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Abstract

In rats over-expressing SOD1G93A, ventilation is preserved despite significant loss of respiratory

motor neurons. Thus, unknown forms of compensatory respiratory plasticity may offset

respiratory motor neuron cell death. Although mechanisms of such compensation are unknown,

other models of respiratory motor plasticity may provide a conceptual guide. Multiple cellular

mechanisms give rise to phrenic motor facilitation; one mechanism requires spinal serotonin

receptor and NADPH oxidase activity whereas another requires spinal adenosine receptor

activation. Here, we studied whether these mechanisms contribute to compensatory respiratory

plasticity in SOD1G93A rats. Using plethysmography, we assessed ventilation in end-stage

SOD1G93A rats after: 1) serotonin depletion with parachlorophenylalanine (PCPA), 2) serotonin

(methysergide) and A2A (MSX-3) receptor inhibition, 3) NADPH oxidase inhibition (apocynin),

and 4) combined treatments. The ability to increase ventilation was not decreased by individual or

combined treatments; thus, these mechanisms do not maintain breathing capacity at end-stage

motor neuron disease. Possible mechanisms giving rise to enhanced breathing capacity with

combined treatment in end-stage SOD1G93A rats are discussed.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a debilitating neurodegenerative disease that involves

loss of both upper and lower motor neurons. Once diagnosed, expected survival is 3-5 years,

and death most frequently results from respiratory failure (Lechtzin et al., 2002; Bourke et
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al., 2001; Lyall et al., 2001). Whereas more than 90% of ALS cases are sporadic, ~10% are

linked to defined genetic mutations (Boillée et al., 2006). Frequently studied models of ALS

include rats and mice over-expressing human mutated forms of the copper-zinc superoxide

dismutase (SOD-1) gene (Rosen et al., 1993; Gurney et al., 1994; Wong et al., 1995; Bruijn

et al., 1997; Nagai et al., 2001; Howland et al., 2002; Wong et al., 2002; Wang et al., 2003),

including hSOD1G93A (Rosen et al., 1993; Gurney et al., 1994; Howland et al., 2002),

hSOD1G37R (Wong et al., 1995), hSOD1G85R (Bruijn et al., 1997), hSOD1Quad (Wang et al.,

2003), and hSOD1H46R (Nagai et al., 2001). These rodent models recapitulate important

clinical and patho-physiological features of ALS, most notably delayed and progressive loss

of spinal motor neurons (Boillée et al., 2006).

In hSOD1G93A mice, ventilation is maintained until late in disease progression; profound

ventilatory failure then occurs over a two day period, and the mouse dies (Tankersly et al.,

2007). hSOD1G93A rats maintain breathing capacity during maximal chemosensory

stimulation, despite ~60-80% loss of phrenic, and ~65% loss of ventral thoracic (T5) motor

neurons (Nichols et al., 2013a). We hypothesize that compensatory respiratory plasticity

offsets the loss of respiratory motor neurons, thereby preserving breathing capacity until

such compensation is no longer possible (i.e. motor neuron loss is too great to overcome).

Compensatory plasticity may involve anatomical and/or functional plasticity in the CNS,

neuromuscular junction and/or shifts between the inspiratory motor pools (eg. diaphragm

versus accessory inspiratory muscles).

Mechanisms preserving breathing capacity despite impressive respiratory motor neuron loss

are unknown. Here, we focus on the potential role of specific CNS neurochemicals known to

be involved in other forms of phrenic motor plasticity.

Phrenic long-term facilitation (pLTF) following acute intermittent hypoxia (AIH) is a well

studied model of phrenic motor facilitation (pMF; Dale-Nagle et al., 2010; Hayashi et al.,

1993; Bach and Mitchell 1996). pLTF is serotonin and NADPH oxidase dependent (Kinkead

and Mitchell 1999; Fuller et al., 2001; MacFarlane and Mitchell, 2007; MacFarlane and

Mitchell, 2008a; MacFarlane and Mitchell, 2008b; MacFarlane and Mitchell, 2009;

MacFarlane et al., 2009), and requires new synthesis of brain derived neurotrophic factor

(Baker-Herman et al., 2004). pMF can be pharmacologically-induced via spinal, episodic

application of serotonin, and 5-HT2A, 5-HT2B or 5-HT7 receptor agonists (MacFarlane and

Mitchell, 2007; MacFarlane and Mitchell, 2008a; Hoffman and Mitchell, 2011; MacFarlane

and Mitchell, 2009), as well as adenosine 2A receptor agonists (A2A; Golder et al., 2008).

Distinct cellular cascades give rise to pMF following activation of Gq (5-HT2A/B) versus Gs

(5-HT7 and A2A) protein coupled metabotropic receptors (Figure 1); these mechanisms are

referred to as the Q (Gq) and S (Gs) pathways to pMF, respectively (Dale-Nagle et al.,

2010).

NADPH oxidase activity is necessary for AIH- and serotonin-induced pMF, most likely via

inhibition of okadaic-acid sensitive protein phosphatases (MacFarlane and Mitchell, 2007;

MacFarlane and Mitchell, 2008a; MacFarlane and Mitchell, 2008b; MacFarlane and

Mitchell, 2009; MacFarlane et al., 2009; Figure 1).
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The ability of serotonin and adenosine receptors to elicit pMF suggests that these

neurochemicals have the potential to underlie spontaneous compensatory respiratory

plasticity in motor neuron disease. We hypothesized that compensatory respiratory plasticity

in end-stage hSOD1G93A mutant rats can be achieved through either or both of these cellular

cascades. Thus, we predicted that ventilatory capacity would be undermined in end-stage

SOD1G93A rats following inhibition of serotoninergic, adenosinergic and/or NADPH

oxidase function. Ventilatory capacity was assessed during maximal chemoreceptor

stimulation in a whole body plethysmograph after: 1) systemic serotonin depletion with the

tryptophan hydroxylase inhibitor, parachlorophenylalanine (PCPA); 2) serotonin receptor

inhibition with the broad spectrum 5-HT receptor antagonist, methysergide; 3) NADPH

oxidase inhibition with apocynin; and 4) adenosine A2A receptor inhibition with MSX-3

(Figure 1). These treatments were administered alone, and in combination, to test the

hypothesis that they would diminish ventilatory capacity in end-stage SOD1G93A rats.

Contrary to predictions, no treatment decreased ventilatory capacity. Ventilatory capacity

was unaffected by PCPA, apocynin or MSX-3 alone or by combined PCPA + methysergide

or PCPA + MSX-3 in end-stage SOD1G93A rats; surprisingly, ventilatory capacity actually

appeared to increase with combined apocynin + MSX-3 + methysergide. These results

provide no evidence that serotonergic, adenosinergic or NADPH oxidase dependent

mechanisms are necessary to maintain ventilatory capacity at end-stage motor neuron

disease, although they do not rule out a role in initiating mechanisms of compensatory

respiratory plasticity. A preliminary report of these findings was previously published

(Nichols et al., 2009).

2. Methods

2.1 Animals

Experiments were conducted on Taconic adult male rats with transgenic sires

overexpressing the human SOD1G93A gene (Taconic Laboratories, Germantown, NY) bred

to female wildtype Taconic Sprague Dawley rats. Heterozygous SOD1G93A progeny were

identified with polymerase chain reaction (PCR) of tail DNA with primers specific for

hSOD1. Only male rats showing disease onset ~120-140 days were used as breeders in order

to minimize genetic drift in the colony that could increase variability in age at the onset of

symptoms and the age at end-stage. Seven groups of rats (identified in next section) were

used for this study; all groups included the heterozygous progeny age-matched to progeny

with SOD-1 negative (wild-type or WT) rats. All rats were maintained on a 12:12 light:dark

cycle and had free access to food and water. At approximately 120-140 days, mutant (MT)

rats began to show signs of muscle weakness, weight loss, and gait changes. At

approximately 150-180 days, MT rats show gradual fore- and hind-limb paresis, followed by

paralysis. Rats were considered end-stage when they had lost more than 20% of their peak

body weight (WT rats = 495±9g; MT rats = 360±6g). When body mass of MT rats

decreased by 15%, MT and WT littermates were scheduled for experiments as described

below. All procedures involving rats were approved by the Institutional Animal Care and

Use Committee at the School of Veterinary Medicine, University of Wisconsin, and were in

agreement with standards set forth in the National Institutes of Health Guide (NIH) for Care
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and Use of Laboratory Animals. The University of Wisconsin is accredited by AAALAC

and is covered by NIH Assurance (A3368-01.).

2.2 Drugs and rat treatment groups

Seven MT groups were studied and compared to age-matched WT littermates. After MT rats

had decreased by at least 15% in body mass, MT and WT groups were given either: 1)

PCPA (300 mg/kg IP; MT: n = 3, WT: n = 3) for three days, 2) PCPA (for two days) +

methysergide (4 mg/kg IP; given on the day of study, which was the third day after the 15%

decrease in body mass; MT: n = 3, WT: n = 3), 3) MSX-3 (3 mg/kg IP; MT: n = 3, WT: n =

3; given the day of study), 4) PCPA (for two days) + MSX-3 (MT: n = 3, WT: n = 3; given

the day of study), 5) apocynin (80 μg/mL in water supply for three days; MT: n = 2, WT: n =

2), 6) methysergide (given the day of study) + MSX-3 (given the day of study) + apocynin

(MT: n = 3, WT: n = 3; in water supply for three days) or 7) vehicle injections (0.9% NaCl,

7.5 ml/kg IP; MT: n = 9, WT: n = 8; for three days). Whole body serotonin depletion with

PCPA and serotonin receptor inhibition with methysergide block pLTF (Millhorn et al.,

1980; Eldridge and Millhorn, 1986; Bach and Mitchell, 1996; McGuire et al., 2004; Ling,

2008; Figure 1), as does NADPH oxidase inhibition with apocynin (MacFarlane et al. 2009).

Although MSX-3 enhances AIH-induced pLTF (Hoffman et al., 2010), it suppresses the S

pathway to pMF (Golder et al., 2008; Figure 1). The doses of apocynin (given in water

supply) and MSX-3 (IP) used here have been shown to be selective (Schindler et al., 2005;

Hougee et al., 2006). All chemicals were purchased from Sigma (St. Louis, MO), except

where indicated.

2.3 Plethysmography

Three days after MT rats lost 15% of their body mass, both WT and MT rats were placed in

a whole-body flow through plethysmograph (BUXCO Electronics, Troy, NY). This

technique allows for quantitative measurement of ventilation in freely-behaving animals

while simultaneously altering inspired gas concentrations. The system was calibrated, the

rats were weighed, and their body temperature was measured with a rectal thermometer

(Type T Themocouple Thermometer, Model 600-1020, Barnant Company, Barrington, IL)

before the rats were placed in the plethysmograph chamber (~2 L volume). Ventilation was

assessed in WT (n=25) and MT (n=26) rats. The rats acclimated to the chamber while

breathing room air (21% O2, balance N2; flushed at ~3 liters/min). Recording commenced

once the rats were quiet but awake, and ventilatory measurements were then made during

baseline conditions, before exposing them to hypoxic (10.5% O2, balance N2; 20 min),

hypercapnic (21% O2, 7% CO2, balance N2; 20 min) and hypoxic+hypercapnic gas mixtures

(10.5% O2/7% CO2; 20 min). A pressure calibration signal, plethysmograph temperature, rat

body temperature, ambient and chamber pressures, and rat body mass were used to calculate

breath-by-breath tidal volume (VT; Drorbaugh and Fenn, 1955; Jacky, 1978), respiratory

frequency, mean inspiratory flow (VT/TI) and minute ventilation ( ). Data were rejected if

there was evidence of pressure fluctuations caused by gross body movements or sniffing

behavior. At the conclusion of the study, rats were removed from the chambers and their

body temperatures recorded. Data were averaged over the last 10 min of each exposure

period.
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2.4 Histology and motor neuron counting

WT and MT rats were deeply anesthetized with Beuthanasia®-D (100μg/g IP; Schering-

Plough Animal Health) and perfused transcardially with 4% paraformaldehyde (Fisher

Scientific, Pittsburgh, PA) in 0.1M phosphate buffered saline (PBS, pH~7.4). The C4-C5

cervical spinal cord was isolated, post-fixed overnight in 4% paraformaldehyde, and

cryoprotected in 30% sucrose at 4°C. Transverse sections (40 μm) were cut using a freezing

microtome (Leica SM 200R, Germany) and processed for motor neuron counting. Sections

were mounted on coated-glass slides (Fisherbrand Colorfrost® / Plus Microscope Slides,

Fisher Scientific, Pittsburgh, PA) and air dried. They were then stained in 0.1% cresyl-violet

for 15 min, rinsed in distilled water, dehydrated through graded alcohol (70% to 100%),

cleared in xylene, and cover-slipped using Eukitt (Electron Microscope Science, PA).

For morphometric analysis, C4 phrenic motor neurons were manually counted. Every 8th

section was selected to count neurons. Putative phrenic motor neurons were defined as a

cluster of large, medio-lateral neurons in the cervical ventral horn (Boulenguez et al., 2007).

Only intact motor neurons with an intact soma and nucleus were counted. Six sections from

each animal were used in this study as described previously (Nichols et al. 2013a). Briefly,

labeled neurons (0.1% cresyl-violet stained positive-neurons) were counted rostro-caudal in

the phrenic area as the average from both sides. The number of 0.1% cresyl-violet-positive

motor neurons in the C4 phrenic motor nucleus were counted from all rats in each group and

compared between MT and WT rats.

2.5 Statistical analysis

For both plethysmography and histology, values are reported as means ± 1 S.E.M.

Plethysmography data are not normalized to body mass. However, when normalized in this

way (per 100g body mass), all fundamental conclusions remained the same. Our arguments

for presenting non-normalized data in this experimental model are outlined in an earlier

publication (Nichols et al., 2013a). Plethysmography data were analyzed via two-way

repeated measures ANOVA, with group (WT vs. MT) and treatment level (baseline,

hypoxia, etc.) as factors (SigmaStat v.2.03, Systat Software, Inc., Chicago, IL); Tukey’s post

hoc test was used to identify individual differences. Motor neuron counts were compared

between groups via one-way ANOVA (Systat Software, Inc., Chicago, IL) and Tukey’s post

hoc tests. P<0.05 was considered statistically significant.

3. Results

3.1 Phrenic motor neurons are decreased in MT rats vs. WT littermates

Regardless of treatment, MT rats had a fewer phrenic motor neurons in the C4 spinal

segment versus WT littermates in every group, and there were no apparent differences

among groups (WT rats were: 197±6 sham, 196±11 PCPA, 185±17 PCPA + methy, 198±11

MSX-3, 183±3 MSX-3 + PCPA, and 191±6 Apo + MSX-3 + methy, demonstrating good

consistency among WT rat groups; in contrast, MT rats were: 24±2 sham, 30±9 PCPA, 37±4

PCPA + methy, 41±9 MSX-3, 27±4 MSX-3 + PCPA, and 43±10 Apo + MSX-3 + methy,

demonstrating consistency among groups with no significant differences between them;

p<0.05 comparing WT vs. MT in all groups, and p>0.05 when comparing treatment groups
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within WT or MT). Thus, motor neuron counts for all WT and all MT rats were grouped

together in the final analysis, revealing 17±1% phrenic motor neuron survival in MT vs. WT

rats at disease end-stage (P < 0.05; Figure 2). Consistent with our previous report, phrenic

motor neurons degenerate severely at this defined disease end-stage in MT rats (Nichols et

al., 2013a). Further, the extent of degeneration was equivalent among rat treatment groups.

3.2 Ventilatory response in sham treated rats

We determined the impact of motor neuron disease on ventilation during both normoxia and

chemoreflex activation. Ventilation was monitored (VT, frequency,  and VT/TI) in sham-

treated WT and MT rats at baseline, and during hypoxia (HX), hypercapnia (HC), and

hypoxia + hypercapnia (HX + HC). There were significant differences between treatment

levels and treatment groups; there were no significant interactions between treatment level

and group in any variable. VT was not affected in MT rats during baseline or with

chemoreflex activation versus sham WT rats (Figure 3A; p>0.05). However, frequency was

decreased in MT rats in all conditions (Figure 3B; p<0.05). Frequency may have decreased

in sham MT rats because the mutation had direct effects on brainstem mechanisms of

rhythm generation or indirect effects via afferent feedback to these centers.  was

significantly impaired during HX + HC in MT rats (619 ± 72 ml/min in sham MT rats vs.

776 ± 180 in sham WT rats; p<0.05; Figure 3C). In contrast, VT/TI was not impaired in

sham MT rats in any condition studied (Figure 3D; p>0.05).

For all other treatment groups, ventilatory variables did not differ significantly between HX,

HC, and HX + HC. Only baseline and HX + HC were compared in Figures 4-6; variables in

all conditions are reported in Tables 1-4.

3.3 Ventilatory capacity is not decreased by PCPA with or without methysergide

To determine if diminished serotoninergic function impairs ventilatory capacity in MT rats,

serotonin was depleted with PCPA, with or without the serotonin receptor antagonist

methysergide (methy). There were significant differences due to treatment level and group;

there were also significant interactions between treatment level and group in VT (0.001) and

VT/TI (0.01) (although neither showed significant individual comparisons). In all groups,

VT, frequency,  and VT/TI were significantly increased during HX + HC versus baseline

(all p<0.05; Figure 4). PCPA alone had no effect on VT, frequency,  or VT/TI (Figure 4)

in either WT or MT rats during baseline or HX + HC when compared to sham rats (all

p>0.05).

The combination of PCPA + methy had no effect on VT, frequency,  or VT/TI (Figure 4)

in MT rats during baseline or HX + HC when compared to sham MT rats (all p>0.05).

PCPA + methy significantly decreased frequency in WT rats during baseline (57 ± 5

breaths/min; Figure 4B) and HX + HC (116 ± 5 breaths/min; Figure 4B) versus sham WT

rats (80 ± 6 breaths/min at baseline and 146 ± 4 breaths/min at HX + HC; all p < 0.05;

Figure 4B). Thus, serotonin depletion, with or without concurrent serotonin receptor

inhibition, did not impair breathing capacity during HX + HC in MT rats.
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3.4 Ventilatory capacity is not decreased by serotonin depletion plus adenosine receptor
inhibition

To examine the role of impaired adenosinergic function, with or without concurrent

impairment of serotonergic function, A2A receptors were inhibited with MSX-3 with and

without serotonin depletion. There were significant differences due to the effect of treatment

level only; in addition, there were significant interactions between treatment level and group

in VT (0.017) and VT/TI (0.007). As expected, VT, frequency,  and VT/TI were

significantly increased during HX + HC versus baseline in all groups (all p<0.05; Figure 5).

MSX-3 alone or in combination with PCPA (MSX-3 + PCPA) had no effect on VT,

frequency,  or VT/TI in WT or MT rats during baseline or HX + HC versus sham rats (all

p>0.05; Figure 5).Thus, adenosine receptor inhibition with or without serotonin depletion

did not impair breathing capacity during HX + HC in MT rats.

3.5 Ventilatory capacity is not decreased by combined PCPA, MSX-3 and apocynin

Lastly, we studied simultaneous serotonin receptor, adenosine receptor and NADPH oxidase

inhibition (Apo + MSX-3 + methy) in WT and MT rats. There were significant differences

in treatment level and group. Further, there were significant interactions between treatment

level and group in VT (0.015),  (0.001), and VT/TI (0.035). All variables were

significantly increased during HX + HC versus baseline (all p<0.05; Figure 6). Apo +

MSX-3 + methy significantly increased VT (8.0 ± 0.5 mL in treated MT rats vs. 5.0 ± 0.4

mL in sham MT rats; p < 0.05; Figure 6A),  (1023 ± 80 mL/min in treated MT rats vs.

619 ± 72 mL/min in sham MT rats; p < 0.05; Figure 6C) and VT/TI (39 ± 4 mL/s in treated

MT rats vs. 24 ± 3 mL/s in sham MT rats; p < 0.05; Figure 6D) during HX + HC in MT rats.

Frequency was unaffected by Apo + MSX-3 + methy in any group (p>0.05, Figure 6B). VT,

frequency,  and VT/TI were compared in only two WT and MT rats treated with Apo

alone (n=2 each); all variables studied were increased during HX + HC versus baseline (data

not shown), but Apo alone had no apparent effects on any variable studied in either WT or

MT rats (data not shown). Thus, breathing capacity was not impaired during HX + HC in

MT rats when serotonin levels and serotonin receptor activation were inhibited (PCPA +

methy), or when serotonin receptors, NADPH oxidase, and adenosine receptors were all

inhibited simultaneously (Apo + MSX-3 + methy).

4. Discussion

The main findings of this study are: 1) PCPA, MSX-3 and apocynin (drugs all shown to

block respiratory plasticity) alone or in combination did not decrease ventilatory capacity in

MT rats; and 2) the extent of motor neuron survival was equivalent among drug treatment

groups in MT rats. Thus, although more than 80% of phrenic motor neurons had died at

disease end-stage, ventilatory capacity was not significantly impaired in MT rats. We

provide no evidence that the neurochemicals investigated are necessary to maintain

ventilatory capacity at disease end stage, although we cannot rule out some role in initiating

processes that subsequently maintain compensatory respiratory plasticity in these rats.
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4.1 Serotonergic function and compensatory plasticity

Many forms of respiratory plasticity are serotonin-dependent, including long-term

facilitation of phrenic motor output (Millhorn et al., 1980b; Kinkead and Mitchell 1999;

Fuller et al., 2001; MacFarlane and Mitchell 2007; MacFarlane and Mitchell, 2008a;

MacFarlane and Mitchell 2009) and sensory long-term facilitation in rats pre-conditioned

with chronic intermittent hypoxia (Prabhakar et al., 2006; Peng et al., 2009; Prabhakar

2011). Here, PCPA was used to deplete whole-body serotonin levels through inhibition of its

rate-limiting biosynthetic enzyme, tryptophan hydroxylase. Systemic PCPA transiently

depletes serotonin levels over a period of days (Kuhar et al. 1971; Aghajanian et al., 1972;

Deguchi et al., 1973; Steinman et al., 1987), differentially affects serotonin levels within the

CNS (Carlton et al., 1987; Steinman et al., 1987), and may affect norepinephrine levels at

high concentrations (Sloviter et al., 1978; Olson et al., 1979; Alexander et al., 1980).

Although we did not measure serotonin levels in our study, PCPA attenuates serotonin-

dependent respiratory plasticity (Millhorn et al., 1980; Eldridge and Millhorn, 1986),

suggesting that it is sufficient to impair other forms of serotonin-dependent respiratory

plasticity. Although we hypothesized that PCPA would at least partially block the Q (via 5-

HT2 receptors) and S pathways (via 5-HT7 receptors; Figure 1), and reduce compensatory

respiratory plasticity necessary to maintain breathing capacity in end-stage MT rats,

ventilatory capacity was unaffected by this treatment (Figure 4). Thus, serotonin is not

necessary for compensatory respiratory plasticity in MT rats. An important caveat is that it

remains possible that serotonin was not sufficiently depleted, that serotonin was not depleted

at the relevant site or time-frame, or that concurrent inhibition of 5-HT2 and 5-HT7 receptor

function (due to decreased serotonin levels which affect both) has offsetting effects due to

cross-talk inhibition between the Q and S pathways to pMF (Dale-Nagle et al., 2010).

Since PCPA doesn’t completely deplete serotonin (Kuhar et al. 1971; Aghajanian et al.,

1972; Deguchi et al., 1973; Steinman et al., 1987), methysergide was combined with PCPA

to further inhibit serotonergic function. Methysergide is a non-selective serotonin receptor

antagonist that is well tolerated by rats and is known to block AIH-induced pLTF (Millhorn

et al., 1980; Eldridge and Millhorn, 1986; Bach and Mitchell, 1996; McGuire et al., 2004;

Ling, 2008). To some extent, both the Q and S pathways to pMF are expected to be affected

by PCPA plus methysergide, since serotonin depletion and antagonism of multiple serotonin

receptors affect receptors known to initiate each of these pathways (i.e. 5-HT2 and 5-HT7;

Dale-Nagle et al., 2010; Figure 1). However, with this dual treatment, ventilatory capacity

was not decreased in MT rats versus sham MT rats (Figure 4). Although methysergide is a

broad-spectrum serotonin receptor antagonist, it is also a 5-HT1A agonist (Silberstein, 1998).

Auto-inhibitory 5-HT1A receptors on raphe, serotonergic neurons restrain their activity

(Glennon et al., 2000). Thus, by activating 5-HT1A receptors with methysergide, serotonin

release is expected to decrease (Jacobs and Azmitia, 1992; Zifa and Fillion, 1992;

McCrimmon et al., 1995; Wu et al., 1991; Hoyer et al., 1994). This effect is also expected to

reduce serotonergic function, strengthening the argument that serotonergic function is not

necessary to maintain compensatory respiratory plasticity in MT rats.

In these studies, many rat groups were studied, each with a relatively small n value (often n

= 3). Although the small sample size of each individual group may compromise our
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statistical ability to discriminate differences if they had occurred, our main goal was to test

the hypothesis that drugs known to block distinct forms of respiratory plasticity would

decrease ventilatory capacity in end-stage SOD1G93A rats. Thus, we used multiple drug

treatments (each in an independent rat group) targeting the same mechanism of respiratory

plasticity. Since each treatment or treatment combination led to the same conclusion, the

collective evidence that distinct treatments/combinations (each targeting the same neural

mechanism) yield similar results increases confidence in our conclusions. Indeed, if we were

to lump all rats receiving PCPA, for example, the functional n would be 9 rather than the

value of 3 reported for the PCPA, PCPA + methy and PCPA + MSX3 groups. It is very

unlikely that additional rats would reverse our conclusion that PCPA is not sufficient to

reverse the compensatory respiratory plasticity observed in SOD1G93A rats at disease end-

stage.

4.2 Adenosinergic function and compensatory plasticity

Since activation of spinal adenosinergic (A2A) receptors induces pMF (Golder et al., 2008;

Hoffman et al. 2010), we hypothesized that A2A activation underlies compensatory

respiratory plasticity with motor neuron degeneration. A2A agonist-induced pMF requires

new synthesis of an immature TrkB isoform, believed to auto-dimerize, auto-phosphorylate

and signal from within the cell (Lee and Chao 2001). We inhibited A2A receptors with

systemic MSX-3 to at least transiently and partially block the S pathway (Figure 1). With

MSX-3, baseline ventilation and the ability to increase ventilation during chemoreceptor

activation was unaffected (Figure 5), suggesting that ongoing adenosine-dependent

mechanisms are not critical for compensatory plasticity in MT rats.

4.3 Combined inhibition of S and Q pathways

Compensatory respiratory plasticity in MT rats does not appear to require the Q or S

pathways for its maintenance. Thus, we used combined drug treatments to determine if

either pathway alone can assume this function. Serotonin depletion via PCPA combined

with A2A receptor inhibition should effectively impair both the Q and S pathways (Figure

1). However, since ventilation was not decreased in MT rats treated with PCPA + MSX-3

(Figure 5), other mechanisms are necessary to maintain compensatory plasticity during

motor neuron disease. Nevertheless these data do not rule out a role for the S and/or Q

pathways in initiating compensatory respiratory plasticity.

In another attempt to more completely block the Q and S pathways, we simultaneously

applied apocynin, MSX-3 and methysergide. We predicted that NADPH oxidase inhibition

with apocynin would decrease ROS formation, enabling phosphatases to inhibit the Q

pathway (Figure 1), and thereby reduce compensatory respiratory plasticity at disease end-

stage. NADPH oxidase activity is necessary for AIH-induced pLTF (MacFarlane and

Mitchell, 2007; MacFarlane and Mitchell, 2008a; MacFarlane and Mitchell, 2009;

MacFarlane et al. 2009). Since pLTF is constrained by okadaic acid sensitive serine/

threonine protein phosphatases (Wilkerson et al. 2008), we suggested that NADPH derived

ROS inhibit these phosphatases, thereby enabling full pLTF expression. When spinal

phosphatases are inhibited with okadaic acid, AIH-induced pLTF is restored in rats

pretreated with ROS scavengers (MacFarlane et al. 2008). The complex of NADPH oxidase,
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ROS and protein phosphatases has been hypothesized to form a “regulatory cassette” for

pLTF expression (Wilkerson et al. 2007; MacFarlane et al. 2008; Dale-Nagle et al., 2010).

With the combination of apocynin, MSX-3 and methysergide, both the Q and S pathways

should be affected because: 1) serotonin receptor activation is sufficient to induce both

pathways via actions on 5-HT2 and 5-HT7 receptors, respectively (i.e. methysergide

sensitive), 2) NADPH oxidase-derived ROS are necessary to inhibit phosphatases that

constrain the Q pathway (i.e. apocynin sensitive), and 3) A2A receptors are sufficient to

induce the S pathway (i.e. MSX-3 sensitive; Figure 1). However, ventilation was not

decreased and, surprisingly, was actually enhanced in MT rats treated with combined

apocynin + MSX-3 + methysergide (Figure 6); this observation reinforces our conclusion

that neither the Q nor S pathways are necessary to maintain compensatory plasticity in end-

stage MT rats. Regardless, we cannot rule out roles for either or both mechanisms in

initiating compensatory plasticity. Enhanced ventilatory capacity with this combined

treatment suggests that the Q and/or S pathways constrain the mechanism giving rise to

spontaneous compensatory plasticity with respiratory motor neuron degeneration.

4.4 Initiation versus maintenance of compensatory plasticity

We targeted cellular pathways using drugs that would exert only transient effects, well after

compensatory plasticity had been established. Thus, it is possible that the Q and/or S

pathways are necessary to initiate (versus maintain) spontaneous compensatory respiratory

plasticity in MT rats. Short-term (versus chronic) receptor inhibition may not be sufficient to

reverse established compensatory respiratory plasticity in MT rats. Alternately, the timing of

drug delivery may not have been appropriate. If either of these pathways is necessary or

sufficient to induce compensatory plasticity, earlier drug delivery may be required (i.e. pre-

symptomatic or early in disease progression). Mechanisms underlying compensatory

plasticity may be resistant to agents administered after the plasticity has been induced.

Another possibility is that compensatory plasticity may take longer to reverse, and that we

need to administer drugs for longer periods in MT rats. PCPA (which causes serotonin

depletion) has a time course of days (Kuhar et al. 1971; Aghajanian et al., 1972; Deguchi et

al., 1973; Steinman et al., 1987), making this possibility less likely.

4.5 Alternative mechanisms for compensatory plasticity in MT rats

Other mechanisms beyond the Q and S pathways are capable of eliciting pMF, including

VEGF, erythropoietin and PKCζ dependent pMF (Dale-Nagle et al., 2010). Q-dependent

pMF can also be induced by adrenergic receptors; for example, spinal administration of α-1

receptor agonists (Gq coupled metabotropic receptors; Dale-Nagle et al., 2010; Huxtable et

al., 2010) elicits pMF, although these receptors are not necessary for AIH-induced pLTF

(Huxtable et al., unpublished). Although we thoroughly tested the roles of serotonin and

adenosine-dependent mechanisms in maintaining compensatory plasticity, other

neuromodulatory systems (such as norepinephrine) could be involved. Since α-1 receptors

most likely elicit pMF via the Q pathway, it is logical to suspect that this mechanism

requires NADPH oxidase dependent ROS formation. Although the failure of apocynin to

reverse compensatory plasticity argues against this possibility, there appear to be differential

roles for NADPH oxidase in the Q pathway elicited by different ligands (MacFarlane et al.,

2011).
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Other mechanisms of pMF have not been investigated here; intrathecal VEGF (Dale-Nagle

et al., 2011) and erythropoietin (Dale et al., 2012) both elicit pMF via ERK MAP kinase and

AKT dependent pathways. Lastly, phrenic inactivity due to hypocapnia, vagal stimulation

and/or anesthetic depression (Zhang et al., 2004; Mahamed et al., 2011) induces pMF by a

mechanism that requires spinal PKCζ activity (Strey et al., 2012). One or all of these

pathways to pMF may contribute to compensatory plasticity.

Finally, we cannot rule out that compensatory plasticity in MT rats arises at other sites,

including: 1) plasticity at the neuromuscular junction (Johnson and Mitchell, 2013); 2) a

shift in the relative contributions to breathing between the diaphragm versus accessory

inspiratory muscles; 3) increased lung compliance, making breathing easier for a given level

of respiratory muscle force generation (assuming not enough to induce dynamic

compression of the airways on expiration); and/or 4) the functional types of phrenic motor

neuron axons are differentially susceptible as the disease progresses in MT rats, which may

explain the differential impact of the disease on motor neuron survival versus ventilation

(recently reviewed in Nichols et al., 2013b). Each of these possibilities remains to be

explored.
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Highlights

1. Ventilation is preserved despite respiratory motor neuron loss in ALS rats.

2. Few studies have been done to understand how breathing is preserved in ALS

rats.

3. Treatments used in this study in combination did not impair breathing in ALS

rats.
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Figure 1.
Working model of phrenic motor facilitation (pMF). pMF is initiated by multiple Gq (5-

HT2A/B) or Gs (5-HT7 and A2A) protein coupled metabotropic receptors (the Q and S

pathways, respectively). NADPH oxidase is necessary for the Q pathway to pMF. Here, we

have given PCPA (tryptophan hydroxylase inhibitor), with and without methysergide (broad

spectrum 5-HT antagonist), with and without apocynin (NADPH oxidase inhibitor), and/or

MSX-3 (adenosine A2A receptor antagonist) in an effort to identify Q and S pathway

contributions to the mechanism of compensatory respiratory plasticity in motor neuron

disease. By blocking these mechanisms, we originally hypothesized that ventilatory capacity

would decrease in end-stage SOD1G93A rats.
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Figure 2.
A and B: Photomicrographs (10X) depicting representative cresyl violet stained sections

from the C4 spinal ventral horn; these sections contain the highest density of phrenic motor

neurons (framed regions on which morphometric analyses were carried out). Images are

from an age-matched, wild-type littermate (WT; A), and an SOD1G93A mutant (MT) rat at

disease end-stage (B). The region surrounding phrenic motor neurons is magnified in the

upper right hand panels (40X). Notice the number and shape of healthy pyramidal-shaped

putative phrenic motor neurons in the WT littermate (A) versus the paucity of surviving

phrenic motor neurons in the end-stage MT rat (B). The phrenic motor neuron in the MT rat

looks much larger (swollen) and did not appear to be healthy (depicted by black arrow). A

dying/dead phrenic motor neuron is depicted by the white arrow. C: The white and black

bars represent the number of surviving phrenic motor neurons in WT littermates (n = 25)

and MT rats (n = 26), respectively. MT rats had a significantly lower number of phrenic

motor neurons versus WT littermates in all experimental groups. Values are means ± 1 SEM

and * = p < 0.05. Scale bar in C4 spinal ventral horn = 200 μm, small panel= 50 μm.
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Figure 3.

Tidal volume (VT), frequency, minute ventilation ( ) and mean inspiratory flow (VT/TI) in

sham wild-type (WT; triangles) and mutant (MT; circles) rats during baseline, hypoxia

(HX), hypercapnia (HC) and hypoxia plus hypercapnia (HX + HC). Notice that frequency is

impaired in sham MT rats compared to sham WT rats;  was impaired in sham MT rats

versus WT rats only with HX + HC. In contrast, neither VT nor VT/TI were impaired in MT

rats in any condition. Values are means ± SEM and * = from sham MT, # = from baseline, +

= from HX, and $ = from HC where all p < 0.05.
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Figure 4.

Tidal volume (VT), frequency, minute ventilation ( ) and mean inspiratory flow (VT/TI)

during baseline and HX + HC in wild-type (WT; black bars) and mutant (MT; white bars)

rats treated with PCPA alone, or PCPA + methysergide (methy) versus sham treated rats. In

all groups, HX + HC values were significantly larger than baseline values. PCPA alone had

no effect on VT, frequency,  or VT/TI in WT or MT rats during baseline or HX + HC

versus sham treated rats. PCPA + methy had no effect on VT,  or VT/TI during baseline or

HX + HC in WT or MT rats versus sham treated rats. PCPA + methy decreased frequency

significantly in WT rats during baseline and HX + HC versus sham treated WT rats. Values

are means ± 1 SEM and = + = from sham WT where all p < 0.05.
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Figure 5.

Tidal volume (VT), frequency, minute ventilation ( ) and mean inspiratory flow (VT/TI)

during baseline and HX + HC in wild-type (WT; black bars) and mutant (MT; white bars)

rats treated with MSX-3 alone, or MSX-3 + PCPA. In all groups, HX + HC values were

significantly larger than baseline values. MSX-3 alone or in combination with PCPA had no

effect on VT, frequency,  or VT/TI in either WT or MT rats during baseline or HX + HC.

Values are means ± 1 SEM and + = from sham WT, where all p < 0.05.
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Figure 6.

Tidal volume (VT), frequency, minute ventilation ( ) and mean inspiratory flow (VT/TI)

during baseline and HX + HC in wild-type (WT; black bars) and mutant (MT; white bars)

rats treated with apocynin (Apo) + MSX-3 + methy versus sham treated rats. In all groups,

HX + HC values were significantly larger than baseline values. Apo + MSX-3 + methy

significantly increased VT,  and VT/TI during HX + HC in MT rats versus sham treated

MT rats. Values are means ± 1 SEM and * = from sham MT, + = from sham WT, where all

p < 0.05.
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Table 1

Summary of tidal volume (VT; mL ± SEM) data in baseline, hypoxia (HX), hypercapnia (HC) and hypoxia +

hypercapnia (HX + HC) in all treatment groups. Groups were: Sham (WT: n=8; MT: n=9), PCPA (WT: n=3;

MT: n=3), PCPA + Methy (WT: n=3; MT: n=3), MSX-3 (WT: n=3; MT: n=3), PCPA + MSX-3 (WT: n=3;

MT: n=3), and Apo + MSX-3 + Methy (WT: n=3; MT: n=3). Significance was accepted at p < 0.05; 3 = Sham

MT vs. treatment group MT..

Tidal Volume Baseline HX HC HX + HC

Sham WT 3.0 ±0.3 3.5 ±0.4 4.8 ±0.6 5.8 ±0.6

Sham MT 3.4 ±0.2 3.9 ±0.3 4.9 ±0.3 5.3 ±0.4

PCPA WT 3.8 ± 0.8 3.8 ± 0.5 5.1 ± 0.6 5.8 ± 1.1

PCPA MT 3.32 ± 0.04 3.7 ± 0.2 5.2 ± 0.4 5.8 ± 0.7

PCPA + Methy WT 4.3 ± 0.3 4.1 ± 0.3 7.0 ± 0.4 7.1 ± 0.4

PCPA + Methy MT 3.9 ± 0.2 3.8 ± 0.3 6.6 ± 0.1 7.0 ± 0.1

MSX-3 WT 3.4 ± 0.1 3.5 ± 0.2 4.9 ± 0.2 5.4 ± 0.1

MSX-3 MT 3.8 ± 0.2 3.9 ± 0.1 4.9 ± 0.2 5.51 ± 0.04

MSX-3 + PCPA WT 4.2 ± 0.1 4.3 ± 0.2 6.3 ± 0.2 7.0 ± 0.3

MSX-3 + PCPA MT 4.5 ± 0.2 4.1 ± 0.2 6.1 ± 0.1 6.9 ± 0.2

Apocynin + MSX-3 + Methy WT 4.1 ± 0.2 4.4 ± 0.1 6.3 ± 0.3 7.2 ± 0.7

Apocynin + MSX-3 + Methy MT 4.1 ± 0.3 4.4 ± 0.3 6.7 ± 0.4 7.6 ± 0.53
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Table 2

Summary of frequency (breaths/min ± SEM) data in baseline, hypoxia (HX), hypercapnia (HC) and hypoxia +

hypercapnia (HX + HC) in all treatment groups. Groups were: Sham (WT: n=8; MT: n=9), PCPA (WT: n=3;

MT: n=3), PCPA + Methy (WT: n=3; MT: n=3), MSX-3 (WT: n=3; MT: n=3), PCPA + MSX-3 (WT: n=3;

MT: n=3), and Apo + MSX-3 + Methy (WT: n=3; MT: n=3). Significance was accepted at p < 0.05; 1 =

treatment group WT vs. treatment group MT, and 2 = Sham WT vs. treatment group WT.

Frequency Baseline HX HC HX + HC

Sham WT 80 ± 6 112 ± 3 156 ± 7 146 ± 4

Sham MT 57 ± 21 89 ± 41 131 ± 41 127 ± 31

PCPA WT 74 ± 4 91 ± 2 136 ± 4 125 ± 3

PCPA MT 72 ± 3 108 ± 8 141 ± 6 128 ± 3

PCPA + Methy WT 57 ± 52 85 ± 42 123 ± 72 116 ± 52

PCPA + Methy MT 65 ± 1 94 ± 2 124 ± 5 116 ± 6

MSX-3WT 88 ± 13 102 ± 9 154 ± 10 146 ± 6

MSX-3 MT 60 ± 4 90 ± 8 144 ± 9 138 ± 7

MSX-3 + PCPA WT 82 ± 4 89 ± 6 141 ± 3 123 ± 1

MSX-3 + PCPA MT 74 ± 6 100 ± 8 141 ± 9 129 ± 5

Apocynin + MSX-3 + Methy WT 71 ± 3 100 ± 7 164 ± 7 140 ± 5

Apocynin + MSX-3 + Methy MT 64 ± 4 89 ± 2 141 ± 7 135 ± 4
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Table 3

Summary of minute ventilation ( ; mL/min ± SEM) during baseline, hypoxia (HX), hypercapnia (HC) and

hypoxia + hypercapnia (HX + HC) in all treatment groups. Groups were: Sham (WT: n=8; MT: n=9), PCPA

(WT: n=3; MT: n=3), PCPA + Methy (WT: n=3; MT: n=3), MSX-3 (WT: n=3; MT: n=3), PCPA + MSX-3

(WT: n=3; MT: n=3), and Apo + MSX-3 + Methy (WT: n=3; MT: n=3). Significance was accepted at p <

0.05; 1 = treatment group WT vs. treatment group MT, and 3 = Sham MT vs. treatment group MT.

Minute Ventilation Baseline HX HC HX + HC

Sham WT 223 ± 49 355 ± 88 696 ± 173 776 ± 180

Sham MT 173 ± 18 311 ± 43 586 ± 75 619 ± 721

PCPA WT 281 ± 63 337 ± 79 690 ± 138 718 ± 149

PCPA MT 240 ± 13 387 ± 33 723 ± 66 739 ± 75

PCPA + Methy WT 238 ± 9 336 ± 38 851 ± 33 819 ± 58

PCPA + Methy MT 254 ± 14 384 ± 23 793 ± 49 818 ± 41

MSX-3 WT 290 ± 39 344 ± 16 738 ± 15 785 ± 22

MSX-3 MT 223 ± 12 336 ± 19 698 ± 18 761 ± 42

MSX-3 + PCPA WT 340 ± 18 375 ± 29 868 ± 38 856 ± 37

MSX-3 + PCPA MT 329 ± 24 396 ± 12 853 ± 32 885 ± 16

Apocynin + MSX-3 + Methy WT 272 ± 14 413 ± 42 1004 ± 61 1002 ± 109

Apocynin + MSX-3 + Methy MT 250 ± 12 372 ± 27 946 ± 933 1023 ± 803
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Table 4

Summary of mean inspiratory flow (VT/TI; mL/sec ± SEM) during baseline, hypoxia (HX), hypercapnia (HC)

and hypoxia + hypercapnia (HX + HC) in all treatment groups. Groups were: Sham (WT: n=8; MT: n=9),

PCPA (WT: n=3; MT: n=3), PCPA + Methy (WT: n=3; MT: n=3), MSX-3 (WT: n=3; MT: n=3), PCPA +

MSX-3 (WT: n=3; MT: n=3), and Apo + MSX-3 + Methy (WT: n=3; MT: n=3). Significance was accepted at

p < 0.05; 3 = Sham MT vs. treatment group MT.

Mean Inspiratory Flow Baseline HX HC HX + HC

Sham WT 13 ± 4 18 ± 4 26 ± 6 29 ± 7

Sham MT 9 ± 0.6 16 ± 2 23 ± 3 24 ± 3

PCPA WT 16 ± 4 17 ± 4 26 ± 5 28 ± 6

PCPA MT 12 ± 0.5 14 ± 0.4 27 ± 2 27 ± 3

PCPA + Methy WT 14 ± 1 16 ± 1 32 ± 2 31 ± 2

PCPA + Methy MT 13 ± 1 15 ± 2 31 ± 2 32 ± 1

MSX-3 WT 17 ± 1 18 ± 0.6 27 ± 0.2 28 ± 0.6

MSX-3 MT 14 ± 2 15 ± 0.8 26 ± 1 28 ± 2

MSX-3 + PCPA WT 19 ± 2 18 ± 1 33 ± 1 33 ± 1

MSX-3 + PCPA MT 18 ± 0.8 17 ± 0.2 33 ± 1 34 ± 0.8

Apocynin + MSX-3 + Methy WT 18 ± 0.4 22 ± 1 37 ± 2 37 ± 3

Apocynin + MSX-3 + Methy MT 16 ± 2 18 ± 0.8 36 ± 43 39 ± 43
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