 18s mRNA (control gene) were subtracted from the average
Cr value for each gene investigated (AC+, Table 2). A large ACy value indicates the need for
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more replication cycles to reach amplification threshold; thus AC+ is inversely related to basal
mRNA levels. Strain comparisons were conducted using one-way ANOVA on ACy values.

Immunoblot band density (5-HToa receptor and Grb-2) was quantified using LabWorks
software (UVP, Inc., Upland, CA). 5-HT,a receptor density was normalized to Grb-2, and a
one-way ANOVA was used to detect significant differences in 5-HT,a receptor expression
among rat strains. Regression analysis was used to determine the relationship between average
baseline 5-HTya receptor levels and average pLTF magnitude.

Statistical tests were conducted using SigmaStat 2.03, SPSS Inc., Chicago, IL, USA).
Differences were considered statistically significant at p<0.05. All data are presented as means
+ SEM.

3.1. Blood gas variables and mean arterial pressure

3.2 pLTF

CO,, recruitment thresholds and blood gas variables differed among strains (Table 1). F344
rats had significantly lower recruitment thresholds (as measured by ETCO> levels) than BN
or Lewis rats (p<0.001). BN rats had significantly higher PaCO, and lower PaO, levels at
baseline than F344 and Lewis (each p<0.01), although the PaO, levels observed were not in a
range likely to affect carotid chemoreceptor function. Sixty minutes post-AlH, BN continued
to have significantly higher PaCO, and lower PO, levels than F344 or Lewis rats (p<0.004).
Lewis rats also had significantly higher PaCO, levels than F344 rats at 60 min post-AlH
(p=0.04).

Within each strain, PaCO5 levels 60 min post-AlH did not differ from baseline PaCO, values
(p>0.05), indicating that time-dependent changes in respiratory neural activity were not due
to a time-dependent changes in chemoreceptor stimuli (i.e., PaCO5 levels). PaO5 levels 60 min
following AIH were significantly lower than baseline in BN and F344 rats (p<0.03); however,
since PO, remained well above normoxic levels throughout the protocol, we do not believe
that this drift is physiologically relevant.

Mean arterial pressure was significantly lower in Lewis rats versus BN or F344 during both
baseline and 60 min post-AlH (p<0.001; Table 1). In all strains, mean arterial pressure
decreased from baseline values at 60 min post-AlH (p<0.001), but the decrease did not differ
among strains.

All strains exhibited a significant increase in phrenic burst amplitude from baseline at 60 min
post-AlH, indicating pLTF (figure 1a; BN = 20 +/— 6%; F344 = 56 +/— 6%; Lewis = 98 +/—
18% baseline; all p<0.01). The increase in phrenic motor output following AIH differed
significantly among rat strains (p<0.01). Time controls (without AIH) were pooled from each
strain since there were no time-dependent changes in phrenic motor output among strains over
the 90-min recording period (p=0.1). Collectively, time controls had a small, but significant
increase in phrenic burst amplitude at 60 min following the sham protocol (control = 14 +/—
5% baseline; p<0.02), indicating that phrenic activity drifts slightly upward in this experimental
preparation over a 90-min recording period. F344 and Lewis (p<0.02), but not BN (p>0.7) rats,
had a significantly greater increase in phrenic burst amplitude at 60 min post-AlH versus the
time controls, indicating that only F344 and Lewis rats exhibit robust pLTF.

Regression analysis was used to determine if baseline PaCO, levels or the drift in PaO»,
PaCO, or mean arterial blood pressure from baseline to 60 min post-AlH were significant
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predictors of pLTF magnitude. No significant relationship was found for any of these variables
(all p>0.4; data not shown).

XI1I burst amplitude was significantly increased above baseline 60 min post-AlH in F344 and
Lewis (figure 1b; F344: 77 +/— 10%; Lewis: 66 +/— 11% baseline; p<0.001), but not BN rats
(5 +/— 4%,; p=0.2). Although there was no difference between F344 and Lewis rats (p=0.47),
both F344 and Lewis rats had a significantly greater X1l LTF versus BN rats (p<0.001). Time
control rats not exposed to hypoxia also had a small, but significant increase in XII burst
amplitude over the duration of a protocol (24 +/— 11% baseline, p=0.04), indicating an upward
drift over the 90-min recording period. However, AlH-induced XII LTF in F344 and Lewis
rats was significantly greater than corresponding value in time control experiments (p<0.01),
indicating that F344 and Lewis (but not BN) rats exhibit robust XII LTF following AlH.

3.4 frequency LTF

There were strain differences in baseline respiratory-related nerve burst frequency. F344 rats
had a significantly higher baseline burst frequency than BN rats (F344: 44 +/— 0.5; BN: 39 +/
— 0.5 bursts/min; p<0.001), but not Lewis rats (41 +/— 0.6 bursts/min; p=0.2). There were no
significant differences between BN and Lewis rats (p=0.1). Within each rat group, changes in
respiratory-related nerve burst frequency were analyzed. Phrenic burst frequency was
increased 60 min post-AlH in F344 rats (figure 2; 6.5 +/— 0.7 bursts/min; p<0.001), but not
BN or Lewis rats (BN: 1 +/—0.9; Lewis: 3.6 +/— 0.6 bursts/min; p>0.1) when compared to
time controls without hypoxia (1.7 +/— 0.9 bursts/min). Thus, only F344 rats exhibited
significant frequency LTF, although it was of a small magnitude. Increased phrenic burst
frequency 60-min post-AlH in F344 rats was greater than in BN or Lewis rats (p<0.02), but
there were no significant differences between BN and Lewis rats (p=0.07).

3.5 Ventral cervical 5-HTa, 5-HT7, BDNF and TrkB mRNA levels

Ventral cervical spinal mRNA levels for 5-HT,a and 5-HT7 serotonin receptors were
determined in a subset of naive rats not exposed to surgical procedures or AlH. Delta Cy values
for these molecules are included in Table 2. Higher Ct values indicate less mRNA. Lewis and
F344 rats had significantly higher 5-HT,4 mMRNA in ventral C3-Cs than BN rats (p<0.003),
but there was no difference in 5-HT,4 MRNA between F344 and Lewis rats (p=0.8). On
average, ventral cervical 5-HT,a mMRNA levels in BN were ~80% below levels in F344 and
Lewis. 5-HT7 receptor mRNA expression was significantly higher in BN than F344 rats
(p=0.03), but there was no difference between BN and Lewis or Lewis and F344 (both, p>0.15).
On average, ventral cervical 5-HT7; mRNA levels in BN were 52% higher than in F344 rats.
Thus, ventral cervical expression 5-HT, receptor mRNA varies in association with pLTF,
but ventral cervical 5-HT; receptor mRNA is not clearly correlated with pLTF magnitude.

BN and Lewis had significantly higher BDNF mRNA in ventral C3-Cs than F344 (p<0.03),
but there was no difference in BDNF mRNA between BN and Lewis rats (p>0.6). On average,
ventral cervical BDNF mRNA levels in F344 were ~45% below levels in BN and Lewis. BN
rats had significantly higher levels of TrkB mRNA in ventral C3-Cs than F344 (p<0.03), but
no difference was detected between BN and Lewis or F344 and Lewis (p>0.1). On average,
ventral cervical TrkB mRNA levels in F344 were 34% below levels in BN. Thus, there was
no clear relationship between BDNF or TrkB mRNA and pLTF expression.

3.6 Ventral cervical 5-HT,p receptor protein levels

Consistent with 5-HT,a receptor mRNA results, Lewis rats had significantly higher 5-HTa
protein levels in ventral C3-Cg segments relative to BN rats (p=0.01; Figure 3a and 3b). While
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there was a trend for F344 rats to have higher 5-HT receptor protein expression relative to
BN, this trend was not statistically significant (p>0.1). Regression analysis between basal 5-
HT,a receptor protein expression and average pLTF in each strain indicated a positive
relationship between 5-HT,a receptor density in ventral spinal segments encompassing the
phrenic motor nucleus and the capacity for pLTF (R»=0.997, p<0.04; Figure 3c).

4. Discussion

Here, we report that the magnitudes of AlH-induced phrenic and XII burst amplitude LTF (i.e.
pLTF and XII LTF, respectively), as well as frequency LTF, differ among inbred rat strains,
suggesting genetic or epigenetic differences in the regulation of respiratory plasticity. We
further report that strain differences in pLTF are associated with differential expression of key
molecules implicated in the mechanisms of pLTF (Fuller et al., 2001a; Baker-Herman and
Mitchell, 2002; Baker-Herman et al., 2004). The most consistent relationships observed were
between 5-HT,a receptor mMRNA and protein levels in the ventral cervical spinal cord with
pLTF. Thus, the strongest molecular candidate underlying pLTF strain differences is
differential 5-HT, receptor gene expression.

The strains chosen for this study are frequently used as models for important physiological
principles. For example, F344 rats are frequently studied as a model of aging, including aging
effects on respiratory plasticity (Zabka et al., 2001; Behan et al., 2003). Lewis rats are
frequently studied as a model of functional recovery following spinal cord injury (Golder et
al., 2005), and BN rats are the designated strain for the rat genome project (Gibbs et al.,
2004). In addition to their importance as physiological models, BN, F344 and Lewis rats exhibit
similar increases in phrenic and XII burst amplitude during hypoxia, although BN and F344
rats differ in the burst frequency response to hypoxia (Golder et al., 2005a). While increased
inspiratory activity during hypoxia is not necessary for LTF (Baker et al., 2001; Bocchario and
Feldman, 2004; Tadjalli et al., 2007), an association has been found between peak phrenic
responses during hypoxia and the magnitude of the subsequent pLTF. Despite similarities in
the hypoxic amplitude response, pLTF and XII LTF differed considerably among rat strains
(pLTF: Lewis > F344 > BN; XII LTF: F344 ~ Lewis > BN). Overall, Lewis rats tended to have
greater capacity for amplitude LTF, with BN exhibiting the lowest amplitude LTF. XII LTF
was not significant in BN rats despite a large sample size (23), a finding consistent with our
previous report (Wilkerson and Mitchell, 2009). On the other hand, the lack of significant pLTF
in BN rats (relative to time controls) may appear to be inconsistent with other recent findings
(Wilkerson and Mitchell, 2009). However, the small post-AlH changes in phrenic motor output
in BN rats were similar here (20% baseline) versus our earlier study (Wilkerson and Mitchell,
2009; 19% baseline), but time-dependent drift in phrenic nerve activity was greater in the
present study (14% versus 8% baseline). Thus, any AlH-induced changes may have been
obscured by greater time-dependent drift in the present study.

LTF of respiratory-related burst amplitude may result from intermittent serotonin receptor
activation on or near respiratory motor neurons (Mitchell et al., 2001b; Fuller et al., 2001a;
Baker-Herman and Mitchell, 2002), a concept consistent with our recent report that intermittent
spinal serotonin receptor activation is sufficient to induce long-lasting phrenic motor
facilitation (MacFarlane and Mitchell, 2009). pLTF is frequently used as a model to study
cellular mechanisms of amplitude LTF and, thus, was the focus of our analysis. We hypothesize
that 5-HT, receptor activation in or near phrenic motor neurons initiates new BDNF synthesis
and subsequent TrkB receptor activation, thereby giving rise to pLTF (Baker-Herman et al.,
2004). In contrast, the role of 5-HT7 receptor activation in AIH-induced pLTF is more complex.
Cervical spinal 5-HT7 receptor activation is sufficient to elicit long-lasting phrenic motor
facilitation in Sprague Dawley rats (Hoffman and Mitchell, 2008a), but 5-HT7 receptor
activation during AlIH constrains (versus contributes to) pLTF via cross-talk inhibition

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 March 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baker-Herman et al.

Page 9

(Hoffman and Mitchell, unpublished observations). Indeed, cervical spinal 5-HT5 receptor
inhibition increases AIH-induced pLTF by approximately 100% (Hoffman and Mitchell,
unpublished observations). Although mechanisms of 5-HT7 receptor-dependent pLTF
constraint remains unclear, our working model is that 5-HT7-induced PKA activation
attenuates 5-HT,a-dependent NADPH oxidase activity and ROS formation, thereby
constraining pLTF (Hoffman and Mitchell, 2008b; Hoffman et al., 2009; MacFarlane and
Mitchell, 2009). Thus, differential 5-HT, and 5-HT receptor expression may contribute to
differential pLTF expression in BN vs. Lewis and F344 rats. In specific, lower 5-HT,a (less
facilitation) and greater 5-HT7 receptor expression (more cross-talk inhibition) may both
contribute to reduced pLTF levels.

More complex relationships between ventral cervical BDNF and TrkB mRNA and pLTF exist,
since BN rats have the lowest pLTF but higher BDNF and TrkB mRNA expression levels
(versus F344 rats). In contrast, Lewis rats exhibit greater pLTF versus F344 rats, yet have
higher BDNF mRNA levels. The finding that BDNF mRNA is greatest in the highest (Lewis)
and lowest (BN) pLTF-expressing strains demonstrates that there is no simple relationship
between BDNF mRNA and the capacity for pLTF. Similarly, there is no simple relationship
between pLTF and TrkB mRNA expression.

Strain differences were also observed in burst frequency LTF. Frequency LTF most likely
arises from mechanisms operating at the level of brainstem respiratory rhythm generating
neurons (Powell et al., 1998; Blitz and Ramirez, 2002; Baker-Herman and Mitchell, 2008).
The mechanisms underlying frequency LTF are poorly understood. Similar to pLTF and XII
LTF, serotonin receptor inhibition blocks frequency LTF (Bach and Mitchell, 1996). However,
systemic serotonin receptor antagonists tend to alter baseline burst frequency, and a recent
meta-analysis suggests that baseline burst frequency influences subsequent frequency LTF
magnitude (Baker-Herman and Mitchell, 2008). Thus, the apparent requirement of frequency
LTF for serotonin receptor activation may reflect indirect drug effects on baseline burst
frequency (Baker-Herman and Mitchell, 2008). More detailed analyses of mechanisms giving
rise to frequency LTF are warranted to understand differences among rat strains.

In addition to respiratory plasticity, strain differences were observed in baseline physiological
variables, such as baseline burst frequency, CO, apneic/recruitment threshold and mean arterial
pressure. While these differences may have been the result of differential reactions to
anesthesia, it also remains possible that genetic differences in key modulatory/signaling
pathways give rise to variations in physiological set-points among inbred rat strains. For
example, 5-HT receptor activation in brainstem regions responsible for generating respiratory
rhythm influences respiratory-related burst frequency (Pefia and Ramirez, 2002; Schwarzacher
etal., 2002; Viemari and Tryba, 2009); thus, it is possible that differential 5-HT, receptor levels
in respiratory rhythm generating neurons underlie differential baseline burst frequencies in
F344 versus BN or Lewis rats.

Taken together, our data suggest that genetic (or epigenetic) factors influence the capacity for
respiratory plasticity in phrenic motor output via alterations in constitutive expression of key
proteins in the mechanism of pLTF, particularly the expression of serotonin receptors. While
we cannot completely rule out different rearing practices as the source of strain differences,
we minimized this impact by obtaining most rats from the Harlan Indianapolis facility (with
the exception of a group of F344 rats from the NIH-NIA Aged Colony). Nevertheless, our data
are consistent with previous studies demonstrating that variations in serotonergic function gives
rise to differences in pLTF expression. Increased serotonin terminal density (Kinkead et al.,
1998) and increased ventral spinal BDNF protein expression (Johnson et al., 2000) following
chronic cervical sensory denervation are associated with enhanced pLTF (Kinkead et al.,
1998). Similarly, chronic intermittent hypoxia (days) gives rise to enhanced LTF following
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AlH (Ling etal., 2001; Zabka et al., 2003; McGuire et al., 2003, 2004; Wilkerson and Mitchell,
2009), an effect that may reflect increased expression of a novel 5-HT receptor subtype (Ling
et al., 2001; McGuire et al., 2004) and/or BDNF (Wilkerson and Mitchell, 2009). Lastly,
cervical spinal hemisection is associated with 5-HT,a receptor upregulation (Fuller et al.,
2005), an effect that correlates with strengthened crossed spinal synaptic pathways to phrenic
motor neurons (Zhou and Goshgarian, 2000). Molecular events that underlie such “meta-
plasticity” may also contribute to strain differences in pLTF.

Our data highlight the importance of strain selection in studies of pLTF, or any other form of
respiratory plasticity. For example, F344 rats would be a useful model for investigations
concerning signal transduction mechanisms underlying pLTF since this strain exhibits robust
pLTF and high mean arterial pressures. By contrast, the small pLTF in BN rats may represent
a useful model for studies of meta-plasticity (Wilkerson and Mitchell, 2009; Ling et al.,
2001; Zabka et al., 2003). In some respects, BN rats may be an appropriate model for human
respiratory plasticity since humans normally express limited capacity for ventilatory LTF
(Babcock & Badr, 1998; Harris et al., 2006; Pierchala et al., 2008), but express robust LTF in
sleep apnea patients (Lee et al., 2009).

In summary, inbred rat strains differ in their capacity for AIH-induced respiratory plasticity.
Although differences were noted in several manifestations of LTF (pLTF, XII LTF and
frequency LTF), we focused on pLTF in this report because more is known regarding the
cellular mechanism underlying pLTF. Lewis rats exhibit the greatest pLTF magnitude, whereas
F344 rats are intermediate and BN rats exhibit little or no pLTF. Differential pLTF expression
is associated with variations in key molecules underlying pLTF, particularly differential
expression of serotonin receptors (5-HT,a and/or 5-HT7). We conclude that differences in
serotonergic function may account, at least in part, for differences in the capacity for AlIH-
induced respiratory plasticity among rat strains.
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Figure 1.

Strain-dependent differences in long-term facilitation (LTF) at 60 min post-AlH in Brown
Norway (BN), Fischer (F344) and Lewis rats. A) Lewis rats exhibited the largest phrenic LTF
(pLTF) of the three strains, which was significantly greater than pLTF observed in F344, BN,
or time control rats. F344 rats exhibited moderate pLTF, which was significantly greater than
BN or time control rats not exposed to AIH. BN rats did not exhibit pLTF. B) F344 and Lewis
rats exhibited similar XII LTF that was significantly different than BN or time control rats not
exposed to AIH. 2b.C bars with different letters are significantly different from one another;
p<0.05.
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Figure 2.

Strain-dependent differences in the change in burst frequency 60 min post-treatment in time
controls and AlH-treated rats: Brown Norway (BN), Fischer (F344) and Lewis rats. F344 rats
expressed a significantly greater increase in burst frequency from pre-AlH values than BN,
Lewis or time control rats 60-min post-AlH. 2P bars with different letters are significantly
different from one another; p<0.05.
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Figure 3.
5-HT,a protein levels in spinal regions encompassing the phrenic motor nucleus in Brown

Norway (BN), Fischer (F344) and Lewis rats. A) Lewis rats had significantly higher 5-HT,a
protein levels in ventral C3-Cs than BN rats. B) Regression analysis indicates a significant
relationship between 5-HT, receptor density near phrenic motoneurons and pLTF magnitude
in BN, F344 and Lewis rats. * significantly different than BN rats; P<0.05.
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Table 1

Blood parameters before (baseline) and 60-min following acute intermittent hypoxia (AIH) in Brown Norway
(BN), Fisher F344 and Lewis inbred rat strains.

BN F344 LEWIS

Baseline

Recruitment threshold (ETCO,, mmHg) 42.8 +/- 0.72 37.8 +/— 0.50 43.3 +/- 0.62

PaCO, (mmHg) 47.1+/-062 | 428+-06° 44.4 +/-0.7°

PO, (mmHg) 213 +/- 52 240 +/- 6P 242 +/-8b

Body temperature (°C) 37.5+4/-0.1 37.6+/-0.1 37.5+/-0.1

Mean arterial pressure (mmHg) 86 +/— 2@ 86 +/— 32 70 +/— 2D
60 min post-AlH

PaCO, (mmHg) 47.3+/-062 | 428+-06° 44.6 +/-0.7°

PO, (mmHg) 177 4/~ 58* 228 +/- gb* 238 +/- 70

Mean arterial pressure (mmHg) 75 +/— 2% 76 +/— 38 56 +/— 2b.*

a'b’csignificamt differences between strains are indicated by different letters;

*
significantly different from baseline; (p<0.05).
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Table 2

Average delta Ct values for Lewis, Fischer (F344) and Brown Norway (BN) rats for 5-HT,a, 5-HT7, BDNF and
TrkB mRNA (mean £ SEM). BN rats had significantly higher delta Ct values for 5-HT,4 MRNA than F344 or
Lewis rats, and significantly lower delta Ct values for 5-HT; mRNA than F344 rats. F344 rats had significantly
higher delta Ct values for BDNF mRNA than BN or Lewis rats. F344 rats also had significantly higher TrkB
mRNA than BN rats. Higher C+ values indicate less mRNA in the sample.

Gene Strain Phrenic delta CT
5-HTa Lewis 17.2+0.28
F344 17.1+0.28
BN 19.5+0.30
5-HT; Lewis 16.4 + 0180
F344 16.7+0.2D
BN 16.1+0.12
BDNF Lewis 20.6 + 0.22
F344 21.4+0.20
BN 205+0.12
TrkB Lewis 13.3+0.1ab
F344 13.7+0.28
BN 131+0.1P

a’b'csignificant differences between strains are indicated by different letters; (p<0.05).
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