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Simple Summary: Based on human medicine, Neonatal Encephalopathy is the term used by equine
clinicians for newborn foals which develop a variety of non-infectious neurological signs in the
immediate postpartum period. It has become the preferred term because it does not imply a specific
underlying etiology or pathophysiology, as hypoxia and ischemia may not be recognized in all cases.
Understanding the underlying pathophysiology is important in formulating a rational approach
to diagnosis. Our aim is to clinically characterize a population of foals spontaneously affected by
Neonatal Encephalopathy and to evaluate the levels of trophic factors, such as nerve growth factor
and vascular epithelial growth factor, and thyroid hormones obtained at birth/admission from a
population of affected foals and in the first 72 h of life/hospitalization, as well as the expression of
trophic factors in the placenta of mares that delivered foals affected by Neonatal Encephalopathy. The
less pronounced decrease of the two trophic factors compared to healthy foals, their close relationship
with thyroid hormones over time, and the dysregulation of trophic factor expression in placental
tissues, could be key regulators in the mechanisms of equine Neonatal Encephalopathy.

Abstract: Neonatal Encephalopathy (NE) may be caused by hypoxic ischemic insults or inflammatory
insults and modified by innate protective or excitatory mechanisms. Understanding the underlying
pathophysiology is important in formulating a rational approach to diagnosis. The preliminary
aim was to clinically characterize a population of foals spontaneously affected by NE. The study
aimed to: (i) evaluate nerve growth factor (NGF) and vascular endothelial growth factor (VEGF)
levels in plasma samples obtained in the affected population at parturition from the mare’s jugular
vein, umbilical cord vein and foal’s jugular vein, as well as in amniotic fluid; (ii) evaluate the NGF
and VEGF content in the plasma of foals affected by NE during the first 72 h of life/hospitalization;
(iii) evaluate NGF and VEGF levels at birth/admission in relation to selected mare’s and foal’s clinical
parameters; (iv) evaluate the relationship between the two trophic factors and thyroid hormone
levels (TT3 and TT4) in the first 72 h of life/hospitalization; and (v) assess the mRNA expression
of NGF, VEGF and brain-derived neurotrophic factor (BDNF), and their cell surface receptors, in
the placenta of mares that delivered foals affected by NE. Thirteen affected foals born from mares
hospitalized for peripartum monitoring (group NE) and twenty affected foals hospitalized after birth
(group exNE) were included in the study. Dosage of NGF and VEGF levels was performed using
commercial ELISA kits, whereas NGF, VEGF, and BDNF placental gene expression was performed
using a semi-quantitative real-time PCR. In group NE, NGF levels decreased significantly from T0 to
T24 (p = 0.0447) and VEGF levels decreased significantly from T0 to T72 (p = 0.0234), whereas in group
exNE, only NGF levels decreased significantly from T0 to T24 (p = 0.0304). Compared to healthy foals,
a significant reduction of TT3 levels was observed in both NE (T24, p = 0.0066; T72 p = 0.0003) and
exNE (T0, p = 0.0082; T24, p < 0.0001; T72, p < 0.0001) groups, whereas a significant reduction of TT4
levels was observed only in exNE group (T0, p = 0.0003; T24, p = 0.0010; T72, p = 0.0110). In group NE,
NGF levels were positively correlated with both TT3 (p = 0.0475; r = 0.3424) and TT4 levels (p = 0.0063;
r = 0.4589). In the placenta, a reduced expression of NGF in the allantois (p = 0.0033) and a reduced
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expression of BDNF in the amnion (p = 0.0498) were observed. The less pronounced decrease of the
two trophic factors compared to healthy foals, their relationship with thyroid hormones over time,
and the reduced expression of NGF and BDNF in placental tissues of mares that delivered affected
foals, could be key regulators in the mechanisms of equine NE.

Keywords: placental insufficiency; dystocia; Neonatal Encephalopathy; nerve growth factor; vascular
endothelial growth factor; brain derived neurotrophic factor; thyroid hormones

1. Introduction

Based on human medicine, Neonatal Encephalopathy (NE) is the term used by equine
clinicians for newborn foals which develop a variety of non-infectious neurological signs
in the immediate postpartum period. So far, the terms used included neonatal maladjust-
ment syndrome, hypoxic-ischemic encephalopathy, hypoxic-ischemic syndrome, perinatal
asphyxia syndrome, neonatal maladaptation syndrome, barkers, wanderers, convulsives,
and dummies [1–11], but NE has become the preferred term because it does not imply a
specific underlying etiology or pathophysiology [12], as hypoxia and ischemia may not be
recognized in all cases.

The assessment of brain injury in newborn foals affected by NE currently relies on
clinical examination. The disease in foals is recognized by many behavioral abnormalities
and other signs of neurologic dysfunction including alterations in respiratory function,
changes in muscle tone, changes in responsiveness, vestibular signs, and autonomic distur-
bances [13]. However, these tools are limited by their subjective nature and the expertise
required for interpretation, and peripheral blood biomarkers which reflect end-organ in-
jury may provide objective quantitative measures that are free from these limitations [10].
Nevertheless, there are no blood-based biomarkers in current clinical use for foals with NE.
Unlike in the human infant, the prognosis of foals with a single diagnosis of NE, in terms
of short- and long-term neurological damage, is good [12].

Overall, equine NE can be the consequence of adverse peripartum events leading
to ischemia/hypoxia/inflammation in the prepartum period (e.g., high-risk pregnancy,
mares’ systemic illness, placental insufficiency) and at parturition (e.g., premature placenta
separation, dystocia, cesarian section) [12]. Causes of high-risk pregnancy in the equine
species can be of maternal, fetal, or placental origin, and most placental conditions pose
limited risks to the mare, but significant risks to the fetus [14]. Placental insufficiency is an
ill-defined condition that has been identified in a large retrospective study as responsible
for more than 60% of pregnancy losses due to abortion, stillbirth, and neonatal death [14,15].
Several factors contribute to placental insufficiency such as premature placental separation,
placental villous hypoplasia, placental thickening, and placentitis [16–18].

Neurotrophins, such as nerve growth factor (NGF) and brain-derived neurotrophic fac-
tor (BDNF), are known to play an important role in pre- and post-natal brain development,
making them of great interest for the diagnosis and treatment of numerous neurological dis-
orders [19]. Vascular endothelial growth factor (VEGF) has also been implicated in several
acute neurological disorders, such as in brain ischemia, where it can mediate positive effects
according to three different mechanisms. VEGF can stimulate angiogenesis and modulate
vascular permeability, exert direct neuroprotective effects, or promote neurogenesis [20]. In
addition to its neuroprotective role, VEGF has also negatively been implicated in blood–
brain barrier break-down after ischemia and in mediating inflammatory responses [21,22].
Recently, the authors measured NGF and VEGF levels in the plasma of mares diagnosed
with normal pregnancy and parturition, in the amniotic fluid, in the umbilical cord vein,
and in the plasma of their healthy foals in the first 72 h of life [23].

Reported laboratory abnormalities in foals affected by NE include low thyroid hor-
mone concentrations [7]. Although not diagnostic, thyroid disfunction is a frequent con-
dition in critically ill foals [24], and low thyroid hormones are associated with disease
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severity also in sepsis [25] and prematurity [26]. Although a possible interaction of thyroid
hormones with members of the neurotrophin family has been investigated in the equine
species under physiological conditions [23], to the authors’ knowledge, the relationship
between trophic factors and thyroid hormones in the equine NE is still under investigation.

As the NGF and VEGF levels at parturition and in the early stages of equine neonatal
life under physiological conditions have been elucidated in the first part of the study [23],
the role of the two trophic factors can now be investigated in a population of foals affected
by NE. The preliminary aim of the present investigation, as a pilot study, was to clinically
characterize a population of foals spontaneously affected by NE. Particularly (i) to evaluate
NGF and VEGF levels in plasma samples obtained in the affected population at parturition
from the mare’s jugular vein, umbilical cord vein and foal’s jugular vein, as well as in
amniotic fluid; (ii) to evaluate NGF and VEGF content in the plasma of foals affected by
NE during the first 72 h of life/hospitalization; (iii) to evaluate NGF and VEGF levels at
birth/admission in relation to selected mare’s and foal’s clinical parameters; (iv) to evaluate
the relationship between the two trophic factors and thyroid hormone levels (TT3 and TT4)
in the first 72 h of life/hospitalization; and (v) to assess the mRNA expression of NGF,
BDNF, and VEGF and their cell surface receptors in the placenta of mares that delivered
foals affected by NE. This study was based on the hypothesis that circulating NGF and
VEGF levels, which theoretically reflect central levels and then cerebral status, should
differ between healthy neonatal foals and foals affected by NE, and that trophic factors also
play a key role in metabolic activities, cell differentiation and development through their
interaction with the hypothalamus–pituitary–thyroid (HPT) axis.

2. Materials and Methods
2.1. Population

Thirteen sick foals born from mares hospitalized for peripartum monitoring and twenty
sick neonatal foals hospitalized within 24 h after birth at the Perinatology and Reproduction
Unit (Equine Clinical Service, Department of Veterinary Medical Sciences) of the University
of Bologna during 2018–2021 foaling seasons were included in Part 2 of the study. The
population of 14 healthy foals born from mares with normal pregnancy and parturition
hospitalized for peripartum monitoring examined in Part 1 of the study [23] represented the
healthy control group (group H).

Upon a pregnant mare’s admission, a complete clinical evaluation, including blood
count (ADVIA 2120 analyzer, Siemens Healthcare srl, Milan, Italy) and transrectal ultra-
sonography were performed. Based on the judgement of the clinician, transabdominal
ultrasonography was performed when indicated. Subsequently, mares were clinically
evaluated twice a day and by ultrasonography every 5–10 days until parturition. When
an increase in the combined thickness of the uterus and placenta (CTUP) was observed,
a cervical swab was performed to obtain a bacterial culture and a focused treatment was
eventually started based on the clinician’s judgment. After delivery, a macroscopic and
histopathological examination of the placenta was performed in all mares.

High-risk pregnancy was defined as a history of premature udder development/lactation,
an increase of CTUP, purulent/serosanguineous vulvar discharge, or the mare’s systemic
illness [15,18]. Dystocia was defined as any stage II impediment that could result from
maternal or fetal causes or from the fetal membranes [27,28]. Diagnosis of placental
insufficiency was performed retrospectively following macroscopic and histopathological
examination of the placenta [14,18].

At birth, a complete clinical evaluation, including complete blood count and serum
biochemistry (AU 400 analyzer, Olympus/Beckman Coulter, Lismeehan, Ireland), was
performed in all foals born from attended parturition. Based on the judgment of the
clinician, blood culture and arterial blood gas analysis (from dorsal metatarsal artery
by CO-oximetry using the blood gas analyzer ABL 800 FLEX, Radiometer Medical ApS,
Copenhagen, Denmark) were performed when indicated. In all sick foals admitted to
the hospital after birth, a complete clinical evaluation, including blood culture, complete
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blood count, serum biochemistry, arterial blood gas analysis and serum IgG determination
(by immunoturbidimetric method; DVM Rapid Test II, MAI Animal Health, Elmwood,
WI, USA) were performed. The foals were monitored throughout the hospitalization
period by a clinical examination performed every 2–6 h, depending on the severity of the
existing conditions.

Sick foals were born from attended parturition or referred to the hospital after birth.
The inclusion criteria were: (i) age at admission less than 24 h; and (ii) diagnosis of NE
requiring level 1–3 of intensive care, based on the classification proposed by Koterba [29].

Sick foals were classified as affected by NE based on their history and clinical signs,
especially those of neurological dysfunction [30], with the exclusion of other neurolog-
ical diseases such as meningitis or trauma. Typical historical events included high-risk
pregnancy, dystocia, and/or placental insufficiency, and common clinical signs included
loss or absence of the suckle reflex, inappropriate teat-seeking behavior, dysphagia, hy-
perreactivity, and weakness [7]. Foals affected by NE and other diseases (i.e., sepsis,
prematurity/dysmaturity, neonatal isoerythrolysis) were excluded from the study.

The population was then divided into two groups: 13 foals affected by NE born at the
Perinatology and Reproduction Unit (group NE), and 20 foals affected by NE hospitalized
within 24 h of life (group exNE).

2.2. Clinical Data and Sample Collection

The following data were recorded for each mare: breed, age (years), parity, clinical
signs, ultrasonographic findings, cervical swab culture, prepartum treatment, gestation
length (days), type of parturition (eutocic/dystocic), length of stage II parturition (min), pla-
centa/foal weight ratio (%), macroscopic and histopathological evaluation of the placenta.

The following data were recorded for each foal born from attended parturition: breed,
sex, weight (kg), Apgar score at birth [31], blood glucose at birth (mg/dL) (Medisense
Optium, Abbott Laboratories Medisense Products, Bedford, MA, USA), umbilical cord
vein (UV) and jugular vein (JV) lactate concentration at birth (mmol/L) (Lactate SCOUT+,
Leipzig, Germany), hematobiochemical parameters, clinical signs of NE, organ dysfunctions
associated with NE, level of intensive care [29], length of hospitalization (days), and
outcome. The same data were recorded for the foals hospitalized after birth, except for the
Apgar score and UV lactate concentration.

All biological samples were harvested as part of the clinical monitoring program of
the Unit; owners gave written consent to use samples for research.

The amniotic fluid (AF), UV blood, and plasma/serum sampling from the mare’s JV
at parturition (TP) and from the foal’s JV at each time point (at birth/admission: T0; at 24 h
from birth/admission: T24; at 72 h from birth/admission: T72), as well as the macroscopic
and histopathologic evaluation of the placenta, were collected as described in Part 1 of
the study [23]. In 5/13 mares of group NE, placenta samples were collected for molecular
biology investigations.

2.3. Measurement of NGF and VEGF by ELISA

As described in Part 1 of the study [23], dosage of NGF and VEGF levels was per-
formed using commercial ELISA kits (MyBiosource, San Diego, CA, USA), which de-
tect equine NGF and VEGF (Horse NGF/VEGF ELISA; NGF, Cod. MBS040618; VEGF,
Cod. MBS035093). According to the kit’s instructions, samples were centrifuged, incu-
bated with primary antibody, and conjugated with microplate, with HRP-conjugate and
two chromogens added in sequence. A sequence of four washings was carried out before
adding chromogens. Finally, the stop solution was distributed, and the plate read within
15 min at 450 nm.

Quantification was performed by interpolating the optical density values on a lin-
ear standard curve using the GraphPad Prism v 6.0. NGF standard curve ranges from
15.6 ng/mL to 500.0 ng/mL, whereas VEGF standard curve ranges from 31.2 pg/mL to
1000.0 pg/mL.
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Each clinical group (H, NE and exNE) was represented in each analytical session.

2.4. Measurement of Thyroid Hormones

As described in Part 1 of the study [23], basal thyroid hormone levels of total tri-
iodothyronine (TT3) and total thyroxine (TT4) from the mare JV, UV, and the foal JV at T0,
T24, and T72 were determined using the Siemen’s Immulite TT3 and TT4 kits (Immulite Ca-
nine TT3 and TT4; Siemens, Oakville, ON, Canada) validated for use with equine serum at
the Endocrine Laboratory, Prairie Diagnostic Services, Saskatoon, SK [32,33]. The analytical
sensitivity was 0.54 nmol/L for the TT3 assay and 0.15 nmol/L for the TT4 assay.

2.5. Placental Gene Expression

As described in Part 1 of the study [23], chorion, allantois, and amnion tissues were
homogenized, and total RNA isolation was performed using the RNeasy Microarray Tissue
Mini Kit (Qiagen, Hilden, Germany; Cod. 73404) by the automated extractor QIAcube
Connect (Qiagen).

Total RNA was eluted in RNase Free Water and quantified through a spectrophotome-
ter (Nanodrop 2000, Thermo Scientific, Waltham, MA, USA) measuring absorbance values
at 260, 280, and 320 nm. cDNA was produced using the cDNA the iScript™ gDNA Clear
cDNA kit (Biorad, Hercules, CA, USA; Cod. 1725035BUN).

A semi-quantitative real-time PCR was performed using the CFX96 real-time PCR
system (BioRad, Hercules, CA, USA). The reactions were performed in a 20 µL final volume
including SYBR Green qPCR master mix (BioRad, Cod. 1725274), 0.4 µM of forward and
reverse primer mix, and nuclease-free water. The no-RT control was processed in parallel
with the others and tested by the real-time PCR for every primer pair to check for eventual
genomic DNA contamination, and no-template controls were also added for each gene
expression analysis. All primers were designed using the Primer Blast software (NCBI,
Bethesda, MD, USA) and synthesized by IDT (Coralville, IA, USA). Specific sequences of
primers are listed in Table 1. For the semi-quantitative analysis, the expression of the genes
was normalized on the housekeeping gene β-actin (ACTB; NM_001081838.1).

Table 1. List of the gene specific primer sequences.

Genes Primer Sequences (5′ -> 3′)

NGF
Nerve Growth Factor

Forward: GGGCCCATTAACGGCTTTTC
Reverse: CATTGCTCTCTGTGTGGGGT

P75NTR
p75 Neurotrophin Receptor

Forward: GAGCCAACCAGACTGTGTGT
Reverse: GGTAGTAGCCATAGGCGCAG

TRKA
Tropomyosin Receptor Kinase A

Forward: GGAGCTGAGAAACCTCACCAT
Reverse: GCACAGGAACAGTCCAGAGG

VEGF
Vascular Endothlial Growth Factor

Forward: AACGACGAGGGCCTAGAGT
Reverse: CAAGGCCCACAGGGATTTTCT

KDR
Kinase Insert Domain Receptor

Forward: GATGACAACCAGACGGACAGT
Reverse: TTTTGCTGGGCATCAGTCCA

FLT1
Fms Related Receptor Tyrosine Kinase 1

Forward: CTGGCATCCCTGTAACCACA
Reverse: AGGGTGCTAGCCGTCTTATTC

BDNF
Brain Derived Neurotrophic Factor

Forward: CATGTCTATGAGGGTCCGGC
Reverse: CATGTCCACTGCCGTCTTCT

TRKB
Tropomyosin Receptor Kinase B

Forward: CGGGAACACCTCTCGGTCTA
Reverse: CTGGACCAACACCTTGTCTTGA

ACTB
Beta Actin

Forward: TCCCCCCTGGAGAAGAGCTACGAG
Reverse: TTTCGTGGATGCCACAGGAT
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The thermal profile of PCR reactions consisted first of a denaturation step (98 ◦C,
3 min) and 40 cycles of amplification (95 ◦C for 10 sec and 60 ◦C for 1 min), followed by the
melting curves (55 ◦C to 95 ◦C, ∆t = 0.5 ◦C/s).

Primer efficiency values for all primers were 95–100%, therefore the 2−∆∆ Ct method
was used to perform the analysis.

2.6. Statistical Analysis

In order to compare the population affected by Neonatal Encephalopathy (NE and
exNE groups) with the healthy population (H group), all biomarkers were expressed as
a percentage of the mean of the results obtained in the healthy group at each time point
and a t-test was performed to reveal significant differences between the groups. When the
biomarker levels of the three groups were compared, based on age at T0, only foals in the
exNE group with 0–12 h at admission were compared with those in the H and NE groups.

To assess the correlations between the parameters, Pearson or Spearman correlation
coefficients were calculated with Gaussian or non-Gaussian distributions, respectively.

NGF and VEGF levels were correlated in foals JV-plasma, between mares and foals
and with the data recorded for each mare at TP (age, parity, gestation length, placenta/foal
weight ratio) and the following clinical and haematobiochemical parameters, recorded for
each foal at T0: weight at birth, UV and JV lactate concentration, serum creatine kinase,
total bilirubin, blood urea nitrogen, creatinine, magnesium, and serum amyloid A.

A p < 0.05 was considered statistically significant.
All statistical analyses were carried out using commercial software GraphPad Prism

version 8.00.

3. Results
3.1. Population Characterization

The clinical and histopathological data collected from mares hospitalized for at-
tended parturition that delivered foals affected by NE (group NE) are shown in Table 2.
Four/thirteen mares had a high-risk pregnancy associated with increased transrectal CTUP
(three/four mares) and both increased transrectal CTUP and systemic illness (surgical colic
at 282 days of gestation; one/four mares). In 8/13 mares, a diagnosis of placental insuffi-
ciency was reached on the basis of macroscopic and histopathological placenta evaluation.
Specifically, placental insufficiency was associated with placental villous hypoplasia in
5/8 mares. Macroscopically, an extensive transition area between the normal chorionic
surface and the hypoplasic/discolored surface of the chorioallantois was observed. The
histological preparation of the chorioallantois stained with hematoxylin–eosin showed
severe hypoplasia of the chorionic villi. In 3/8 mares, placental insufficiency was associated
with placental edema. Macroscopically, generalized edematous and heavy fetal membranes,
with an increased placenta/foal weight ratio, were observed. The histological section of
the chorioallantois showed hyperemia and edema of the chorionic connective lamina as-
sociated with mild to severe hypoplasia of the chorionic villi. In 4/13 mares, the clinical
condition of the neonate was associated with a dystocic parturition and in 1/13 mares the
pregnancy, parturition, and placenta evaluation were apparently normal. As shown in the
table, 3/13 mares (23%) from group NE were treated for increased transrectal CTUP with a
negative cervical swab, using flunixin meglumine, 1.1 mg/kg, iv, q12h, and pentoxifylline,
8.5 mg/kg, po, q12h, until CTUP returned to normal. In addition, 1/10 mares from group
NE received treatment for both increased transrectal CTUP with a negative cervical swab
and surgical colic (sodium ampicillin, 20 mg/kg, iv, q8h; gentamicin sulfate, 6.6 mg/kg,
iv, q24h; flunixin meglumine, 1.1 mg/kg, iv, q12h; pentoxifylline, 8.5 mg/kg, po, q12h;
altrenogest, 0.088 mg/kg, po, q24h).
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Table 2. Clinical and histopathological data collected from the 13 mares hospitalized for attended parturition (group NE). SB = Standardbred; QH = Quarter Horse;
WB = Warmblood; SD = Saddlebred; US = ultrasonographic; CTUP = transrectal combined thickness of the uterus and placenta; NA = data not available. Data are
expressed as mean ±standard deviation (min-max).

Breed Age
(Years) Parity US

Findings
Cervical

Swab

Prepartum
Treatment

(Y/N)

Gest.
Length
(Days)

Dystocia
(Y/N)

Stage II
Labor

Length (min)

Placenta/Foal
Weight Ratio

(%)

Macroscopic
Placenta

Evaluation

Histopathologic
Placenta

Evaluation

Mare’s
Diagnosis

SB (n = 10)
QH (n = 1)
WB (n = 1)
SD (n = 1)

10 ± 3.7
(4–16)

2 ± 1.9
(1–7)

Normal
(n = 9)

Increased
CTUP
(n = 4)

Neg
(n = 4)

NA
(n = 9)

Y
(n = 4)

N
(n = 9)

337 ± 10.3
(326–359)

Y
(n = 5)

N
(n = 8)

19 ± 13.5
(7–55)

11.1 ± 2.4
(8.2–16.7)

Villous
hypoplasia

(n = 4)
Extensive

edema
(n = 3)

Meconium-
stained
amnion
(n = 1)

Normal
(n = 5)

Chorionic
epithelium
hypoplasia

(n = 5)
Severe edema

(n = 3)
Normal
(n = 5)

Placental in-
sufficiency

(n = 8)
Dystocia

(n = 4)
Apparently

normal
(n = 1)
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The clinical data collected from 13 affected foals of group NE born from attended
parturition are summarized in Table 3. The clinical data collected from 20 affected foals of
group exNE hospitalized within 24 h of life, with an average age at admission of 10 h, are
summarized in Table 4. Three/thirteen foals (23%) of NE group and three/twenty foals
(15%) of exNE group were born from red bag delivery (premature placenta separation).
Overall, 10/33 foals (30.3%) required level three of intensive care [29], which is provided to
severely affected neonates. Foals were unable to stand and/or unable to nurse from the
mare and need round-the-clock care; this level of care usually involves separation of the
foal from the dam, oxygen therapy, parenteral nutrition, inotropes/vasopressor therapy,
insulin therapy. Based on the level of intensive care and outcome, foals in the exNE group
presented a more severe clinical condition.

Overall, these foals developed a wide range of neurological signs in the immediate
postpartum period. Among the most frequent clinical signs of NE, the authors documented:
depression (20/33 foals, 60.6%), hypoventilation (16/33 foals, 48.5%), lack of suckle reflex
(16/33 foals, 48.5%), lack of affinity with the mare (14/33 foals, 42.4%), severe and prolonged
dysphagia (11/33 foals, 33.3%), lateral recumbency (10/33 foals, 30.3%), tongue protrusion
(7/33 foals, 21.2%), coma (4/33 foals, 12.1%), and hyperexcitability (4/33 foals, 12.1%).
These signs were frequently accompanied by gastrointestinal (abdominal distension, ileus,
gastric reflux, gastric ulceration, meconium retention; 13/33 foals, 39.4%), respiratory
(abnormal respiratory patterns, dyspnea, hypoxemia; 13/33 foals, 39.4%), renal (oliguria;
11/33 foals, 33.3%), cardiovascular (hypotension, dysrhythmia; 10/33 foals, 30.3%), and
metabolic (hypo/hyperglycemia; 6/33 foals, 18.2%) dysfunctions.

The results of the complete blood count, serum biochemistry and arterial blood gas anal-
ysis, including JV glucose and UV and JV lactate at T0 (measured through rapid methods)
performed in both groups are shown in Table S1 [34–38] in the Supplementary Materials.

3.2. Biomarkers (NGF, VEGF, TT3 and TT4) in Biological Fluids

The NGF and VEGF plasma levels and the TT3 and TT4 serum levels found in the
foal JV at 0, 24, and 72 h from birth, AF, UV, and mare JV at TP in group NE, and in the
foal JV at 0, 24, and 72 h from admission in group exNE are shown in Table 5 (a,b,c). In
group NE, NGF levels decreased significantly from T0 to T24 (p = 0.0447), VEGF levels
decreased significantly from T0 to T72 (p = 0.0234) and TT4 levels decreased significantly
from T0 to T72 (p = 0.0007). In group exNE, NGF levels decreased significantly from T0
to T24 (p = 0.0304) and TT4 levels decreased significantly from T0 to T24 (p = 0.0055) and
from T0 to T72 (p = 0.0044).

Figures 1 and 2 represent the comparison of biomarkers versus healthy group. Data
are expressed as a percentage of the mean of the results obtained in the healthy group at
each time point and in each biological fluid analyzed. A significant reduction of TT3 levels
was observed in both NE (T24, p = 0.0066; T72 p = 0.0003) and exNE groups (T0, p = 0.0082;
T24, p < 0.0001; T72, p < 0.0001), whereas a significant reduction of TT4 levels was observed
only in exNE group (T0, p = 0.0003; T24, p = 0.0010; T72, p = 0.0110).

Among the different biological fluids analyzed, no correlation was found in either the
NE or exNE group, but in NE group NGF levels were positively correlated with both TT3
(p = 0.0475; r = 0.3424) and TT4 levels (p = 0.0063; r = 0.4589), as shown in Figure 3.
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Table 3. Clinical data collected from 13 foals affected by Neonatal Encephalopathy born from attended parturition (group NE). SB = Standardbred; QH = Quarter
Horse; WB = Warmblood; SD = Saddlebred; Sv = survived to hospital discharge; NSv = not survived; n = number of animals. Data are expressed as mean ±standard
deviation (min-max).

Breed Sex Weight
(kg)

Apgar Score
(0–10) Clinical Signs of NE Organ Dysfunctions

Associated with NE
Care Level

(1–3)
Hosp. Length

(Days) Outcome

SB (n = 10)
QH (n = 1)
WB (n = 1)
SD (n = 1)

Males
(n = 10)
Females
(n = 3)

45 ± 9.7
(17–55)

7 ± 2.4
(1–10)

Depression (n = 7); severe and
prolonged dysphagia (n = 7);

hypoventilation (n = 5); lateral
recumbency (n = 4); lack of affinity
with the mare (n = 4), lack of suckle
reflex (n = 4); hypothermia (n = 2);
weakness (n = 2); disorientation
(n = 1); tongue protrusion (n = 1)

Cardiovascular (n = 1)
Respiratory (n = 2)

Gastrointestinal (n = 5)
Renal (n = 2)

Metabolic (n = 2)
None (n = 6)

Level 1
(n = 7)
Level 2
(n = 4)
Level 3
(n = 2)

12 ± 8.6
(4–30)

Sv
(n = 12)

NSv
(n = 1)

Table 4. Clinical data collected from 20 foals affected by Neonatal Encephalopathy hospitalized within 24 h after birth (group exNE). SB = Standardbred;
QH = Quarter Horse; SD = Saddlebred; AH = Arabian Horse; Sv = survived to hospital discharge; NSv = not survived; NA = data not available; n = number of
animals. Data are expressed as mean ± standard deviation (min-max).

Breed Sex
Age at
Adm.

(Hours)

Weight
(kg)

Mare’s History
Clinical Signs of NE Organ Dysfunctions

Associated with NE
Care Level

(1–3)

Hosp.
Length
(Days)

OutcomeAge
(Years) Parity Gest Length

(Days) Other

SB (n = 10)
QH (n = 6)
SD (n = 3)
AH (n = 1)

Males
(n = 12)
Females
(n = 8)

10 ± 6.4
(1–24)

42 ± 8
(17–56)

12 ± 5.2
(4–21)

3 ± 1.7
(1–6)

334 ± 12.5
(320–357)

Dystocia
(n = 9)

NA
(n = 9)

Placental insuff.
(n = 2)

Depression (n = 13); lack of
suckle reflex (n = 12);

hypoventilation (n = 11); lack
of affinity with the mare

(n = 10); lateral recumbency
(n = 6); tongue protrusion

(n = 6); coma (n = 4); severe
and prolonged dysphagia
(n = 4); hyperexcitability

(n = 4); head pressing (n = 3);
convulsions (n = 2); barking
(n = 2); chewing movements

(n = 2); wandering (n = 2);
hypothermia (n = 1);

weakness (n = 1); facial
hemiplegia (n = 1); sialorrhea

(n = 1); tremors (n = 1);
anisocoria (n = 1)

Cardiovascular (n = 9)
Respiratory (n = 11)

Gastrointestinal
(n = 8)

Renal (n = 9)
Metabolic (n = 4)

None (n = 5)

Level 1 (n = 2)
Level 2 (n = 10)
Level 3 (n = 8)

11 ± 5
(4–20)

Sv
(n = 15)

NSv
(n = 5)
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Table 5. Biomarker levels in: a; group NE—samples obtained from foal’s jugular vein at
three consecutive time points (T0: birth; T24: h from birth; T72: h from birth); b; group NE—
samples obtained from amniotic fluid, umbilical cord vein and mare’s jugular vein at parturition
(TP); c; group exNE—samples obtained from foal’s jugular vein at three consecutive time points (T0:
admission; T24: h from admission; T72: h from admission). Data are expressed as mean ±standard
deviation (min-max). n = number of samples analyzed; NA = data not available. * Asterisks indicate
significant differences from T0, specific adjusted p values are listed below: *1 p = 0.0447; *2 p = 0.0234;
***3 p = 0.0007; *4 p = 0.0304; **5 p = 0.0055; **6 p = 0.0044.

a. NE T0 T24 T72

NGF
(ng/mL)

114.9 ± 47.9
(54.6–204.8)

(n = 13)

93.0 ± 37.7 *1

(39.8–181.2)
(n = 12)

97.5 ± 39.8
(46.5–177.4)

(n = 12)

VEGF
(pg/mL)

199.3 ± 34.9
(150.2–258.4)

(n = 13)

188.6 ± 54.8
(92.1–261.8)

(n = 12)

179.8 ± 43.7 *2

(95.9–231.1)
(n = 12)

TT3
(ng/dL)

850.0 ± 826.4
(140.0–2172.0)

(n = 12)

867.5 ± 830.9
(162.0–2324.0)

(n = 11)

638.7 ± 618.8
(78.6–2008.0)

(n = 11)

TT4
(nmol/L)

511.4 ± 220.0
(220.0–860.0)

(n = 12)

386.0 ± 250.8
(123.0–776.0)

(n = 11)

227.1 ± 98.5 ***3

(66.0–440.0)
(n = 11)

b. NE Amniotic fluid Umbilical cord vein Mare’s jugular vein (TP)

NGF
(ng/mL)

139.4 ± 40.2
(61.2–201.9)

(n = 10)

127.5 ± 57.0
(65.5–214.5)

(n = 9)

102.2 ± 74.4
(43.5–193.4)

(n = 5)

VEGF
(pg/mL)

264.0 ± 48.4
(138.9–328.4)

(n = 10)

218.1 ± 33.4
(151.5–261.8)

(n = 8)

132.8 ± 26.5
(106.0–161.6)

(n = 5)

TT3
(ng/dL) NA

350.3 ± 145.0
(110.0–540.0)

(n = 10)

69.3 ± 34.1
(40.0–118.0)

(n = 4)

TT4
(nmol/L) NA

501.4 ± 220.2
(221.0–800.0)

(n = 10)

18.7 ± 11.5
(12.9–36.0)

(n = 4)

c. exNE T0 T24 T72

NGF
(ng/mL)

82.6 ± 36.8
(56.8–176.9)

(n = 13)

57.6 ± 14.6 *4

(34.6–77.7)
(n = 12)

59.0 ± 14.0
(42.8–84.7)

(n = 9)

VEGF
(pg/mL)

174.6 ± 15.0
(165.4–197.0)

(n = 4)

150.6 ± 48.3
(88.3–204.6)

(n = 4)

169.2 ± 56.4
(89.6–222.2)

(n = 4)

TT3
(ng/dL)

368.1 ± 470.0
(60.3–1856.0)

(n = 13)

279.8 ± 151.3
(99.7–552.0)

(n = 13)

279.0 ± 111.4
(157.0–505.0)

(n = 10)

TT4
(nmol/L)

302.5 ± 136.7
(57.8–500.0)

(n = 13)

196.1 ± 75.2 **5

(56.1–292.0)
(n = 13)

142.0 ± 65.8 **6

(46.6–282.0)
(n = 10)
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Vet. Sci. 2022, 9, 459 14 of 22 
 

 

 
Figure 3. Correlation found in NE group between NGF plasma levels and TT3-TT4 serum levels in 
samples obtained from foal’s jugular vein at three consecutive time points (T0: birth; T24: h from 
birth; T72: h from birth). The correlation between NGF and TT3 levels was calculated using Spear-
man’s non-parametric correlation, whereas the correlation between NGF and TT4 levels was calcu-
lated using Pearson’s parametric correlation. 

3.3. Equine NGF/VEGF and Clinical Data 
No significant correlations were found between NGF levels in the foal’s JV at T0 and 

the data recorded for the mares at TP and the selected foal’s clinical parameters at T0, but 
a significant negative correlation was found between VEGF levels in the foal’s JV at T0 
and the lactate concentration at T0 (p = 0.0500; r = −0.6444), as shown in Figure 4. 

 
Figure 4. Significant correlation found between Vascular endothelial growth factor (VEGF) levels in 
plasma samples obtained from foal’s jugular vein and the lactate concentration at T0 (p = 0.0500; r = 
−0.6444). Statistical analysis: nonparametric Spearman correlation. 

3.4. Equine NGF, VEGF, and BDNF in the Placenta 
In 5/13 mares in the NE group diagnosed with placental insufficiency, the fetal mem-

branes were subjected to molecular biology investigations. Among all the genes analyzed, 
in the chorion, no significant differences were found between H and NE groups in terms 
of the expression of trophic factors and their receptors. In the allantois, a decreased NGF 
expression was observed in NE group (p = 0.0033), while no differences in the expression 
of P75NTR and TRKA receptors were observed. In the amnion, a decreased BDNF expres-
sion was observed in NE group (p = 0.0498), with no differences in TRKB receptor expres-
sion. Only those genes that showed significant differences between the two groups were 
included in Figure 5. 

Figure 3. Correlation found in NE group between NGF plasma levels and TT3-TT4 serum levels in
samples obtained from foal’s jugular vein at three consecutive time points (T0: birth; T24: h from birth;
T72: h from birth). The correlation between NGF and TT3 levels was calculated using Spearman’s
non-parametric correlation, whereas the correlation between NGF and TT4 levels was calculated
using Pearson’s parametric correlation.
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3.3. Equine NGF/VEGF and Clinical Data

No significant correlations were found between NGF levels in the foal’s JV at T0 and
the data recorded for the mares at TP and the selected foal’s clinical parameters at T0, but a
significant negative correlation was found between VEGF levels in the foal’s JV at T0 and
the lactate concentration at T0 (p = 0.0500; r = −0.6444), as shown in Figure 4.

Vet. Sci. 2022, 9, 459 14 of 22 
 

 

 
Figure 3. Correlation found in NE group between NGF plasma levels and TT3-TT4 serum levels in 
samples obtained from foal’s jugular vein at three consecutive time points (T0: birth; T24: h from 
birth; T72: h from birth). The correlation between NGF and TT3 levels was calculated using Spear-
man’s non-parametric correlation, whereas the correlation between NGF and TT4 levels was calcu-
lated using Pearson’s parametric correlation. 

3.3. Equine NGF/VEGF and Clinical Data 
No significant correlations were found between NGF levels in the foal’s JV at T0 and 

the data recorded for the mares at TP and the selected foal’s clinical parameters at T0, but 
a significant negative correlation was found between VEGF levels in the foal’s JV at T0 
and the lactate concentration at T0 (p = 0.0500; r = −0.6444), as shown in Figure 4. 

 
Figure 4. Significant correlation found between Vascular endothelial growth factor (VEGF) levels in 
plasma samples obtained from foal’s jugular vein and the lactate concentration at T0 (p = 0.0500; r = 
−0.6444). Statistical analysis: nonparametric Spearman correlation. 

3.4. Equine NGF, VEGF, and BDNF in the Placenta 
In 5/13 mares in the NE group diagnosed with placental insufficiency, the fetal mem-

branes were subjected to molecular biology investigations. Among all the genes analyzed, 
in the chorion, no significant differences were found between H and NE groups in terms 
of the expression of trophic factors and their receptors. In the allantois, a decreased NGF 
expression was observed in NE group (p = 0.0033), while no differences in the expression 
of P75NTR and TRKA receptors were observed. In the amnion, a decreased BDNF expres-
sion was observed in NE group (p = 0.0498), with no differences in TRKB receptor expres-
sion. Only those genes that showed significant differences between the two groups were 
included in Figure 5. 

Figure 4. Significant correlation found between Vascular endothelial growth factor (VEGF) levels
in plasma samples obtained from foal’s jugular vein and the lactate concentration at T0 (p = 0.0500;
r = −0.6444). Statistical analysis: nonparametric Spearman correlation.

3.4. Equine NGF, VEGF, and BDNF in the Placenta

In 5/13 mares in the NE group diagnosed with placental insufficiency, the fetal mem-
branes were subjected to molecular biology investigations. Among all the genes analyzed,
in the chorion, no significant differences were found between H and NE groups in terms
of the expression of trophic factors and their receptors. In the allantois, a decreased NGF
expression was observed in NE group (p = 0.0033), while no differences in the expression of
P75NTR and TRKA receptors were observed. In the amnion, a decreased BDNF expression
was observed in NE group (p = 0.0498), with no differences in TRKB receptor expression.
Only those genes that showed significant differences between the two groups were included
in Figure 5.
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4. Discussion

In the present study, NGF and VEGF levels were measured in the plasma of mares
diagnosed with placental insufficiency and/or dystocia, in the amniotic fluid, in the um-
bilical vein, in the plasma of their foals affected by NE (in the first 72 h of life—group
NE), and in foals affected by NE admitted within 24 h after birth (in the first 72 h of
hospitalization—group exNE). The trend of serum thyroid hormones (TT3 and TT4) in the
first 72 h of life/hospitalization and the gene expression of NGF, VEGF, BDNF, and their
receptors (TRKA, p75NTR, FLT-1, KDR, TRKB) in the fetal membranes were also evaluated.

The first aim of the present study was to clinically characterize a population of foals
spontaneously affected by NE. This is a complex disease recognized across different species,
characterized by neurologic dysfunction, but often leading to multiorgan dysfunction [39].
Reviews, case reports, and ongoing investigations demonstrate how the understanding of
the disease in foals is constantly evolving [6,11,40,41]. Identification of blood markers of
brain injury would be crucial for the diagnosis and the prognosis of NE in foals, and the
role of trophic factors requires ongoing investigation, since it is likely to be pivotal.

A specific pathogenesis related to hypoxia, ischemia, and asphyxia may not always be
recognized in all cases [11,12,42]. In the present study, a history of placental insufficiency
based on the histopathological placenta evaluation, dystocic parturition, including prema-
ture placenta separation, was evident in most of the cases reported, but not in all, especially
in foals hospitalized after birth, where information related to pregnancy and parturition
was often lacking. In group NE, in which pregnancies were monitored and parturition
attended, the Apgar score provided a semi-quantitative assessment of the severity of signs
occurring in response to peripartum asphyxia, and the following score was assigned: <6
(severe asphyxia), 6–8 (mild asphyxia), or 8–10 (normal foals) [31]. Unfortunately, sick
foals are usually referred several hours after birth, when the Apgar score can no longer
be performed.

In the present study, NE in foals was clinically recognized by many behavioral ab-
normalities and the most common signs of neurological dysfunction, include alterations
in mental status and in respiratory function, changes in muscle tone, changes in respon-
siveness, vestibular signs, and autonomic disturbances. Behavioral abnormalities included
lack of affinity with the mare, disorientation and abnormal udder seeking, lack of suckle
reflex and tongue incoordination, and less frequently abnormal vocalization. In many cases,
clinical signs of NE followed very predictable patterns; however sometimes foals appeared
normal at birth, but developed behavioral or neurological signs a few hours later, as already
described [12]. The foals of exNE group presented more clear and severe neurological signs
and, generally, more severe clinical conditions. Differently from group NE, foals born from
assisted delivery were hospitalized after birth and did not receive prompt intervention
and supportive treatment. Furthermore, the clinical signs most frequently associated with
NE have been reported in the affected population, devoid of typical concomitant neonatal
diseases, and respiratory, gastrointestinal, renal, and cardiovascular dysfunction appear to
be the most common.

Laboratory findings in foals with NE are non-specific and often reflect secondary
systemic disease or varying degrees of organ dysfunction associated with NE. In both
groups, foals could be hypoxic, hypercapnic, had acid-base and electrolyte disorders,
azotemia, and poor glucose control. Hypermagnesemia may be the result of severe tissue
damage with cell injury or death, and release of the intracellular magnesium, or related to
acidosis and hypoxia [8]. Elevated creatinine at birth is commonly observed in foals that
have experienced fetal distress or placental dysfunction. The allantoic fluid contains high
concentrations of creatinine, and under pathological conditions there is redistribution of
fetal fluids to the fetus, resulting in higher blood creatinine levels [43,44]. Foals born from
dystocia showed increased creatine kinase activity because they are likely to be affected by
muscle damage [45].

Treatment of NE in foals is largely supportive and directed at controlling neurologic
dysfunction and addressing associated multiple organ dysfunction. Goals of therapy should
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be aimed at supporting perfusion and oxygen delivery via fluid therapy, inopressors
and oxygen administration, controlling seizures, assessing renal function, supporting
metabolic function through careful nutritional management and blood glucose regulation,
and preventing sepsis. The prognosis of foals with a unique diagnosis of NE in this study
is in line with those proposed previously [10,12,13], with a survival rate of 80%. In the
present study, it was not possible to investigate the prognostic value of NGF and VEGF
levels at birth/admission, due to the low number of non-surviving foals; therefore, further
investigations in larger cohorts are required.

The decreasing trend of TT4 levels recorded in the serum of NE and exNE foals in the
first 72 h of life/hospitalization is in agreement with a previous study conducted on foals
aged less than 12 h affected by NE [7]. In the present study, serum TT3 levels were lower in
both affected foals born at the Unit and those hospitalized after birth compared to healthy
subjects, while TT4 levels were lower only in foals hospitalized after birth compared to
healthy ones. Perinatal asphyxia could trigger effects on the neonatal HPT axis, causing the
lower levels of thyroid hormones found in affected foals in this study, which aggravate both
neurological symptoms and multi-organ dysfunction. The decrease in thyroid hormone
levels in foals with NE found in this study could be an expression of altered transplacental
transport due to a condition of placental insufficiency, or an expression of non-thyroidal
illness syndrome (NTIS) developed after birth [46]. This is a well-recognized syndrome
described in patients with severe non-thyroidal illness characterized by low T3 associated
with normal or low T4 [47]. NTIS probably represents an adaptive response to a systemic
illness with a suppressive effect on the HPT axis and a decreased metabolism preventing
organ dysfunction or death. Initially, the conversion of T4 to T3 in peripheral tissues
decreases, then, as the severity of illness progresses, T4 concentration also decreases,
suggesting dysfunctions at the hypothalamic, pituitary, or thyroid gland level [47]. It
should be noted that in this study, reduced TT4 levels were observed in group exNE foals
hospitalized after birth, which had a more severe clinical condition.

The few studies on NGF which have been performed in the human perinatal pe-
riod under pathological conditions are mainly related to intrauterine growth restricted
(IUGR) fetuses and neonatal plasma levels [48], preeclamptic women [49], and infants
born preterm [50]. It has been reported that circulating NGF is significantly lower in IUGR
neonates than in appropriate for gestational age ones [48]. Maternal plasma NGF levels in
preeclamptic women are lower than those in normotensive ones [49], while maternal and
cord plasma NGF levels were reported to be significantly reduced in women who deliver
preterm, suggesting a correlation between reduced cord NGF levels and fetal growth, with
likely implications for post-natal neurodevelopmental disorders [50]. Otherwise, foals
with NE did not differ significantly from healthy control subjects in terms of plasma NGF
and VEGF levels, as well as in terms of umbilical cord vein plasma and amniotic fluid
levels. Notably, NGF plasma levels are around 1000 times higher in foals compared to
human neonates [48]. Under pathological conditions, no correlations were observed be-
tween plasma NGF and VEGF levels and the selected mare’s and foal’s clinical parameters,
probably due to the low number of samples and high individual variability. However, a
negative correlation was found at T0 between VEGF levels in the foal plasma and lactate
concentration. On the contrary, an inverse correlation between NGF levels and symptom
severity (as assessed by Glasgow Coma Scale score) has been reported in human children
with traumatic brain injury [51]. The pathophysiologic principles of CNS ischemia and
hypoxia are shared by animals and humans. Compared to human infants with hypoxic
ischemic encephalopathy, foals appear to respond rapidly or more successfully to hypoxia,
also in view of the better prognosis of the disease in the newborn foal [12]. It can be
postulated that high endogenous levels of NGF may exert a default neuroprotective role
in foals.

Although hyperlactatemia does not provide diagnostic information, it does indicate
the severity of the disease and the need for early and aggressive intervention or closer
monitoring, as it occurs during hypoxia and poor tissue perfusion [52]. VEGF can stimulate
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angiogenesis and modulate vascular permeability [20], and it is also involved in mediating
inflammatory responses [21,22]. Although speculative conclusions on this correlation
need to be further evaluated, it cannot be excluded that in affected foals, VEGF is able to
restore normal tissue perfusion and oxygenation, leading to a decrease in blood lactate
concentrations. Differently from that observed in the healthy population, in NE and exNE
foals, NGF plasma levels decreased significantly only in the first 24 h of life/hospitalization,
whereas VEGF plasma levels decreased only in group NE. Starting from comparable
plasma values at birth, in healthy foals the levels of the two trophic factors drop more
markedly than in affected foals. Another interesting result was the lack of the positive
correlation that exists in healthy foals between plasma levels of NGF and VEGF at each time
point. These findings are not diagnostic, but it cannot be ruled out that a failure to decrease
circulating trophic factors in the first 72 h of life may be related to the extent of brain damage.
Increased segregation of NGF in the brain of these foals cannot be excluded, and the authors
speculate that this change primarily reflects the brain compartment, as suggested by studies
conducted in human perinatology, showing that blood levels of neurotrophins are similar to
those in the brain [48], changing in infants with neurological disorders due to clinical states
of prolonged perinatal hypoxia [49]. In vitro and in vivo animal models have also shown
that hypoxia-induced cell death is preceded by a period of NGF up-regulation, suggesting
that NGF plays a protective role [53]. In the same direction, clinical studies conducted on
infants with hypoxic-ischemic brain injury and treated with intraventricular NGF infusion
showed a significant clinical improvement in their neurological condition [54,55], and
increased NGF and VEGF segregation in asphyxiated foals may protect neurons against
protracted injury.

The second interesting aspect was the correlation that exists in group NE foals between
NGF and TT3-TT4 levels at each time point. The close relationship between the trophic
factor and thyroid hormones has not been found in healthy foals [23], but experimental
studies have long confirmed that thyroid hormones mediate direct effects on NGF-induced
expression in neonatal mice [56], and also modulate NGF expression in the cerebellum of
perinatal rats [57]. The significance of this positive correlation should be investigated in
light of NGF and thyroid-hormones roles in the brain compartment. From a translational
point of view, several studies suggest the possible interaction of thyroid hormones with
members of the NGF family of neurotrophins and their functional receptors, not only during
brain maturation, but also during its maintenance. Thyroid hormones are known to regulate
endogenous NGF synthesis under physiological conditions [58,59] and their administration
promotes NGF synthesis and increased NGF content in the brain, depending on brain
region and post-natal age [60–62]. Although further studies are needed to investigate the
functional consequences of the interaction between thyroid hormones and NGF during NE,
the increased NGF segregation and the relationship observed with TT3-TT4 could indicate
a neuronal distress and the need for protection from ischemic damage.

In the NE group of mares, the histological preparation of the chorioallantois stained
with hematoxylin–eosin showed varying degrees of hyperemia and edema of the connec-
tive lamina associated with mild to severe hypoplasia of the chorionic villi. These findings
may indicate an inability of the placenta to meet the increasing metabolic demands of
the fetus as pregnancy progresses. Conditions affecting the utero-placental unit, such as
placental hypoplasia and placental edema, can cause a decrease in the nutrients and oxygen
supplied to both the fetus and placenta, and any deficiency in placental structure and
function may be reflected in a corresponding deficit in fetal growth and maturity, leading to
a manifestation of NE in the neonate [44]. Despite the low number of samples, the reduced
expression of NGF in the allantois and the reduced expression of BDNF in the amnion seems
to characterize the fetal membranes of mares with placental insufficiency that delivered
foals affected by NE. Neurotrophins are defined as “angioneurins” as they also regulate
angiogenesis in the placenta [63] by contributing to the maintenance, survival, and function
of endothelial cells [64]. The allantois represents the essential structural framework for
an incredibly dense mass of fetal capillaries supported by minimal amounts of allantoic
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mesoderm [65], whereas the amnion consists of a cuboid epithelial layer that comes into
direct contact with AF [66]. Neurotrophins such as NGF and BDNF play an important
role in placental development and maturation, acting through autocrine–paracrine mech-
anisms [67,68]. In women, NGF is reported to be synthetized in the placenta [69], while
a recent study also suggests that optimal NGF expression at the feto-maternal interface
is essential for a healthy pregnancy [70], influencing the process of angiogenesis [63]. In
the present study, the reduced expression of the two neurotrophins could be related to
dysregulation of adhesion [71], angiogenesis [72], apoptosis [73], and proliferation [74]
pathways. It can therefore be reasonably postulated that, in the mare and in the fetus,
decreased expression of NGF and BDNF in placental tissues may imply the development of
impaired maternal and fetal vascular and nervous networks for the interchange of nutrients
and stimuli, leading to a clinical manifestation of NE in the neonate.

The main limitation of the study design is that the population of foals affected by
NE was not perfectly homogeneous. In some cases, the disease was associated with a
“chronic hypoxia” due to placental insufficiency, whereas in others it was associated with
an “acute hypoxia” due to dystocic parturition. Nevertheless, the population offered a
pure and spontaneous model of equine NE, devoid of typical concomitant diseases such as
bacteremia, local infections, sepsis, or prematurity/dysmaturity.

5. Conclusions

The present study provides limited but novel information on the role of trophic factors
in the early stages of equine neonatal life, when the diagnosis of NE is reached through
careful clinical examination. Foals with NE do not differ significantly from healthy control
subjects in terms of plasma NGF and VEGF levels, although the levels of the two trophic
factors decrease less markedly than in healthy foals. A positive correlation between NGF
and both thyroid hormones appears to characterize the first 72 h of life in affected foals,
as their fetal membranes seem to be characterized by the dysregulation of NGF and
BDNF expression.

Overall, these results provide a starting point for a better understanding of the role of
NGF and VEGF during the equine perinatal period under pathological conditions, although
they require confirmation by further studies on a wider population of affected foals.

Nevertheless, no blood biomarkers are yet in current clinical use for foals with NE.
In the authors’ opinion, the ideal biomarker for identifying equine NE would be stable,
measurable during the first hours of life with a high-sensitivity technique, and in an easy-
to-access biological sample. Although NGF and VEGF were unable to detect the disease
in the population examined, they appear to be promising candidates, which warrants
investigation in wider cohorts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vetsci9090459/s1, Table S1: Foals complete blood cell counts,
serum biochemistry, electrolyte concentrations, rapid determinations, and arterial blood gas analysis
at birth/admission.

Author Contributions: Conceptualization, L.G. and C.C.; methodology, M.C., V.A.B., and L.G.;
software, M.C.; validation, M.C., V.A.B. and L.G.; formal analysis, M.C.; investigation, N.E., A.L.,
V.A.B., G.A., J.M., M.C., L.G. and C.C.; resources, L.G. and C.C.; data curation, N.E. and M.C.;
writing—original draft preparation, N.E.; writing—review and editing, N.E., A.L., V.A.B., G.A., J.M.,
M.C., L.G. and C.C.; visualization, N.E., A.L., V.A.B., G.A., J.M., M.C., L.G. and C.C.; supervision, L.G.
and C.C.; project administration, L.G. and C.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding. The study was performed with internal funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study,
because opportunistic sample harvesting was applied.

https://www.mdpi.com/article/10.3390/vetsci9090459/s1
https://www.mdpi.com/article/10.3390/vetsci9090459/s1


Vet. Sci. 2022, 9, 459 17 of 19

Informed Consent Statement: Written informed consent was given by the owner for each animal.
This has been confirmed by the ethical committee.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank all the staff of the Perinatology and Reproduction Unit for
the mares’ and foals’ management.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Galvin, N.; Collins, D. Perinatal asphyxia syndrome in the foal: Review and a case report. Ir. Vet. J. 2004, 57, 707–714. [CrossRef]

[PubMed]
2. MacKay, R.J. Neurologic disorders of neonatal foals. Vet. Clin. Equine 2005, 21, 387–406. [CrossRef] [PubMed]
3. Dickey, E.J.; Long, S.N.; Hunt, R.W. Hypoxic ischemic encephalopathy—What can we learn from humans? J. Vet. Intern. Med.

2011, 25, 1231–1240. [CrossRef] [PubMed]
4. Wong, D.; Wilkins, P.A.; Bain, F.T.; Brockus, C. Neonatal encephalopathy in foals. Compend. Contin. Educ. Vet. 2011, 33, E1–E10.
5. Ringger, N.C.; Giguere, S.; Morresey, P.R.; Yang, C.; Shaw, G. Biomarkers of brain injury in foals with hypoxic-ischemic

encephalopathy. J. Vet. Intern. Med. 2011, 25, 132–137. [CrossRef]
6. Diesch, T.J.; Mellor, D.J. Birth transitions: Pathophysiology, the onset of consciousness and possible implications for neonatal

maladjustment syndrome in the foal. Equine Vet. J. 2013, 45, 656–660. [CrossRef]
7. Pirrone, A.; Panzani, S.; Govoni, N.; Castagnetti, C.; Veronesi, M.C. Thyroid hormone concentrations in foals affected by perinatal

asphyxia syndrome. Theriogenology 2013, 80, 624–629. [CrossRef]
8. Mariella, J.; Isani, G.; Andreani, G.; Freccero, F.; Carpenè, E.; Castagnetti, C. Total plasma magnesium in healthy and critically ill

foals. Theriogenology 2016, 85, 180–185. [CrossRef]
9. Gold, J.R. Perinatal asphyxia syndrome. Equine Vet. Educ. 2017, 29, 158–164. [CrossRef]
10. Lyle-Dugas, J.; Giguere, S.; Mallicote, M.F.; MacKay, R.J.; Sanchez, L.C. Factors associated with outcome in 94 hospitalised foals

diagnosed with neonatal encephalopathy. Equine Vet. J. 2017, 49, 207–210. [CrossRef]
11. Wong, D.M.; Jeffery, N.; Hepworth-Warren, K.L.; Wiechert, S.A.; Miles, K. Magnetic resonance imaging of presumptive neonatal

encephalopathy in a foal. Equine Vet. Educ. 2017, 29, 534–538. [CrossRef]
12. Toribio, R.E. Equine neonatal encephalopathy: Facts, evidence, and opinions. Vet. Clin. Equine 2019, 35, 363–378. [CrossRef]

[PubMed]
13. Abraham, M. Practical management and treatment of foals with neonatal encephalopathy/neonatal maladjustment syndrome in

an ICU setting. Equine Vet. Educ. 2022. [CrossRef]
14. Santschi, E.M.; Vaala, W.E. Identification of the high-risk pregnancy. In Equine Reproduction; McKinnon, A.O., Squires, E.L.,

Vaala, W.E., Varner, D.D., Eds.; Wiley-Blackwell: Hoboken, NJ, USA, 2011; pp. 5–15.
15. Vaala, W.E.; Sertich, P.L. Management strategies for mares at risk for periparturient complications. Vet. Clin. N. Am. Equine Pract.

1994, 10, 237–265. [CrossRef]
16. Giles, R.C.; Donahue, J.M.; Hong, C.B.; Tuttle, P.A.; Petrites-Murphy, M.B.; Poonacha, K.B.; Roberts, A.W.; Tramontin, R.R.;

Smith, B.; Swerczek, T.W. Causes of abortion, stillbirth, and perinatal death in horses: 3527 cases (1986–1991). J. Am. Vet. Med.
Assoc. 1993, 203, 1170–1175. [PubMed]

17. Laugier, C.; Foucher, N.; Sevin, C.; Leon, A.; Tapprest, J. A 24-year retrospective study of equine abortion in Normandy (France).
J. Equine Vet. Sci. 2011, 31, 116–123. [CrossRef]

18. Ellero, N.; Lanci, A.; Ferlizza, E.; Andreani, G.; Mariella, J.; Isani, G.; Castagnetti, C. Activities of matrix metalloproteinase-2 and-9
in amniotic fluid at parturition in mares with normal and high-risk pregnancy. Theriogenology 2021, 172, 116–122. [CrossRef]

19. Chouthai, N.S.; Sampers, J.; Desai, N.; Smith, G.M. Changes in neurotrophin levels in umbilical cord blood from infants with
different gestational ages and clinical conditions. Pediatr. Res. 2003, 53, 965–969. [CrossRef]

20. Ruiz de Almodovar, C.; Lambrechts, D.; Mazzone, M.; Carmeliet, P. Role and therapeutic potential of VEGF in the nervous system.
Physiol. Rev. 2009, 89, 607–648. [CrossRef]

21. Silverman, W.F.; Krum, J.M.; Mani, N.; Rosenstein, J.M. Vascular, glial and neuronal effects of vascular endothelial growth factor
in mesencephalic explant cultures. Neuroscience 1999, 90, 1529–1541. [CrossRef]

22. Mani, N.; Khaibullina, A.; Krum, J.M.; Rosenstein, J.M. Astrocyte growth effects of vascular endothelial growth factor (VEGF)
application to perinatal neocortical explants: Receptor mediation and signal transduction pathways. Exp. Neurol. 2005, 192,
394–406. [CrossRef] [PubMed]

23. Ellero, N.; Lanci, A.; Baldassarro, V.A.; Alastra, G.; Mariella, J.; Cescatti, M.; Giardino, L.; Castagnetti, C. Study on NGF and VEGF
during the Equine Perinatal Period—Part 1: Healthy Foals Born from Normal Pregnancy and Parturition. Vet. Sci. 2022, 9, 451.
[CrossRef]

24. Toribio, R.E. Endocrine dysregulation in critically ill foals and horses. Vet. Clin. Equine 2011, 27, 35–47. [CrossRef]
25. Himler, M.; Cattaneo, A.; Barsnick, R.J.I.M.; Hurcombe, S.D.A.; Rathgeber, R.; Toribio, R.E. Thyroid hormones in healthy, sick

non-septic and septic foals. J. Vet. Intern. Med. 2010, 24, 784.

http://doi.org/10.1186/2046-0481-57-12-707
http://www.ncbi.nlm.nih.gov/pubmed/21851654
http://doi.org/10.1016/j.cveq.2005.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16051055
http://doi.org/10.1111/j.1939-1676.2011.00818.x
http://www.ncbi.nlm.nih.gov/pubmed/22092610
http://doi.org/10.1111/j.1939-1676.2010.0645.x
http://doi.org/10.1111/evj.12120
http://doi.org/10.1016/j.theriogenology.2013.06.003
http://doi.org/10.1016/j.theriogenology.2015.09.011
http://doi.org/10.1111/eve.12467
http://doi.org/10.1111/evj.12553
http://doi.org/10.1111/eve.12590
http://doi.org/10.1016/j.cveq.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/31088699
http://doi.org/10.1111/eve.13642
http://doi.org/10.1016/S0749-0739(17)30376-0
http://www.ncbi.nlm.nih.gov/pubmed/8244867
http://doi.org/10.1016/j.jevs.2010.12.012
http://doi.org/10.1016/j.theriogenology.2021.06.009
http://doi.org/10.1203/01.PDR.0000061588.39652.26
http://doi.org/10.1152/physrev.00031.2008
http://doi.org/10.1016/S0306-4522(98)00540-5
http://doi.org/10.1016/j.expneurol.2004.12.022
http://www.ncbi.nlm.nih.gov/pubmed/15755557
http://doi.org/10.3390/vetsci9090451
http://doi.org/10.1016/j.cveq.2010.12.011


Vet. Sci. 2022, 9, 459 18 of 19

26. Breuhaus, B.A.; LaFevers, D.H. Thyroid function in normal, sick and premature Foals. J. Vet. Intern. Med. 2005, 19, 445.
27. Frazer, G.S.; Perkins, N.R.; Embertson, R.M. Normal parturition and evaluation of the mare in dystocia. Equine Vet. Educ. 1999, 11,

41–46. [CrossRef]
28. Lanci, A.; Perina, F.; Donadoni, A.; Castagnetti, C.; Mariella, J. Dystocia in the Standardbred mare: A retrospective study from

2004 to 2020. Animals 2022, 12, 1486. [CrossRef]
29. Koterba, A.M. Management of the intensive care unit: Levels of care, quality control and care after discharge. In Equine Clinical

Neonatology; Lea and Febiger: Philadelphia, PA, USA, 1990; pp. 769–778.
30. Knottenbelt, D.C.; Holdstock, N.; Madigan, J.E. Equine Neonatology Medicine and Surgery; Saunders: Edinburgh, UK, 2004;

pp. 155–363.
31. Vaala, W.E.; House, J.K.; Madigan, J.E. Initial management and physical examination of the neonate. In Large Animal Internal

Medicine; Mosby St. Louis: Kirkwood, MO, USA, 2002; pp. 277–293.
32. Lopez-Rodriguez, M.F.; Cymbaluk, N.F.; Epp, T.; Laarveld, B.; Thrasher, M.; Card, C.E. A field study of serum, colostrum, milk

iodine, and thyroid hormone concentrations in postpartum draft mares and foals. J. Equine Vet. Sci. 2020, 90, 103018. [CrossRef]
33. Lopez-Rodriguez, M.F.; Cymbaluk, N.; Epp, T.; Laarveld, B.; Recalde, E.C.S.; Simko, E.; Card, C. Effects of the glucosinolate

sinigrin in combination with a noniodine supplemented diet on serum iodine and thyroid hormone concentrations in nonpregnant
mares. J. Equine Vet. Sci. 2020, 91, 103110. [CrossRef]

34. Harvey, J.W. Normal hematological values. In Equine Clinical Neonatology; Koterba, A.M., Drummond, W.H., Kosch, P.C., Eds.;
Lea and Febiger: Philadelphia, PA, USA, 1990; pp. 561–570.

35. Bauer, J.E.; Harvey, J.W.; Asquith, R.L.; McNulty, P.K.; Kivipelto, J.A.N. Clinical chemistry reference values of foals during the
first year of life. Equine Vet. J. 1984, 16, 361–363. [CrossRef]

36. Stoneham, S.J.; Palmer, L.; Cash, R.; Rossdale, P.D. Measurement of serum amyloid A in the neonatal foal using a latex
agglutination immunoturbidimetric assay: Determination of the normal range, variation with age and response to disease. Equine
Vet. J. 2001, 33, 599–603. [CrossRef] [PubMed]

37. Pirrone, A.; Mariella, J.; Gentilini, F.; Castagnetti, C. Amniotic fluid and blood lactate concentrations in mares and foals in the
early postpartum period. Theriogenology 2012, 78, 1182–1189. [CrossRef] [PubMed]

38. Aguilera-Tejero, E.; Estepa, J.C.; Lopez, I.; Mayer-Valor, R.; Rodriguez, M. Arterial blood gases and acid-base balance in healthy
young and aged horses. Equine Vet. J. 1998, 30, 352–354. [CrossRef] [PubMed]

39. Aslam, S.; Strickland, T.; Molloy, E.J. Neonatal encephalopathy: Need for recognition of multiple etiologies for optimal manage-
ment. Front. Pediatr. 2019, 7, 142. [CrossRef] [PubMed]

40. Mahaffey, L.W.; Rossdale, P.D. Convulsive and allied syndromes in newborn foals. Vet. Rec. 1957, 69, 1277–1289.
41. Madigan, J.E.; Haggett, E.F.; Pickles, K.J.; Conley, A.; Stanley, S.; Moeller, B.; Toth, B.; Aleman, M. Allopregnanolone infusion

induced neurobehavioural alterations in a neonatal foal: Is this a clue to the pathogenesis of neonatal maladjustment syndrome?
Equine Vet. J. 2012, 44, 109–112. [CrossRef]

42. Ferriero, D.M. Neonatal brain injury. N. Engl. J. Med. 2004, 351, 1985–1995. [CrossRef]
43. Axon, J.E.; Palmer, J.E. Clinical pathology of the foal. Vet. Clin. N. Am. Equine Prac. 2008, 24, 357–385. [CrossRef]
44. Pirrone, A.; Antonelli, C.; Mariella, J.; Castagnetti, C. Gross placental morphology and foal serum biochemistry as predictors of

foal health. Theriogenology 2014, 81, 1293–1299. [CrossRef]
45. Chiba, A.; Aoki, T.; Itoh, M.; Yamagishi, N.; Shibano, K. Hematological and blood biochemical characteristics of newborn heavy

draft foals after dystocia. J. Equine Vet. Sci. 2017, 50, 69–75. [CrossRef]
46. Himler, M.; Hurcombe, S.D.A.; Griffin, A.; Barsnick, R.J.; Rathgeber, R.A.; MacGillivray, K.C.; Toribio, R.E. Presumptive

nonthyroidal illness syndrome in critically ill foals. Equine Vet. J. 2012, 44, 43–47. [CrossRef] [PubMed]
47. Economidou, F.; Douka, E.; Tzanela, M.; Nanas, S.; Kotanidou, A. Thyroid function during critical illness. Hormones 2011, 10,

117–124. [CrossRef] [PubMed]
48. Malamitsi-Puchner, A.; Nikolaou, K.E.; Economou, E.; Boutsikou, M.; Boutsikou, T.; Kyriakakou, M.; Puchner, K.P.; Hassiakos, D.

Intrauterine growth restriction and circulating neurotrophin levels at term. Early Hum. Dev. 2007, 83, 465–469. [CrossRef]
[PubMed]

49. Kilari, A.; Mehendale, S.; Pisal, H.; Panchanadikar, T.; Kale, A.; Joshi, S. Nerve growth factor, birth outcome and pre-eclampsia.
Int. J. Dev. Neurosci. 2011, 29, 71–75. [CrossRef]

50. Dhobale, M.; Mehendale, S.; Pisal, H.; Nimbargi, V.; Joshi, S. Reduced maternal and cord nerve growth factor levels in preterm
deliveries. Int. J. Dev. Neurosci. 2012, 30, 99–103. [CrossRef]

51. Chiaretti, A.; Antonelli, A.; Riccardi, R.; Genovese, O.; Pezzotti, P.; Di Rocco, C.; Tortorolo, L.; Piedimonte, G. Nerve growth factor
expression correlates with severity and outcome of traumatic brain injury in children. Eur. J. Paediatr. Neurol. 2008, 12, 195–204.
[CrossRef]

52. Castagnetti, C.; Pirrone, A.; Mariella, J.; Mari, G. Venous blood lactate evaluation in equine neonatal intensive care. Theriogenology
2010, 73, 343–357. [CrossRef]

53. Bogetti, M.E.; Devoto, V.M.P.; Rapacioli, M.; Flores, V.; de Plazas, S.F. NGF, TrkA-P and neuroprotection after a hypoxic event in
the developing central nervous system. Int. J. Dev. Neurosci. 2018, 71, 111–121. [CrossRef]

http://doi.org/10.1111/j.2042-3292.1999.tb00918.x
http://doi.org/10.3390/ani12121486
http://doi.org/10.1016/j.jevs.2020.103018
http://doi.org/10.1016/j.jevs.2020.103110
http://doi.org/10.1111/j.2042-3306.1984.tb01944.x
http://doi.org/10.2746/042516401776563472
http://www.ncbi.nlm.nih.gov/pubmed/11720032
http://doi.org/10.1016/j.theriogenology.2012.02.032
http://www.ncbi.nlm.nih.gov/pubmed/22898010
http://doi.org/10.1111/j.2042-3306.1998.tb04111.x
http://www.ncbi.nlm.nih.gov/pubmed/9705121
http://doi.org/10.3389/fped.2019.00142
http://www.ncbi.nlm.nih.gov/pubmed/31058120
http://doi.org/10.1111/j.2042-3306.2011.00504.x
http://doi.org/10.1056/NEJMra041996
http://doi.org/10.1016/j.cveq.2008.03.005
http://doi.org/10.1016/j.theriogenology.2014.02.011
http://doi.org/10.1016/j.jevs.2016.10.013
http://doi.org/10.1111/j.2042-3306.2011.00480.x
http://www.ncbi.nlm.nih.gov/pubmed/22594025
http://doi.org/10.14310/horm.2002.1301
http://www.ncbi.nlm.nih.gov/pubmed/21724536
http://doi.org/10.1016/j.earlhumdev.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17071024
http://doi.org/10.1016/j.ijdevneu.2010.09.001
http://doi.org/10.1016/j.ijdevneu.2011.12.007
http://doi.org/10.1016/j.ejpn.2007.07.016
http://doi.org/10.1016/j.theriogenology.2009.09.018
http://doi.org/10.1016/j.ijdevneu.2018.08.007


Vet. Sci. 2022, 9, 459 19 of 19

54. Chiaretti, A.; Genovese, O.; Riccardi, R.; Di Rocco, C.; Di Giuda, D.; Mariotti, P.; Pulitan, S.; Piastra, M.; Polidori, G.;
Colofati, G.S.; et al. Intraventricular nerve growth factor infusion: A possible treatment for neurological deficits following
hypoxic–ischemic brain injury in infants. Neurol. Res. 2005, 27, 741–746. [CrossRef]

55. Chiaretti, A.; Antonelli, A.; Genovese, O.; Fernandez, E.; Giuda, D.; Mariotti, P.; Riccardi, R. Intraventricular nerve growth factor
infusion improves cerebral blood flow and stimulates doublecortin expression in two infants with hypoxic–ischemic brain injury.
Neurol. Res. 2008, 30, 223–228. [CrossRef]

56. Walker, P.; Weil, N.L.; Weichsel, M.E., Jr.; Fischer, D.A. Effect of thyroxine on nerve growth factor concentration in neonatal mouse
brain. Life Sci. 1981, 28, 1777–1787. [CrossRef]

57. Figueiredo, B.C.; Almazan, G.; Ma, Y.; Tetzlaff, W.; Miller, F.D.; Cuello, A.C. Gene expression in the developing cerebellum during
perinatal hypo-and hyperthyroidism. Mol. Brain Res. 1993, 17, 258–268. [CrossRef]

58. Calzà, L.; Giardino, L.; Aloe, L. Thyroid hormone regulates NGF content and p75LNGFR expression in the basal forebrain of
adult rats. Exp. Neurol. 1997, 143, 196–206. [CrossRef] [PubMed]

59. Calzà, L.; Giardino, L.; Aloe, L. NGF content and expression in the rat pituitary gland and regulation by thyroid hormone. Mol.
Brain Res. 1997, 51, 60–68. [CrossRef]

60. Walker, P.; Weichsel, M.E., Jr.; Fisher, D.A.; Guo, S.M.; Fisher, D.A. Thyroxine increases nerve growth factor concentration in adult
mouse brain. Science 1979, 204, 427–429. [CrossRef]

61. Oh, J.D.; Butcher, L.L.; Woolf, N.J. Thyroid hormone modulates the development of cholinergic terminal fields in the rat forebrain:
Relation to nerve growth factor receptor. Dev. Brain Res. 1991, 59, 133–142. [CrossRef]

62. Giordano, T.; Pan, J.B.; Casuto, D.; Watanabe, S.; Arneric, S.P. Thyroid hormone regulation of NGF, NT-3 and BDNF RNA in the
adult rat brain. Mol. Brain Res. 1992, 16, 239–245. [CrossRef]

63. Zacchigna, S.; Lambrechts, D.; Carmeliet, P. Neurovascular signalling defects in neurodegeneration. Nat. Rev. Neurosci. 2008, 9,
169–181. [CrossRef]

64. Nico, B.; Mangieri, D.; Benagiano, V.; Crivellato, E.; Ribatti, D. Nerve growth factor as an angiogenic factor. Microvasc. Res. 2008,
75, 135–141. [CrossRef]

65. Allen, W.R.; Gower, S.; Wilsher, S. Immunohistochemical localization of vascular endothelial growth factor (VEGF) and its two
receptors (Flt-I and KDR) in the endometrium and placenta of the mare during the oestrous cycle and pregnancy. Reprod. Domest.
Anim. 2007, 42, 516–526. [CrossRef]

66. Lanci, A.; Ingrà, L.; Dondi, F.; Tomasello, F.; Teti, G.; Mariella, J.; Falconi, M.; Castagnetti, C. Morphological study of equine
amniotic compartment. Theriogenology 2022, 177, 165–171. [CrossRef] [PubMed]

67. Kawamura, K.; Kawamura, N.; Fukuda, J.; Kumagai, J.; Hsueh, A.J.; Tanaka, T. Regulation of preimplantation embryo develop-
ment by brain-derived neurotrophic factor. Dev. Biol. 2007, 311, 147–158. [CrossRef] [PubMed]

68. D’Angelo, A.; Ceccanti, M.; Petrella, C.; Greco, A.; Tirassa, P.; Rosso, P.; Ralli, M.; Ferraguti, G.; Fiore, M.; Messina, M.P. Role of
neurotrophins in pregnancy, delivery and postpartum. Eur. J. Obstet. Gynecol. Reprod. Biol. 2020, 247, 32–41. [CrossRef] [PubMed]

69. Fujita, K.; Tatsumi, K.; Kondoh, E.; Chigusa, Y.; Mogami, H.; Fujii, T.; Yura, S.; Kakui, K.; Konishi, I. Differential expression and
the anti-apoptotic effect of human placental neurotrophins and their receptors. Placenta 2011, 32, 737–744. [CrossRef] [PubMed]

70. Frank, P.; Barrientos, G.L.; Tirado González, I.; Cohen, M.; Moschansky, P.; Peters, E.M.; Klapp, B.F.; Rose, M.; Tometten, M.;
Blois, S.M. Balanced levels of nerve growth factor are required for normal pregnancy progression. Reproduction 2014, 148, 179–189.
[CrossRef] [PubMed]

71. Cassens, C.; Kleene, R.; Xiao, M.F.; Friedrich, C.; Dityateva, G.; Schafer-Nielsen, C.; Schachner, M. Binding of the receptor tyrosine
kinase TrkB to the neural cell adhesion molecule (NCAM) regulates phosphorylation of NCAM and NCAM-dependent neurite
outgrowth. J. Biol. Chem. 2010, 285, 28959–28967. [CrossRef]

72. Nakamura, K.; Martin, K.C.; Jackson, J.K.; Beppu, K.; Woo, C.W.; Thiele, C.J. Brain-derived neurotrophic factor activation of TrkB
induces vascular endothelial growth factor expression via hypoxia-inducible factor-1alpha in neuroblastoma cells. Cancer Res.
2006, 66, 4249–4255. [CrossRef]

73. Wang, L.H.; Paden, A.J.; Johnson, E.M. Mixed-lineage kinase inhibitors require the activation of trk receptors to maintain
long-term neuronal trophism and survival. J. Pharmacol. Exp. Ther. 2005, 312, 1007–1019. [CrossRef]

74. Tervonen, T.A.; Ajamian, F.; De Wit, J.; Verhaagen, J.; Castrén, E.; Castrén, M. Overexpression of a truncated TrkB isoform increases
the proliferation of neural progenitors. Eur. J. Neurosci. 2006, 24, 1277–1285. [CrossRef]

http://doi.org/10.1179/016164105X35611
http://doi.org/10.1179/016164107X247948
http://doi.org/10.1016/0024-3205(81)90349-0
http://doi.org/10.1016/0169-328X(93)90010-M
http://doi.org/10.1006/exnr.1996.6361
http://www.ncbi.nlm.nih.gov/pubmed/9056383
http://doi.org/10.1016/S0169-328X(97)00213-1
http://doi.org/10.1126/science.441732
http://doi.org/10.1016/0165-3806(91)90093-X
http://doi.org/10.1016/0169-328X(92)90231-Y
http://doi.org/10.1038/nrn2336
http://doi.org/10.1016/j.mvr.2007.07.004
http://doi.org/10.1111/j.1439-0531.2006.00815.x
http://doi.org/10.1016/j.theriogenology.2021.10.019
http://www.ncbi.nlm.nih.gov/pubmed/34710648
http://doi.org/10.1016/j.ydbio.2007.08.026
http://www.ncbi.nlm.nih.gov/pubmed/17880937
http://doi.org/10.1016/j.ejogrb.2020.01.046
http://www.ncbi.nlm.nih.gov/pubmed/32058187
http://doi.org/10.1016/j.placenta.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21831423
http://doi.org/10.1530/REP-14-0112
http://www.ncbi.nlm.nih.gov/pubmed/24825909
http://doi.org/10.1074/jbc.M110.114835
http://doi.org/10.1158/0008-5472.CAN-05-2789
http://doi.org/10.1124/jpet.104.077800
http://doi.org/10.1111/j.1460-9568.2006.05010.x

	Introduction 
	Materials and Methods 
	Population 
	Clinical Data and Sample Collection 
	Measurement of NGF and VEGF by ELISA 
	Measurement of Thyroid Hormones 
	Placental Gene Expression 
	Statistical Analysis 

	Results 
	Population Characterization 
	Biomarkers (NGF, VEGF, TT3 and TT4) in Biological Fluids 
	Equine NGF/VEGF and Clinical Data 
	Equine NGF, VEGF, and BDNF in the Placenta 

	Discussion 
	Conclusions 
	References

