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Glutamate Carboxypeptidase Inhibition Reduces the Severity
of Chemotherapy-Induced Peripheral Neurotoxicity in Rat
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Abstract Chemotherapy is the most common method to
treat cancer. The use of certain antineoplastic drugs,
however, is associated with the development of peripheral
neuropathy that can be dose-limiting. Excitotoxic gluta-
mate release, leading to excessive glutamatergic neuro-
transmission and activation of N-methyl-p-aspartate
(NMDA) receptors, is associated with neuronal damage
and death in several nervous system disorders. N-Acetyl-
aspartyl-glutamate (NAAG) is an abundant neuropeptide
widely distributed in the central and peripheral nervous
system which is physiologically hydrolyzed by the enzyme
glutamate carboxypeptidase into N-Acetyl-aspartyl (NAA)
and glutamate. Pharmacological inhibition of glutamate
carboxypeptidase results in decreased glutamate and
increased endogenous NAAG and has been shown to pro-
vide neuroprotection in several preclinical models. Here,
we report the neuroprotective effect of an orally available
glutamate carboxypeptidase inhibitor on three well-estab-
lished animal models of chemotherapy (cisplatin,
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paclitaxel, bortezomib)-induced peripheral neuropathy. In
all cases, glutamate carboxypeptidase inhibition signifi-
cantly improved the chemotherapy-induced nerve conduc-
tion velocity deficits. In addition, morphological and
morphometrical alterations induced by cisplatin and bort-
ezomib in dorsal root ganglia (DRG) were improved by
glutamate carboxypeptidase inhibition. Our data support a
novel approach for the treatment of chemotherapy-induced
peripheral neuropathy.
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N-Acetyl-aspartyl-glutamate - Cisplatin - Paclitaxel -
Bortezomib - Peripheral neuropathy - Neuroprotection -
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Introduction

Glutamate is one of the major neurotransmitters of the
human nervous system and, acting on its neuronal and glial
ionotropic and metabotropic receptors, plays a crucial role
in several physiological functions such as learning, mem-
ory, and plasticity (Conn 2003). Excitotoxic glutamate
release, leading to excessive glutamatergic transmission
and activation of N-methyl-p-aspartate (NMDA) receptors,
is associated with neuronal damage and death in several
neurological disorders of both the central nervous system,
such as ischemia and stroke (for reviews see Aarts et al.
2003; Kwak and Weiss 2006), and the peripheral nervous
system (Vincent et al. 1997; Sagara and Schubert 1998;
Cai et al. 1999; Leker and Shohami 2002; Aarts and
Tymianski 2003; Blaabjerg et al. 2003; Bacich et al. 2005;
Berent-Spillson and Russell 2007; for a review see Carozzi
et al. 2008a). N-Acetyl-aspartyl-glutamate (NAAG) is an
abundant neuropeptide widely distributed in the central and
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peripheral nervous systems. NAAG has been shown to be a
presynaptic agonist at the metabotropic glutamate receptor
3 (mGluR3) on neurons and glia. It acts by reducing cAMP
levels via an inhibitory G protein (Wroblewska et al. 1993,
1997, 1998), affecting a large spectrum of neuronal and
glial functions including inhibiting transmitter release
(Cartmell and Schoepp 2000) and increasing production of
neuroprotective trophic factors (Jackson et al. 1996; Bruno
et al. 1998; Slusher et al. 1999; Thomas et al. 2001).
Westbrook et al. (1986) showed that high concentrations of
NAAG activate NMDA receptors in mouse spinal cord
neuron cell culture. In contrast, however, recent data dem-
onstrated that NAAG had no activity at human recombinant
mGIuR2 and mGlIuR3 in a cellular G protein-activated K*
channel electrophysiology assay (Fricker et al. 2009) or at
NMDA receptors in rat hippocampal neuronal cultures
(Fricker et al. 2009; Losi et al. 2004). The reasons for these
discrepancies are not currently understood. NAAG is
physiologically hydrolyzed by a group of neuropeptidases,
termed glutamate carboxypeptidases, also known as NAAG
peptidases and NAALADase, into N-Acetyl-aspartyl
(NAA) and glutamate (Riveros and Orrego 1984; Robinson
et al. 1987; Carter et al. 1996; Bzdega et al. 1997; Bzdega
et al. 2004). Two specific glutamate carboxypeptidases,
glutamate carboxypeptidase II and III, have been described
with a similar kinetic and pharmacological profiles (Bzdega
et al. 2004). The enzymes have been localized in the
proximal gastrointestinal system, renal tubules, as well as in
rat brain astrocytes (Berger et al. 1999). In the peripheral
nervous system, glutamate carboxypeptidase is present in
Schwann cells surrounding the peripheral nerve fibers and
NAAG is found in dorsal root ganglia (DRG) and in axons
(Lieberman et al. 1994; Cangro et al. 1987; Berger et al.
1995; Berger and Schwab 1996; Carozzi et al. 2008b).
Moreover, glutamate carboxypeptidase and NAAG have
been shown to play a key role in the glutamatergic
mechanisms of axon-glia signalling (Lieberman 1991;
Lieberman et al. 1994; Urazaev et al. 2001).

Glutamate carboxypeptidase inhibition results in
decreased glutamate and increased endogenous NAAG
(Slusher et al. 1999; Zhong et al. 2006). The inhibition of
glutamate carboxypeptidase not only reduces extracellular
glutamate directly by decreasing the rate of glutamate
originated by NAAG hydrolysis but also by the inhibition
of the synaptic release of glutamate through NAAG acti-
vation of group II metabotropic receptors (Zhao et al. 2001;
Sanabria et al. 2004).

Glutamate carboxypeptidase pharmacological inhibition
has previously been demonstrated to be neuroprotective in
experimental models of cerebral ischemia (Slusher et al.
1999; Bacich et al. 2005), chronic pain (Carpenter et al.
2003), amyotrophic lateral sclerosis (ALS) (Ghadge et al.
2003) as well as in diabetic neuropathy (Zhang et al. 2002,

2006). Several other drugs that attenuate glutamate ex-
citotoxicity through postsynaptic receptor blockade have
been shown to relieve neuropathic pain (Kawamata and
Omote 1996), ischemia (Nishizawa 2001) and ALS (Kidd
and Isaac 2000). However, debilitating side effects have
limited their clinical use. In contrast, pharmacological
inhibition of glutamate carboxypeptidase does not seem to
affect glutamate function under normal levels of nervous
system activity in animals (Slusher et al. 1999) or in initial
clinical studies (van der Post et al. 2005). This may be
because glutamate carboxypeptidase inhibition enhances a
naturally ongoing regulatory process rather than chroni-
cally activating or inhibiting receptors in a manner that is
unrelated to basal chemical neurotransmission (Zhou et al.
2005). In addition, Urazaev et al. (2001) reported that in
crayfish nerve fibers, glutamate carboxypeptidase activity
was limited under basal condition, and only selectively
activated under stimulated conditions. This could explain
why glutamate carboxypeptidase inhibition does not affect
basal glutamatergic transmission, although this finding has
not been replicated in mammalian system.

Chemotherapy represents one of the most effective ways
to treat cancer. Nevertheless, the use of certain antineo-
plastic drugs, such as proteasome inhibitors (bortezomib),
anti-tubulins (paclitaxel), thalidomide, platinum-derived
compounds (cisplatin, oxaliplatin) and vinca alkaloids,
alone or in combination, frequently results in the devel-
opment of a dose-limiting peripheral neuropathy which
preferentially damages neurons of DRG and/or peripheral
nerve fibers (Cavaletti et al. 1991, 1992, 1995, 2007,
Authier and Gillet 2003; Carozzi et al. 2009).

Here, we evaluated the neuroprotective effect of a glu-
tamate carboxypeptidase inhibitor (E2072, EISAI Corp,
Baltimore, USA) on neurophysiological impairment, mor-
phological and morphometrical alterations of DRG and
peripheral nerve fiber morphological changes using three
different well-established animal models of chemotherapy-
induced peripheral neuropathies (including cisplatin, pac-
litaxel and bortezomib).

Materials and Methods
Animals

Young adult female Wistar rats (175-200 g at the housing
room arrival, Harlan Italy, Correzzana) were used for the
study. The care and husbandry of animals were in con-
formity with the institutional guidelines in compliance with
national (D.L. n. 116, Gazzetta Ufficiale della Repubblica
Italiana, suppl. 40, Feb. 18, 1992) and international laws
and policies (EEC Council Directive 86/609, OJ L 358, 1,
Dec. 12, 1987; Guide for the Care and Use of Laboratory
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Animals, U.S. National Research Council, 1996). The
experimental plan was preliminarily examined and
approved by the ad hoc committee of the University of
Milan Bicocca. Animals were housed in a limited access
animal facility where animal room temperature and relative
humidity were set at 22 &+ 2°C and 55 £ 10%, respec-
tively. Artificial lighting provided a 24-h cycle of 12 h
light/12 h dark (light 7 a.m.—7 p.m.).

At the end of pharmacological treatments, animals were
sacrificed by cervical dislocation under deep CO,
anaesthesia.

Drugs

Cisplatin (Platamine, Pfizer, Nerviano, Italy), paclitaxel,
bortezomib (LC Laboratories, Woburn, MA) and E2072
(EISAI Corp, Baltimore, USA) solutions were prepared
immediately before each administration.

Cisplatin was dissolved in sterile saline and intraperi-
toneally (IP) administered, while paclitaxel and bortezomib
were dissolved in absolute ethanol/Tween 80/saline solu-
tion (5%/5%/90%) and intravenously (IV) administered.

E2072 was dissolved in Hepes buffered saline (50 mM
Hepes in 0.95% w/v NaCl) and orally (per os, PO)
administered daily.

Pharmacokinetic Studies

Daily oral doses of 10 mg/kg E2072 and lower were cho-
sen for the neuropathy efficacy experiments based upon

data from pharmacokinetic and tolerability studies. Spra-
gue-Dawley rats were dosed with 10 mg/kg of E2072 in
50 mM Hepes buffered saline via oral gavage for either 1
or 5 days. At 0.25, 0.5, 1, 2, 4, 6, and 8 h following dosing,
the rats (n = 4-6/group) were sacrificed and terminal
plasma and sciatic nerve samples were collected and ana-
lyzed for E2072 via liquid chromatography with tandem
mass spectrometry detection (LC/MS/MS).

Schedules of Drug Administration

As shown in Table 1, three experiments were set up to test
the neuroprotective effects of E2072 against peripheral
neurotoxicity induced by three different chemotherapies:
cisplatin, paclitaxel, and bortezomib. All antineoplastic
drugs were administered as a 1 ml/kg solution. In each
experiment, 40 animals were randomly divided into five
groups of § animals: one group of healthy (control) rats,
one group of rats treated with the chemotherapy alone and
three groups of rats that received both the chemotherapy
treatment and daily doses of oral E2072 (either 10, 1, or
0.1 mg/kg). The final E2072 dosing schedule was selected
based on pilot experiments performed in our laboratory
(data not shown). E2072 was delivered as 5 ml/kg solution.
On days with concomitant administrations, chemotherapy
drugs were administered 1 h prior to E2072.

Since the solvents used in these experiments were
already extensively investigated in previous studies and no
general or neurological toxicity was evidenced (Cavaletti

Table 1 Randomization of animals, schedules of pharmacologic treatments, and group abbreviation terminology

Experiment Chemotherapy (dose/schedule) E2072 (dose/schedule) Group abbreviation
Cisplatin Cisplatin®, 2 mg/kg, 2 qw/4 IP C
10 mg/kg, PO qd C + E2072 10
1 mg/kg, PO qd C + E2072 1
0.1 mg/kg, PO qd C + E2072 0.1
Paclitaxel Paclitaxel®, 10 mg/kg, 1 qw/4 TV P
10 mg/kg, PO qd P + E2072 10
1 mg/kg, PO qd P + E2072 1
0.1 mg/kg, PO qd P + E2072 0.1
Bortezomib Bortezomib®, 0.2 mg/kg, 3 qw/4 IV B
10 mg/kg, PO qd B + E2072 10
1 mg/kg, PO qd B + E2072 1
0.1 mg/kg, PO qd B + E2072 0.1

In each experiment, animals were randomized into five groups and treated as shown in the table. Each experiment had a group with no treatment

designated as control

C cisplatin, P paclitaxel, B bortezomib, IP intraperitoneally, /V intravenously, PO orally, 1, 2, 3 gw/4 once twice and three-time per week for

4 weeks, gd daily

? Cavaletti et al. (1992)
" Cavaletti et al. (2000)
¢ Cavaletti et al. (2007)
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et al. 1992, 1995; Persohn et al. 2005), control rats were
left untreated.

Clinical Signs, Mortality, and Body Weight

The general clinical condition of the animals was assessed
daily. Body weight was recorded twice weekly for the
assessment of general toxicity of pharmacological treat-
ments and for dose adjustment.

Neurophysiological Assessment

In each experiment, before starting the pharmacological
treatment and 4 days after the last administration, nerve
conduction velocity (NCV) was determined in the caudal
nerve of each animal as previously described in several
experimental paradigms (Cavaletti et al. 1995, 2000;
Pisano et al. 2003). Briefly, the antidromic NCV in the
tail nerve was assessed by placing recording ring elec-
trodes distally on the tail, while the stimulating ring
electrodes were placed 5 and 10 cm proximally with
respect to the recording point. The latency of the poten-
tials recorded at the two sites after nerve stimulation was
determined (peak-to-peak) and NCV was calculated
accordingly. All the neurophysiological determinations
were performed under standard conditions in a tempera-
ture-controlled room.

Prior to the initiation of dosing in each experiment,
NCV was evaluated for each experimental animal and then
rats were divided into five treatment groups so that baseline
NCV measures were homogeneous and ranged between 28
and 32 m/s among the groups (data not shown).

Neuropathological Examinations

In each experiment, 5 animals/group were sacrificed at the
end of the 4-week treatment period and used for biolog-
ical sampling. The left sciatic nerves and the L4-L5 DRG
were obtained from the sacrificed animals and processed
according to previously reported protocols, resin embed-
ded and used for light microscope observations (Cavaletti
et al. 1992; Persohn et al. 2005). Briefly, 1-pm-semithin
sections were prepared from at least three tissue blocks
for each animal. The sections were stained with toluidine
blue and examined with a Nikon Eclipse E200 light
microscope.

Morphometric Examinations
DRG of control and treated rats were used for morpho-

metric examinations. On toluidine blue stained 1-pm-thick
semithin sections, DRG from cisplatin and bortezomib

experiments were analyzed with a computer-assisted image
analyzer (Image] NIH software). In the cisplatin experi-
ment, the somatic, nuclear, and nucleolar sizes of DRG
sensory neurons were measured in randomly selected sec-
tions according to previously reported methods on at least
300 DRG neurons/rat (Cavaletti et al. 1992).

On the basis of the previously observed bortezomib-
induced toxicity on DRG satellite cells (Cavaletti et al.
2007), the incidence of damaged satellite cells was deter-
mined in randomly selected 1-pm-thick semithin DRG
sections of bortezomib experiment. The results are
expressed as a rate (%) of vacuolated cells on a total of 500
cells/rat.

Statistical Evaluations

The differences between all experimental groups within
each experiment, in body weight, NCV, and morphometric
data, were statistically evaluated using the analysis of
variance (one-way ANOVA) and the Tukey—Kramer post-
hoc test (significance level set at P < 0.05).

Results
E2072 Pharmacokinetic and Tolerability Studies

The levels of E2072 in plasma and sciatic nerve were
comparable following single and multiple doses, indicat-
ing no compound accumulation. Plasma E2072 reached
maximal levels of 5000 ng/ml at 1 h after administration.
The plasma half-life (t1/2) was approximately 4 h and the
total area under the curve (AUC) was 19000 ng*h/ml. In
the rat sciatic nerve, E2072 reached levels of 200 ng/g
(approximately 700 nM) at 1 h and remained above
70 ng/g (approximately 250 nM) at the last measured 8 h
post-administration time point. These data show that
E2072 peripheral nerve levels exceed those necessary to
inhibit the glutamate carboxypeptidase enzymatic activity
(K; = 10 nM) for at least 8 h following a 10 mg/kg oral
dose. In addition, tolerability studies were conducted in
rats using 28 daily oral doses of 10 mg/kg E2072. Body
weights were unchanged relative to vehicle-treated ani-
mals and no obvious clinical signs were observed.
Furthermore, neurophysiological analysis and neuro-
pathological examinations of DRG and peripheral nerve
fibers did not show any neurotoxic effect of 28 daily oral
doses of 10 mg/kg E2072 on the rat peripheral nervous
system (data not shown). Based on these data, doses of
10 mg/kg E2072 and lower were chosen for the neurop-
athy studies.

@ Springer



384

Neurotox Res (2010) 17:380-391

Table 2 Mean values (SD) of body weights at the start (initial) and the end (final) of experiments

Experiment Groups Initial body weight (SD) Final body weight (SD) Statistics

Cisplatin CTRL 194.5 (7.4) 229.0 (6.0)
C 197.4 (7.3) 168.5% (36.9) #P < 0.001 vs. CTRL
C + E2072 10 192.4 (9.0) 196.3% (14.0) 8P < 0.05 vs. CTRL
C + E2072 1 195.9 (9.2) 206.7° (15.3) °P < 0.001 vs. C
C + E2072 0.1 196.4 (10.2) 197.8% (4.3)

Paclitaxel CTRL 201.5 (4.9) 219.87 (5.8)
P 200.6 (8.0) 209 (10.3)
P + E2072 10 203.3 (5.6) 213.1 (8.2)
P + E2072 1 203.1 (6.9) 216.8 (11.0)
P + E2072 0.1 202.5 (10.1) 215.5 (13.5)

Bortezomib CTRL 206.9 (7.0) 234.8 (6.1)
B 205.3 (9.4) 221.4% (13.2) #P < 0.05 vs. CTRL
B + E2072 10 211.8 (11.1) 220.1% (9.1) $P < 0.01 vs. CTRL
B + E2072 1 204.4 (7.7) 216.7% (5.0)
B + E2072 0.1 208.4 (5.6) 222.0% (6.9)

Statistical analysis: one-way ANOVA, Tukey—Kramer post-test

CTRL control, C cisplatin, P paclitaxel, B bortezomib, SD standard deviation

Prevention of Cisplatin-Induced Peripheral Neuropathy
General Toxicity for Cisplatin-Treated Rats

Although cisplatin induced mild piloerection, hypokinesia,
and kyphosis in rats, the selected schedules of treatment
were generally well tolerated and no mortality was observed
during the study. At the end of the experiment, as shown in
Table 2, the cisplatin regimen induced a significant reduc-
tion in body weight compared to controls (—26.4%). The
co-administration of 10, 1, and 0.1 mg/kg E2072 caused a
less marked reduction in body weight compared to controls
(—14.1, —9.6, and —13.6%, respectively). However, due to

40 -
30- §.# o
fa — — *
2 i
E 20 -
>
% #p<0.001 vs CTRL
10 - §p<0.01 vs CTRL
°p<0.05 vs CTRL
#p<0.05 vs C
*#p<0.01 vs C
0 -
S C D » >
o &S @
» G;o D
X
¢ e

Fig. 1 Nerve conduction velocity mean values (+SD) at the end of
the cisplatin experiment. Statistical analysis: one-way ANOVA,
Tukey—Kramer post-test. CTRL controls, C cisplatin, NCV nerve
conduction velocity
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the variability and small sample size per treatment group, the
only E2072 treatment group in which cisplatin-induced
weight loss was significantly prevented was the group
receiving co-administration of 1 mg/kg E2072.

Neurophysiological Assessment for Cisplatin-Treated Rats

As shown in Fig. 1, cisplatin treatment alone caused a
significant reduction of nerve conduction velocity (NCV)
compared to controls (—43.9%). E2072 (at 1 and 10 mg/kg),
when co-administered with cisplatin, significantly prevented
the NCV reduction. Co-administration of 0.1 mg/kg E2072
conveyed no significant protection.

Neuropathological Examinations for Cisplatin-Treated
Rats

Sciatic Nerves Using light microscope examination,
performed at the end of the experiments, the sciatic nerves
of animals treated with cisplatin alone showed only mild
morphological axonal changes, represented by fibers
undergoing wallerian-like degeneration in the absence of
primary demyelinating aspects. These results were con-
sistent with our previous data (Cavaletti et al. 1991). Given
the limited severity of cisplatin-induced alterations, a
protective effect of E2072 could not be observed (data not
shown).

Dorsal Root Ganglia As previously described (Cavaletti
et al. 1991), DRG from cisplatin-treated rats showed mor-
phologic alterations (Fig. 2). Although multinucleolated
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Fig. 2 Light microscopy
analysis of DRG morphology in
cisplatin experiment.
Multinucleolated sensory
neurons and nucleolar
eccentricity in cisplatin-treated
animals are shown by the
arrows and arrowheads,
respectively. Similar but milder
alterations (arrows and
arrowheads) were observed in
DRG of animals co-treated with
cisplatin and E2072; bar:

50 pm. CTRL control,

C cisplatin

C+E2072:10

Table 3 Results of morphometrical analysis of DRG sensory neurons
in cisplatin experiment

Groups Area of DRG sensory neurons, mean values (SD)
Soma (umz) Nucleus (umz) Nucleolus (pmz)

CTRL 957.5 (458.4) 131.1 (33.78) 10.69 (4.32)

C 775.6% (537.12) 112.9 (34.77) 7.99* (4.32)

C+ E2072 10 937.2% (531.7) 123.8 (41.70)  9.32% (4.98)

C + E2072 1 840.7 (573.4) 108.7 (41.53) 7.79* (4.98)

C + E2072 0.1 866.2 (562.4) 118.5 (45.32) 7.55*% (5.21)

Statistical analysis: one-way ANOVA, Tukey—Kramer post-test

CTRL controls, C cisplatin, DRG dorsal root ganglia, SD standard
deviation

* P < (.05 vs. CTRL; ¥ P < 0.05 vs. C

neurons and nucleolar eccentricity were sporadically seen
in control rats, in cisplatin-treated rats their incidence was
increased. DRG of rats co-treated with cisplatin and E2072
(10, 1, and 0.1 mg/kg) showed milder alterations compared
to cisplatin-treatment alone.

Morphometrical Analysis of DRG Sensory Neurons

Based on the documented changes induced by cisplatin
administration in DRG neurons (Cavaletti et al. 1992), we
performed morphometrical analysis of sensory neurons
from cisplatin-treated rats and cisplatin/E2072 treated rats.

As shown in Table 3, cisplatin treatment alone induced
a statistically significant decrease in somatic and nucleolar,
but not nuclear, size compared to controls. By contrast, the
co-administration of 10 mg/kg E2072 with cisplatin pre-
vented this reduction both at the somatic and nucleolar

40
#
_ 30+ = § °
8 * T h— —
& - —
E -
>
S *p<0.001 vs CTRL
gl 10 4 §p<0.05 vs CTRL
°p<0.01 vs CTRL
#p<0.001 vs P10
0 -
2 R S » S
N O v o
QX A QX

Fig. 3 Nerve conduction velocity mean values (4SD) at the end of
the paclitaxel experiment. Statistical analysis: one-way ANOVA,
Tukey—Kramer post-test. CTRL controls, P paclitaxel, NCV nerve
conduction velocity

levels. Co-administration of both 0.1 and 1 mg/kg E2072
with cisplatin had no significant protective effect.

Prevention of Paclitaxel-Induced Peripheral
Neuropathy

General Toxicity for Paclitaxel-Treated Rats

The selected schedule for paclitaxel was generally well
tolerated with no mortality observed in any treatment group
during the study. At the end of the experiment, as shown in
Table 2, paclitaxel in presence and absence of E2072 had
no significant alteration on body weight compared to
controls (—4.8% for group P, —3% for group P + E2072
10, —1.3% for group P 4+ E2072 1, and —1.9% for group
P + E2072 0.1).
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Fig. 4 Nerve conduction velocity mean values (4+SD) at the end of
the bortezomib experiment. Statistical analysis: one-way ANOVA,
Tukey—Kramer post-test). CTRL controls, B bortezomib, NCV nerve
conduction velocity

Neurophysiological Assessment for Paclitaxel-Treated
Rats

As shown in Fig. 3, paclitaxel treatment caused significant
reductions in NCV compared to controls (—33.1%). When
10 mg/kg E2072 was co-administered with paclitaxel, it
significantly prevented the NCV impairment (—10%).

Neuropathological Examinations

Using light microscope examination performed at the end
of the experiments, sciatic nerves of animals treated with
paclitaxel alone showed mild to moderate morphological
axonal changes (data not shown). DRG morphology was
normal which is consistent with previous observations from

Fig. 5 Light microscopy
analysis of DRG morphology in
the bortezomib experiment.
Diffuse intracytoplasmatic
vacuolization in satellite cells in
bortezomib-treated rats are
shown by the arrows in B while
only rare pathological neurons,
shown in B(a), are characterized
by small clear cytoplasmic
vacuoles. Similar but milder
alterations (arrows) were
observed in DRG of animals
co-treated with bortezomib and
E2072; bar: 50 um. CTRL
control, B bortezomib

@ Springer

our laboratory (Cavaletti et al. 2000). Given the lack of
significant pathological changes with paclitaxel itself, a
protective effect of E2072 could not be observed (data not
shown).

Prevention of Bortezomib-Induced Peripheral
Neuropathy

General Toxicity of Bortezomib-Treated Rats

Although one bortezomib-treated animal died during the
experiment, the pharmacological treatments were generally
well tolerated by the rats. At the end of the experiment, as
shown in Table 2, all schedules of treatment induced a
significant reduction in body weight compared to controls
(—5.7% for group B, —6.3% for group B + E2072 10,
—7.7% for group B + E2072 1, and —5.4% for group
B + E2072 0.1). Treatment with E2072 did not prevent the
bortezomib-induced body weight loss.

Neurophysiological Evaluation of Bortezomib-Treated
Rats

As shown in Fig. 4, bortezomib treatment caused a sig-
nificant reduction in NCV compared to controls (—39.3%).
When 10 mg/kg E2072 was co-administered with bort-
ezomib, it significantly prevented the NCV reduction
caused by bortezomib (—15%), while 1 and 0.1 mg/kg
E2072 co-administration conveyed no significant protec-
tion (—33.3 and —33.4%, respectively).

B+E2072 1

B+E2072 0.1
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Table 4 Results of morphometrical analysis of DRG satellite cells in
the bortezomib experiment

Groups Incidence of vacuolated
satellite cells, rate (SE)

CTRL 1.76 (0.90)

B 14.33 (2.3)*

B + E2072 10 7.4 (0.9)%*

B + E2072 1 10.45 (1.5)*

B + E2072 0.1 12.8 (1.7)*

Statistical analysis: one-way ANOVA, Tukey—Kramer post-test
CTRL controls, B bortezomib, SE standard error
# P < 0.001 vs. CTRL; ¥ P < 0.05 vs. B

Neuropathological Examinations of Bortezomib-Treated
Rats

Sciatic Nerves At the light microscope examination level,
performed at the end of the experiment, sciatic nerves of
animals treated with bortezomib showed only mild to
moderate morphological axonal changes (data not shown).
Consequently, these results did not permit any clear-cut
effect of E2072 co-administration on a morphological
basis.

Dorsal Root Ganglia As previously described (Cavaletti
et al. 2007), DRG from bortezomib-treated rats showed a
diffuse intracytoplasmatic vacuolization in satellite cells
(Fig. 5). Only rarely, DRG sensitive neurons had a patho-
logical appearance represented by cytoplasm having clear
vacuoles. Similar, but milder, alterations were observed in
DRG of rats co-treated with bortezomib and E2072.

Morphometrical Analysis of DRG Satellite Cells

Based on our observation in satellite cells, we performed
the morphometrical analysis of the incidence of altered
satellite cells in bortezomib-treated versus bortezomib/
E2072-treated rats. As shown in Table 4, the incidence of
vacuolated satellite cells was significantly increased in all
treated groups compared to controls. The co-administration
of 10 mg/kg E2072 with bortezomib was able to partially,
but significantly, prevent this increase. Co-administration
of both 0.1 and 1 mg/kg E2072 with bortezomib showed
only a mild protective effect which did not reach a statis-
tical significance.

Discussion
Glutamate carboxypeptidase pharmacological inhibitors

have been demonstrated to exert neuroprotective effects
both in in vitro (Thomas et al. 2000) and in vivo models of

disorders of the central nervous system (for reviews see
Neale et al. 2005; Thomas et al. 2006). Zhang et al. (2002,
2006) showed that glutamate carboxypeptidase inhibition
prevents nerve conduction velocity (NCV) alterations,
hyperalgesia, and the related pathology of C and myelin-
ated fibers in short-term and chronic diabetic painful
peripheral neuropathies. Glutamate carboxypeptidase
inhibitors have also been shown to reduce neuropathic pain
and ectopic discharges from injured nerve and minimize
central sensitization in animal models of inflammatory
and injury-induced neuropathies (Yamamoto et al. 2001;
Carpenter et al. 2003). When locally injected, glutamate
carboxypeptidase inhibitors have also been shown to
induce a reduction in the perception of inflammatory pain,
demonstrating a potential effect at both peripheral and
central sites (Yamamoto et al. 2007).

The effects of glutamate carboxypeptidase inhibition are
thought to be directly exerted by a reduction in glutamate
release and by an increase in NAAG which may act as an
agonist at mGIuR3 (Wroblewska et al. 1997; Bruno et al.
1998) and, although there are some controversies in the
literature, this may interfere with downstream NMDA
receptor sensitization and transmission (Westbrook et al.
1986; Losi et al. 2004; Fricker et al. 2009).

The use of several antineoplastic drugs such as plati-
num-derived compounds, antitubulins, and inhibitors of
proteasome is frequently associated with the development
of a peripheral neuropathy which preferentially damages
DRG and/or peripheral nerve fibers (Cavaletti et al. 1991,
1995, 2007; Authier and Gillet 2003) and often represents a
dose-limiting side effect (Windebank 1999; Quasthoff and
Hartung 2002; for a review see Ocean and Vahdat 2004).
Since glutamate carboxypeptidase inhibitors do not alter
chemotherapy efficacy (Tang et al. 2005), here we exam-
ined the neuroprotective effects of a glutamate carboxy-
peptidase inhibitor (E2072) on experimental peripheral
neuropathy triggered by three different chemotherapy
treatments. Chemotherapy-induced peripheral neuropathy
is characterized by neurophysiological changes, morpho-
logical alterations in DRG, and myelinated nerve fibers
(Cavaletti et al. 1991, 1995, 2007) and, sometimes, as in
the case of platinum-derived compounds, also by mor-
phometrical changes in cellular sizes of DRG sensory
neurons (Cavaletti et al. 1992). Based on the known
mechanisms of antineoplastic action, the pathological
examination of peripheral nervous system specimens
enables one to obtain important information on the mech-
anisms and severity of the neurotoxic action of the com-
pounds and any prevention of these changes, as seen with
E2072 in this study. In the case of cisplatin, it iS now
widely accepted that all these alterations are secondary to
the formation of platinum-DNA adducts in the DRG neu-
rons (Meijer et al. 1999), leading to nucleolar components
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segregation and nucleolar disruption with cell body
shrinkage, while nerve fiber changes are secondary to DRG
injury. Moreover, these pathological changes are not par-
ticular to cisplatin and they have been reported also in
animal models of carboplatin or oxaliplatin peripheral
neurotoxicity, thus indicating a common mechanism of
action for all platinum-derived drugs (Cavaletti et al.
2008). In the case of bortezomib, the intracytoplasmatic
vacuolation observed in DRG satellite cells (and more
rarely in neurons) is due to mitochondrial and endoplasmic
reticulum enlargement (Cavaletti et al. 2007) and these
changes can be related to bortezomib’s ability to induce the
activation of the mitochondrial-based (“intrinsic”) apop-
totic pathway and the expression of proteins associated
with the endoplasmic reticulum secretory pathway, thus
activating caspase 12, calcium homeostasis dysregulation
and, finally, cell death (Landowski et al. 2005). Regarding
taxanes, such as paclitaxel, obvious DRG changes have
never been reported at the morphological level, while
axonal microtubule changes have been described only after
extensive morphometric analysis at the ultrastructural level
(Persohn et al. 2005), in agreement with their well-estab-
lished tubulin hyperpolymerating activity.

In our study, the neuroprotective effect of the glutamate
carboxypeptidase inhibition on NCV deficits and on cis-
platin-induced alterations in DRG neurons morphometry
was strongly exerted by the highest dose tested (10 mg/kg)
and, to a lesser extent, by the intermediate dose (1 mg/kg).
In these models, the lowest dose of E2072 (0.1 mg/kg) did
not show any significant neuroprotective action. On the
basis of NCV measurements, bortezomib- and paclitaxel-
induced peripheral neuropathy was prevented only by the
highest dose of E2072, while in cisplatin neuropathy
the intermediate dose (1 mg/kg) was also effective. At the
morphometric examination level, only the higher dose of
E2072 protected DRG neurons against the cisplatin-
induced atrophy. This may be due to the fact that the DRG
neuronal insults are one of the first events that occur in the
early phases of the pathogenesis of cisplatin-induced
peripheral neuropathy (Cavaletti et al. 1992) and only later
the degeneration of nerve fibers with the subsequent NCV
impairment becomes evident. At the morphological level,
all tested doses of E2072 were able to partially prevent the
cisplatin-and bortezomib-induced alterations in DRG.
However, since all chemotherapy regimens caused only
mild morphological axonal changes in the peripheral
nerves, no clear-cut protective effect of E2072 co-admin-
istration on sciatic nerve morphology was evident.
Importantly, however, E2072 did not negatively influence
the pathology at any dose tested.

In co-administration regimens, E2072 was able to pre-
vent the cisplatin-induced weight loss but, due to vari-
ability and the relatively small sample size, this effect
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reached statistical significance only at one dose group. The
mechanism by which glutamate carboxypeptidase inhibi-
tion would prevent weight loss is unknown, unless it is
secondary to the peripheral nerve protection providing the
animals better mobility and improved sense of well being.
In contrast, however, no weight loss prevention was
observed in the bortezomib rats. Importantly, the E2072-
induced weight loss protection cannot explain the E2072-
induced improvement in neurotoxicity. This is based on
literature data showing minimal effects of malnutrition on
peripheral nerve function (Cornblath and Brown 1988),
on our previous peripheral nerve observations with animals
of different weights treated with cisplatin (Cavaletti et al.
1991, 1992; Carozzi et al. 2009) and on the fact that no
weight change occurred in this study in paclitaxel-treated
rats, despite significant NCV changes. Finally, the extent of
weight change was clearly more evident in the cisplatin-
treated rats than in the bortezomib-treated group, although
the extent of NCV reduction was similar.

Doses of E2072 (0.1-10 mg/kg) were chosen for the
neurotoxicity studies based upon data from drug tolerance
and pharmacokinetics studies. Dosing with 10 mg/kg
E2072 in the pharmacokinetic study provided concentra-
tions of inhibitor in sciatic nerves that exceeded the K; for
inhibition of glutamate carboxypeptidase. In the tolerance
study, we demonstrated that the administration of E2072
10 mg/kg alone was neither systemically toxic nor neuro-
toxic on the basis of body weight monitoring, neuro-
physiological analysis, and DRG morphological and
morphometrical observations.

Glutamate carboxypeptidase inhibition can trigger both
a reduction in glutamate and an increase in NAAG
(Slusher et al. 1999; Zhong et al. 2006). In the peripheral
nervous system, the neuroprotective effects of glutamate
carboxypeptidase inhibition are most likely mediated via
inhibition of glutamate release from Schwann cells, by
decreased excitability of damaged peripheral afferents
(Berger and Schwab 1996), by inhibiting glutamate
release and promoting endogenous NAAG in the spinal
dorsal horn (Kawamata and Omote 1996; Carpenter et al.
2003). Interestingly, the co-administration of E2072 pro-
vided similar results in models where three different
pathogenic mechanisms have been postulated. According
to the commonly accepted hypothesis, cisplatin damages
the primary sensory neurons, paclitaxel targets axonal
tubulin, while bortezomib (at least in animal models) is
toxic on DRG satellite cells and nerve Schwann cells,
rather than axons. However, it is possible that other less
obvious targets exist for these antineoplastic compounds
that have not yet been identified. Until a common
mechanism of action is recognized, our experimental
results can be explained by the fact that E2072 may have
a broad mechanism of action affecting any situation
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where there is neuronal-glial stress and excessive gluta-
matergic transmission. Further support to this hypothesis
is provided by the fact that E2072 is active in experi-
mental diabetic neuropathy models. Zhang et al. (2006)
suggested that the neuroprotective effect of glutamate
carboxypeptidase inhibition against neurophysiological
deficits in an experimental chronic diabetic neuropathy
was due to the prevention of the impairment of neural
Nat/K*-ATPase activity. In diabetic peripheral neuropa-
thy, endoneurial hypoxemia is an early and major path-
ogenetic component of the pathology that is associated
with injuries to the Na™/K™-ATPase activity contributing
to the nerve conduction defect (Cameron and Cotter 1994;
Cotter et al. 1995; Sima 2003). Since Na™/K*'-ATPase
had also been shown to be involved in the transport of
some chemotherapy drugs into cells and to be inhibited
by chemotherapy treatments (Sakakibara et al. 1999), it is
conceivable that NCV deficits in chemotherapy-induced
peripheral neurotoxicity and its protection by glutamate
carboxypeptidase inhibition could be explained, at least in
part, by effects on the Na*/K*-ATPase system. However,
this mechanism alone cannot explain the protective
activity of E2072 on DRG neuronal cells, demonstrated at
the morphometric level in the cisplatin model.

Earlier studies (Jackson et al. 1996; Bruno et al. 1998;
Slusher et al. 1999; Thomas et al. 2001) demonstrated
that increased levels of NAAG, related to the inhibition of
glutamate carboxypeptidase and the subsequent activation
of mGIuR2/3, may increase the production of neuropro-
tective growth factors, including trophic factors such as
the transforming growth factor f (TGF f), from glial
cells. It is possible that the increase of endogenous TGF f
(or other neurotrophic factors), triggered by glutamate
carboxypeptidase inhibition, could mediate neurotrophic
activity also in damaged peripheral nerve fibers,
re-establishing their ability in conducting electrical stimuli
and improving neurophysiological parameters. This might
be particularly important in chemotherapy-induced
peripheral neurotoxicity where decreased levels of nerve
growth factor (NGF) have been reported in clinical
practice, as well as in experimental models (Tredici et al.
1999).

In conclusion, this study presents evidence for a neu-
roprotective role of glutamate carboxypeptidase inhibition
in several chronic models of chemotherapy-induced
peripheral neuropathy and claims an approach for the
clinical treatment of this pathology. These results also
support manipulation of the glutamatergic system in the
management of toxic peripheral neuropathy.
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