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Abstract

Pompe disease results from a mutation in the acid a-glucosidase
gene leading to lysosomal glycogen accumulation. Respiratory
insufficiency is common, and the current U.S. Food and Drug
Administration-approved treatment, enzyme replacement, has
limited effectiveness. Ampakines are drugs that enhance a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor responses and
can increase respiratory motor drive. Recent work indicates that
respiratory motor drive can be blunted in Pompe disease, and thus
pharmacologic stimulation of breathing may be beneficial. Using

a murine Pompe model with the most severe clinical genotype (the
Gaa~’~ mouse), our primary objective was to test the hypothesis that
ampakines can stimulate respiratory motor output and increase
ventilation. Our second objective was to confirm that neuropathology
was present in Pompe mouse medullary respiratory control neurons.

The impact of ampakine CX717 on breathing was determined via
phrenic and hypoglossal nerve recordings in anesthetized mice and
whole-body plethysmography in unanesthetized mice. The medulla
was examined using standard histological methods coupled with
immunochemical markers of respiratory control neurons. Ampakine
CX717 robustly increased phrenic and hypoglossal inspiratory
bursting and reduced respiratory cycle variability in anesthetized
Pompe mice, and it increased inspiratory tidal volume in
unanesthetized Pompe mice. CX717 did not significantly alter these
variables in wild-type mice. Medullary respiratory neurons showed
extensive histopathology in Pompe mice. Ampakines stimulate
respiratory neuromotor output and ventilation in Pompe mice, and
therefore they have potential as an adjunctive therapy in Pompe disease.
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neuropathology; medulla

Pompe disease occurs due to a mutation in
the acid a-glucosidase (GAA) gene. The
GAA protein is a hydrolase that degrades
lysosomal glycogen, and its deficiency
causes glycogen accumulation, disruption
of cellular architecture, and neuromuscular
impairments (1-3). Motor units controlling

the diaphragm and pharyngeal airway are
particularly affected (4), and severe
respiratory insufficiency and ventilator
dependence are common in both infantile
and late-onset Pompe disease. Respiratory
dysfunction in Pompe disease has been

attributed to skeletal muscle pathology (5),

but recent work from independent
laboratories has raised awareness of

a neural component (1, 3, 6-8). For
example, respiratory motoneurons show
profound histopathology in Pompe mice
(1, 6, 7), and an autopsy report confirms
pathology in the region of the phrenic
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Clinical Relevance

Respiratory insufficiency occurs in
both early- and late-onset Pompe
disease and is often unresponsive

to current therapeutic approaches,
which focus on muscular pathology.
Ampakines are drugs that can increase
the responses of the glutamatergic
a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor, and
they most effectively stimulate breathing
when the neural input to respiratory
muscles is blunted. We observed

that an ampakine, CX717, robustly
increased respiratory neuromotor
output and ventilation in Pompe but
had limited impact on wild-type mice.
These data indicate that ampakines have
potential as an adjunctive therapy for

hypoventilation in Pompe disease.

motor nucleus in an infant with Pompe (1).
Neuropathology is an important
consideration, because the only U.S. Food
and Drug Administration-approved
pharmacologic treatment is intravenous
infusion of recombinant GAA protein.
Although this approach has modest
functional benefit (9), it does not prevent
the progression to respiratory failure in
many patients (4), and the recombinant
protein will not reach the central nervous
system after intravenous delivery.
Accordingly, in addition to therapies
aimed at skeletal muscles, treatments
targeting the central nervous system are
needed to effectively manage respiratory
insufficiency in Pompe disease. Here, we
explore a pharmacologic approach aimed
at enhancing neuromotor output to the
respiratory muscles. Specifically, we
tested the impact of ampakines on
breathing in the Gaa~’~ mouse (10),

a Pompe model that recapitulates the
most severe genotype with absence of
functional GAA.

Ampakines enhance the function of
glutamatergic o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)
receptors (11, 12). These drugs successfully
stimulated breathing after opiate-induced
respiratory depression in clinical trials
(13, 14). Importantly, preclinical studies
show that ampakines most effectively
stimulate breathing when the neural input
to respiratory muscles is blunted

(13, 15-17). Ampakines may therefore

be a therapeutic option for respiratory
insufficiency, particularly when
neuromotor impairment is suspected.
Accordingly, we tested the hypothesis that
ampakines increase respiratory neuromotor
output and ventilation in Pompe mice.

In complementary studies, brainstem
respiratory control neurons and
motoneurons were histologically evaluated.
Although motoneuron histopathology has
been documented in Pompe tissues (1, 4, 7,
18, 19), currently, there is no information
available regarding the impact of GAA gene
deletion on the medullary neurons and
networks that regulate breathing. This is

a fundamental consideration, as delineation
of the neuronal mechanisms contributing
to respiratory failure in Pompe disease is

a prerequisite for optimizing therapeutic
strategies. Mechanistically, ampakines can
act on both respiratory premotor circuits
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and motoneurons (13, 20), and,
accordingly, we believed it was important to
determine if pathology was present in
premotor respiratory control neurons, and
to compare and contrast the histological
appearance of these cells with respiratory
motoneurons.

Materials and Methods

All experimental procedures were approved
by the Institutional Animal Care and Use
Committee at the University of Florida.
129SVE (wild-type) mice (n = 16; age, 13 =
0.8 mo; 32 = 0.9 g) were obtained from
Taconic Inc. (Albany, NY). Gaa™’~ mice
(10) (n=16; 14 = 1.2 mo; 26 + 0.9 g)
were outbred to a 129SVE background
(Taconic). The ampakine compound,
CX717, was provided by Cortex
Pharmaceuticals (Irvine, CA). Stock
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Figure 1. Representative examples of hypoglossal and phrenic nerve discharge. The top of A
demonstrates the respiratory neuromotor response to delivery of vehicle (left arrow) and then

ampakine CX717 (156 mg/kg, right arrow) in an acid a-glucosidase (Gaa)

~~ mouse. Approximately

30 minutes of inspiratory bursting are depicted; expanded time scales, traced in which individual
inspiratory bursts are discernable, are also provided for the areas indicated by a and b. Note that the
vehicle injection had minimal impact on inspiratory bursting, but CX717 injection resulted in a relatively
rapid and sustained increase in both phrenic and hypoglossal burst amplitude. (B) A typical response
to both the vehicle and CX717 in wild-type mice. The scale bars on the frequency traces indicate

breaths per minute.
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solutions were dissolved in 10% 2-
hydroxypropyl-B-cyclodextran (HPCD;
Sigma, St. Louis, MO).

Procedures for recording of respiratory
nerve activity were adapted from recent
reports (1, 7); see the online supplement
for a comprehensive description. Mice
were urethane anesthestized (1.6 g/kg,
intraperitoneal; Sigma), vagotomized, and
mechanically ventilated while hypoglossal
and phrenic nerve activity was recorded
with tungsten electrodes. Data were
digitized and recorded using Spike2 v7.10
software (Cambridge Electronic Design,
Cambridge, UK).

After a 10- to 20-minute period of
stable baseline activity, mice received a sham
(10% HPCD) intraperitoneal injection.
Sham injection never evoked a persistent
change in neural activity, and, 10 minutes
later, an equivalent volume of CX717
solution (15 or 30 mg/kg) was administered.
Inspiratory time (Ty), expiratory time (Tg),
and the overall respiratory cycle duration
(Tror) were calculated from the integrated
neurogram (21). Peak integrated
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Figure 2. Ampakine CX717 reduces respiratory cycle variability in neurograms recorded in anesthetized Gaa ™

hypoglossal and phrenic amplitude
([hypoglossal and [phrenic) and burst
frequency were averaged for 1 minute
during baseline, after vehicle injection, and
30 minutes after CX717. Burst amplitude
data are expressed in arbitrary units
(a.u.; i.e., volts) and relative to the baseline
condition (% baseline). Coefficient of
variation was calculated as the ratio of the
standard deviation and mean.

Ventilation and an estimate of the
metabolic CO, production (Vco,)
were assessed using a whole-body
plethysmograph (Buxco, Inc., Wilmington,
NC) in unrestrained, unanesthetized mice
(1) (n =8 per group; see the online
supplement for details). During a 30-
minute acclimation period and subsequent
30- to 60-minute baseline period, mice were
exposed to normoxic air (21% O,, 79% N,).
Plethysmography measurements were
taken after sham injection (10% HPCD,
intraperitoneal) on three consecutive
days for each mouse, and the average
of these three trials was calculated. At
2 weeks after the final sham trial, mice
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received either 15 or 30 mg/kg CX717
(intraperitoneal), and the plethysmography
trial was repeated.

Immunohistochemistry on medullary
tissue sections and subsequent imaging were
done using standard methods (22); see the
online supplement. Statistical tests were
performed using SigmaStat v12.0 software
(Systat Software, Inc., San Jose, CA). For
analysis of cross-sectional area, images taken
from serial sections were analyzed with LSM
510 software (Zeiss, Toronto, ON, Canada).
Cells with visible nuclei and proximal
processes were identified and a cross-
sectional area calculated. Averaged cell size
measurements and raw XII and phrenic
amplitudes from wild-type and Gaa™’~ mice
were compared using Student’s t test. Two-
way repeated measures ANOVA was used to
compare hypoglossal and phrenic activity
and ventilation data. The Student-Newman-
Keuls post hoc analysis was used for multiple
pair-wise comparisons. Data are presented as
mean (*+SE) and were considered to be
statistically different at a P value less
than 0.05.
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’~ mice. The coefficient of variation (CV)

was calculated for inspiratory time (4), expiratory time (B), and total respiratory cycle duration (T+o7) (C). At baseline, variability in these parameters

was greater in Gaa™’~

compared with wild-type mice. After CX717, variability was reduced and became comparable to values recorded in wild-type mice.

(D) Representative data illustrating Trot over 60 consecutive cycles. The baseline data in this image were taken during a 10-minute period recorded
before CX717, and the CX717 data were taken 30 minutes after drug delivery. A reduction in inspiratory burst amplitude variability after CX717 also
occurred in both the hypoglossal (E) and phrenic nerve recordings (F). *P < 0.05 when compared with baseline; “*P < 0.01 when compared with baseline;
#P < 0.05 when compared with wild type. Data are presented as mean (+SE).
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relative change in burst amplitude (%

500+ # baseline) after ampakine or sham treatment
E: 400 - was the primary dependent variable in these
) studies (see the next paragraph).
g 300+ In both strains, injection of the vehicle
S 5004 solution often triggered a brief increase in
2 inspiratory burst frequency, which returned
£ 100 rapidly to baseline values (e.g., Figure 1).
= 0 Thus, respiratory motor output had
returned to baseline values within 2
minutes of the sham injection in all mice
400 4 (Figure 3). In contrast, injection of 15 mg/

kg CX717 produced a rapid and sustained
increase in both hypoglossal and phrenic
inspiratory burst amplitude in Gaa ™/~
mice (Figure 3). This response was unique
to the Gaa™’~ mice, as an equivalent dose
had no impact on inspiratory burst
amplitude in wild-type animals. On
average, there were no persistent changes in
inspiratory burst frequency after CX717 in
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Figure 3. Ampakine CX717 increases inspiratory
burst amplitude in Gaa™'~ mice. Changes in
hypoglossal (Xll) (A) and phrenic (B) burst amplitude
are presented as a change from baseline values
(%BL) after injection of vehicle or CX717. (C) CX717
did not significantly alter the frequency of the
inspiratory burst. *P < 0.05 when compared with
baseline; *P < 0.05 when compared with wild type.
Data are presented as mean (*=SE).

Results

Ampakine CX717 Increases
Respiratory Neuromotor Output in
Pompe Mice

Representative nerve recordings are
provided in Figure 1. Baseline respiratory
motor output was assessed before vehicle or
CX717 delivery, and was more variable in
anesthetized Gaa™/~ mice, as evidenced by
an increased coefficient of variation for Ty,
Tg, and Tror (P < 0.05 versus wild type;
Figure 2). Baseline phrenic inspiratory burst
amplitude averaged 0.16 (+0.03) a.u. and
0.58 (+0.18) a.u. for Gaa~’~ and wild-type
mice, respectively (P =0.02). The XII burst
amplitude (a.u.) was also reduced in Gaa™ '~
(0.11 % 0.05) versus wild-type mice (0.39 =
0.12) (P=0.03). Note, however, that the
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either mouse strain (Figure 3). However,
as illustrated by the representative trace in
Figure 1, frequency tended to gradually
decline after CX717 in Gaa™’~ mice, but
this did not approach statistical significance.
In contrast, a statistically significant
reduction in respiratory cycle variability
occurred after ampakine injection in Gaa™’~
mice, but not in wild-type mice. Thus, the
coefficients of variation for Ty, Tg, and Tror
were all reduced after CX717 in Gaa™/~
mice (Figure 2).

Ampakine CX717 Increases

Ventilation in Pompe Mice
Representative examples of airflow traces
recorded using whole-body plethysmography
are shown in Figure 4. Ampakine CX717 had
no appreciable impact when administered at
15 mg/kg, but the 30-mg/kg dose caused

M’\
M
| | \

Figure 4. Representative examples of air flow recorded using whole-body plethysmography in
unanesthetized mice. Inspiration is indicated by a downward deflection in the trace. (A and B)
~ mouse at baseline (left) and after delivery of ampakine CX717 at 30 mg/kg
(right). (C and D) The same for a wild-type mouse. The expanded traces show a few consecutive
breaths from the areas indicated by the asterisks. Scaling on each trace is the same between the
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Gaa™’~ mice to increase ventilation

(Figure 5). This was reflected by increased
inspiratory frequency (P =0.038) and

peak inspiratory airflow rate (P < 0.001).
Respiratory volumes were also increased in
Gaa™’~ mice after 30 mg/kg ampakine, and
similar conclusions were reached with data
expressed as absolute (mls) and relative (ml/
g) values (all P < 0.0.008; Figure 5). In
wild-type mice, there was a tendency for
increased ventilation after the 30-mg/kg
ampakine dose, but this was above

the threshold for statistical significance (P >
0.1), and was also considerably less than the
corresponding response in Gaa™’~ mice
(Figure 5).

The 30-mg/kg ampakme dose also
increased Vco, in both Gaa™’~ and wild-
type mice. The ventilatory equivalent
(i.e., VE/Vc0,), however, remained
constant in wild-type mice, but was
increased in Gaa/~ mice (Table 1).

The mean inspiratory flow rate

(i.e., tidal volume [VT]/Ty) increased by
approximately 30% in Gaa '~ after the
30-mg/kg ampakine dose (Table 1).

Brainstem Histopathology
Motoneuron pools were identified using
standard anatomical landmarks, and cell
bodies were confirmed via choline acetyl
transferase (ChAT) immunoreactivity. Prior
work established that expression of ChAT,
somatostatin, and tyrosine hydroxylase is
uniformly distributed in the cell soma of
medullary cardiorespiratory neurons (22,
23), and this was observed in tissues from
wild-type mice (Figures 6 and 7). In
contrast, a clear lack of immunostaining
for ChAT, somatostatin, and tyrosine
hydroxylase within large areas of the soma
was evident in Gaa /™ tissues (e.g., Figures 6
and 7). Indeed, virtually all motoneurons
in the facial (Figure 6B), nucleus ambiguus
(Figure 6D), and hypoglossal nuclei
(Figure 6H) of Gaa™’~ mice showed
a considerably enlarged soma and profound
accumulation of ChAT-immunonegative
vesicles. On average, motoneurons in the
facial, hypoglossal, and ambiguus nuclei
were all significantly larger in Gaa '~
tissues as compared with wild type
(Figure 6I). Evidence of histopathology was
not ubiquitous, however, as motoneurons
in the vagal nucleus had similar histologic
appearance between Gaa™’~ and wild-type
tissues (Figures 6E and 6F).

We next histologically evaluated
medullary neurons involved with
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Figure 5. Mean ventilatory responses to ampakine CX717 in unanesthetized mice. No ventilatory
parameters were influenced by the 15-mg/kg dose of CX717. However, both respiratory timing and

volumes were significantly altered after the 30-mg/kg dose in Gaa™

/= mice. (A) Breathing frequency

(breaths - min~"); (B) inspiratory duration (s); (C) tidal volume (ml - breath-1); (D) tidal volume
(ml - breath™'/g); (E) minute ventilation (ml - min~"); (F) minute ventilation (ml - min~"/g). *P < 0.05
compared with vehicle; *P < 0.05 compared with wild-type data point. Data are presented as mean

(+SE).

respiratory rhythm generation and/or
modulation of respiratory motor output.
The preBoétzinger complex (preBo6tC),
which contains neurons that are essential
for respiratory rhythmogenesis (24), was
identified in the ventrolateral medulla by
neurokinin 1 receptor and somatostatin
immunoreactivity (25-27). Somatostatin-
positive preBotC cell bodies had prominent
inclusion of somatostatin-immunonegative
vacuoles in Gaa™’~, but not wild-type tissues
(Figures 7A and 7B). In addition, a dense
network of neurokinin 1 receptor
immunoreactive fibers was present in the
preBotC region, with no qualitative difference
between Gaa™’~ and wild-type mice (data
not shown). Noradrenergic neurons in the
A1/C1 group of the ventral medulla displayed
abnormal morphology in Gaa™’ tissues,
with enlarged vesicles present throughout the

soma (Figures 7C and 7D). In contrast,
serotonergic raphe neurons along the
rostrocaudal extension of pons and medulla
in Gaa™’~ mice did not display any
significant altered morphology as compared
with wild-type mice (Figures 7E and 7F).

Discussion

We found that an ampakine (CX717)

very effectively stimulates respiratory
neuromotor output and ventilation in
Pompe (Gaa™’") mice, but not in wild-type
mice. This finding raises the possibility of
using ampakines as an adjunctive therapy
for hypoventilation in Pompe disease. In
addition, brainstem histology confirmed
extensive motoneuron pathology in Gaa™’~
mice, and showed, for the first time,

American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 3 | September 2015
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/

Table 1. Respiratory and Metabolic Parameters in Wild-Type and Gaa™'~ Mice
Vi/T, PIF PEF Vco, o Weight
(ml - breath~"/s) (ml/s) (ml/s) (ml - min~"/g) VE/Vco, (9)

Wild-type vehicle 1.01 +0.07 1.80 + 0.09 1.46 +0.10 0.033 = 0.00 16.8+0.6 321 +122
Wild-type CX717 15 mg/kg 0.99 + 0.50 1.78 = 0.08* 1.52 +0.12 0.033 = 0.00 17.0+0.3 31.5x1.47
Wild-type CX717 30 mg/kg 1.11 £ 0.05 1.99 +0.10 1.77 =0.19™  0.039 =0.00™* 16.3+0.4 31,7172
Gaa™"~ vehicle 0.87 = 0.06 1.54 + 0.08 1.38 = 0.10 0.038 = 0.007 15.8+0.3 25.0 * 0.457
Gaa’/~ CX717 15 mg/kg 0.81 = 0.06% 1.43 +0.10 1.30 + 0.09* 0.035 + 0.00 16.1 £ 0.5 24.7 +0.417
Gaa /= CX717 30 mg/kg 1.12 + 0.05*8 1.92+0.10 159 +0.10 0.042 +0.00% 17.3+0.7%% 255+ 0.80"

Definition of abbreviations: PEF, peak expiratory airflow; PIF, peak inspiratory airflow; T,, inspiratory time; Vcog, rate of carbon dioxide production; VE,

minute ventilation; VT, inspiratory tidal volume.

Data are provided for sham treatment as well as two doses of ampakine CX717.
*P < 0.05 compared with Gaa™’~ mice treated with CX717 at 15 mg/kg.

TP < 0.05 compared with wild-type mice after vehicle injection.

*P < 0.05 compared with wild-type mice receiving CX717 at 15 mg/kg.

8P < 0.05 compared with vehicle-treated Gaa™’

histopathology in medullary respiratory
control neurons. The dramatic impact of
CX717 on efferent respiratory motor
output in Gaa™’~ mice supports the
hypothesis that respiratory neuropathology
has a functional impact in Pompe disease
(4), as ampakines stimulate breathing most
effectively when respiratory neuromotor
activity is blunted (13, 20).

Pompe Disease—Respiratory
Insufficiency and the Current
Treatment Approach

Respiratory insufficiency is prevalent in
both infantile and late-onset Pompe disease
(28-31). In early-onset patients, respiratory
difficulty often becomes evident at 4-6

Figure 6. Brainstem motoneuron morphology is altered in Gaa™

~ mice.

months of age (32), and approximately 75%
of children and adolescents with Pompe
disease ultimately become dependent
upon mechanical ventilation (33, 34).
Approximately one-third of adults with
Pompe disease require mechanical
ventilator support, and conditions such as
aspiration and pneumonia, are prevalent
(35). Obstructive sleep apnea has also been
reported in Pompe disease (36, 37), and
there is some evidence that central sleep
apnea may also occur (37). It is also
noteworthy that severe respiratory
insufficiency can occur in Pompe disease
without evidence for significant limb
muscle weakness (31). The respiratory
neuromuscular system, therefore, appears

/

to be particularly susceptible to dysfunction
in Pompe disease, and this is unique in
respect to other muscular dystrophies,
where locomotor impairments typically
precede ventilatory insufficiency.

Biweekly intravenous infusion of
recombinant GAA protein (i.e., enzyme
replacement therapy) is the most widely
used treatment for Pompe disease (5, 38).
Although the literature clearly indicates
that enzyme replacement can provide
a stabilizing impact on respiratory function
(9), several groups have concluded that
enzyme replacement only delays the
eventual requirement for mechanical
ventilation (39-41). An early study from
Van den Hout and colleagues (42) reported
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1200 -| mmmm Ambiguus
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~ mice. Choline acetyl transferase (ChAT) immunoreactivity was used to identify

motoneurons in the facial nucleus (A and B), nucleus ambiguus (C and D), the dorsal motor nucleus of the vagus (E and F), and hypoglossal nucleus (G

and H). On average, cells in the facial, ambiguus, and hypoglossal nuclei were significantly larger in Gaa™
motoneurons, with enlarged soma and marked accumulation of ChAT-immunonegative vesicles. In contrast,

morphology is evident in these Gaa™/~

/= versus wild-type tissues (/). *P < 0.05. Altered

motoneurons in the vagal nucleus were apparently unaffected, with no histological evidence of a difference in size (/) or histological appearance (E-G).
Scale bars indicate 50 um (A-D) and 100 wm (E and F). Data are presented as mean (+SE).
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« Wild-type

Figure 7. Histological appearance of medullary respiratory control neurons in wild-type and Gaa ™

ya

mice. (A and B) Somatostatin-positive neurons within the pre-Bétzinger complex; (C and D) tyrosine
hydroxylase—positive A1/C1 neurons; (E and F) serotonin-positive raphe neurons. Note in particular
the presence of abnormal morphology and immunonegative vacuoles (arrows) in cells staining

positive for somatostatin and tyrosine hydroxylase in Gaa

B) and 50 pm (C—F).

that three out of four patients initiating
enzyme replacement at a young age

(2.5-8 mo) nevertheless became ventilator
dependent by age 4 years. Toscano and
Schoser (41) longitudinally evaluated over
350 patients with late-onset Pompe after
initiation of enzyme replacement. Forced
vital capacity improved in 51% of patients,
was unchanged in 14%, and declined in
35% (41). Another study followed adults
over 12 months of enzyme replacement
(43), and the wide range of responses
included decreases, no change, and
increases to the required ventilator support.
The recombinant GAA enzyme used in
enzyme replacement does not cross the
blood-brain barrier (44, 45), and, thus, the
limited and/or variable success of enzyme

332

~/~ mice. Scale bars indicate 20 wm (A and

replacement, and the clear evidence of
neuropathology in respiratory neurons
(current study and Refs. 1, 3, 4, 7, 18), has
led to the hypothesis that impaired function
in respiratory neurons and networks
contributes to respiratory insufficiency in
Pompe disease (1). As discussed in the next
section, the functional impact of ampakines
in Gaa™’~ mice provides further support
for this hypothesis, and also raises the
possibility of pharmacologically targeting
the respiratory control system with
ampakines.

Ampakines and Their Use in Treating
Hypoventilation

Ampakines are positive modulators of the
AMPA glutamate receptor subtype, and act

to increase the duration of AMPA receptor
gated-inward currents (20, 46). The
ampakine used in this study, CX717, is
metabolically stable, clinically safe, and
effectively crosses the blood-brain barrier
(11, 14, 47, 48). CX717 has been used in
both animal models (15, 17, 20) and clinical
trials to alleviate respiratory depression due
to opioids (14). CX717 does not directly
antagonize opioid receptors, because, in
both rats and humans, CX717 counteracts
respiratory depression without influencing
analgesia (15-17, 20). Animal studies

have confirmed that CX717 stimulates
breathing by potentiating AMPA currents in
respiratory neurons, including both motor
and premotor neurons (15, 20). For
example, ampakine CX546 stimulates
respiratory frequency during opioid-
induced hypoventilation—suggesting that
ampakines can act on medullary rhythm-
generating neurons, including the preBstC
(13). On the other hand, ampakine CX717
increases both the amplitude and duration
of postsynaptic AMPA currents in
respiratory motoneurons (20). In our study,
CX717 robustly increased inspiratory burst
amplitude in the anesthetized, vagotomized
Gaa~’~ mouse but with little to no impact
on burst frequency (e.g., Figures 1 and 2).
Accordingly, the primary mechanism of
activation in the anesthetized preparation is
likely to be potentiation of post-synaptic
AMPA currents on phrenic and
hypoglossal motoneurons. Considering
that the greatly increased motoneuron
soma size in Pompe tissues and relevant
animal models (e.g., Figure 6; see also Refs.
1, 18) is likely to decrease the electrical
resistance of the cell, the “size principle” of
motoneuron recruitment (49) predicts that
increases in synaptic current will be
required for inspiratory depolarization (1).
In this scenario, ampakine-mediated
potentiation of AMPA currents on
respiratory motoneurons (20) would
increase inspiratory motor output (e.g.,
Figures 1 and 2).

We also noted that the anesthetized
Gaa~’~ mouse showed greater variability
in the respiratory cycle compared with the
wild-type control (Figure 3), and this is
consistent with a prior report (7). However,
CX717 reduced the variability in respiratory
motor output, suggesting that premotor
neurons and/or respiratory rhythmogenic
networks were also influenced by the drug.
This is plausible, as rhythm-generating
neurons in the Gaa~’'~ medulla showed
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histopathology (e.g., Figure 7), albeit not
to the same extent as respiratory
motoneurons. In the unanesthetized
Gaa™’~ mouse, the increased ventilation
after CX717 treatment occurred as a result
of both increased inspiratory volume and
frequency. The underlying mechanism(s)
are likely to include potentiation of
inspiratory-related AMPA currents on
respiratory motoneurons (13, 20) and
pre-motor neurons associated with
respiratory rhythm generation (15, 24).
Another consideration, however, is that the
impact of ampakines on ventilation in the
conscious mouse likely reflected an
interplay between increased metabolism
and a direct stimulating effect on
respiratory neurons. The 30-mg/kg
ampakine dose increased Vco,; however,
the ventilatory equivalent (i.e., VE/Vco,)
was not changed in the wild-type mice. In
the Gaa™’~ mouse, however, an increase
in the VE/Vco, ratio suggests that at least
a portion of the increased ventilation
reflected neural stimulation. There was also
an approximately 30% increase in Gaa '~
mean inspiratory flow rate (i.e., V1/Ty) after
the 30-mg/kg ampakine dose. This is of
interest, because VT/T] increases in parallel
with respiratory neuromotor drive (50, 51).
Taken together, the plethsymography data
(conscious mice) and nerve recordings
(anesthetized mice) lead us to conclude that
at least a component of increased breathing
after ampakine treatment reflects a direct
stimulation of respiratory-related neurons.

Commentary Regarding the
Plethysmography Data

In terms of absolute respiratory volumes,
Gaa™’~ mice show a clear decrease as
compared with the wild-type mice.
However, interpretation is confounded by
decreased body mass in Gaa™'~ mice,
because the normalized values exceed those

from the wild-type mice. How can the
paradox of widespread respiratory neural
and muscular pathology, blunted XII

and phrenic neuromotor output under
anesthesia (Figure 2) (1, 7), and increased
relative ventilation be explained? There are
several possibilities. First, normalization

of respiratory volumes to body mass may
not be appropriate in degenerative disease
models. Mitchell and colleagues have
suggested that such an approach may in
fact obviate detection of physiologic
impairments in a rat amyotrophic lateral
sclerosis (ALS) model (52, 53). Without
clear changes in the size of the lung and
chest cavity in diseased animals, but with
loss of muscle mass and/or neurological
problems, body mass may no longer scale
with respiratory volumes in a predictable
manner. Second, increased ventilation
may, in fact, be the correct interpretation,
reflecting an initial compensatory
response to the developing
neuromuscular pathology. This is
something we have considered in the past,
and we recently proposed a model of the
progression of respiratory failure in
Pompe disease in which respiratory motor
output increases inappropriately during
the initial stages of neuromuscular
pathology (4). In the context of the
current study, the primary dependent
variable was the change in breathing after
ampakine delivery versus the absolute
level of ventilation. Importantly, the
fundamental conclusion of this article—
that ampakines stimulate respiratory
output more robustly in Gaa '~ mice as
compared with the wild-type response—is
maintained regardless of the approach to
the presentation of the data.

Conclusions
It is now well established that extensive
neuropathology is present in advanced

stages of Pompe disease, particularly in
motoneurons (current data and Refs. 1, 3, 7,
18). Several independent groups have
concluded that neuropathology has

a significant impact on motor function
(8,49, 54), but no current therapies are aimed
at improving the efferent neural regulation
of the respiratory muscles (although a gene
therapy clinical trial is in progress [55]).
In the context of the current results, it must
be emphasized that rigorously controlled
in vitro and in vivo experiments indicate
that CX717 robustly increases respiratory
activity when respiratory neuromotor
activity is suppressed, but has minimal
impact under conditions of “normal”
respiratory motor activity (14, 20, 47).
Thus, our findings in Gaa™'~ mice provide
further support for the Pompe “neural
hypothesis” (4, 8, 39), and raise the
possibility of using ampakines as an
adjunctive therapy for hypoventilation in
Pompe disease. In humans, the half-life

of ampakines is approximately 9 hours

(S. Johnson, Cortex Pharmaceuticals Inc.,
personal communication), and thus,
possible clinical uses for ampakines could
include enabling periods of weaning from
ventilator support, and potentially reducing
apneic events during sleep. Future studies
should also evaluate the use of ampakines
as a component of neurorehabilitative
strategies aimed at evoking neuroplasticity
and improved independent respiratory
function. Such an approach could be used
in conjunction with current (e.g., enzyme
replacement) (9), or future (e.g., gene
therapy) (5), treatment approaches.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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