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Chronic lameness affects bovine welfare and has a negative economic impact in dairy
industry. Moreover, due to the translational gap between traditional pain models and new
drugs development for treating chronic pain states, naturally occurring painful diseases
could be a potential translational tool for chronic pain research. We therefore employed liquid chromatography tandem mass spectrometry (LC-MS/MS) to stablish the proteomic profile of the spinal cord samples from lumbar segments (L2-L4) of chronic lame dairy cows.
Data were validated and quantified through software tool (Scaffold® v 4.0) using output data
from two search engines (SEQUEST® and X-Tandem®). Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) analysis was performed to detect proteins interactions. LC-MS/MS identified a total amount of 177 proteins; of which 129 proteins were able
to be quantified. Lame cows showed a strong upregulation of interacting proteins with chaperone and stress functions such as Hsp70 (p < 0.006), Hsc70 (p < 0.0079), Hsp90 (p <
0.015), STIP (p > 0.0018) and Grp78 (p <0.0068), and interacting proteins associated to glycolytic pathway such as; γ-enolase (p < 0.0095), α-enolase (p < 0.013) and hexokinase-1 (p
< 0.028). It was not possible to establish a clear network of interaction in several upregulated
proteins in lame cows. Non-interacting proteins were mainly associated to redox process
and cytoskeletal organization. The most relevant down regulated protein in lame cows was
myelin basic protein (MBP) (p < 0.02). Chronic inflammatory lameness in cows is associated
to increased expression of stress proteins with chaperone, metabolism, redox and structural
functions. A state of endoplasmic reticulum stress and unfolded protein response (UPR)
might explain the changes in protein expression in lame cows; however, further studies
need to be performed in order to confirm these findings.
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Chronic pain represents a dysfunction of the nervous system [1, 2], and similar to humans,
this type of pain impact negatively the quality of life of affected animals [3]. Naturally
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occurring painful diseases in animals may represent an alternative approach to investigate
nociceptive mechanisms involved in chronic pain [4, 5]. Painful lameness in dairy cows is
common, and one of the most important causes of economic losses for the dairy industry [6]
due to increasing culling [7]https://paperpile.com/c/QlNkzH/hxba, reduced milk production
and reproductive performance [8]. https://paperpile.com/c/QlNkzH/Hj7c+4D5eLameness is a
multifactorial condition and its prevalence has been associated with housing and nutritional
management [9]https://paperpile.com/c/QlNkzH/Cn8P+388y+UI6B+9Lth, environmental
factors [10]https://paperpile.com/c/QlNkzH/6tmv, metabolic status [11], inadequate claw
trimming [9], gestation and stage of lactation [11]. The characteristic features of chronic lameness associated-pain in dairy cows make this condition a potential new translational model for
the study of chronic pain.
Within the damaged tissue, inflammatory mediators released from immune cells can
reduce the threshold of somatic and visceral primary afferent nociceptors, leading to peripheral sensitization [12]https://paperpile.com/c/QlNkzH/2xFo+o6FS. Prostanoids [13], kinins
[14], growth factors [15], chemokines [16], cytokines [17], protons and ATP [18] can promote
peripheral sensitization, activating multiple intracellular transduction signals that lead to an
increase in membrane receptor expression (i.e., TRPV1, TRPVA1, Nav1.7, Nav1.9, among others). Moreover, persistent peripheral sensitization can potentially induce a state of central sensitization [12]. Central sensitization is the facilitation of synaptic transmission in central
nervous system (CNS), which often turns into maladaptive and prolonged molecular changes
in the nociceptive pathway [1]. This increased sensitivity to noxious and harmful stimuli will
create pain behaviors known as hyperalgesia and allodynia, respectively [19]. It has been previously demonstrated that reduced nociceptive umbral thresholds can be detected in cattle with
mild to severe lameness associated to chronic inflammatory lesions of the hoof [20].
Two temporal phases can be distinguished during central sensitization: an early phase
dependent on kinase activation that results from rapid changes in the glutamate receptor and
ion channels function [21, 22], and a later and long-lasting phase in which transcriptional and
translational events drive the synthesis of proteins responsible for persistent pain [1, 23].
Proteins expression can be determined through proteomic analysis [24]. Proteomic techniques have been used in order to investigate the dynamics of protein expression under pathological pain states, with an increased potential for identification of pain biomarkers [25]. Most
of the proteomic studies focusing on pain have been performed either in the spinal cord or in
the dorsal root ganglion (DRG) of rodents using experimental pain models [26]. Recently,
increasing concern about the translational impact of basic science research in the development
of new drugs has been discussed [25]. According to Mao (2012) [27], the time frame of pain in
experimental models may not adequately reproduce the impact of prolonged nociception of
clinical pain. Moreover, few proteomic studies have focused on naturally occurring pathological pain. Recently, the cerebrospinal fluid, serum and plasma proteome of human patients
with neuropathic pain, rheumatoid arthritis and widespread back pain has been described [28,
29, 30].
The aim of this study was to describe the proteomic profile in the dorsal horn spinal cord of
cows with chronic inflammatory lameness.

Materials and methods
Bioethics statement
The experimental protocol was approved by the Ethics Committee of Animal Research of the
Universidad Austral de Chile (resolution number 323/2018).
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Animals
Twelve dairy cows were selected from a commercial dairy farm (Agricola Los Rı́os, single livestock role 10.5.07.0760). All selected animals were Kiwi cross and 2 years of age or older, originating in different herds within the same farm with similar breeding, feeding and other
routine practices. Spinal cord samples from 5 lame dairy cows (Lame group; n = 5) with a hind
limb lameness history of at least 5 months were obtained after euthanasia via intravenous general anesthesia and intrathecal lidocaine injection at the atlanto-occipital foramen as previously reported. Similarly, spinal cord samples from 7 non-lame animals (Control Group;
n = 7) without apparent lameness and without history of previous lameness episodes were
selected from a commercial slaughterhouse (Frigorifico Balmaceda SPA, single livestock role
10.512.0882) after euthanasia by mechanical stunning and exsanguination according to
national regulations. Researchers were not involved in the decision for euthanasia or
slaughter.

Lameness assessment
Given that bovine lameness is a multifactorial condition, cows were selected considering the
most prevalent causes of lameness in Southern Chile, including white line disease, sole hemorrhage, sole ulcer and digital dermatitis [31]. Lameness was confirmed and classified according
to the mobility score previously described by Reader et al. (2011) [32]. Briefly, cows were classified into two groups (Lame or Control), and lameness was scored as follow: MS 0 not lame;
MS 1 imperfect mobility/uneven; MS 2 impaired mobility/mildly lame; and MS 3 severely
impaired mobility/very lame. Lame group consisted only of cows with a MS of 3. Exclusion criteria for both groups included the presence of visible acute wounds, visible neurological gait
alteration (central or peripheral ataxia) and acute or chronic mastitis.

Spinal cord sampling and protein extraction
Lumbar spinal cord sections (L2-L4) were aseptically obtained post-mortem after removal of
the dorsal aspect of lumbar vertebrae. A 20 cm segment was obtained from each animal. Dura
mater and arachnoids meninges were gentle dissected and after carefully washing the tissue
with cold phosphate buffered saline (PBS) samples were snap frozen in liquid nitrogen and
transported to laboratory for further processing. Several segments of approximately 300 mg of
the ipsilateral dorsal horn were stored in a mixture of 1 mL of PBS and 10 uL of protease inhibitor. For protein extraction, samples were sonicated three times for 30 seconds each and then
centrifuged at 20,000 x g for 20 min at 4˚C. The supernatant was collected and stored at -80˚C
until further analysis. Total protein quantification was performed using the BCA Assay (PierceTM Thermo Scientific, Rochford USA) according to the manufacturer’s instructions. Protein
extraction was evaluated using a 5–12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) stained with Coomassie blue.

Sample preparation for proteomics analysis
100 μg of protein were lyophilized for 120 minutes and then re-solubilized in 6M guanidine
hydrochloride and 25 mM NH4HCO3 at pH 7.5 during 60 minutes. Subsequently, proteins
were reduced at room temperature using 2 mM dithiothreitol and alkylated with 10 mM
iodoacetamide at room temperature for 60 minutes. These reactions were then diluted seven
times with 25 mM NH4HCO3 at pH 7.5. Modified trypsin 1:50 (Promega, Madison, WI, USA)
was added, and the reaction was incubated at 37˚C for 16 hours. Trypsin digestion was stopped
adding 5% formic acid, pH 3.0.
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Protein identification by tandem mass spectrometry (LC-MS/MS)
Protein samples were concentrated using a CentriVap concentrator (Labconco, Kansas City,
MO, USA) to a final volume of 20 μL and loaded into a 350 μm internal diameter (ID) fused
silica peptide trap column with 3 cm of C18 reverse-phase desalting resin. Immediately after
washing with 0.1% formic acid for 30 min at 0.5 μL/min, the efflux of the peptide trap column
was directed to a 10 cm resolving reversed-phase column (100 Å, 5 μm Magic C18 particles,
Michrom Bioresources), which was mounted on the electrospray stage of a VELOSPRO mass
spectrometer (LTQ, Thermo Finnigan LLC) by a 0–90% acetonitrile gradient for 120 min at a
flow rate of 600 nL/min. An electrospray voltage of 2.2 kV with the ion transfer temperature
set to 270ºC was used. The mass spectrometer was controlled by the Xcalibur software, which
continuously performed mass-scan analysis of the six most intense ions during MS/MS scans
of the ion traps. For this, one repeat scan of the same ion was dynamically excluded, using a 30
sec repeat duration and 90 s exclusion duration. Normalized collision energy for the MS/MS
was set to 35%.
Database search algorithm and protein identification criteria. SEQUEST (Thermo
Fisher Scientific, San Jose, CA, USA) and X!Tandem software (www.thegpm.org) were used to
analyse all tandem mass spectra MS/MS samples. SEQUEST was set up to search Bostauros_NCBI_250722016.fasta (60.090 entries) with the inclusion of trypsin. Similarly, X!Tandem
was set up to search a reverse concatenated subset of the uniprot-bos+taurus database (200
entries) also assuming trypsin digestion. Both databases were searched with a fragment ion
mass tolerance of 0.80 Da and a parent ion tolerance of 2.5 Da. Carbamidomethyl of cysteine
was specified in SEQUEST and X!Tandem as a fixed modification. Deamidated of asparagine
and glutamine and oxidation of methionine were specified in SEQUEST as variable modification. Glu!pyro-Glu of the n-terminus, ammonia-loss of the n-terminus, gln!pyro-Glu of
the n-terminus, asparagine and glutamine deamidation, methionine oxidation were specified
in X!Tandem as variable modifications.
In order to validate MS/MS peptide and protein identification, data were loaded into Scaffold v.4.8.6 (Proteome Software Inc., Portland, OR). Peptide and Protein probabilities were
assigned using the peptide/protein prophet algorithm [33]. Peptide and protein criteria of
identification included a 95% confidence in the peptide/protein prophet algorithm, with a
minimum of 4 identified peptideshttps://paperpile.com/c/QlNkzH/LDZX [34]https://
paperpile.com/c/QlNkzH/oLuB. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. Proteins were there
annotated with gene ontology (GO) terms from goa uniprot_all.gaf (downloaded Jan 12, 2017)
[35]. Unique peptide counts are included as supplemental information (Supp 1).
Additionally, a search tool for the retrieval of interacting genes/proteins (STRING) neighborhood analysis was performed on all identified proteins by searching the STRING database
to detect possible interactions (https://string-db.org). Protein names were obtained by matching the gen-info identifier number (GI) of the proteins to the UniProtKB database (https://
www.uniprot.org). STRING was set to identify the evidence of the type of interaction, selecting
database and experiments as active interaction sources and a minimum required interaction
score of 0.900 [36].s

Western blot analysis
Western blot analysis was performed in order to validate some proteins of interest detected in
proteomics. Protein extraction was performed using the same method described previously for
LC-MS/MS. Proteins were quantified by BSA Assay (PierceTM Thermo Scientific Rockford
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USA) and twenty microgram of each sample was separated by SDS-PAGE and transferred to a
0.45 μm nitrocellulose membrane (Amersham™ Potan™ GE Healthcare Germany). Membranes
were blocking during 1 hour with TBS (10 mM Tris-HCl pH 7,6) and 5% BSA at room temperature. Membranes were incubated for 16 h at 4˚C with the following antibodies: mouse monoclonal anti gamma-enolase-enolase (1:500 w/v, Santa Cruz Biotechnology), mouse monoclonal
anti-Hsp70 (1:500 w/v, Santa Cruz Biotechnology) and mouse monoclonal anti-β-actin (1:500
w/v, Santa Cruz Biotechnology) as loading control. Following primary antibody incubation,
membranes were washed three times (10 minutes each) with TBS and 0.1% Tween-20, and
incubated during 60 minutes at room temperature with anti-mouse IgG HRP-secondary antibody (1:2000 v/w, Santa Cruz Biotechnology). Following secondary antibody reaction membranes were washed three times for 10 minutes each. The intensity of the bans were visualized
with enhanced chemiluminescence (Pierce ECL Thermo Scientific Rockford USA) and captured by Odyssey Imaging System (LI-COR Bioscience, Lincoln, NE). For quantification of
blot intensities Image Studio Lite ver 5.2.5 software (LI-COR Bioscience, Lincoln, NE) was
used.

Statistical analysis
Label free total spectra counting and total abundance of proteins for lame and control cows
were tested for normality using the Kolmogorov-Smirnov test and then compared between
groups using the t-test. Band intensities, expressed as mean ±SEM, were tested for normality
using the Kolmogorov-Smirnov test and then compared between groups using the t-test. Differences were considered significant when p � 0.05. All statistical tests were performed on
Graphpad Prism 7.0.

Results
Tandem mass spectrometry analysis was able to identify a total amount of 177 proteins in the
dorsal horn of the spinal cord. Proteins with significant peptide evidence were grouped into 47
clusters. From the totality of identified proteins, Scaffold software was able to quantify 129 of
them. Quantitative analysis showed that 10 proteins were significantly downregulated, and 27
proteins were significantly upregulated in cows with chronic lameness compared to controls
(Tables 1 and 2). Moreover, 26 proteins were only detected in the dorsal horn of the spinal
cord of lame cows (Table 2).
Gene ontology (GO) annotations were performed in order to obtain an overall biological
and functional background of the quantified proteins. Sequence distribution by GO level is
shown in Fig 1. GO analysis indicate that proteins were distributed by activity as binding
(39.5%), catalytic (32.4%) followed by antioxidant (3.4%) structural (2.2%), carrier (2.2%) and
transport (1.1%). Regarding biological process distribution, cellular processes (45.2%), metabolic processes (32.1%) and biological regulation (31.1%) were the most frequent annotated
distributions. Gene ontology for cellular localization showed that proteins were primary distributed in cell parts (42,2%) and organelles (31,2%), followed by protein-containing complex
(17.9%), membranes (11.6%), membrane enclosed lumen (10.5%), with few sequences distributed at the extracellular region (8.4%), cell junction (2.1%) and nucleoid (1.1%) levels (Fig 1).
The identified and quantified proteins were subjected to STRING interaction analysis. Out
of 129 proteins, 121 were successfully recognized in the STRING database and represented as a
network of proteins connected with evidence-based edges. The resulting network shows four
evident clusters in which one protein is connected to at least three other proteins with highest
confidence bond (Fig 2). One cluster consisted of 10 proteins identified as chaperones and cochaperones from which 7 were only detected in lame cows (Fig 2A). A second cluster consisted
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Table 1. Downregulated proteins detected in the spinal cord of lame cows.
Proteins
Albumin

Accesion (GI)

MW (kDa)

Gene Name

p-value

Fold Change

ALBU_BOVIN

69

ALB

0,0033

0,3

Dihydropyrimidinase-related protein 2

528959240

65

DPYSL2

0,0013

0,6

Glyceraldehyde 3-phosphate Dehydrogenase

694270100

38

GAPD

0,036

0,7

Hemoglobin beta

294459577

16

HBB

0,00016

0,2

Hemoglobin beta Bali
Hemoglobin chain C
Hemoglobin fetal subunit beta

223864

0,00028

0,3

97724899

0,001

0,5

62460494

15

HBG

0,00013

0,3

Hemoglobin subunit alpha

359061887

15

HBA

0,0022

0,3

Myelin basic protein

741972060

33

MBP

0,02

0,7

Ubiquitin carboxyl-terminal hydrolase

528952847

25

UCHL1

0,0018

0,4

https://doi.org/10.1371/journal.pone.0228134.t001

of 16 proteins associated to glycolysis, gluconeogenesis and the pentose phosphate pathway
(Fig 2B), from which 5 of them were upregulated in lame cows (Table 3). Also, a third cluster
(Fig 2C) consisting of mitochondrial proteins and a fourth cluster (Fig 2D), consisting of tubulin isoforms showed no differences between lame and non-lame cows. A marked interaction
between clusters A and D (Fig 2) could be observed. The Kyoto Encyclopedia of Genes and
Genome (KEGG) pathways most representative in the interacting network are depicted in
Table 3. The most notorious finding is that antigen processing and presentation pathway
(KEGG pathway ID 0416) was only integrated by proteins strongly upregulated in lame cows.
Validation of LC-MS/MS results was performed by western blot analysis of one protein
from the chaperone cluster (Hsp70) and one protein from the glycolytic enzymes cluster
(gamma-enolase) (Fig 3).

Discussion
In this study we describe the differential expression of proteins in the dorsal horn of the spinal
cord of cows with chronic painful inflammatory lameness using a proteomic analysis. Peptide
spectra were identified using SEQUEST search engine and validated through X!Tandem using
different modification parameter in order avoid identification redundancy. The totality of the
lame dairy cows included in our study had a history of lameness of more than 5 months with
notorious and evident hyperalgesia and allodynia of the affected limb during the mobility
score evaluation. Lame cows had a higher number of expressed proteins in the dorsal horn of
the spinal cord compared to sound cows. Different proteomic profile studies in dorsal root
ganglia and spinal cord in various animal models of pain have previously reported an
increased number of upregulated proteins compared to downregulated proteins [37].
We describe an increased amount of stress-associated proteins in the spinal cord of lame
cows. A 20-time fold change in the constitutive Hsc70 (HSPA8) protein was observed in lame
cows, with the inducible forms of Hsp70 (HSPA1L) and Hsp90 (HSPA90AA1) only detected
in lame cows. Similar to our findings, several proteomic profiles in chronic neuropathic pain
in rodents have reported increasing levels of heat shock proteins (HSP´s) after injury in both
the peripheral and central nervous system [37, 38, 39]. Additionally, upregulation of HSP’s has
been reported after experimental lower lumbar and sacral terminal nerve compression in dogs
[40]. HSP’s are a family of intracellular chaperones that bind to different proteins facilitating
their folding into their native and active conformation [41]. In response to cellular stress, upregulation of HSP’s help to protect cells from abnormal protein aggregation, thus preventing cell
death [42, 43]. However, newer roles of HSP´s have been described recently, including antigen
presentation, immune cell activation and inflammation [44]. Furthermore, neurons, glial and
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Table 2. Upregulated proteins detected in the spinal cord of lame cows.
Proteins

Accesion (GI)

MW kDa

Gene Name

4-aminobutyrate aminotransferase, mitochondria

125991950

56

ABAT

4-trimethylaminobutyraldehyde dehydrogenase

114051782

54

ALDH9A1

78 kDa glucose-regulated protein

115495027

78

GRP78

Acyl-CoA-binding protein
Cdc42
Acetyl-CoA acetyltransferase, mitochondrial

p value
0,0012

Fold Change�
5,9

0,017

6,1

0,0068

INF

ACBP_BOVIN

10

DBI

0,048

3,1

7245833

25

CDC42

0,0001

INF

114050959

45

ACAT1

0,038

INF

27806769

85

ACO2

0,045

4,3

AHNAK2

983004191

186

AHNAK2

0,0025

8,3

Aldehyde dehydrogenase, mitochondrial

115496214

57

ALDH2

0,012

11

113594

36

AKR1B1

0,029

INF

Alpha-aminoadipic semialdehyde dehydrogenase

296485604

59

ALDH7A1

0,014

INF

Arylsulfatase B precursor

INF

Aconitate hydratase

Aldose reductase

155372077

59

ARSB

0,00026

Aspartate aminotransferase, cytoplasmic

29135295

?

GOT2

0,00063

19

Aspartate aminotransferase, mitochondrial

27807377

48

GOT1

0,0049

4,9

ATP-citrate synthase

82697335

17

ACLY

0,032

17

Dihydrolipoyl dehydrogenase, mitochondria

329663954

54

DLD

0,0011

INF

Dihydropyrimidinase-related protein 1

741930532

74

CRMP1

0,0053

INF

Dihydropyrimidinase-related protein 3

155371867

74

DPYSL3

0,00082

9,9

Enolase 1

296479148

47

ENO1

0,013

1,9

Enolase 2

528950986

47

ENO2

0,0095

1,8

Enolase 3

77736349

47

ENO3

0,011

2

Fascin

78045491

58

FSCN1

0,00045

21

Galectin-1
Glutathione S-transferase P

999589

14

LGALS1

0,024

1,9

29135329

24

GSTP1

0,017

6,7
INF

Heat shock 70 kDa protein 1

529003643

72

HSPA1L

0,006

Heat shock 70 kDa protein 4

166795319

70

HSPA4

0,006

INF

Heat shock 70 kDa protein 6

297472417

70

HSPA6

0,0029

INF

Heat shock cognate 71 kDa protein

296480084

70

HSPA8

0,0079

24

60592792

90

HSP90AA1

0,015

INF

0,0063

INF

0,028

INF

Heat shock protein HSP 90-alpha
Heat shock-related 70 kDa protein 2

296482938

70

HSPA2

60592784

102

HK1

Hyaluronan and proteoglycan link protein 2

528942294

38

HAPLN2

L-isoaspartate(D-aspartate) O-methyltransferase

296483921

25

PCMT1

0,036

10

Microtubule-associated protein 1A

741967576

336

MAP1A

0,0019

INF

Microtubule-associated protein 1B

329663571

330

MAP1B

0,0002

INF

Hexokinase-1

0,00047

14

N(G),N(G)-dimethylarginine dimethylaminohydrolase

156121049

31

DDAH1

0,0014

4,9

Peroxiredoxin-1

296488840

22

PRDX1

0,0039

5,3
INF

Peroxiredoxin-4

27806085

31

PRDX4

0,0001

116004023

62

PGM1

0,0002

6,4

Pyridoxal phosphate phosphatase

78045487

32

PDXP

0,016

INF

Rab GDP dissociation inhibitor alpha

27806617

51

GDI1

0,031

INF

Rab GDP dissociation inhibitor beta

76253900

50

GDI2

0,022

22

retinal dehydrogenase 1

27806321

55

ALDH1A1

0,014

Stress-70 protein, mitochondrial

77735995

74

HSPA9

0,008

INF

Stress-induced-phosphoprotein 1

296471478

63

STIP1

0,0018

INF

SODC_BOVIN

16

SOD1

0,021

4,3

528959916

260

TNC

0,0001

INF

Phosphoglucomutase-1

Superoxide dismutase [Cu-Zn]
Tenascin

(Continued )
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Table 2. (Continued)
Proteins
Transferrin

Accesion (GI)

MW kDa

Gene Name

p value

Fold Change�

602117

24

TF

0,034

24

Transketolase

148744821

68

TKT

0,033

8,6

Versican

296485061

370

VCAN

0,0046

3,6

4097831

35

CRYZ

0,0039

INF

Zeta-crystallin
�

Fold change was calculated by category (Lame and Control) using Scaffold v.4.8.6 as the ratio between the average of quantitative values in the lame group (numerator)

and the control group (denominator). INF indicates zero quantitative values in the control group.
https://doi.org/10.1371/journal.pone.0228134.t002

immune cells can secrete stress proteins under specific conditions [45, 46]. In humans, plasma
concentration of Hsp90 has been associated with tumor malignancy [47], and similarly, a

Fig 1. GO annotation for A) molecular function and B) biological process of identified proteins in the dorsal horn of the spinal cord of chronically lame cows.
https://doi.org/10.1371/journal.pone.0228134.g001
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Fig 2. STRING network graphic of proteins detected in the spinal cord. Edges represents evidence of the type of interaction, selecting database, experiments coexpression and co-occurrence as active interaction sources with a high confident of interaction score (0.900). Circles distinguish four groups of interaction. A: consisted
in 10 proteins identified as chaperones and co-chaperones in which 7 were only detected in lame cows and 1 was strongly upregulated in lame cow. B: conformed by 16
proteins involved in glycolysis, gluconeogenesis and pentose phosphate pathway. C: composed mainly by mitochondrial proteins involved in the tricyclic acid pathway
with a relative even expression in both groups. D: interaction generated by tubulin isoforms with no difference in the level of expression among groups but interacting
with chaperone network. Light blue edges represent known interactions obtained from curated data base, violet edges represent known interactions experimentally
determined, and black edges represent protein association by co-expression.
https://doi.org/10.1371/journal.pone.0228134.g002

positive correlation between plasma Hsp70 and plasma cytokines has been described [48].
Also, glial cells can secrete Hsp70 and Hsp90 [49], which can be recognized by several surface
receptor including: TLR2/TLR4 [50], CD40 [51] and CCR5 [52]. Interestingly, CD40 and
CCR5 are involved in microglial activation and chronic pain development [53, 54]. Moreover,
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Table 3. KEGG pathway ID of interconnected proteins obtained from STRING database.
KEGG Pathway
ID

Pathway Description

count in
genes

p value

Proteins

00010

Glycolysis

18

1.66e24

ENO1 ("), ENO2 ("), ENO3 ("), GAPD (#), HK1 ("), GPI ($), ALDOA ($), PGK1 ($),
PGAM1 ($), LDH ($)

00020

Citrate cycle (TCA cycle)

6

7.21e07

ACLY ("), ACO2 ("), DLD (""), IDH2 ($), MDH1 ($), MDH2 ($)

04612

Antigen processing and
presentation

7

4.15e06

HSP90AA1 (""), HSP90AB1 ($), HSPA1 (""), HSPA1L (""), HSPA4 (""), HSPA6 (""),
HSPA8 (")

00030

Pentose phosphate pathway

5

8.4e-06

ALDOA ($), ALDOC ($), GPI ($), PGM1 ($), TKT ("")

04066

HIF-1 signalling pathway

5

0.00276

ENO1 ("), ENO2 ("), ENO3 ("), HK1 ("), TF (")

"Increased expression in lame cows, ""Only detected in lame cows, #Reduced expression in lame cows, $no difference in expression
https://doi.org/10.1371/journal.pone.0228134.t003

during nerve damage, HSP´s are release from damaged neurons acting as damage-associated
molecular patterns (DAMP’s), which can trigger glial and immune cell activation through the
TLR2 and TLR4 pathways, contributing to neuropathic pain development [55]. Hsp90 can
induce microglial activation in the spinal cord, enhancing hyperalgesia through TLR4 receptor
activation [56]. Recently, Nascimento et al. (2018) [57] reported a marked upregulation of

Fig 3. A) Representative western blot of gamma-enolase and Hsp70 from the spinal cord obtained from lame and
control cows. B) Densitometric analysis of western blot showing gamma-enolase and Hsp70 upregulation in the spinal
cord of lame cows. L: lame (n = 5), C: control (n = 7).
https://doi.org/10.1371/journal.pone.0228134.g003
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Hsp90 in DRG in a rat arthritic model, describing that the pharmacological inhibition of
Hsp90 induced analgesia and a reduction in astrocyte activation. Furthermore, increased levels
of Hsp90 have been described in different chronic inflammatory diseases [58] and Hsp90 has
been associated with the development of neurodegenerative diseases due to its role in stabilizing the transcriptional factor NF-κB [59].
The increased number of chaperone proteins here described could be associated with endoplasmic reticulum (ER) stress inducing an unfolding protein response (UPR) [43, 60]. ER
stress promotes cell protection against different insults by altering the transcriptome and proteome. However, prolonged ER stress may disrupt the protective mechanisms of UPR, leading
to the activation of inflammatory and apoptotic processes [43]. In our study, the ER chaperone
Grp78 (also known as BiP or HSPA5) was strongly upregulated in lame cows. Grp78 has been
described as a marker of ER stress and UPR [61]. UPR is associated with an increased demand
of protein folding and secretion in the ER, which could explain the elevated number of chaperone proteins found in lame cows. UPR has been reported in several neuroinflammatory conditions in which protein aggregates are found [43]. Recently, Zhou et al. (2017) [62] reported an
increased expression of Grp78 in the dorsal horn of the spinal cord in a rat model of inflammatory pain. Increased levels of Grp78 have also been reported in an orofacial pain model in rats
[63] and in the spinal cord after L5-spare nerve ligation (SNL) in a rat model of neuropathic
pain [64]. Interestingly, increased expression of Grp78 has been shown to participate in the
activation of astrocytes and microglia [65, 66]. Moreover, chronic morphine administration
causes an upregulation of Grp78 and UPR leading to morphine tolerance in rats [67]. This
finding may explain in part the mechanisms involved in the lack of analgesic effect of opioids
during chronic pain states or might be involved in the downregulation of the endorphin antinociceptive descending pathway described during chronic pain.
Another cluster of interacting proteins detected in the STRING analysis corresponded to
metabolic enzymes. Additionally, GO and KEGG pathway analysis showed a marked number
of proteins involved in the glycolytic pathway, tricarboxylic acid pathway and the pentose
phosphate pathway. Similar to our findings, changes in the expression of metabolism-associated proteins are frequently reported in pain studies using a proteomic approach [37, 38, 39].
These findings could be explained by the increasing metabolic demand of the neural tissue following nerve damage, since protein synthesis is an energy demanding process [68]. Enolase is
a glycolytic and multifunctional enzyme that is frequently detected in proteomic studies [69].
Here, enolase 1 (α-enolase; ENO1), enolase 2 (γ-enolase or neuronal specific enolase; ENO2)
and enolase 3 (β-enolase; ENO3) were strongly upregulated in lame cows. Non-glycolytic functions of metabolic enzymes have gained attention, in particular enolase, which can act as plasminogen receptor during pathological states [70]. Inflammatory signals promote enolase
translocation to the cell membrane [71] enhancing plasminogen activation [72] and promoting extracellular matrix degradation, metalloproteinase activation, macrophage migration and
cytokines synthesis [71, 73]. Cell surface enolase has been found in neurons, activated microglia [74], astrocytes [73] and different immune cells [71]. The role of enolase in chronic pain
was confirmed by Polcyn et al. (2017) [75], after selectively blocking its non-glycolytic functions, thus reducing spinal glial activation and cytokine synthesis in a rat model of spinal cord
injury.
Antioxidant proteins SOD1, GST, PRDX1 and PRDX4 were significantly upregulated in
lame cows. Different modifications in the expression of antioxidant proteins have been
reported in pain studies using proteomics analysis [38, 39]. Reactive oxygen species (ROS)
increase in the spinal cord during chronic pain [76] participating in the phosphorylation of the
NMDA receptor [77], in the activation of TRPA1 and TRPV1 channels [78] and decreasing
GABA release by inhibitory interneurons [79]. Furthermore, ROS signaling is an important
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regulator of ER stress and UPR [80, 81] and acts as a potent stimulus for chaperone proteins
upregulation [82], which is consistent with the findings previously described.
Peroxiredoxin 1 (Prdx1) and Peroxiredoxin 4 (Prdx4) are active mediators of the ROS signaling pathway [83]. Prdx1 has previously been reported to increase during chronic pain [39].
Additionally, Prdx1 can be secreted by non-classical pathway, activating the immune response
[84]. In contrast, Prdx4 was only detected in the spinal cord of lame cows suggesting a high
demand of antioxidant activity in the ER. Prdx4 is a peroxidase with chaperone functions predominantly localized in the ER that assist protein folding by reducing H2O2, thus preventing
oxidative stress in the ER [85]. Increased levels of Prdx have been associated with chronic
inflammatory conditions and neurodegeneration [86]. We believe that Prdx proteins may play
an important role in the development of chronic pain of lame cows.
Fascin is another protein that was strongly upregulated in the dorsal horn of lame cows.
Fascin is an actin-bundling protein that regulates cell motion [87]. Fascin upregulation in the
CNS promotes microglial activation; cell migration and proinflammatory cytokine release
[88]. Similarly, dihydropyrimidinase-like proteins (Dpysl) participate in synaptic formation
during CNS development [89] interacting with actin and microtubules [90]. Two proteins of
this family were differentially expressed in lame cows. Dpysl2 was downregulated and Dpysl3
was strongly upregulated. Dpysl2 are frequently downregulated in proteomics studies after
nerve damage in order to control axonal guidance [26]. In contrast, microglial activation leads
to an increase in the expression of Dpysl3 following stimulation by LPS [91]. Additionally,
microtubule-associated protein 1A (MAP1A) and 1B (MAP1B) were only present in lame
cows. Both proteins are expressed along the axon and dendritic processes of neurons, both in
the CNS and the peripheral nervous system (PNS), where they bind to microtubules and
microfilaments [92]. MAP1B is only expressed during embryogenesis and its role in nervous
system development has been described [93, 94]. A potential role of MAP1B in the mature
CNS has not been defined, but its upregulation could be associated with the presence of protein aggregates in neurodegenerative disease, proteosomal degradation and autophagy [94,
95].
A limitation of our study is that several upregulated proteins in lame cows were not integrated in the enrichment pathway analysis. This could be explained by the incomplete Bos taurus annotation database due to the reduced scientific information of the species and to the
highest confidence score selected in order to reduce false positive rate. This must be taken into
account when bioinformatics analyses are performed in less common species. Also, the small
sample size in the lame group must be taken into account before extrapolating these results.
Furthermore, the proteomic results here presented must be confirmed using additional functional molecular analysis.

Conclusions
The results here presented demonstrate that persistent pain originated by chronic inflammatory lameness in dairy cows is partly mediated by ER stress. Evident changes in chaperones,
metabolic and redox proteins that are frequently upregulated under cellular stress are
described. Moreover, the proteome of the dorsal horn from chronically lame cows showed
increased expression of several proteins with non-canonical functions. This non-canonical
function might be triggered by stress signals originated from the persistent painful stimulus.
Reactive oxygen species, ER stress and UPR are known to play an important role in the maintenance of chronic pain states. Further molecular analysis is necessary in order to confirm the
findings here described.
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