Serial alterations in digital hemodynamics and
endothelin-1 immunoreactivity, platelet-neutrophil
aggregation, and concentrations of nitric oxide,
insulin, and glucose in blood obtained from horses
following carbohydrate overload
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Objective—To quantify changes in endothelium-derived factors and relate those changes
to various aspects of digital hemodynamics during the prodromal stages of carbohydrate
overload (CHO)-induced laminitis in horses.
Animals—20 adult horses without abnormalities of the digit.
Procedures—Digital and jugular venous blood samples were collected at 1-hour intervals
(for assessment of endothelin-1 [ET-1] immunoreactivity and measurement of glucose, insulin, and nitric oxide [NO] concentrations) or 4-hour intervals (CBC and platelet-neutrophil
aggregate assessment) for 8 hours or 16 hours after induction of CHO-associated laminitis
in horses treated with an ET-1 antagonist. Effects of treatment, collection site, and time and
the random effects of horse on each variable were analyzed by use of a repeated-measures
model. Where treatment and collection site had no significant effect, data were combined.
Results—Compared with baseline values, CHO resulted in changes in several variables, including a significant increase from baseline in digital blood ET-like immunoreactivity at 11 hours;
digital blood ET-like immunoreactivity was significantly greater than that in jugular venous blood
at 8, 9, 11, and 12 hours. Digital and jugular venous blood concentrations of glucose increased
from baseline significantly at 3, 4, and 5 hours; insulin concentration increased significantly at 5
hours; and the number of platelet-neutrophil aggregates increased significantly at 12 hours.
Conclusions and Clinical Relevance—In horses, concurrent increases in venous blood
ET-1 immunoreactivity, insulin and glucose concentrations, and platelet-neutrophil aggregates support a role of endothelial dysfunction in the pathogenesis of CHO-induced
laminitis. (Am J Vet Res 2007;68:87–94)

O

ne hypothesis regarding the vascular theory of
laminitis suggests that laminar cell damage results
from ischemia of laminar tissues. However, results of
studies1–10 of laminar and digital blood flow have been
conflicting, with increases in blood flow in some studies6,7,9 and decreases in others.1–6,8,10 In attempts to resolve the controversy of increased versus decreased
digital blood flow, recent investigations3–6,9,10 have
included techniques such as scintigraphy, hoof-wall
surface-temperature assessment, and Doppler ultrasonography to evaluate digital blood flow indirectly and
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directly. Although those studies revealed that at different
time points in different models of laminitis, blood flow
in limbs may increase, decrease, or remain unchanged,
they have failed to refute or prove that laminar ischemia
develops during the early stages of laminitis in horses.7
Experimental models of laminitis have revealed
that quantities of vasoconstrictor substances are increased in affected horses, compared with quantities in
healthy horses.7 Endothelin-1, a potent vasoconstrictor peptide produced by the endothelium, is present
in increased quantities in laminar tissue of horses with
CHO-induced laminitis.11 Furthermore, endotheliumdependent relaxation is decreased in digital vessels of
horses with CHO-induced laminitis, suggesting that
the NO-producing capacity of the digital vascular endothelium is reduced, thereby rendering the vessels more
responsive to the effects of vasoconstrictive agents.12 In
addition, Katwa et al11 identified increased quantities of
ET-1 in laminar tissues of horses with experimentally
induced and naturally occurring laminitis.
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In other studies,13,14 a significant increase in the
number of platelet-neutrophil aggregates was detected
in ponies that were administered CHO. Furthermore,
pretreatment with a platelet aggregation inhibitor prevented development of laminitis in ponies administered
CHO, highlighting the importance of these activated
cell aggregates in the pathogenesis of laminitis.14 Activated leukocytes and platelets are of critical importance
in the pathogenesis of atherosclerosis and intestinal,
myocardial, and cerebral ischemia. Increased synthesis
or release of ET-1 favors platelet aggregation and neutrophil adhesion and promotes vasoconstriction with
sludging of blood in the microvasculature.15
Endothelial cell secretion of ET-1 is also increased
in direct response to hyperinsulinemia.16–20 Horses with
insulin resistance associated with obesity and pituitary
pars intermedia dysfunction have an increased risk of
laminitis attributable to insulin-resistance–associated
hyperinsulinemia.21,22 During insulin-resistant states,
endothelial cells are generally exposed to slightly supraphysiologic concentrations of glucose.23,24 Endothelial
cell dysfunction resulting from chronic hyperglycemia
is characterized by increased production of ET-1, decreased production of NO, and adoption of a relatively
prothrombotic phenotype.25 In addition, it is known
that for maintenance of the hoof-lamellar attachment
interface, keratinocytes have a high requirement for
glucose.26 Mobasheri et al27 reported that compared
with findings in healthy horses, the expression of the
insulin-dependent glucose transporter-4 was decreased
in the hoof keratinocytes of horses with laminitis. Insulin resistance would further impair the ability of the
laminar epithelium to use glucose.
From these mechanisms, it is evident that alterations
in the synthesis or release of ET-1, hyperinsulinemia, insulin resistance, and platelet activation with adherence to
neutrophils could develop during the prodromal stages of
CHO-induced laminitis. Subsequently, ischemia, reduced
glucose utilization by epithelial cells, and activation of
inflammatory and endothelial cells may all be initiating
processes that ultimately weaken the lamellar attachment
interface. The objective of the study reported here was to
evaluate serial changes in digital hemodynamics (ie, digital
arterial blood flow, pressure, and resistance) and ET-1 immunoreactivity, number of platelet-neutrophil aggregates,
and concentrations of NO, glucose, and insulin in digital
and jugular venous blood collected from horses during induction of CHO-associated laminitis. Blood samples from
horses used in another study2 of the prodromal stages of
CHO-induced laminitis were further evaluated in this
investigation.
Materials and Methods
Animals—This study was part of an investigation
to evaluate the effects of CHO on digital Starling forces in horses, and all procedures were approved by the
Louisiana State University Institutional Animal Care and
Use Committee.2 The number of horses used was dictated by significant differences in responses of Starling
forces to an ET receptor antagonist over time.2 Twenty
adult horses (5 to 15 years old) of various breeds were
determined to be free of laminitis on the basis of results
of thorough physical and lameness examinations and
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radiographic evaluation. A CBC, assessment of plasma
fibrinogen concentration, and serum biochemical analyses were performed to rule out inflammatory or systemic disease. Horses were conditioned to stand in the
research area daily for 2 weeks prior to the implantation
of ultrasonic flow probes.
Instrumentation—A perivascular transit-time ultrasonic Doppler flow probea was calibrated and placed
around the lateral palmar digital artery in each anesthetized horse as previously described.2,28 The medial
palmar artery (at the level of the midmetacarpal region)
was isolated and elevated, and the fascia was sutured
beneath it to hold the vessel in a more accessible subcutaneous position as previously described.2 A 14-gauge,
13.3-cm polytef catheterb was inserted into the left
jugular vein for collection of blood samples. One 20gauge, 5.1-cm polytef catheterc was placed in the medial palmar artery for measurement of digital arterial
blood pressure and administration of an ET receptor
antagonist or physiologic saline (0.9% NaCl) solution
(control treatment), and a second catheter was placed
in the lateral palmar digital vein for measurement of
digital venous pressure and collection of digital venous
blood, as previously described.2
Experimental and temporal design—Monitoring
sessions began 14 days after surgical implantation of
ultrasonic flow probes and medial palmar artery elevation. Twenty horses were randomly divided into 2
groups of 10 horses each with 1 group receiving an ET
receptor antagonistd and a second group administered
an equivalent volume of saline solution at similar times
to evaluate the effects of the ET receptor antagonist on
Starling force measurements.2 Because the ET receptor
antagonist had no effect on the data collected in the
present study, the data from both groups of horses were
pooled. Horses were anesthetized at either 8 hours (10
horses) or 16 hours (10 horses) for digital microvascular assessments in a previous study.2
Digital arterial blood flow, digital arterial pressure,
and digital venous pressure were recorded. Digital and
jugular venous blood samples were collected at baseline (ie, immediately before CHO administration; designated time 0) for a CBC; assessment of ET-like immunoreactivity; measurement of NO, glucose, and insulin
concentrations; and quantification of platelet-neutrophil aggregates. Each horse was then administered a
laminitis-inducing ration (85% corn starch and 15%
wood flour; 17.6 g of starch/kg of body weight) via a
nasogastric tube.11,14,29 Digital arterial blood flow, digital arterial pressure, and digital venous pressure were
recorded subsequently at 1-hour intervals; digital and
jugular venous blood samples were collected at 1-hour
intervals (for assessment of ET-like immunoreactivity
and measurement of NO, glucose, and insulin concentrations) or 4-hour intervals (for CBC and quantification of platelet-neutrophil aggregates) for 8 hours or 16
hours after CHO administration. Horses were euthanatized at the end of experimentation.e
Assay of endothelinlike immunoreactivity—Blood
samples (7 mL) were collected from both a jugular vein
and digital vein into separate polypropylene tubes each
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containing 105 µL of EDTA and 370 µL of aprotinin.
Samples were centrifuged at 1,500 X g for 10 minutes.
The plasma was placed in cryovials and stored at –70°C
until analyzed for ET-like immunoreactivity by use of a
commercial human ELISA kitf that has been validated
previously for use with equine plasma in our laboratory.30 Samples were thawed and 1 mL of each sample was
mixed with 1.5 mL of precipitating agent. Each sample
was cooled to 4°C and centrifuged for 20 minutes at
3,000 X g; the supernatant was transferred to another
polypropylene tube and dried under a stream of nitrogen gas at 37°C. Dried samples were reconstituted in
500 µL of assay buffer solution. Serial dilutions of the
ET stock solution were prepared as standards; buffer
solution was used as the zero standard.
Two hundred microliters of each standard, control
sample, and unknown sample was pipetted into wells.
Detection antibody (50 µL) was added to all wells except
the blank well and mixed appropriately. Wells were covered with plastic film and incubated for 16 to 24 hours at
20° to 22°C. Contents of each well were discarded, and
wells were washed 5 times with washing buffer solution.
Conjugate (200 µL) was then added to all wells, and the
wells were covered with plastic film and incubated for 3
hours at 37°C. Contents of the wells were discarded, and
the wells were washed 5 times with washing buffer solution. Substrate (200 µL) was added to each well, and the
wells were incubated in darkness for 30 minutes at 20°C.
Fifty microliters of stop solution was then added to each
well, and contents were mixed thoroughly. Absorption was
determined immediately at 405 nm by use of an ELISA
reader, with values at 620 nm used as a reference. All samples were analyzed in duplicate. Sensitivity of the assay
was approximately 1.5 pg/mL. The intra- and interassay
variability for equine plasma in our laboratory is 6.4% and
15.4%, respectively.
Assay of plasma NO concentration—Digital and
jugular venous blood samples (8 mL) were collected into
tubes containing heparin. Samples were centrifuged at
1,500 X g for 10 minutes. The plasma was immediately
placed in cryovials and stored at –70°C until thawed and
analyzed; NO concentration was measured by use of an
amperometric NO sensor.g All samples were incubated
with copperized cadmium to convert any nitrate present
in the samples into nitrite. An amperometric sensor covered by a selective membrane was placed in the sample.
Nitric oxide that diffused through the selective membrane
was oxidized at a working electrode. The resulting redox
current was proportional to the concentration of NO in
the sample. The sensor was interfaced with a computer
software package; all data were recorded and compared
with a standard curve.
Assay of serum insulin concentration—Serum
concentrations of insulin were measured by use of a
commercial radioimmunoassay kith validated for use
with equine plasma by Freestone et al.31 Serial dilutions
of equine plasma were parallel to the human insulin
standard curve. The intra- and interassay coefficients of
variation were < 10%.
Assay of plasma glucose concentration—Digital
and jugular venous blood samples (10 mL) were col-

lected into tubes containing heparin. Samples were centrifuged at 1,500 X g for 10 minutes. The plasma was
immediately separated, placed in cryovials, and stored
at –70°C until thawed and analyzed for glucose concentration.i
Surrogate estimates of insulin sensitivity—At
each time point, estimates of insulin sensitivity32 were
calculated including G:I ratio, HOMA-IS (22.5/G X I),
QUICKI (1/log G + log I), and the logarithm of the reciprocal of I (log 1/I), where G represents the plasma
glucose concentration and I represents the plasma insulin concentration.
Quantification of platelet-neutrophil aggregates—
Within 30 minutes of blood sample collection, 1 mL
of citrate-anticoagulated blood was placed in a 10-mL
plastic tube, and RBCs were allowed to settle for 20 minutes. Thereafter, the platelet and leukocyte-rich plasma
layer was removed, combined with 2 mL of autologous
platelet-poor plasma, and centrifuged at 57 X g for 5
minutes. The platelet-rich plasma layer was removed,
and leukocyte-rich sediment was resuspended in
150 µL of autologous plasma. Wedge-type smears were
prepared and stained with modified Wright stain. For
each sample, 200 neutrophils were counted on each of
2 smears, and the percentage of neutrophils with platelets attached was enumerated.
Hematologic evaluations—Jugular and digital venous blood samples (8 mL) were collected into tubes
containing EDTA. Complete blood counts were performed during which total WBC count, neutrophil
count, PCV, and total plasma protein concentration
were determined.
Digital vascular hemodynamic measurements—
Digital arterial and venous pressures were recordedj
hourly via pressure transducersk connected to the digital arterial and venous catheters.3,33 Digital vascular resistance was determined by dividing the arterial-to-venous pressure gradients by the rate of blood flow.3
Data analysis—Values for digital blood flow; WBC
count; PCV; total plasma protein concentration; ET-like
immunoreactivity; plasma NO, insulin, and glucose
concentrations; surrogate estimates of insulin sensitivity; and the arcsine transformation of the percentage
of neutrophils with platelet aggregates were evaluated
for normality by use of the Shapiro-Wilk method with
the null hypothesis rejected at α = 0.05. All normally
distributed data were analyzed by use of a mixed-effect
general linear model (with repeated measures and horse
considered as a random variable). Predetermined post
hoc comparisons were made by use of a least square
mean with a Bonferroni correction. A value of P < 0.05
was considered significant for all tests. All statistical
analyses were performed by use of a statistical software
package.l
Results
Studies were performed in the prodromal stages of
laminitis, and all horses were euthanatized before the
onset of lameness, bounding digital pulses, and heat in
the hoof and coronary band. The ET receptor antagonist
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had no effect on the data collected in the present study;
therefore, data from both groups of horses were pooled.
Collection site (digital vs jugular vein) affected plasma
ET-like immunoreactivity and plasma NO concentration; all other data were pooled for analysis.
Plasma endothelinlike immunoreactivity—Carbohydrate overload caused a significant increase from baseline in the concentration of ET-like immunoreactivity in
digital venous blood at 11 hours after CHO administration
(Figure 1). The concentration of ET-like immunoreactivity in digital venous blood was significantly greater than
corresponding values in jugular venous blood at 8, 9, 11,
and 12 hours after CHO administration.
Plasma NO concentration—Compared with their
respective baseline values, there were no significant differences in jugular or digital venous plasma NO concentration over time; however, the digital venous value
was significantly higher than the jugular venous value
at baseline and 1, 2, 3, 4, and 5 hours after CHO administration (Figure 1).

after CHO administration (Figure 2). Insulin concentration then returned to a value that was not significantly different from the baseline value. The plasma
concentration of glucose in digital and jugular venous
plasma samples increased significantly at 3, 4, and 5
hours after CHO administration to a peak value of 124
± 4 mg/dL at 4 hours. All surrogate estimates of insulin
sensitivity gradually decreased to values that were significantly different from baseline at 5 or 6 hours after
CHO administration. Compared with baseline values,
the G:I ratio was significantly different at 5 hours, the
logarithm of the reciprocal of I (log 1/I) was significantly different at 5 hours, the HOMA-IS value was significantly different at 5 hours and 6 hours, and the QUICKI
value was significantly different at 5 hours.

Serum insulin and plasma glucose concentration—The serum insulin concentration increased (P =
0.047) gradually from a baseline value of 30.6 ± 4.6
µU/mL to a peak value of 46.8 ± 6.3 µU/mL at 5 hours

Figure 1—Mean + SEM endothelin-1 immunoreactivity (µU/mL;
A) and nitric oxide concentration (µM; B) in digital (closed circles)
and jugular (open circles) venous blood samples collected from
20 horses administered CHO (corn starch gruel, 17.6 mg/kg of
body weight). *Value significantly (P < 0.05) different from value
at time 0. †Value in digital venous blood significantly (P < 0.05)
different from that in jugular venous blood at this time point.
Plasma NO concentration was not significantly different from
baseline (time 0) value at any time point in either digital or jugular
venous samples; however, jugular venous NO concentrations
were significantly (P < 0.05) less than digital venous values
beginning at time 0.
90

Figure 2—Mean + SEM insulin concentration (µU/mL; A) and
glucose concentration (B) in digital and jugular venous blood
samples collected from 20 horses administered CHO (corn
starch gruel, 17.6 mg/kg of body weight). Because digital and
jugular venous blood concentrations were not significantly
different, values were combined. *Value significantly (P < 0.05)
different from time 0 value. Values for surrogate estimates of
insulin sensitivity were calculated at each time point including
G:I ratio (baseline, 7.2 ± 0.9), HOMA-IS (22.5/G X I; baseline,
1.7 ± 0.2), QUICKI (1/log G + log I; baseline, 0.30 ± 0.01), and
the logarithm of the reciprocal of I (log 1/I; baseline, –1.3 ± 0.1);
values were significantly different from baseline at 5 hours after
CHO administration (G:I ratio, 3.9 ± 0.3; HOMA-IS, 0.8 ± 0.1;
QUICK-I, 0.27 ± 0.01; and log(1/I, –1.6 ± 0.1).
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Platelet-neutrophil aggregates—The percentage of
neutrophils aggregated with platelets in digital and jugular venous blood samples increased significantly from
baseline values at 12 hours after CHO administration,
but there were no differences between the 2 sample
types (Figure 3).

istered CHO (Table 1). White blood cell count, neutrophil count, PCV, and total plasma protein concentration
did not change significantly from baseline values over
time (Table 2).

Hematologic data and digital vascular hemodynamic measurements—Among different time points,
there were no significant differences in digital blood
flow, digital arterial pressure, digital venous pressure,
or digital vascular resistance in horses that were admin-

Results of the present study have indicated that
significant increases in digital venous ET-like immunoreactivity are detectable after CHO administration
in horses. Digital venous ET-like immunoreactivity at
baseline in the horses of the present study was similar
to the value in jugular venous samples collected from
healthy horses that were used as control horses in a
study34 of horses with naturally acquired colic; in that
study, median plasma concentration of ET-like immunoreactivity was 1.80 pg/mL (range, 1.09 to 3.2 pg/mL)
in healthy horses, whereas median jugular venous ETlike immunoreactivity was 10.02 pg/mL in horses with
strangulating obstructions of the large intestine. In the
present study, digital venous ET-like immunoreactivity
increased to 2 pg/mL at 11 hours after CHO administration. Similarly, by use of an immunohistochemical
technique, Katwa et al11 detected increased ET-1 expression in the digital lamina of horses administered CHO,
compared with findings in tissues obtained from horses
without laminitis. In other species, most ET-1 produced
by endothelial cells is released locally toward the vascular smooth muscle, resulting in higher concentrations
abluminally than in the vascular lumen.35 Therefore,
the authors believe the increased palmar digital venous
concentrations of ET-like immunoreactivity detected
after CHO administration in the horses of the present
study are likely indicative of much greater release of ET

Figure 3—Percentage of neutrophils aggregated with platelets
in jugular and digital venous blood samples collected from 20
horses administered CHO (corn starch gruel, 17.6 mg/kg of body
weight). Because digital and jugular venous blood concentrations
were not significantly different, values were combined. *Value
significantly (P < 0.05) different from time 0 value.

Discussion

Table 1—Digital arterial blood flow (measured by use of a long-term implanted extravascular Doppler
ultrasonic flow probe), digital arterial pressure, digital venous pressure, and digital vascular resistance
in 20 horses administered CHO (corn starch gruel, 17.6 mg/kg of body weight). For horses treated with
either an ET receptor antagonist or saline (0.9% NaCl) solution, values for each variable did not differ
from baseline (time 0) at any time point.
Time after CHO
administration (h)
0 (baseline)
1
2
3
4
5
6
8
10
12
14
16

Treatment
group

Digital arterial
blood flow
(mL/min)

Digital arterial
pressure
(mm Hg)

Digital venous Digital vascular
pressure  
resistance
(mm Hg)
(mm Hg/mL/min)

Antagonist
45.4  8.0
94.2  3.7
3.8  1.4
Saline
47.1  9.1
92.4  6.4
1.6  2.1
Antagonist
49.5  8.1
97.3  4.8
6.4  0.9
Saline
50.2  11.4
92.7  7.8
5.2  2.2
Antagonist
49.7  9.1
93.3  4.5
6.8  1.9
Saline
61.5  13.4
85.2  5.1
2.6  1.7
Antagonist
59.1  11.4
94.1  5.4
6.3  1.6
Saline
59.5  15.1
90.1  6.9
2.0  1.3
				
Antagonist
67.1  11.6
97.6  4.6
7.0  0.7
Saline
53.9  12.1
90.1  6.8
4.3  2.1
Antagonist
63.6  10.8
95.5  6.9
5.5  1.7
Saline
53.9  12.1
90.1  5.1
4.3  2.1
Antagonist
65.2  12.1
98.4  5.4
5.0  1.4
Saline
62.7  13.7
90.1  6.1
4.1  2.1
Antagonist
66.6  15.5
88.8  5.5
4.3  2.5
Saline
64.2  14.8
92.5  6.1
5.0  2.3
				
Antagonist
65.0  19.6
86.3  7.3
3.5  2.4
Saline
61.7  18.1
92.4  12.7
3.4  2.2
Antagonist
71.4  18.6
100.3  4.1
5.2  1.8
Saline
65.9  16.4
92.8  6.9
3.3  3.1
Antagonist
59.3  13.2
103.0  4.0
1.8  2.7
Saline
62.9  19.1
103.6  7.1
0.9  1.1
Antagonist
52.8  11.4
97.7  3.7
0.75  2.2
Saline
61.4  15.6
101.1  1.9
0.4  2.1

2.3  0.3
2.8  0.3
2.8  0.8
2.0  0.5
3.0  1.2
1.6  0.3
2.7  0.8
1.8  0.6
2.9  1.5
2.1  0.7
2.7  1.3
1.8  0.5
2.0  0.7
1.5  0.3
1.6  0.4
1.4  0.2
1.6  0.8
1.8  0.4
3.0  1.1
1.6  0.6
1.8  1.1
2.1  1.1
2.4  0.6
3.7  2.1
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Table 2—Mean ± SEM digital and jugular venous total WBC count, neutrophil
count, PCV, and total plasma protein concentration in 20 horses administered
CHO (corn starch gruel, 17.6 mg/kg of body weight). There were no differences
between values for jugular and digital venous blood samples or values for different
treatment groups (ET receptor antagonist or saline solution), and thus data were
pooled for statistical analyses. Values for each variable did not differ from baseline
(time 0) at any time point.
Time after CHO
Total WBC count
administration (h)
(cells/mL)
0
4
8
12

10,740  573
11,155  780
10,950  768
10,620 1,025

Total neutrophil
count (cells/mL)

PCV (%)

   Total plasma
  protein
   concentration
  (g/dL)

8,370  509
8,765  664
8,750  681
8,880  839

32  1.2
32  1.4
33  1.2
32  1.9

6.5  0.04
6.6  0.08
6.6  0.08
6.7  0.11

toward the abluminally located smooth muscle. There
is the potential that the increased synthesis or release
of ET-1 results in digital venoconstriction in the developmental stages of acute laminitis2,3; this is supported
by the finding that the ET antagonist improved digital
resistance and digital blood flow in horses with CHOinduced laminitis in a previous study.2
Short-term administration of the ET receptor antagonist PD145065 would not be expected to alter
ET-1 synthesis or plasma ET-1 concentrations because
that antagonist does not alter resting vascular tone.36,37
The lack of an effect of the ET antagonist in the present study suggests that ET-like factors are not important markers of endothelial dysfunction and contribute
little to the development of laminitis. However, because
our experiments were terminated in the early stages of
the disease, greater long-term influences of the antagonist on endothelial dysfunction cannot be ruled out.
Furthermore, the short duration of these experiments
would not allow the full influence of transcription of
various genes involved in endothelial function or dysfunction to be realized. Furthermore, the duration of
our study was not sufficient for endothelial dysfunction to decrease constitutive NO synthase activity and
digital venous NO concentration. Plasma NO concentration was higher in digital venous blood than jugular venous blood, reflecting a need for greater vasodilatory substances in the digital circulation under basal
conditions.
In the study of this report, there was no significant
alteration in digital arterial blood flow, digital arterial or
venous pressure, or digital vascular resistance throughout the recording period. In contrast, Pollitt et al6 detected increases and Hood et al4 detected decreases in
hoof wall surface temperature after CHO administration
to horses. In the latter study,4 the onset of the decrease
in hoof wall surface temperature was 8 to 12 hours before the onset of lameness (at least 48 to 56 hours after
CHO administration); therefore, the duration of the recording period in the present study was not sufficient
to detect similar changes in blood flow. In the former
study,1 the increased hoof wall surface temperature
was detected 12 to 16 hours after CHO administration;
this temperature change was not evident in the present study, and the difference in the carbohydrate used
for induction of laminitis could be a factor. Decreased
blood flow in the hoof2 despite blood flow in the distal
portion of the limb could be a result of increased blood
92

flow through arteriovenous anastomoses.38–40 Furthermore, increased flow in the larger vessels of the distal
portion of the limb could mask decreases in flow in the
microvasculature of the hoof when total flow in the distal portion of the limb is measured as performed in the
present study.
The results of the study of this report indicated
that concentrations of insulin and glucose in jugular
and digital blood increase after CHO administration
in horses. Administration of starch would be expected to cause postprandial hyperglycemia (and secondary, delayed hyperinsulinemia) through simple digestion of starch, absorption of glucose, and secondary
hormone release.41 Moreover, stress associated with
CHO-induced intestinal disease or nasogastric intubation could increase plasma glucose and insulin
concentrations.42 Hyperglycemia (and hyperinsulinemia) could also be explained by the development
of insulin resistance as a consequence of endocrinologic effects of stress (eg, hypercortisolism).43,44 The
surrogate estimates of insulin sensitivity calculated
in the present study indirectly suggest that the horses
administered CHO were insulin insensitive.32 In that
case, the development of insulin resistance could
contribute to the risk of laminitis because hoof keratinocytes possess a high essential requirement for
glucose.26 Any endocrinologic change that might reduce the uptake of glucose by laminar epithelial cells
could lead to development of laminitis. Regardless
of the cause of the increased plasma glucose and insulin concentrations, it is possible that these factors
could contribute to the pathogenesis of laminitis.43
The importance of normal glucose regulation is underscored by the results of 1 study26 that indicate that
healthy maintenance of the hoof lamellar interface is
critically dependent on the availability of glucose for
hoof keratinocytes.
Increased serum insulin concentrations can lead
to cardiovascular and endothelial dysfunction and result in increased ET-1 production and development
of a relatively procoagulative state.43 Furthermore, increased synthesis or release of ET-1 can lead to insulin
resistance per se.45 The design of the present study does
not enable us to definitively prove a cause-and-effect
relationship between CHO and increased plasma insulin concentration. However, our results do suggest that
further investigation of these endocrine mechanisms in
CHO-associated laminitis is warranted.
AJVR, Vol 68, No. 1, January 2007
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The percentage of neutrophils that were aggregated
with platelets in the digital and jugular venous blood
samples increased at 12 hours after CHO administration in horses. Activation of platelet-platelet and especially platelet-neutrophil aggregation has been identified in a study46 of CHO-associated laminitis in ponies.
Furthermore, treatment of ponies with an antagonist
of platelet aggregation prior to administration of CHO
prevented development of clinical signs of laminitis and
blocked increases in numbers of platelet-neutrophil aggregates.14 These platelet-neutrophil aggregates may localize in the laminar circulation because of high venous
resistance.39 Activated cells that become lodged in the
capillary bed reduce perfusion and nutrient delivery
and thereby cause ischemia to develop.39 Endothelin,
platelet-activating factor, and several other platelet and
inflammatory cell activators can increase platelet aggregation to neutrophils.47 Administration of ET receptor
antagonists improves perfusion and reduces platelet
aggregation in rats with experimentally induced ischemia.48 These data are particularly important to the
present study in which increased synthesis or release
of ET-1 was detected even though there were no differences in total limb blood flow between horses treated
with saline solution or the ET receptor antagonist. That
is, the antagonist of platelet aggregation may restore
perfusion and prevent ischemia caused by release of ET1. This ischemia is not detected during measurement
of total blood flow, which can be maintained by flow
through shunts at the expense of capillary perfusion.
In horses of the present study, WBC count, neutrophil count, PCV, and total plasma protein concentration did not change significantly from baseline values
during the 12-hour period after CHO administration.
In another study29 of horses administered CHO, significant increases (compared with baseline values) in
WBC count, PCV, and total plasma protein concentration were detected after 24 hours; these changes were
attributed to the glucocorticoid response and also hemoconcentration from fluid compartment shifts. In
contrast, Moore et al42 found no significant change in
total WBC count but increased neutrophil count in
horses administered CHO. The results of the present
study suggest that changes in WBC and neutrophil
numbers do not occur in the earlier prodromal stages
of laminitis.
After CHO administration to horses in the present
study, concentrations of digital venous ET-like immunoreactivity increased from baseline value with no change
in jugular venous ET-like immunoreactivity; therefore,
ET-1 could be responsible for digital vasoconstriction,
increased digital vascular resistance, and increased
postcapillary resistance following CHO administration.
Furthermore, increases in digital and jugular venous
insulin and glucose concentrations detected after CHO
administration suggest that further study of endocrine
factors during CHO is of value. Although there was no
decrease in digital venous NO concentration following
CHO administration, the concurrent increases in ET-1
immunoreactivity, plasma insulin and glucose concentrations, and number of platelet-neutrophil aggregates
support a role of endothelial dysfunction in the pathogenesis of laminitis in horses.
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