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Nitric oxide (NO) is a signaling molecule that can trigger adaptive
(physiological) or maladaptive (pathological) responses to stress
stimuli in a context-dependent manner. We have previously
reported that NO may signal axonal injury to neighboring glial
cells. In this study, we show that mice deficient in neuronal nitric
oxide synthase (nNOS™'7) are more vulnerable than WT mice to
toxin-induced peripheral neuropathy. The administration of NO
donors to primary dorsal root ganglion cultures prevents axonal
degeneration induced by acrylamide in a dose-dependent manner.
We demonstrate that NO-induced axonal protection is dependent
on hypoxia-inducible factor (HIF)-1-mediated transcription of
erythropoietin (EPO) within glial (Schwann) cells present in the
cultures. Transduction of Schwann cells with adenovirus AdCA5
encoding a constitutively active form of HIF-1a results in amelio-
ration of acrylamide-induced axonal degeneration in an EPO-
dependent manner. Mice that are partially deficient in HIF-1a
(HIF-1*/7) are also more susceptible than WT littermates to toxic
neuropathy. Our results indicate that NO—HIF-1—-EPO signaling
represents an adaptive mechanism that protects against axonal
degeneration.

he transcriptional activator hypoxia-inducible factor (HIF)-1

functions as a global regulator of oxygen homeostasis that
facilitates both oxygen delivery and adaptation to oxygen depri-
vation (1). HIF-1 is a heterodimer composed of a HIF-1p sub-
unit, which is constitutively expressed, and a HIF-1a subunit, the
expression and transcriptional activity of which are precisely
regulated by the cellular oxygen concentration (1-3). In non-
hypoxic conditions, HIF-1a is subject to ubiquitination, via the
von Hippel Lindau protein E3 ubiquitin ligase, and undergoes
subsequent rapid proteasomal degradation (1, 3). For HIF-1a
to interact with von Hippel Lindau protein, it must first be
hydroxylated by HIF prolyl hydoxylases, which are oxygen-
dependent enzymes (1, 3). In addition to hypoxia, iron chelators,
cobalt chloride, and nitric oxide (NO) have been shown to in-
duce HIF-1 activation via stabilization of HIF-1a (1-4).

In both brain (5, 6) and heart (7, 8), HIF-1 activation is critical
to ischemic preconditioning, which represents the endogenous
biological phenomenon in which a sublethal hypoxic-ischemic
insult induces protection against future lethal insults. HIF-1 is
the transcriptional activator of several genes that potentially may
be involved in the neuroprotection associated with ischemic
preconditioning, including erythropoietin (EPO), vascular en-
dothelial growth factor, glycolytic enzymes, heme oxygenase,
glucose transporters, and neuroglobin (9). However, several
studies have suggested the critical importance of endogenous
EPO production for ischemic tolerance, via EPO-induced JAK-
2, STATS, and NF-xB phosphorylation within neurons (6, 10—
12). Astrocytes are the major source of EPO production within
the brain (12), whereas Schwann cells seem to be the major
source in the peripheral nervous system (13, 14).

The ability of EPO to prevent neuronal death from a variety of
insults is well established (10, 15-18). In addition, EPO has been
shown to robustly prevent axonal degeneration, independent of
neuronal death (14, 19). This is therapeutically relevant, given
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that axonal loss is a prominent cause of disability in several hu-
man neurologic diseases, including diabetic peripheral neurop-
athy, multiple sclerosis, and Alzheimer’s disease, and often
precedes neuronal death by several years in these diseases (20).
We recently described an endogenous axonal-protective pathway
whereby injured axons induce EPO production and release by
neighboring glial cells (14). Our in vitro data suggested that
neuronal nitric oxide synthase (nNOS)-derived NO serves as
an important axonal injury signal. We performed the studies
reported herein to build on these previous observations. These
studies suggest that NO at particular dosage ranges prevents
toxin-induced peripheral axonal degeneration via the stimulation
of HIF-1-mediated transcription of EPO within Schwann cells.

Results

Increased Susceptibility of nNOS™'~ Mice to Acrylamide-Induced
Neuropathy. Acrylamide-induced peripheral neuropathy is a
well-established, reproducible rodent model of distal axonal
degeneration (21). Acrylamide is known to interfere with slow
axonal transport (22). Oral administration of acrylamide to
rodents causes distal degeneration of motor axons, resulting in
distal limb weakness (14, 23). The administration of acrylamide
at 200 ppm in drinking water did not cause distal limb weakness
in WT mice, whereas this dose was sufficient to cause significant
distal limb weakness in nNOS-deficient mice, as demonstrated by
the mean change in hindlimb grip strength after 1 wk of acryl-
amide exposure (Fig. 1).

NO Donor Administration Prevents Axonal Degeneration Ex Vivo.
Administration of acrylamide to primary rat dorsal root ganglion
(DRG) cultures with established axons results in morphological
evidence of axonal degeneration, which begins distally and pro-
ceeds centripetally. This is reflected in a significantly shorter
mean axonal length in DRG cultures after 36 h of acrylamide
exposure. Administration of the NO donor S-nitroso-N-acetyl-
pL-penicillamine (SNAP) 30 min before acrylamide administra-
tion produced dose-dependent protection against acrylamide-
induced axonal degeneration (Fig. 2 A and B). SNAP doses of
100 nM-1 pM were protective, but, consistent with the published
literature, SNAP doses of >100 pM independently caused axonal
degeneration (data not shown) and exacerbated acrylamide-
induced axonal toxicity (Fig. 2B). Similar dose-dependent axonal
protection was observed for another NO donor, 4-ethyl-2-[(E)-
hydroxy imino]-5-nitro-3-hexenamide (NOR3), but the protec-
tive dose range was lower (Fig. 2C). Axonal toxicity was also seen
at high micromolar doses of NOR3.
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Fig. 1. Increased susceptibility of NNOS™ mice to acrylamide-induced pe-
ripheral neuropathy. Eight-week-old control (WT) and nNOS™~ mice (n = 5
each) were exposed to 200 ppm acrylamide in their drinking water for 1 wk.
Hind limb grip strength was measured before and after acrylamide expo-
sure. The percent change (mean + SEM) at the end of the study compared
with baseline is shown. The difference between the WT (Control) and nNOS-
deficient (nNOS™") mice was statistically significant (P < 0.05).

NO Donors Induce EPO Production in Schwann Cells via Activation of
HIF-1. Our previous work suggested that NO donors could stim-
ulate EPO production from Schwann cells, the predominant glial
cells present in DRG cultures (14). As shown in Fig. 34, the
addition of an axonal-protective dose of SNAP (1 pM) increased
EPO mRNA levels in pure Schwann cell cultures. The ability of
SNAP to induce EPO mRNA production in Schwann cells was
dependent on HIF-1a; previous transfection of Schwann cells
with short interfering RNA (siRNA) directed against HIF-1a
prevented SNAP-induced EPO mRNA production, whereas a
control nontargeting siRNA had no effect (Fig. 34). Exposure of
Schwann cells to desferrioxamine, which increases HIF-1 activ-
ity (24), also induced EPO mRNA production in pure Schwann
cell cultures (data not shown).

We next investigated the mechanism by which SNAP in-
creased HIF-1a levels in Schwann cells. After the addition of
SNAP (1 pM) to pure Schwann cell cultures, HIF-1a protein was
observed to accumulate within nuclear extracts over time (Fig.
3B). This accumulation was not associated with increased HIF-
la mRNA levels as determined by RT-PCR experiments (data
not shown). In addition, cycloheximide administration did not
prevent SNAP-induced increases in Schwann cell HIF-1a protein
levels (Fig. 3C). Thus, our data suggest that a posttranslational
mechanism mediated the increase in Schwann cell HIF-1a levels
induced by SNAP, as has been reported in other cell types (4).

HIF-1a and EPO Expression Are Required for the Protective Effect
of NO Donors. To determine whether HIF-1-mediated transcrip-
tion of EPO is necessary for SNAP-mediated protection
against acrylamide-induced axonal degeneration, we transfected
Schwann cells in DRG cultures bearing established axons with
EPO siRNA or a control siRNA before treatment with SNAP
(1 pM) and/or acrylamide. As shown in Fig. 44, we found that
SNAP did not prevent acrylamide-induced axonal degeneration
after Schwann cell transfection with EPO siRNA. We obtained
similar results after transfection of Schwann cells with HIF-1a
siRNA (Fig. 4B). These data indicate that expression of both
HIF-1a and EPO in Schwann cells is necessary for SNAP-induced
protection against axonal degeneration in DRG cultures.

Schwann Cell Overexpression of HIF-1 Prevents Axonal Degeneration
via EPO. To determine the effect of HIF-1 gain of function, we ex-
posed DRG cultures bearing established axons to recombinant
adenoviral vector encoding either p-galactosidase (AdLacZ) or a
constitutively active form of HIF-1la (AdCAS) containing amino
acid deletions and substitutions that inhibit degradation of the
protein (25). We performed preliminary dosing studies using

Keswani et al.

ACR + SNAP

Control

B 600

500

Mean neurite length (um)
N w B
o o o
.22

100

> \ D N N N
N g & S & S S &
S v N N $ N N S
3 R & N ® <N N
@é \al ?? %é e?“ ??
x > o x 2 >
& & P S
v © © ¥ Ke
C o]
500
3
5400
[=
° *
£ 300 *
2
< 200
©
s
100
o N N
> N N N N
o‘\\@ ‘?g?- (‘(\@ \QQ@ °$ (‘§ \°\$ QQ§
© & S N & & BN
O OQ‘ Q:b O ® Q&
~ $ J ~ B 9
& & Qfé & & pe
¥ ¥ © A3 v NS

Fig. 2. NO donor prevents axonal degeneration in DRG cultures in a dose-
dependent manner. (A and B) Primary rat DRG cultures with established
axons were exposed to acrylamide (ACR) at a concentration of 1 mM for
36 h, either alone or 30 min after pretreatment with the NO donor SNAP at
concentrations ranging from 1 nM to 100 pM. The cultures were fixed and
stained with anti-lll tubulin monoclonal antibody. The longest axons of at
least 15 neurons per coverslip were measured under fluorescent microscopy
(A), and mean + SEM lengths are plotted (B). *P < 0.05 vs. ACR. (C) The
experiment was repeated using the NO donor NOR3. *P < 0.05 vs. ACR.

AdCAS (which also expresses GFP) to determine the number of
plaque-forming units per cell required to achieve >90% infection of
Schwann cells with <1% infection of neurons in DRG cultures.
Acrylamide administration induced significant axonal degeneration
in AdLacZ-infected cultures, but failed to induce significant axonal
degeneration in AdCAS-infected cultures (Fig. 5). The protection
afforded by AACAS transduction was completely abolished by pre-
vious transfection of DRG cultures with EPO siRNA.

Partial HIF-1a Deficiency Increases Susceptibility to Toxin-Induced
Neuropathy. Although HIF-la*™~ heterozygous mice develop
normally, partial HIF-1a deficiency results in significantly im-
paired responses to hypoxia and ischemia (1, 7, 15, 26). The
administration of 200 ppm of acrylamide in drinking water for
1 wk did not cause distal limb weakness in WT HIF-1a™/* mice,
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Fig. 3. NO donors induce EPO production in Schwann cells via stimulation of
HIF-1 activity. (A) Pure Schwann cell cultures were transfected with non-
targeting siRNA (control) or siRNA targeting HIF-1a for 24 h and then treated
with SNAP (1 pM) for 6 h. EPO mRNA levels were determined by quantitative
real-time RT-PCR relative to control (mean + SEM). *P < 0.05 vs. control. (B)
Schwann cells were exposed to SNAP (1 pM) for the indicated time (in
minutes). Nuclear extracts were prepared and HIF-1a protein levels were by
determined by immunoblot assay. (C) Schwann cell cultures were pretreated
with vehicle (=) or cycloheximide (+) and exposed to SNAP for the indicated
times, after which whole cell lysates were prepared. HIF-1a and actin levels
were determined by immunoblot assay.

whereas this dose was sufficient to cause significant distal limb
weakness in HIF-1a™'~ littermate mice (Fig. 6). Thus, both gain-
of-function and loss-of-function studies demonstrate a critical
role for HIF-1 in the prevention of acrylamide-induced periph-
eral neuropathy.

Discussion

The dual nature of NO with respect to neurotoxicity and neu-
roprotection has been commented on in the literature (27).
There is a large body of literature describing NO-induced
neuronal apoptosis via both caspase-dependent and caspase-
independent [e.g., poly (ADP-ribose) polymerase-1 mediated]
mechanisms (28). In addition, NO-induced axonal injury is sug-
gested to play a role in the axonal degeneration that occurs in
multiple sclerosis (29). In contrast, NO-mediated axonal pro-
tection has not been comprehensively studied. It is known
that nNOS expression is significantly increased in DRG neurons
within 4 h after ipsilateral sciatic nerve injury (30). In previous
work, we demonstrated that (i) a variety of toxic agents causing
a retrograde pattern of axonal degeneration, including acryl-
amide, HIV-1 gp120, and dideoxycytosine, also induced NOS
activity within DRG neurons; (i) nNOS inhibition exacerbated
axonal degeneration induced by these toxins; (iii) NO donors
robustly induced EPO mRNA and protein production by
Schwann cells; and (iv) nNOS inhibition prevented the increase
in Schwann cell EPO production that was observed in DRG
cultures exposed to axonal toxins. We postulated that NO served
as an important axonal injury signal that stimulated neighboring
glial cells to produce EPO, which would then protect neurons
against axonal degeneration.
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Fig. 4. NO prevents axonal degeneration via HIF-1a and EPO. Schwann cells
in DRG cultures were transfected with nontargeting (control) siRNA or siRNA
targeting EPO (A) or HIF-1a (B) and exposed to SNAP (1 uM) and/or ACR
(1 mM) as indicated. Axon length (mean + SEM) is shown. *P < 0.05 vs.
control; **P < 0.05 vs. ACR.

In this study, we show that nANOS™~ mice are more susceptible
to acrylamide-induced peripheral neuropathy than their WT
counterparts. Acrylamide ingestion robustly causes a retrograde
pattern of sensorimotor axonal loss in rodents, and we and
others have previously shown that the extent of this distal axonal
loss closely correlates with the severity of hind limb grip
weakness (4, 21, 23, 27). In subsequent ex vivo experiments, we
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Fig. 5. Overexpression of HIF-1a in Schwann cells prevents axonal de-
generation via EPO. DRG cultures and EPO siRNA-transfected DRG cultures
were transduced with recombinant adenovirus encoding a constitutively ac-
tive form of HIF-1a (AdCAS) or Escherichia coli p-galactosidase (AdLacZ) and
exposed to 1 mM acrylamide (ACR). Axon length was measured, and mean +
SEM values (n = 3) are plotted. *P < 0.05 vs. control; **P < 0.05 vs. ACR.
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Fig. 6. Mice partially deficient for HIF-1a are more susceptible to toxin-
induced neuropathy than WT littermates. HIF-1a** (HIF**) and HIF-1a*'~
(HIF*7) littermates were exposed to drinking water containing 200 ppm
acrylamide. Hind limb grip strength was measured before and after 1 wk.
The percent change (mean + SEM) is plotted. *P < 0.05 vs. HIF*"*,

noted that relatively low doses of the NO donors SNAP and
NOR3 prevented axonal degeneration in DRG cultures induced
by acrylamide. However, consistent with previous studies, addi-
tion of high doses of the same NO donors induced axonal de-
generation in primary DRG cultures.

Our data demonstrate that the ability of NO to prevent axonal
degeneration was dependent on its ability to activate HIF-1 by
increasing HIF-1a protein levels within the Schwann cells present
in DRG cultures. Incubation of Schwann cells with SNAP resul-
ted in nuclear accumulation of HIF-1a that was not associated
with an increase in HIF-1a mRNA levels and did not require de
novo synthesis of HIF-1a protein. Thus, our data indicate that NO
stabilizes HIF-1a protein in Schwann cells. This is consistent with
previous reports of HIF-1a stabilization by chemically diverse NO
donors in a variety of mammalian cell types, although differences
in the kinetics of induction have been noted (4).

HIF-1 transcriptionally activates hundreds of target genes (1),
including several that may have neuroprotective properties.
Transfection of Schwann cells with a constitutively active form of
HIF-1a resulted in significant axonal protection in DRG cul-
tures. Of note, this HIF-1la—mediated axonal protection, as well
as that induced by SNAP administration, was almost completely
abrogated by EPO siRNA transfection of the cultures. This
suggests that EPO is a critical transcriptional target for HIF-1-
mediated axonal protection. The ability of EPO to prevent ax-
onal degeneration by a variety of toxins has been described in the
literature, although the signaling mechanism has yet to be de-
fined (19, 31-33). It should be noted that HIF-2a, which is
a vertebrate paralog of HIF-1a, has been shown to play an es-
sential role in the hepatic, renal, and CNS production of EPO
that maintains erythropoiesis (34, 35). On the other hand, recent
studies indicate that expression of inducible NO synthase is se-
lectively activated by HIF-1a (36). Thus, further studies are re-
quired to determine whether, in addition to HIF-1a, HIF-2a is
required for the NO-induced EPO production by Schwann cells,
which serves to prevent axonal degeneration.

The relevance of endogenous HIF-1 activity to axonal pro-
tection in vivo is demonstrated by our experiments showing that
HIF-1a*/~ mice with partial HIF-1a deficiency are significantly
more vulnerable to acrylamide-induced peripheral neuropathy
than their WT littermates. Thus, our ex vivo and in vivo data
suggest that inducing endogenous HIF-1 activity may be bene-
ficial in neurologic diseases in which axonal degeneration is
a prominent pathological feature. In this context, HIF prolyl
hydroxylase inhibitors, which stabilize HIF-1a, are currently in
development (37, 38). An alternative strategy is the administra-
tion of recombinant human EPO, which has the advantage of
being used extensively to treat anemia. Clinical trials are needed
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to determine whether either of these therapeutic strategies will
result in neurologic improvement without dose-limiting poly-
cythemia in patients with peripheral neuropathy.

Materials and Methods

Animal Studies. All procedures involving animals were approved by The Johns
Hopkins University Animal Care and Use Committee.

DRG and Pure Schwann Cell Cultures. Mixed DRG neuronal and pure Schwann
cell cultures were prepared as described previously (31, 38). In brief, spinal
DRGs were dissected from decapitated gestational day 15 Sprague-Dawley
rat embryos and enzymatically dissociated with 0.25% trypsin in L-15 me-
dium. Neurons were maintained in Neurobasal medium (Gibco Invitrogen)
supplemented with 10% FBS, penicillin (1 U/L), streptomycin (1 U/L), and
nerve growth factor (10 ng/mL). Experiments were carried out in 24-well
plates with the cells grown on collagen-coated glass coverslips. Neurons
were allowed to establish long axons and were then treated with reagents
as described in Results. After 36 h, cells were fixed with 4% para-
formaldehyde and stained with 1:1,000 anti-plil tubulin monoclonal anti-
body (Promega). The longest axons of at least 15 neurons per coverslip were
measured using a nonbiased sampling method and analyzed as described
previously (31, 39). All experiments were performed in triplicate and re-
peated at least once. Schwann cells were prepared from 1-d-old Sprague-
Dawley rat pups and purified (40). Cells were passaged by trypsinization and
used in experiments when they were subconfluent.

Immunoblot Assays. Pure Schwann cell cultures were treated with 1 uM SNAP
(Sigma-Aldrich), and at various times whole cell lysates and nuclear extracts
were prepared as described previously (14). Equal amounts of total protein
were loaded into each lane, fractionated by SDS/PAGE, and blotted onto PVDF
membranes. After blocking of nonspecific binding, membranes were in-
cubated with anti-HIF-1a antibody (1:200 dilution; Santa Cruz Biotechnology)
overnight at 4 °C and visualized using the ECL-Plus chemiluminescence kit
(Amersham). To inhibit protein synthesis, cells were pretreated with 100 pM
cycloheximide (Sigma-Aldrich) before the addition of SNAP.

Quantitative Real-Time RT-PCR Assays. Control or HIF-1a siRNA constructs
(Ambion) were delivered to pure Schwann cell cultures using Lipofectamine
2000 (Invitrogen) as described previously (14). After 24 h, the cells were
treated with SNAP (1 uM) for 6 h. Total RNA was isolated using TRIzol, and
the cDNA was synthesized using 2 pg of total RNA in the presence of Ready-
to-Go You Prime First Strand beads (Amersham) and random primers. mRNA
levels were measured by real-time RT-PCR using the two-color DNA Engine
Opticon System (M.J. Research), and the relative amount of EPO mRNA was
normalized to the internal control (GAPDH mRNA) in the same PCR run. To
avoid the possibility of amplifying contaminating genomic DNA, primers
for EPO (5'-agtcgcgttctggagaggta-3’ and 5'-tgcagaaagtatccgctgtg-3’) were
designed to span an intron, RT-PCR was performed with template-free
control samples, and gel electrophoresis was performed to confirm the
correct size of the amplicon and the absence of nonspecific bands. Data
were analyzed by ANOVA with post hoc correction for multiple comparisons.

HIF-1a and EPO siRNA Transfection. Down-regulation of HIF-1ax and EPO ex-
pression in Schwann cells was accomplished using RNA interference. HIF-1a
and EPO siRNA and a nontargeting control were purchased from Ambion.
Pure Schwann cell cultures were transfected with Lipofectamine 2000 for
24 h, and cells were washed before plating with DRG neurons. The efficiency
of siRNA transfection was evaluated by determining the proportion of neu-
rons and Schwann cells labeled with Cy3-labeled siRNA constructs. No neu-
rons within the DRG cultures were Cy3-labeled, whereas >90% of Schwann
cells were Cy3-labeled. Cells were treated with acrylamide (1 mM; Sigma-
Aldrich) or acrylamide and SNAP (1 uM) before fixing and staining with anti-
BIll tubulin antibody. Axonal lengths were measured as described above.

Mouse Studies. The nNOS™~ and WT strain-matched controls were purchased
from the Jackson Laboratory. Information regarding derivation and char-
acterization of these mice is available at http:/jaxmice.jax.org. The gener-
ation of HIF-1a*'~ mice on a C57BL/6J x 129 genetic background has been
described previously (26, 41). Offspring of HIF-1a** and HIF-1a*'~ matings
were genotyped by PCR, and 8-wk-old male HIF-1a*'~ and HIF-1a** litter-
mates were studied. Acrylamide (electrophoresis grade; Sigma-Aldrich) was
administered to mice in their drinking water at a concentration of 200 ppm
for 1 wk. Hind limb grip strength testing was performed before acrylamide
administration and repeated after 1 wk. The technician performing the grip
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