
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Álvarez-Tosco et al. BMC Neuroscience           (2024) 25:44 
https://doi.org/10.1186/s12868-024-00891-y

BMC Neuroscience

†Karen Álvarez-Tosco and Rebeca González-Fernández contributed 
equally to this article. Both are first author.
†Alberto Lázaro and Pablo Martín-Vasallo contributed equally to this 
work and share senior authorship

*Correspondence:
Alberto Lázaro
alberlaz@ucm.es
Pablo Martín-Vasallo
pmartin@ull.edu.es

Full list of author information is available at the end of the article

Abstract
Background  Peripheral neuropathy (PN) constitutes a dose-limiting side effect of oxaliplatin chemotherapy that 
often compromises the efficacy of antineoplastic treatments. Sensory neurons damage in dorsal root ganglia (DRG) 
are the cellular substrate of PN complex molecular origin. Dehydropeptidase-1 (DPEP1) inhibitors have shown to 
avoid platin-induced nephrotoxicity without compromising its anticancer efficiency. The objective of this study was to 
describe DPEP1 expression in rat DRG in health and in early stages of oxaliplatin toxicity. To this end, we produced and 
characterized anti-DPEP1 polyclonal antibodies and used them to define the expression, and cellular and subcellular 
localization of DPEP1 by immunohistochemical confocal microscopy studies in healthy controls and short term (six 
days) oxaliplatin treated rats.

Results  DPEP1 is expressed mostly in neurons and in glia, and to a lesser extent in endothelial cells. Rats undergoing 
oxaliplatin treatment developed allodynia. TNF-𝛼 expression in DRG revealed a pattern of focal and at different 
intensity levels of neural cell inflammatory damage, accompanied by slight variations in DPEP1 expression in 
endothelial cells and in nuclei of neurons.

Conclusions  DPEP1 is expressed in neurons, glia and endothelial cells of DRG. Oxaliplatin caused allodynia in rats 
and increased TNF-α expression in DRG neurons. The expression of DPEP1 in neurons and other cells of DRG suggest 
this protein as a novel strategic molecular target in the prevention of oxaliplatin-induced acute neurotoxicity.
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Background
Platinum-based chemotherapy agents have been widely 
used against a variety of solid tumors since its discovery 
in the 1970s. However, these compounds have several 
serious side effects that limit their efficacy [1, 2]. Neu-
rotoxicity, more frequently associated with cisplatin and 
oxaliplatin (OxPt), which cannot be prevented or tack-
led, constitutes a serious dose-limiting side effect, and 
modifies the expression level of a large number of genes 
[3]. The majority of patients treated with OxPt (80–90%) 
experience any grade of neurotoxicity [4–6] requir-
ing dose adjustments or discontinuation, which could 
compromise treatment efficacy and clinical objectives 
achievement [7].

OxPt-induced peripheral neuropathy (PN) is a clini-
cally separate syndrome characterized by multiple symp-
toms as a result of sensory neuronal cell damage and 
death. The intensity of symptoms varies from very low to 
high degree of disability. Positive sensory symptoms and 
loss of function signs appear in upper and lower limbs, 
such as: numbness, tingling, paresthesia and neuropathic 
pain, reduction touch sensation, vibration and absence 
of tendon reflexes [8]. Acute peripheral neurotoxicity of 
OxPt has been described with transient paresthesia, dys-
esthesia and muscle cramps induced by cold exposure 
(cold allodynia). This phenomenon is associated with the 
development of chronic PN, which occurs with increas-
ing cumulative dosage [7–10]. These facts can be imitated 
in experimental animal models [11, 12]. Pathogenesis of 
this syndrome is unclear; however, it is focused on plati-
num toxicity over primary sensory neurons at the dorsal 
root ganglia (DRG) [7]. Furthermore, OxPt impairs nodal 
axonal voltage-gated Na + channels and, oxalate released 
after its metabolism may be related to acute cold-induced 
hypersensitivity [13, 14]. Relieving of pain elicited by che-
motherapy side effects has been assessed in rodent mod-
els by targeting several receptors as Mu-Opioid receptor 
agonist [15, 16] and TRP channels [12, 17, 18].

The damage elicited by OxPt in neurons of DRG, 
as well as other kind of cells has been associated with 
excessive production of reactive oxygen species due to 
decreased antioxidant enzymes [19, 20]. Dehydropepti-
dase-1 (DPEP1) hydrolyses different dipeptides, includ-
ing glutathione (GSH), which is a key molecule in the 
inactivation and excretion of toxic substances [21, 22]. 
DPEP1 is a glycosylated homodimer present in lungs, 
liver, brain and highly expressed in the brush border of 
proximal tubular epithelial cells of the kidney [23–25].

DPEP1 has been shown to be a valuable target for pre-
venting nephrotoxicity induced by platin derivatives 
[26–29]. Based on this fact, we hypothesized that DPEP1 
could be involved in OxPt neurotoxicity, and this could 
be prevented by the use of DPEP1 inhibitors, as cilas-
tatin [26]. However, very little is known about DPEP1 

expression in DRG cells. In order to study DPEP1 pro-
tein, as a first stage, we generated a series of DPEP1 spe-
cific polyclonal antibodies, then, our goal was to describe 
the expression at cellular and subcellular levels of DPEP1 
in rat DRG and possible changes in the inflammation 
elicited by OxPt in the short time period (six days) after 
OxPt treatment.

DRG is formed mainly by neurons of small, medium 
and large sizes, surrounded by glial cells, within a bas-
ket of capillary blood vessels and some Schwann cells 
that wrap the axons of neurons in roots [30]. To study 
molecular variations in this functional and morphologi-
cal complex structure, the use of regular methods, such 
as western blots or PCR techniques, do not allow us to 
know what the specifically damaged cells are, or if all cells 
are affected. Instead, we decided to use confocal micros-
copy with well characterized specific antibodies. This 
study reports the expression DPEP1 in all types of neu-
rons, glia, endothelial and Schwann cells in control rats 
and after a single dose of oxaliplatin and the inflamma-
tion response in DRG in the short term toxicity of OxPt.

Methods
DPEP1 antisera production and testing for specificity
DPEP1 peptide designing, plasmid construction and 
recombinant DPEP1 protein production and purification
In order to assess the homology of DPEP1 between 
human and rat at the protein level, Sequence Alignment 
command from sequence analysis tools from EMBL-
EBI was performed (Figure S1 in Supplementary mate-
rial). DPEP1 sequence was amplified from human kidney 
cDNA by PCR using Phusion polymerase (Thermo Sci-
entific, Waltham, MA, USA) following the manufactur-
er’s instructions. DPEP C-terminus coding region was 
amplified corresponding to a 419 pb Bam-HT/EcoR1I 
fragment (DPEP1-C; F2 = ​C​G​G​G​A​T​C​C​C​G​C​T​G​G​T​G​
A​A​A​C​A​G​A​C​A​G​A​C​A​G) (Fig.  2A). After cloning into 
pRSET-c expression vector (Invitrogen, Carlsbad, CA, 
USA) sequence fidelity was tested by sequencing. The 
recombinant protein was expressed in Escherichia coli 
BL21(DE) cells by induction with 1 mM isopropyl-β-d-
thiogalactopyranoside (IPTG) at 37  °C for 4  h. Purifica-
tion of the recombinant protein was performed using 
HisTrap FF column (GE Healthcare, Little Chalfont, UK) 
following the manufacturer’s instructions.

Production and purification of polyclonal antibodies against 
DPEP1
Antisera against human recombinant DPEP1-C were 
raised in male New Zealand rabbits in La Laguna Uni-
versity Animal Care Facility. Animal care and experimen-
tal procedures used for this work were approved by the 
Institutional Animal Care and Use Ethical Committee 
at the University of La Laguna. Preimmune serum was 
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collected and treated as described above for the DPEP1 
serum, before injecting the immunogen. Purified recom-
binant protein (200 µg) emulsified with an equal volume 
(0.5 mL) of Freund’s complete adjuvant was injected sub-
cutaneously. Two additional injections were given with a 
ten-day interval, with 100 µg recombinant protein mixed 
with incomplete Freund’s adjuvant in same proportions. 
Ten days after the final injection, blood was collected and 
clotting allowed for one hour at 37  °C and overnight at 
4 °C. Antiserums were collected by centrifugation (7000× 
g, 5 min).

Purification of anti-DPEP1 antibodies was performed 
using HisTrap FF column (GE Healthcare, Little Chal-
font, UK) linked to DPEP1-C recombinant protein. 
After passing the serum through the column, specific 
antibodies retained were eluted with 100 mM glycine 
pH 2.5 (AbDPEP1). Neutral pH was restored by add-
ing 1/10 of total volume of 1 M Tris buffer pH 8. Anti-
bodies were further purified using Protein G MagBeads 

(GenScript, Piscataway, NJ, USA) following manufactur-
er’s instructions.

Antisera testing by western blot
Rat kidney pieces were homogenized by grinding in liq-
uid nitrogen. Protein extract in Laemmli Sample Buffer 
were electrophoresed on a denaturing 12% polyacryl-
amide gel and transferred to Immobilon™-P membranes 
(Millipore, Bedford, MA, USA) by electroblotting. 
Membranes were blocked in PBS/5% BSA for 1  h. Pro-
tein detection was performed using DPEP1-C antibod-
ies (1:2000; P. Martín-Vasallo/J. Ávila) and anti-rabbit Ig 
Horseradish peroxidase (GE Healthcare, Little Chalfont, 
UK) secondary antibody. Detection was performed using 
ECL plus (GE Healthcare, Little Chalfont, UK) reagents, 
according to the manufacturer’s instructions, in a Chemi-
Doc XRS (Bio–Rad Laboratories, Hercules, CA, USA).

Fig. 1  (A) Diagram of the experimental timeline of the study. (B) Evaluation of cold hyperalgesia (allodynia) in controls and in OxPt rats. Acetone test was 
performed at 0, 1, 3 y 5 days. The data are expressed as the mean ± SEM, * indicates statistical significance p < 0.05. i.p., intraperitoneal, OxPt, oxaliplatin
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Experimental design, animals and OxPt-induced 
neuropathic allodinya
For the pilot model, we used 18 male Wistar rats (10 
treated with OxPt and 8 controls) weighing approxi-
mately 250 g (8 weeks old) at the beginning of the study, 
supplied by Instituto de Investigación Sanitaria Grego-
rio Marañón animal facility (Madrid, Spain). All animal 
handling was carried out according to the current legal 
regulations on the protection of animals used for experi-
mental and other scientific purposes: RD 118/2021, of 
23 February; Law 32/2007, of 7 November and order 
ECC/566/2015, of 20 March. Based on recent results 
showing sex dimorphism in rodents in inflammatory pain 
regulation and in immune cell signaling in neuropathic 
pain [17, 31], we decided to use males, as other models 
for chemotherapy induced PN did [15, 16, 18].

Rats were stabled in conventional cages in pairs, with-
out food/water restriction, stable temperature, and 
humidity conditions (T = 22 ± 2ºC and HR = 45–65%). 
OxPt was supplied by the Hospital Gregorio Marañón 
Pharmacy Service, at an initial concentration of 2  mg/
mL dissolved in 5% glucose solution (Braun Medical S.A., 
Barcelona, Spain) and administered at a final concentra-
tion of 6  mg/kg, in a single dose injected peritoneal, at 
the beginning of the study that lasted 6 days. Figure  1, 
panel A shows a diagram of the experimental timeline.

The eight non-treated animals included in this study as 
control group were injected with the same vehicle, in the 
same conditions and volumes as the treated group.

Allodynia test of OxPt peripheral neurotoxicity
Cold allodynia (assessment of thermal sensation) was 
tested with the acetone test performed on days 0, 1, 3 and 
5 by touching the plantar skin of both hind paws with a 
200 µL droplet of acetone (PanReac, Barcelona, Spain) 
[32] from an insulin-type syringe (B.Braun Medical S.A., 
Madrid, Spain). The times of twitching and biting or lick-
ing the stimulated paw were counted for 2 min. The times 
were considered as the media of testing three times at a 
1-hour interval.

Tissue collection
On day 6, euthanasia took place. Rats were anesthetized 
with sevorane (AbbVie Spain, Madrid, Spain) at 5% and 
maintenance during surgery at 2%. Animals were placed 
in the surgical field and the hair was opened with scis-
sors along the spine in a distal direction and the spine 
was isolated by cutting on both sides, along the spine 
beyond the pelvic bone. For ethical purposes, we would 
like to assess that after spine bone removal from cervical 
region, animals were decapitated under anesthesia. The 
cervical vertebrae were removed and completely cleaned. 
The lumbar DRGs and the sciatic nerve were located and 
removed. These samples were introduced in 4% parafor-
maldehyde (PFA, Santa Cruz Biotechnology, Texas, USA) 
for 24 h at 4 °C for fixation and then were placed in 70% 
ethanol denatured ACS (denatured with 5% isopropanol 
and 5% methanol, VWR Chemicals BDH®, USA) until 
subsequent histological study.

Fig. 2  Protein engineering for antisera generation and antibody testing. (A) scheme of DPEP1-C peptide produced as immunogen for antisera genera-
tion. (B) Left panel, western blot probed with pre-immune sera (PRE-serum); red arrows point to the absence of bands at DPEP1. Middle panel, western 
blot probed with DPEP1-C antiserum; white arrows point to a 47 kDa band corresponding to DPEP1 recombinant protein (full protein), column F, and the 
rat DPEP1 isoform in kidney lysates (column K). Right panel, western blot probed with anti-DPEP1-C after antibody purification; blue arrows point to bands 
corresponding to DPEP1 in different samples: HeLa cells lysates (H1, H2), rat pancreas lysates (P), rat kidney lysates (K) and dehydropeptidase 1 (DPEP1)
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Immunohistochemistry
DRG tissues samples were embedded in paraffin and 
cut with a five-micron thick. Tissue sections were depa-
raffinized in xylene and rehydrated in a 100%, 96% and 
70% alcohol bath, sequentially. Epitope retrieval was per-
formed by heating samples in sodium citrate buffer (pH 
6.0) at 120 °C for 10 min in an autoclave. Then non-spe-
cific sites were blocked with 5% bovine serum albumin 
or serum in Tris-buffered saline (TBS) for 1  h at room 
temperature.

Finally, for the immunofluorescence staining tissue sec-
tions were incubated with primary antibodies (DPEP1-C 
1:100 P. Martín-Vasallo/J. Ávila); MAP2 (microtubule-
associated protein 2) 1:500 [Cat #MAB378]; GFAP (glial 
fibrillary acidic protein) 1:100 [Cat #sc-33673]; CD31 
(cluster of differentiation 31) 1:150 [Cat #sc-376764]; 
TNF-α (tumor necrosis factor alpha) 1:150 [Cat #sc-
52B83]; IL-6 (interleukin-6) 1:200 [Cat #sc-28343]) over 
night at 4 °C, simultaneously with a mixture of two case 
of double immunostaining. Samples incubated without 
primary antibodies were used as negative control. Slides 
were incubated for 1 h at room temperature in dark with 
secondary antibodies raised in different species and con-
jugated to different fluorochromes (FITC conjugated 
against rabbit [Cat #F9887] and DyLight®650-conjugated 
against mouse [Cat # ab97018]). Slides were mounted 
with ProLong®Diamond Anti-fade Mountant with DAPI 
(Molecular Probes by Life technologies) to visualize cell 
nuclei.

Microscopy
Slides were analyzed and digital images were captured 
using Zeiss LSM980 Airyscan-2 (Zeiss, Oberkochen, 
Germany) and Leica SP8 (Leica Microsystems, Wetzlar, 
Germany) confocal microscopes. Raw images in Carl 
Zeiss Image Data File (CZI) or Leica Image Format (LIF) 
were exported as Joint Photographic Experts Group 
(JPEG) at 300ppi. Figures were assembled using Adobe 
Photoshop CC 2018 and exported at 300ppi.

Image quantitative analysis
Image analysis was carried out using ImageJ software 
(National Institutes of Health; Bethesda, MD) with the 
EzColocalization plugin [33]. Confocal images used for 
analysis were taken using the same parameters. Laser 
power and detector gain settings were optimized to cover 
fluorescence signals in a 16-bit depth range without 
saturation. Changes in fluorescence from baseline were 
measured as mean intensity of selected regions of inter-
est. Complementary, “Cell Counter” plug-in was used to 
ensure that neurons or glia were counted only once.

Statistics
Statistical analysis was carried out using SPSS version 25 
for Windows (IBM Corp., Armonk, NY, USA). Acetone 
test data are presented as mean ± standard error of the 
mean (SEM). Values were subjected to one way analysis 
of variance (ANOVA) followed by Newman-Keuls test. 
A probability value (p) < 0.05 was considered statistically 
significant.

For the analysis of immunohistochemistry data, depen-
dence test (chi-square) was performed between the stain-
ing levels of each group of cells, and non-parametric 
Kruskall-Wallis test was used to analyze significant dif-
ferences in the distribution of staining levels with respect 
to cell type [34]. p < 0.05 was considered statistically 
significant.

Results
Oxaliplatin treated rats developed cold allodynia
No mortality, diarrhoea nor sign of alopecia were 
observed in any group of animals throughout the dura-
tion of the study. The rats were weighed before the 
administration of chemotherapy to record the baseline 
and every day of the study. No significant increase nor 
reduction in body weight was evident in rats during the 
time of the study. All OxPt-treated rats showed increased 
sensitivity to cold as evaluated by the acute nocifensive 
response to acetone test on days 1, 3 and 5. Following 
acetone cold stimulation, an observer, unaware of the 
rat group conditions, evaluated the test by counting the 
number of times of the response as flicking, licking or 
biting the tested paw increased by a factor of two to four 
(Fig.  1, panel B). OxPt treated animals showed higher 
sensitivity to acetone drops by flicking, licking or bitting 
their paws. The number varied from 3 to 6 times/2 mins 
in controls to 8 to 18 in rats undergoing OxPt.

Anti-DPEP1 antibody specificity
Scheme of the region of DPEP1 recognized by generated 
serum is shown in Fig. 2A. In order to check the speci-
ficity of the antibodies against recombinant DPEP1-C 
terminus (DPEP1-C), serum was used to probe west-
ern blots with E. coli recombinant protein and rat kid-
ney lysates. Additionally, pre-immune serum was also 
checked. Pre-immune serum recognized neither the 
recombinant protein nor any other protein in rat kid-
ney lysates (Fig.  2B). DPEP1-C antisera recognized the 
recombinant full protein and one band in rat kidney 
lysates at 47  kDa molecular radius (Mr) (Fig.  2B). Used 
rat tissue samples is justified by the high homology 
(almost 74%) between human and rat sequences (Figure 
S1 in Supplementary material).
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DPEP1 cellular and subcellular distribution in control rat 
DRG probed by DPEP1-C antisera
To check the performance of DPEP1-C antiserum in 
DRG, immunohistochemistry preparations were carried 
out. Fluorescence signal was found distributed all over 
neurons with heterogeneous dot pattern at medium to 
high level of fluorescence intensity in cytosol and show-
ing brighter signal in nucleolus (Fig. 3). Fluorescence was 
also evident in axons of the root (yellow arrowheads of 
Fig. 3). The signal for DPEP1-C antiserum was homoge-
neous among neuron cells, independently of marked dif-
ferences among cells for MAP2 fluorescence signal.

Immunofluorescence signal for DPEP1-C in cells sur-
rounding the neurons was found at high and medium 
level as well as in capillary vessels and presumably 
Schwann cells of root at low and medium levels and with 
brighter staining intensity in nuclei of glia and blood ves-
sels (white arrows of Fig. 3).

Immunofluorescence for MAP2 showed heterogeneous 
localization, with higher intensity in cytosol of some neu-
rons and lower in others.

Negative controls for immunohistochemistry images 
are shown in Figure S2 of Supplementary material.

DPEP1 expression and inflammation state in OxPt-treated 
rat DRG
DPEP1-C immunolabeling in control panels exhibited 
low-medium fluorescence intensity inside nuclei and 
medium-high intensity in the cytosol of neurons. The 
expression pattern of DPEP1 in DRG changed in OxPt 
treated rats, as reveled by DPEP1-C immunofluorescence 
signal of higher intensity inside neuron nuclei (Fig. 4).

The inflammatory state of cells was assessed by check-
ing TNF-α and IL-6 proteins expression. Low level of 
specific immunofluorescence signal for TNF-α was found 
in control panels. Medium to high intensity was displayed 
in few endothelial cells (white arrows of Fig. 4) or axon 
fibres, or cells surrounding fibres of the roots (red arrow-
heads, Fig. 4). In control samples, there was no signal for 

TNF-α inside neurons (yellow stars in upper panels of 
Fig. 4). DRGs from OxP-treated rats exhibited prominent 
higher intensity signal level for TNF-α in the cytosol of 
neurons and low intensity inside nuclei; in Fig. 4, panels 
below, yellow arrowheads point to areas of higher TNF-α 
fluorescence inside neuron cells). Some vacuoles or vac-
uole-like structures are observed in cytosol of neurons 
(lower panels in Fig.  4). Signal intensity for TNF-α was 
increased in endothelial cells of OxPt-treated rats com-
pared those of the control group. Axons in the root and 
presumably surrounding Schwann cells showed increased 
TNF-α signal at medium level (Fig. 4, red arrowheads).

Low-medium intensity immunostaining was found for 
IL-6 in endothelial cells of control panels (Fig.  5, white 
arrows). There was no signal for IL-6 in neurons nor in 
glial cells (yellow stars, upper panels of Fig.  5). OxPt-
treated rat DRG panels revealed lower intensity for IL-6 
in endothelial cells and slightly higher intensity inside 
neurons and glia cells (arrowheads, lower panels in 
Fig. 5). DPEP1-C immunofluorescence signal levels were 
variable from low to high intensity and homogeneous in 
both panels.

Expression in satellite glial cells of DPEP1: DPEP1-C and 
GFAP immunostaining in control and OxPt-treated rat DRG
Immunostaining localization and fluorescence levels of 
DPEP1-C were consistent with abovementioned images 
in control rat DRG (Fig. 6 upper panels). Fluorescence for 
DPEP1-C was found in cytosol of virtually all cells at vari-
able-high level (yellow arrowheads, Fig. 6), and in tubular 
structures where GFAP signal was negative (white arrow-
heads, Fig.  6) corresponding to axons constituting the 
root of the nerve.

DPEP1-C signal conveyed similar intensity levels in 
OxPt-treated rat DRG. High intensity level in nuclei 
of some glia cells and cytosol of few neurons in similar 
localization to that of controls, but at a slightly increased 
intensity level (lower panels of Fig. 6). DPEP1-C specific 
fluorescence in some neurons showed a mesh pattern in 

Fig. 3  Immunostaining of control rat DRG and root with DPEP1-C generated antisera. Green signal DPEP1-C, red signal MAP2 (neurons). Heterogeneous 
DPEP1-C immunofluorescence dot pattern in cytosol and higher staining intensity in nuclei of neurons, as well as glia cells (white arrows). Yellow arrow-
heads point to DPEP1-C fluorescence signal in axons and root cells. Leica SP8 confocal microscope. Bar = 40 μm
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Fig. 5  Co-immunostaining for DPEP1 (green) and IL-6 (red) in control and OxPt-treated rat DRG. Control: IL-6 positive (red) in few endothelial cells of 
control panels (white arrows) and faint or no signal in neurons and in glia cells in (yellow stars). DRG from OxPt-treated rat: shows low intensity for IL-6 
in the periphery of neurons and glia cells (yellow arrowheads) and in axons of root, either in longitudinal (white arrows) or transversal sections (white 
arrowheads). DPEP1-C and IL-6 fluorescence signals colocalize (DPEP1-C and IL-6 panels, due to difference in intensity signals this fact is barely shown in 
merges). Zeiss LSM980 Airyscan-2 confocal microscope. Bar = 40 μm

 

Fig. 4  Co-immunostaining for DPEP1 (green) and TNF-α (red) in control and OxPt-treated rat DRG. Control: low TNF-α fluorescence signal as spots in 
cytosol of neurons (yellow stars), axon fibres and surrounding cells (red arrowheads), few spots can be found in cells bordering neurons (white arrows). 
OxPt-treated DRG neurons show increased fluorescence signal for TNF-α (red), in cytosol, varying from low to high. Increased levels of TNF-α-specific 
fluorescence in glia cells (yellow arrowheads). Some vacuoles or vacuole-like structures in cells of OxPt treated rats. Zeiss LSM980 Airyscan-2 confocal 
microscope. Bar = 40 μm
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cytosol (red arrow in lower panels of Fig.  6), though in 
not all neurons, over a homogeneous background sig-
nal. GFAP positive immunolabeling was mainly present 
in small areas in cytosol of satellite glia cells (SGCs), at 
levels ranging from low to high intensity signal (white 
arrows in Fig. 6). GFAP + immunofluorescence was found 
in roots, at much higher intensity in samples from OxPt 
treated rats (magenta arrowheads in Fig. 6), marking pre-
sumably activated Schwann cells.

Blood vessel endothelial cells in control and OxPt-treated 
rat DRG
To show localization in the blood vessel structure and 
possible changes, DPEP1-C and CD31 immuno-costain-
ing was performed. Control and OxPt rat DRG showed 
homogeneous immunofluorescence signals for CD31 
antiserum. Nerve areas and root, with higher blood ves-
sel density, showed higher intensity level of CD31 signal, 
as depicted in Fig. 7. Labeling for CD31 in DRG region 
varied from faint to bright, bordering neurons. Control 
panels showed higher intensity of DPEP1-C signal in 
endothelial cells nuclei (red arrowheads in upper pan-
els of Fig.  7). In OxPt-treated rat DRG immunostaining 
for CD31 revealed distribution similar as that of con-
trol group, however, fluorescence in cells of the root 
was brighter than that of cells in roots of the control 
group; DPEP1-C was as described in previous images, 

with higher level inside nuclei than in control rat DRG 
samples.

Fig. 8 summarizes DPEP1 and TNF-α results at the cel-
lular and subcellular differential expression.

Discussion
In this study we explored the cellular and subcellular 
localization of DPEP1 in DRG from normal rats and 
early (six days) changes elicited after OxPt chemotherapy 
treatment. Acetone test to allodynia confirmed periph-
eral neurotoxicity (Fig.  1) that was further supported 
morphologically by a striking increase of TNF-α expres-
sion as marker of acute inflammation of the DRG (Fig. 4).

First, we generated specific antisera against DPEP1. 
Antisera presented in this study were generated against 
human isoform, however, as shown in Figure S1, due to 
the high sequence homo either for immunohistochemis-
try or in western blot, they also recognize the rat isoform 
of DPEP1 at dilutions as high as 1:2000. At the time of the 
DPEP1 antiserum described in this study, there were no 
commercial antibodies against DPEP1. Some commercial 
antibodies were tested, such us anti-DPEP1 anti-body 
MBS2521928; BioSource (actually discontinued), but 
the results obtained were poor, showing less specificity 
in the recognition of the specific protein than DPEP1-C 
antiserum (data not shown). DPEP1-C antiserum pres-
ents a reliable performance in western blots as well as in 

Fig. 6  Immunostaining for DPEP1-C and GFAP. Controls: yellow arrowheads point to GFAP signal (red), around neurons, apparently in cytosol of glia cell, 
colocalizing with DPEP1-C specific fluorescence (green) in cytosol and in the periphery of nuclei. White arrowheads point to DPEP1-C positive and GFAP 
negative tubular structures (axons); magenta arrowheads point to presumably activated Schwann cells. Yellow star is inside a blood vessel. OxPt treated 
rats: white arrows point to GFAP positive cells. Mesh pattern of DPEP1-C fluorescence in some neurons (red arrowheads). Yellow arrowheads point DPEP1-
C cells in tubular structures (axons of root). Zeiss LSM980 Airyscan-2 confocal microscope. Bar = 40 μm
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immunohistochemistry techniques, therefore, after evi-
dencing a good quality and differential signal, either for 
cellular and subcellular localization (Figs.  2 and 3), we 
decided to use it in our experiments.

To further contrast our results, we use two differ-
ent confocal microscopes, Leica SP8 and Zeiss LSM980 
Airyscan-2, finding no differences in our results, how-
ever, given the better resolution of the Airyscan-2, most 
of the results published here were obtained with it.

To our knowledge, DPEP1 expression in DRG or 
peripheral nervous system (PNS) has not been described 

previously. There is only data about DPEP1 in brain capil-
laries and absence of enzymatic activity [25].

Previous studies revealed molecular changes in DRG 
after a single or two doses of OxPt, not only in neurons 
but also in glial cells [35]. However, the effect of this 
xenobiotic in the PNS is still controversial. Warwick et 
al. [36] demonstrated increased expression of GFAP in 
SGCs over twofold compared to control after two doses 
of OxPt. In the spinal cord, OxPt effects were similar 
according to Ahn et al. [37] and Yoon et al. [38] who 
showed that a single intraperitoneal injection of OxPt 

Fig. 8  Intensity of specific fluorescence signal for DPEP-1 C and TNF-α in DRG neurons, satellite glial cells (glia) and endothelial cell in control and OxPt-
treated groups of rats. A significant increase in TNF-𝛼 was observed in neurons and a reduction of DPEP1 in endothelial cells following OxPt treatment 
when compared with the vehicle-treated group. The data are expressed as the mean ± SD, * indicates statistical significance p < 0.05

 

Fig. 7  Immunostaining for DPEP1-C and CD31 in control and OxPt-treated rat DRG. Red arrowheads point to CD31 + surrounding neurons and white ar-
rowheads point to CD31 + fluorescence bordering axons in roots. Co-staining for DPEP1-C with CD31 pointed by white arrowheads in lower panels. Zeiss 
LSM980 Airyscan-2 confocal microscope. Bar = 40 μm
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(6  mg/kg) can induce mechanical and cold allodynia, 
accompanied to raised GFAP expression. This contrasts 
with more recent studies of Huang et al. [39] who demon-
strated a reduction of GFAP expression seven days after a 
single dose of OxPt (6 mg/kg). In our study, there were no 
significant changes in GFAP immunofluorescence signal 
six days after a single dose of OxPt (6 mg/kg), therefore 
the role of GFAP in OxPt-induced PN remains uncertain.

GFAP molecular expression has been related to acti-
vation of glial cell types as astrocytes and SGCs after 
neuronal injury or inflammatory processes [35, 40–42]. 
Different studies have demonstrated acute glial activation 
after chemotherapy treatment with paclitaxel or OxPt 
[43, 44], coexisting with an elevation of proinflammatory 
cytokines from early stages, as TNF-α and later, as IL-6 
[44, 45] in DRG structure. Xu et al. [45] found increased 
levels of these cytokines three days after a single dose of 
OxPt and an evident elevation of the expression of mem-
brane receptors. Furthermore, an activation of Schwann 
cells with concomitant release of cytokines after PNS 
damage has been reported [46, 47]. Schwann cells, along 
with macrophages, constitute the main source of TNF-α 
after sciatic nerve injury [47]. Our results show signifi-
cant increase of TNF-α in OxPt DRG in comparison with 
control DRG, not only in neurons but also in glial cells 
(Fig.  4). However, as shown in Fig.  4, TNF-α immuno-
fluorescence signal is not homogeneous in all neurons, 
some neurons and glial cells expression levels range 
from high intensity to low, and some very light or noth-
ing. This distribution gives an idea of “focality” of the 
damage, similar to what has been reported for kidney 
tubular nephrotoxicity induced by cisplatin [28]. Our 
experiments show increased signal levels for IL-6 in DRG 
from OxPt-treated rats at a slightly but evident propor-
tion, probably due to the short-time effect of OxPt and 
considering IL-6 a long-period of inflammation marker. 
According to our results and those of consulted bibliog-
raphy, most cells within the environment of DRG neu-
rons have a relevant role in the pro-inflammatory state 
of OxPt-induced PN. The focal distribution of inflamma-
tion could be an indicative of different DRG neuron types 
affected by OxPt. Further studies exploring with specific 
markers for large-diameter myelinated Aβ-fibres, small-
diameter myelinated (Aδ), and unmyelinated (C) need to 
be performed in order to determine the different sensi-
tivities to inflammation of neurons [48].

DPEP1 has a heterogeneous distribution in DRG, with 
different location and expression depending on cell types, 
partially summarized in Fig.  8. Three types of neurons 
and six subtypes have been described in rat DRG based 
on its location, amount and structure of organelles and 
neurofilaments in the cytosol [30, 49]. The heteroge-
neous DPEP1 expression levels in neurons indicates 
functional differences among cells that also varies in 

OxPt chemotherapy; here we showed that DPEP1 is pre-
dominant in neuron cytosol in control samples, showing 
“granular” distribution (Fig.  6), and how high levels of 
DPEP1 immunofluorescence signal is found at in nuclei 
in DRG samples from OxPt-treated rats (Fig. 4). DPEP1 
expression in nuclei suggests a moonlighting role of this 
protein, though further studies are needed to define its 
function.

Blood vessels in DRG and in peripheral nerves have a 
permeability that allows OxPt-chemotherapy entrance 
to PNS and accumulation in sensory neurons [50]. For 
this reason, it is remarkable the evident colocalization 
of DPEP1 and CD31 in endothelial cells, predominantly 
inside nuclei (Fig.  7). Choudhury et al. [51] showed 
DPEP1 as a physical adhesion receptor for neutrophils 
in mice lung and liver capillaries. This function was 
independent to its catalytic activity and contribute to 
inflammatory processes. Otherwise, the role of DPEP1 in 
immune response in DRG injury is still unknown.

The fact of finding DPEP1 expression in DRG neu-
rons opens the prospect of this protein to be a target for 
peripheral neuropathy prevention, different from treat-
ment of stablished pain, allodynia or neuropathy [12, 52]. 
Future research with DPEP1 inhibitors, such as cilastatin 
[29], will give us more information about possible periph-
eral neuroprotection by blocking DPEP1 and preventing 
totally or partially from the process of inflammation and 
cellular injury as adjuvant therapy to those that attenu-
ate neuropathic pain [53, 54]. Complementarily, further 
studies on the DPEP1 role in DRG blood vessels and glia 
cells need to be addressed to understand the participa-
tion of these cells in PN.

Conclusions
This study reports the cellular and subcellular localization 
of DPEP1 in DRG in control rats and after short-term 
treatment of OxPt using specific polyclonal antibod-
ies. DPEP1 is expressed in neurons, glia and endothelial 
cells of DRG. OxPt caused allodynia in rats and induced a 
high grade of inflammation within this short period with 
concurrent variable focal increase of TNF-α expression. 
In our model, OxPt induced GFAP expression in some 
cells of roots compatible with Schwann cells and does not 
affect MAP2 expression in neurons, nor GFAP in SGCs. 
The finding of DPEP1 in DRG opens the possibility of 
using this protein as target to avoid or minimize PN elic-
ited by OxPt-based chemotherapy.
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