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Abstract

The iron chelator desferrioxamine (DFO) induces accumulation of the hypoxia-inducible factor
(HIF-1), a transcription factor which upregulates genes involved in adaptative responses to
hypoxia. This property makes DFO a potential neuroprotector against hypoxic stress. We
investigated in rats the effects of DFO on the ventilatory response to mild hypoxic tests and the
expression of tyrosine hydroxylase (TH), a target gene of HIF-1. Two protocols were used: one
with repeated injections of 50 mg/kg DFO every 2 days during a 2 week period. This was aimed
to define the time-course of the ventilatory responses to a hypoxic test. In the second protocol,
rats were given a single injection of 300 mg/kg DFO. Every day over 4 days the hypoxic
ventilatory response was recorded before the animal sacrifice and western-blot analysis of TH in
the dorsal brainstem cardiorespiratory area was performed. DFO produced a delayed increase in
the hypoxic ventilatory response which appeared in the same time-window as TH upregulation
(2-3 days after the bolus injection of DFO). This delay suggests a genic effect of the drug which

improves the ventilatory response to hypoxia.
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Introduction

The most widespread molecular mechanism of fight against hypoxia is regulated by the
transcription factor HIF-1 (Semenza and Wang, 1992). This protein activates several genes
making it possible to respond to the hypoxic stress. The inducible sub-unit HIF-1 a is
accumulated both in vitro in severe hypoxic conditions (Kroll and Czyzyk-Krzeska, 1998) and
in vivo under tolerable hypoxia (Chavez et al., 2000). Rats subjected to a moderate hypoxic
challenge show HIF-la overexpression in the carotid bodies which are the main peripheral
arterial chemoreceptors involved in O,-sensing (Roux et al., 2005). Similar hypoxic conditions
elicit a selective accumulation of HIF-1a mRNA and protein in the dorsal cardiorespiratory area
of the brainstem, which integrates the peripheral chemosensory inputs (Pascual et al., 2001).
Among a variety of target genes stimulated by hypoxia, the tyrosine hydroxylase (TH) gene is
upregulated by HIF-1 (Norris and Millhorn, 1995; Schnell et al., 2003). TH plays a crucial role
to improve the supply of oxygen to the brain neural cells by modulating the ventilatory
responses to hypoxia (Gonzalez et al., 1981; Hayward, 2001). HIF-1 and TH have been
colocalized in catecholaminergic cells, the Type I cells in the carotid body and the medullary
neurons in the dorsomedian brainstem (Pascual et al., 2001; Roux et al., 2005). Therefore, the
selective HIF-1 overexpression in brainstem cardiorespiratory areas may participate in the
ventilatory response to hypoxia.

Desferrioxamine (DFO) is an iron chelator which has been used as a drug to treat iron
intoxication (Gillman et al., 1990). Besides their antitoxic effects on iron poisoning, the iron
chelators induce the accumulation of HIF-1 (Wang and Semenza, 1993), a property which has
been shown to have a neuroprotective effect in cerebral ischemia (Bergeron et al., 2000; Prass et
al., 2002). Since DFO induces the accumulation of HIF-1 (Prass et al., 2002) and since HIF-1
activates the expression of genes involved in the reduction of hypoxia (Bernaudin et al., 2002),
it was of interest to test the effect of DFO on the ventilatory response to hypoxia. Here, DFO
was used as a pharmacological tool to assess the physiological consequences of central

accumulation of HIF-1 on ventilatory response to acute tolerable hypoxia. Our hypothesis was
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that DFO might upregulate genes involved in the modulation of ventilatory response to hypoxia,
such as the TH gene (Hayward, 2001; Hilaire et al., 2004; Soulage et al., 2003; Soulage et al.,
2004; Zanella et al.,, 2006). Two protocols were used, the first one, with repeated DFO
injections, was aimed to study the ventilatory effects of sustained HIF-1 induction. The second
protocol was aimed to identify the time-course of upregulation of TH gene induced with a
single injection of DFO and its potential involvement in the functional effects. We found that
the DFO increases the ventilatory response to an hypoxic challenge in association with

upregulation of TH.

Materials and methods

Fifty-one male Sprague-Dawley rats (270-300g) were used in this study. They were
housed individually, exposed to 12h light-dark cycle and fed ad libitum with standard diet.
Animal studies were carried out in accordance with European Union and French Government

animal protection laws.

Pharmacological treatments

The rats were subjected to the DFO treatment according to two protocols:

Protocol 1: ventilatory effects of repeated injections of DFO. Six rats were given an i.p.
injection of DFO (50 mg/kg b.w.) every second day for 2 weeks at D0, D2, D4, D6, D8, D10,
D12, and D14 (Table 1). The normoxic ventilatory output and hypoxic ventilatory responses
were measured on the day preceding the first injection and then every 4 days (D3, D7, D11, and
D15). Six control rats were subjected to the same protocol but were injected the equivalent
volume (1 ml i.p.) of saline alone instead of DFO.

Protocol 2: ventilatory and neurochemical effects of a single dose of DFO. The normoxic
ventilatory output and the hypoxic ventilatory response were measured just before a single
injection of DFO (300 mg/kg, n=20) or saline (1 ml, n=19) at D0. One day after the injection,
the normoxic ventilatory output and hypoxic ventilatory response were measured in the first

group of rats (5 DFO-treated rats and 5 saline rats). These animals were sacrificed immediately
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after recording the ventilatory data (Table 2). The brain was dissected out, frozen in isopenthane
and kept at —80°C until biochemical analysis. The same experiments were performed every day

for four days (Table 2).

Biochemical analysis

Tissue preparation. The brainstem area containing the termination site of
chemoreceptor afferents (Finley and Katz, 1992; Housley et al., 1987; Housley and Sinclair,
1988) was isolated by cryostat dissection at —20°C. The 5 pooled fragments of brainstem were
homogenized with 25 strokes in 1 ml of lysis buffer: Tris-HCI 50 mM pH 7.5, Triton X-100 1%,
NaCl 100 mM, NaF 50 mM and EDTA 5 mM, with protease inhibitors (Protease Inhibitor
Cocktail, Sigma) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 2, Sigma) at 4°C in
Wheaton manual type tissue grinder. The tissue homogenated was centrifuged 15 min at 14000
rpm at 4°C. The supernatant was aliquoted and kept at —80°C until western blotting analysis.
Protein concentration was determinated by Bradford assay (Biorad) (Bradford, 1976)

Detection of tyrosine hydroxylase by western blotting. The samples were denatured in
Laemmli buffer at 95°C for 5 min and 10pg protein were separated by 8% SDS-PAGE. SDS-
PAGE gel was cut into 2 parts at 80 kDa molecular weight. The superior part of gel was stained
by coomassie blue to allow verification of equal loading of protein in each well. The lower part
was electro-transferred to PVDF immobilon-P membrane (Millipore). Membranes were blocked
with 5% nonfat dry milk in PBS for 2 hours at room temperature and then incubated with the
anti-TH (Chemicon) at 1:1000 dilution in 5% nonfat dry milk/PBS at 4°C overnight. After being
washed three times for 15 min with PBS/Tween 0.2%, membranes were incubated with the
secondary antibody horseradish peroxidase conjugated at 1:10000 dilution in 5% nonfat dry
milk/PBS for one hour at room temperature. Then membranes were washed again with
PBS/Tween 0.2% three more times. The bound antibodies were visualized using the enhanced

chemiluminescence ECL plus reagent (Amersham).



Ventilatory measurements

Breathing activity was measured using a barometric method as described by Bartlett and
Tenney (1970). In the first protocol, awake unrestrained rats were recorded the day before the
first injection (day —1; V) and then on day 3, 7, 11, 15 (V,, V3, V4, Vs) (Table 1). In the second
protocol, ventilation was measured the day before the injection (day-1; V;) and then on day 1, 2,
3 and 4 (V,, V3, V4, Vs) (Table 2). The plethysmograph chamber (2.8 1), equipped with a
temperature sensor, was connected through a slow leak to a reference chamber, and the pressure
difference between the two chambers was measured with a differential pressure transducer
(Validyne, DP 103-14) connected to a sine wave carrier demodulator (Validyne, CD 15). The
spirogram was stored on a PC computer (CED interface). Calibrations were made during each
recording by injecting 0.5 ml of air into the experimental chamber.

The chamber was maintained at 27+/-1°C and was permanently flushed with fresh
humidified air, except during the data collection sessions, during which time, it was
hermetically sealed. The recording sessions of 45 secondes were chosen when the animal was
quiet. All measurements were made in quadruplicate, separated by several minute intervals,
depending on the degree of activity of the rat. The mean of these four values was taken as the
basal (normoxic) ventilation. Each period of baseline breathing was analysed as described
previously (Boudinot et al., 2004). A computer program (ACQUIS1 software, BioLogic, Claix,
France) measured the duration of inspiration (T;) and expiration (Tg), ventilatory frequency (fr),
tidal volume (Vr) and minute ventilation (Vg). Mean values were calculated from breaths
collected within a minimum period of 15 seconds. The hypoxic test was carried out by flushing
the plethysmograph chamber with a mixture of 10% O, and 90% N,. After the 10% O, level was
reached inside the chamber, the system was clamped and 4 minutes later the first measurement
of hypoxic ventilatory response was performed. Subsequent hypoxic ventilatory response

recordings were done in the same way at 7 and 10 minutes after the beginning of hypoxia.



Statistical analysis

Statistical analyses were performed with Sigma-Stat v2 software. The effect of DFO on
the ventilatory response was evaluated by Two-Way ANOVA using Bonferroni correction.
Comparison between saline and DFO treated rats was analysed by Student's paired t test. All

results are expressed as the means = SEM.

Results
Kinetics of ventilatory responses to repeated injections of DFO

Basal measurements

The basal ventilation measured in normoxia the day preceding the injections and on
days 3, 7, 11, and 15 was not significantly different between the saline-treated and DFO-treated
animals (Fig.1). Furthermore, the body weights of saline controls and DFO-treated animals
were not different. Thus, measurements of both basal ventilation and body growth failed to
reveal any obvious effect of DFO in normoxic conditions.

Effects of repeated injections of DFO on the hypoxic ventilatory response

In contrast to normoxia, the short exposure to hypoxia revealed different ventilatory
behaviours between the saline controls and DFO-treated rats (Fig.1). In both groups of animals,
the hypoxic test elicited a rapid ventilatory response. However, the hypoxia-induced
hyperventilation was higher in DFO-treated rats during the first week of treatment (D3, D7).
There was a significant interactive effect between DFO treatment and O2 level (F [1, 10] =
6.572, p<0.05). The mean measurements (n= 6 DFO; n=6 saline) of ventilatory output on D3
were 146.5 +/- 4 vs. 120.5 +/- 3.5 ml/min/100g b.w., and 137.4 +/- 7 vs. 115.3 +/-4.6
ml/min/100 g b.w on D7, in saline controls and DFO-treated rats, respectively. The effects of
DFO faded during the second week of treatment. Although still apparent due to increased VT
(P<0.05), the difference in hypoxic ventilatory response between saline controls and DFO-
treated rats did not reach the significant level because the respiratory frequency was slightly

reduced.



Ventilatory and biochemical responses to a single injection of DFO

Basal measurements

The basal ventilation measured in normoxia on the day before the injection and the four
following days was not different between the saline controls and the DFO-treated animals (data
not shown). Thus, like after repeated injections, a single dosage of DFO was unable to modify
significantly the normoxic ventilatory output in rats.

Effects of a single injection of DFO on the hypoxic ventilatory response

The ventilatory values recorded over the four days following a single DFO injection
were averaged (Fig 2) to get an overall view of the functional effects of DFO. The mean
ventilatory response to the hypoxic test was characterized by significant increases of minute
ventilation (+8.8% p<0.05), breathing frequency (+11.2% p<0.05), and tidal volume (+11.7%
p<0.05). During the course of the hypoxic test, the hypoxic ventilatory responses did not differ
between the saline controls and the DFO-treated rats during the first 4 minutes of hypoxia. The
minute ventilation became significantly different after 7 minutes of hypoxia (Fig 2A), while
every ventilatory parameter was significantly affected after 10 minutes (Fig 2A, B, C).

Evolution of the hypoxic ventilatory response during the four days following a
single injection of DFO

By comparing every day the hypoxic response (at 10 min exposure) over the four days
following a single DFO injection, the DFO-treated rats showed a larger tidal volume than the
saline controls on the second day (D2) (Fig 3). This alteration in ventilatory response to hypoxia
was followed by an enhanced frequency response to hypoxia at D3. Consequently, a single
injection of DFO produced an overall increase in ventilatory output by 6.8% (p<0.05).

Biochemical effects of DFO on tyrosine hydroxylase expression in the dorsal
cardiorespiratory area of the brainstem

Because the activation of catecholaminergic neurons in the dorsal cardiorespiratory area
of the brainstem may be a factor involved in regulation of the hypoxic ventilatory response
(Pépin et al., 1996; Schmitt et al., 1994), we tested the DFO-induced changes in TH protein

expression. There was an increase of the protein level in the DFO-treated rats as compared to
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the saline controls. This increase produced following iron chelation occurred 2 days after the
drug injection and was thus concomitant with the early change in hypoxic ventilatory response

observed in the DFO-treated rats.

Discussion

The present data show that DFO did not affect significantly basal breathing under
normoxic conditions. However, it induced a subtle stimulatory influence on the ventilatory
response to hypoxia and a concomitant overexpression of TH in the cardiorespiratory area of the
dorsal brainstem. The time-course of this effect, with a delayed onset, suggests the upregulation

of subsequent downstream pathways.

Technical considerations:

In protocol 1, repeated injections of DFO were performed in order to determine the
kinetics of functional effects. The dose of DFO used in this investigation represents 10% of the
LD50 and is high enough to elicit a significant reduction of the iron content in the brain (Ward
et al., 1995). The large delay between each measurement was chosen to preclude the long-term
ventilatory facilitation induced by repeated hypoxic bouts (Mitchell et al., 2001) and the effects
of stress due to the drug injection were avoided by performing no ventilatory measurement on
the days of drug injection. This protocol showed a ventilatory effect on the hypoxic response,
which appeared only 3 days after the first injection, suggesting a cascade of gene inductions.
Therefore, using a single drug injection in the second protocol was aimed to characterize in the
same animal the kinetics of DFO-induced ventilatory response and TH expression as a HIF-1
target gene. The dose of DFO injected as a bolus (300 mg/kg) has been found to produce the
accumulation of HIF-1 in the brain and the upregulation of its target gene EPO as shown by the
increased levels of EPO protein in vivo and EPO mRNA in brain neurons and astrocytes

(Bernaudin et al., 2000; Prass et al., 2002).



Ventilation

The present data showed an increase in ventilatory response to hypoxia after both DFO
treatments. This increase was subtle, delayed and transient. Most of the studies investigating the
neuroprotective effects of DFO have been performed in animal models subjected to life-
threatening hypoxic situations such as stroke, brain injury, or middle cerebral arterial occlusion
(Mu et al., 2005; Nakamura et al., 2004; Sharp et al., 2001). These studies have shown that the
extent of tissue lesion was reduced by DFO treatment.

Instead of pathological conditions, our study was performed with a brief tolerable
hypoxic test in an attempt to reveal the physiological mechanisms of action of the iron chelator.
Under such a moderate challenge, DFO induced a reinforcement of the hypoxic ventilatory
response which remained subtle, presumably because the animal was not in a situation of
critical life-threatening stress. In humans, upregulation of HIF target genes induced by a
pathological inhibition of HIF degradation is associated with a slightly enhanced hypoxic
ventilatory response similar to that elicited by acclimatization to the high altitude hypoxia
(Smith et al., 2006). In the present study, the improved ventilatory hypoxic response appeared
2-3 days after the DFO bolus injection and persisted during 1 week of repeated DFO injections.
Despite repeated injections, the ventilatory responses returned progressively to the control level,
suggesting a compensatory mechanism that improved the oxygen supply to the brain
independently of pulmonary ventilation.

Using the transgenic mouse line Tg21 which overexpresses constitutively human EPO
in the brain, Soliz et al. (2005) demonstrated that EPO, a target gene of HIF, controls ventilation
under hypoxic conditions both at the central and peripheral level, the brainstem and the carotid
body respectively. It is thus possible that the effects of DFO were mediated by modulation of
peripheral arterial chemosensitivity and/or brainstem respiratory control. However, Daudu et al.
(2002) reported that DFO did not modify the peripheral chemosensory activity because the drug
did not penetrate in vitro the type I glomus cells which sense the changes in oxygen arterial
blood pressure. One explanation for the delayed effect can be that DFO is acting on respiratory

centers instead of peripheral arterial chemoreceptors. The delay can be due to remodeling of the
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central chemosensory pathway resulting from gene induction. This delay explains why the
ventilatory response to hypoxia was not observed after a 1 day DFO perfusion in man (Ren et
al., 2000).

The present data provide evidence that DFO was able to upregulate the expression of
TH in the dorsal brainstem area which is involved in the cardiorespiratory responses to hypoxia.
Although the ventrolateral brainstem is involved in respiratory control and contains
catecholaminergic neurons, the present study focused on the dorsomedian brainstem as the
primary site of termination and integration of chemosensory afferent fibers. Noticeably, the
study by Soliz et al. (2005) performed in Tg21 mice showed alterations in norepinephrine
metabolism which were restricted to the dorsomedian brainstem, while the ventrolateral medulla
of transgenic mice did not show changes in TH activity compared to the wild strain.
Interestingly the DFO-induced upregulation of TH occurred in the same time-window as the
increased ventilatory response to the DFO injection. This result correlates well with the increase
of TH expression found in the same braimstem area under hypoxia (Dumas et al., 1996; Pascual
et al., 2001). The role of TH in the control of ventilatory output has been described in the
neuronal network which controls ventilation (Bianchi et al., 1995). Its effect is relevant both in
the carotid body (Gonzalez et al., 1981) and in the central chemosensory areas, where TH is
overexpressed under long term hypoxia (Schmitt et al., 1994; Dumas et al., 1996).
Catecholaminergic neural cell groups in the brainstem have been reported to modulate the
hypoxic ventilatory response (Hayward, 2001; Hilaire et al., 2004; Soulage et al., 2003; Soulage
et al, 2004; Zanella et al., 2006). Alteration of catecholaminergic metabolism in the
dorsomedian brainstem has been implicated in the stimulation of breathing by brain EPO. Thus
the DFO-induced increase of TH in the present study could be associated to the improved
ventilatory response to hypoxia. Conversely, the finding that DFO had no effect on basal
ventilation indicates that the drug per se has no direct effect on ventilation but acts on the
mechanisms which control the acclimatization to hypoxia.

So far the neuroprotective effects of DFO have been studied mostly in animal models of

cerebral ischemic stress and have been ascribed to the activation of EPO through stabilization of
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HIF-1 (Freret et al., 2006; Mu et al., 2005; Prass et al., 2002). HIF-1 is the transcriptional factor
responsible for the induction of TH under hypoxia (Kroll et al., 1998) and a large array of
hypoxia-sensitive genes (Semenza, 2001). HIF-1 and TH have been colocalized in the brainstem
cardiorespiratory area in hypoxic rats (Pascual et al., 2001). Here, the transient TH
overexpression does not exclude the consecutive upregulation of further genes (e.g., VEGF)
activated by HIF-1 and responsible for other ways of improved oxygen supply independent of
ventilatory response.

In conclusion, DFO induces an improved physiological response to a tolerable hypoxic
stress, which could be mediated by the overexpression of TH as a neuromodulator of central

breathing control.
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Figure 1: Increased ventilatory response to a hypoxic test in rats treated with repeated
injections of DFO. Minute ventilation (Ve) was recorded under normoxia (hatched bars) and
hypoxia (10 min 10% O, and 90% N,) the day before the first injection (D-1) (white bars). The
ventilatory recordings were performed during treatment on days 3, 7, 11 and 15 (black bars:
saline controls, grey bars: DFO-treated rats). The arrows indicate injections. * Significant

difference of hypoxic response between DFO-treated and control animals (p<0.05).
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Figure 2: Comparison of ventilatory responses to a hypoxic test in rats treated with a
single injection of DFO. Ventilatory parameters were recorded under normoxia (Nx) and after
4 minutes (Hx4), 7 minutes (Hx7) and 10 minutes (Hx10) of hypoxia. Data are means of the
recordings performed over the four days following the injection. A) Mean ventilation (Ve), B)
Mean frequency (fr), C) Mean tidal volume (Vt). * Significant difference of hypoxic response

between DFO-treated and control animals (p<0.05).
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A. Evolution of the ventilatory response to a hypoxic test after a single injection of DFO.
Minute ventilation (Ve), frequency (fr) and tidal volume (Vt) were recorded under hypoxia (10
min 10% O, and 90% N,) the day before DFO injection (D-1) (white bars) and the four
following days (black bars: saline controls, grey bars: DFO-treated rats). The arrow indicates

the injection. * Significant difference of hypoxic response between treated and control animals

B. Evolution of tyrosine hydroxylase expression after a single injection of DFO. Western
blot analysis of TH in the dorsal brainstem cardiorespiratory areas of control and DFO-treated

rats sacrificed each day after the last respiratory recording from D1 to D4. Quantification of



days -1 0 1 2 3 4 5 6 7 8 10 |11 |12 |13 | 14 | 15
V4 Vs Vs Va4 Vs
Controln=6
Sal. Sal. Sal. Sal. Sal. Sal. Sal. Sal.
V4 Vo V3 V4 Vs
Treated n=6
reatedn DFO|  |DFO DFO DFO|  |DFO|  |DFO DFO|  |DFO
Table 1
days:| -1 0 1 2 3 4
Confrol n=5 | V41 |Saline| M2 §
Treatedn=5| V1 [DFO (VM2 S
Control n=4 | V1 [Saline. V2 [V3S
Treated n=5| V1 |DFO | V2 [ V3§
Control n=5 | V1 |Saline Vo | Va | V4S8
Treatedn=5| V1 [DFO | V2 | V3 | WaS
Controln=5| V1 [Saline V2 | V3  Va | VsS
Treated n=5| V1 [DFO | Vo | Va | V4 | V55
Table 2
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