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In approximately 50% of horses with equine lower
motor neuron disease (EMND), the plasma glucose

curve is decreased after oral glucose tolerance testing.1

Equine lower motor neuron disease is a neurodegener-
ative disorder of the somatic lower motor neurons of
horses. Horses with the subacute form have acute
onset of trembling, muscle fasciculations, frequent
shifting of weight in the hind limbs, and abnormal
sweating and spend more time than normal lying

down. Fatigue, poor performance, unusual gaits, and
failure to gain weight are the most common complaints
with the chronic form. Clinical signs appear as a result
of oxidative damage to the somatic ventral motor neu-
ron cells. If clinical, epidemiologic, and laboratory
findings are suggestive (mild to moderately increased
muscle enzyme activities and low plasma vitamin E
concentration), EMND can be confirmed by micro-
scopic examination of a muscle biopsy specimen or
necropsy.1,2 Equine lower motor neuron disease resem-
bles progressive spinal muscle atrophy (PSMA) in
humans rather than amyotrophic lateral sclerosis
(ALS). Equine lower motor neuron disease differs from
classical ALS in that upper motor neuron pyramidal
tracts are not involved.3,4

Like horses with EMND, horses with polysaccha-
ride storage myopathy (PSSM) have lower blood glu-
cose concentrations after oral administration of glu-
cose.5 Glucose usage and production are regulated by
insulin, which is synthesized and secreted by the β
cells of the islets of Langerhans in the pancreas. To
study glucose metabolism and insulin resistance, a glu-
cose clamp technique was developed by Andres et al6 in
1966. There are 2 types of glucose clamp techniques
validated for use in horses: the hyperglycemic clamp
technique and the euglycemic hyperinsulinemic clamp
technique.7 In typical glucose tolerance tests, the dose
of glucose is fixed and the measure of tolerance is the
plasma glucose concentration. In the clamp tech-
niques, the plasma glucose concentration is fixed and
the glucose administered becomes the measure of tol-
erance. The hyperglycemic clamp technique allows
quantification of the sensitivity of β cells to glucose
and is used to increase the plasma glucose concentra-
tion acutely to a fixed hyperglycemic plateau and
maintain it at that concentration for approximately 2
hours, thereby suppressing endogenous hepatic glu-
cose production. The euglycemic hyperinsulinemic
clamp technique allows quantification of the sensitivi-
ty of tissues to insulin, and the induced supraphysio-
logic plasma insulin concentrations are necessary to
produce a maximal response of glucose uptake by tis-
sues and inhibit endogenous hepatic glucose produc-
tion.

Insulin resistance is defined as a condition in
which normal concentrations of insulin produce a sub-
normal physiologic response.8 The principle of both
clamp techniques is that the rate of glucose infusion
required to maintain a steady state is an index of glu-
cose metabolism.9 With reference to the euglycemic
hyperinsulinemic clamp technique, the rate of glucose
infusion required to maintain euglycemia equals the
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Objectives—To determine whether increased glu-
cose metabolism is the potential cause of the
decreased plasma glucose curve determined after
oral glucose tolerance testing in horses with lower
motor neuron degeneration.
Animals—3 horses with signs suggestive of lower
motor neuron degeneration, 1 horse with malignant
melanoma with multiple metastases, and an obese
but otherwise healthy horse.
Procedures—Glucose metabolism was assessed by
use of the hyperglycemic clamp and euglycemic
hyperinsulinemic clamp techniques.
Results—Mean rate of glucose metabolism of
horses with lower motor neuron degeneration was
significantly greater (mean, 3.7 times greater than
control horses; range, 2.1 to 4.8 times greater)
than that reported in 5 healthy control horses 
(41 ± 13 µmol/kg/min vs 11 ± 4.5 µmol/kg/min,
respectively). In addition, one of the affected hors-
es, an 8-year-old warmblood gelding, had a 5.6-
times increased sensitivity to exogenously admin-
istered insulin, compared with that reported in 5
healthy control horses. Pancreatic insulin secretion
was not insufficient in horses with lower motor
neuron degeneration. Findings in the 2 diseased
control horses were unremarkable.
Conclusions and Clinical Relevance—Increased
glucose metabolism in horses with lower motor neu-
ron degeneration may be the cause of the decreased
plasma glucose curve detected after oral glucose tol-
erance testing. This finding could aid in developing
supportive treatments with respect to adequate glu-
cose and vitamin E supplementation. (Am J Vet Res
2005;66:271–276)
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quantity of glucose taken up by all tissues in response
to exogenous insulin administration, provided that the
endogenous glucose entry rate remains constant. The
amount of glucose metabolized divided by the plasma
insulin concentration during the steady state of the
euglycemic hyperinsulinemic clamp technique reflects
the quantity of glucose metabolized per unit of insulin
in plasma and, as a result, is a reasonable index of the
sensitivity of tissues to exogenous insulin.

The objective of the study reported here was to
determine whether increased glucose metabolism is
the potential cause of the decreased plasma glucose
curve detected after oral glucose tolerance testing, by
use of the hyperglycemic clamp technique as the gold
standard, in horses with lower motor neuron degener-
ation.

Materials and Methods
Horses—Three Dutch Warmblood horses (a 7-year-old

mare, an 8-year-old gelding, and a 2-year-old stallion, indi-
cated as horses 1, 2, and 3, respectively) with lower motor
neuron degeneration were included in the study predomi-
nantly on the basis of clinical findings (weight loss despite
good appetite, abnormally low head carriage with preference
of feet placed under the body, muscle trembling, profuse
sweating, excessive recumbency with normal postural
response and correction response, lateral thoracic reflex, pain
perception, tail tonus and anal reflex, and no deficits of the
cranial nerves); motor unit action potential (MUP) analysis
(mean number of broad polyphasic MUPs increased 5.6
times and number of complex MUPs increased 4.3 times as
recorded in the subclavian, triceps, splenic, gluteal, lateral
vastus, and descending pectoral muscles indicating general-
ized neuropathy, compared with healthy control horses10,11);
and laboratory findings (plasma vitamin E concentration and
muscle enzyme activities).

Two horses were used as diseased control horses, includ-
ing a 14-year-old Dutch warmblood gelding (horse 4; only
the hyperglycemic clamp test performed) that weighed 
553 kg and had a large malignant melanoma in the wall of
right auditory diverticulum (euthanatized because of metas-
tases to cervical and shoulder muscles, abdominal cavity, and
left kidney) and a 4-year-old obese Friesian gelding (horse 5;
hyperglycemic and euglycemic hyperinsulinemic clamp tests
performed) that weighed 548 kg (body condition score,12 8;
basal plasma glucose [5.0 mmol/L] and insulin [28.0 pmol/L]
concentrations were within reference ranges13).

Glucose clamp studies—Techniques used in the study
reported here were based on the studies of Defronzo et al9

and Elmahdi,a although some adjustments were made as
reported previously.7 One polyvinylchloride catheter was
placed in each jugular vein after food was withheld for 12
hours. For the hyperglycemic clamp test, one of the catheters
was used for infusion of glucose and the other catheter was
used for obtaining blood samples at 10-minute intervals, as
described by Bergman et al.14 A priming dose of 3.35 µmol of
glucose/kg of body weight as a 50% solution was adminis-
tered IV within 2 minutes to induce hyperglycemia (≥ 9.0
mmol/L) rapidly. During the experiment, every 10 minutes, 2
blood samples were taken for measurement of the concentra-
tions of glucose (heparinized blood syringe) and insulin
(lithium heparin tube). Within 2 minutes, the glucose con-
centration of the 10-minute heparinized blood sample was
determined by use of an automated analyzer.b When the con-
centration of glucose decreased to < 9.0 mmol/L, a glucose
infusion (as a 50% solution) was started at a mean rate of 
368 ± 121 mL/h on the basis of data obtained from normal

horses and by taking into account the body weight of the
individual horse. The glucose infusion was stopped after
maintaining a steady state of the blood glucose concentration
for 30 minutes. A sample of urine for determination of glu-
cose concentration was collected within 15 minutes after ces-
sation of the glucose infusion. Plasma insulin concentration
was determined in 4 samples taken during the hyperglycemic
steady state in 10-minute intervals. Plasma was separated and
stored at –20oC until analysis of insulin was performed.
Plasma insulin concentration was measured by use of a
radioimmunoassay kitc validated for use in horses.13

The euglycemic hyperinsulinemic clamp test was per-
formed by placing 1 catheter in each jugular vein after food
was withheld for 12 hours. One of the catheters was used for
infusion of glucose as a 50% solution and insulin,d whereas the
other catheter was used for obtaining blood samples. A prim-
ing dose of 45 mU of insulin/kg dissolved in 50 mL of sodium
chloride as a 0.9% solution was given IV within 10 minutes to
induce hyperinsulinemia (plasma insulin concentration >
1,435 pmol/L). Immediately after administration of the prim-
ing dose of insulin, insulin infusion was started with a con-
stant rate infusion of 6 mU/kg/min. Glucose infusion was start-
ed simultaneously with an infusion rate of 
8.6 µmol/kg/min, as described by Elmahdi.a During the insulin
and glucose infusions, blood samples were taken every 10
minutes. The blood glucose concentration was assayed within
2 minutes from these 10-minute samples by use of an auto-
mated analyzer.b Glucose infusion rate was adjusted when the
preceding blood glucose value differed from the euglycemic
concentration (range, 3.9 to 5.6 mmol/L). Plasma insulin con-
centration was determined in 4 samples (lithium heparin tube)
taken during the steady state of the blood glucose concentra-
tion at 10-minute intervals. Plasma was separated and stored
at –20oC until insulin concentrations were measured by means
of a radioimmunoassay kitc validated for use in horses.13

During steady state of the blood glucose concentration,
the glucose infusion rate must equal the glucose metabolism
rate, provided that endogenous glucose production is com-
pletely suppressed by hyperinsulinemia or hyperglycemia.
The glucose metabolism rate was computed as the following:

M (mmol/kg/min) = INF (mmol/kg/min) – 
UC (mmol/kg/min) – SC (mmol/kg/min),

where M is glucose metabolism rate, INF is glucose infusion
rate, UC is rate of urinary glucose loss, and SC is the so-called
space correction factor.9 In the hyperglycemic and euglycemic
hyperinsulinemic clamp tests, the plasma glucose concentra-
tion is not maintained constant perfectly and a correction must
be made. The space correction factor adjusts for glucose that
has been added or removed from the glucose space (ie, extra-
cellular volume). The plasma glucose concentrations at the
beginning (G1) and end (G2) of the 10-minute period are con-
sidered. The space correction is calculated as follows:

SC (mmol/kg/min) = (G2 – G1) X 0.019.7

With reference to the hyperglycemic clamp test only, a
small correction for urinary glucose loss must be made. The
duration of glucose infusion was approximately 2 hours. To
calculate the amount of glucose loss via urine during this
period, the urine glucose concentration was determined in
urine collected within 15 minutes after ending the hyper-
glycemic clamp test. To calculate the rate of urinary glucose
loss, the published model7 was adjusted by estimating urine
production as 20 mL/kg/24 h (approx 10 L/24 h15). The for-
mula for rate of urinary glucose loss was as follows:

UC (mmol/kg of body weight/min) = urinary glucose concen-
tration (mmol/L):(body weight X 120).7

272 AJVR, Vol 66, No. 2, February 2005

04-03-0092r.qxp  1/14/2005  11:18 AM  Page 272



The plasma insulin concentration (pmol/L) was deter-
mined during the steady state of the blood glucose concen-
tration. In the hyperglycemic clamp test, this is a measure of
the β-cell response to glucose. During hyperglycemia, glu-
cose uptake can be enhanced; consequently, the glucose
metabolism rate can overestimate the amount of insulin-
mediated glucose uptake. This can be corrected by comput-
ing the ratio of the glucose metabolism rate to the plasma
insulin concentration. The mean glucose metabolism rates
and the aforementioned ratios were calculated from 3 mea-
surements/horse, whereas the mean plasma glucose and
insulin concentrations were calculated from 4 measurements.

The clamp tests as well as the electromyographic exam-
inations were performed in conscious standing horses
restrained in stocks. When both clamp tests were performed
in the same horse, the hyperglycemic clamp test always pre-
ceded the euglycemic hyperinsulinemic clamp test with a 48-
hour interval between tests.

Pathology studies—Because of the poor prognosis, the
horses were euthanatized at their owner’s request. Specimens
were taken from the cerebral cortex; cerebellum; medulla
oblongata; tractus mesencephalicus; and cervical, thoracic, and
lumbar segments of the spinal cord, including the intumescen-
tia cervicalis and lumbalis. In addition, samples were taken
from several autonomic ganglia (trigeminal ganglion, cranial
mesenteric ganglion, stellate ganglion, and celiac ganglion).

For histologic examination, muscle specimens were
fixed in 4% (w/v) phosphate-buffered paraformaldehyde, sec-
tioned at 5 µm, and stained with H&E. In addition, NADH,
cytochrome c oxidase, succinate dehydrogenase, acid phos-
phatase, periodic acid Schiff, ATP-ase (pH, 4.3 and 9.4),
Sudan black B, and Oil red O stains were performed on sub-
clavian, triceps, and lateral vastus muscle tissues frozen in
isopentane (precooled in liquid nitrogen) and stored at –80oC.

Assays—Plasma insulin and glucose concentrations were
determined as described.13 Other blood constituents were mea-
sured by use of routine methods with an automated analyzere

from blood samples obtained before the clamp tests.

Statistical analyses—The results of the glucose clamp
tests were compared with those of 5 healthy warmbloods
(condition score, 5) as described.7 The significance of differ-
ences between the groups was assessed by use of the Mann-
Whitney test (2-tailed). Values of P < 0.05 were considered
significant. The results are presented as mean ± SD with 95%
confidence intervals (CIs).

Results
Glucose clamp tests in healthy control horses—

On the basis of urine production estimated as 
20 mL/kg/24 h, the mean rate of glucose metabolism
during the hyperglycemic clamp test was 10.7 ± 4.5
µmol/kg/min (95% CI, 1.6 to 19.8 µmol/kg/min) and
the mean glucose metabolism rate-to-plasma insulin
concentration ratio was 0.17 ± 0.15 (95% CI, –0.14 to
0.48) in 5 healthy control horses following recalcula-
tion of previously published data of those control hors-
es.7 Mean urinary glucose loss rate was 3.5 ± 2.1% of
the glucose metabolism rate. When urine production
was estimated as 40 mL/kg/24 h, the mean glucose
metabolism rate during the hyperglycemic clamp test
decreased, although not significantly, to 10.4 ± 3.1
µmol/kg/min and was associated with a urinary glucose
loss rate that was 7.3 ± 4.6% of the glucose metabolism
rate. During the steady state of the blood glucose con-
centration in the model we used, a 5% increase in the
glucose infusion rate, initial plasma glucose concentra-
tion, urinary glucose concentration, and urinary vol-
ume changed the rate of glucose metabolism by 5.1%,
55.1%, –0.1%, and –0.1%, respectively. A 10% increase
in the glucose infusion rate, initial plasma glucose con-
centration, urinary glucose concentration, and urinary
volume changed the rate of glucose metabolism by
10.2%, 110.1%, –0.16%, and –0.16%, respectively.

Horses with lower motor neuron degeneration—
The hyperglycemic clamp test was performed in all 3
horses with degeneration of lower motor neurons
(Table 1). In horse 3, the glucose infusion was stopped
after 80 minutes because the mean space correction
was within the reference range obtained from the pub-
lished values for the 5 healthy horses7 after 50 minutes.
Mean rate of glucose metabolism in the 3 horses with
degeneration of the lower motor neurons was signifi-
cantly (P = 0.025) greater than in the 5 healthy control
horses (41 ± 13 µmol/kg/min vs 11 ± 4.5 µmol/kg/min,
respectively), whereas mean body weight, mean plas-
ma insulin concentration during the steady state of the
blood glucose concentration, mean glucose metabo-
lism rate-to-plasma insulin concentration ratio, and
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Table 1—Variables obtained in 3 horses with lower motor neuron degeneration.

Horse
RReeffeerreennccee

Variable 1 2 3 MMeeaann  �� SSDD rraannggee

Age (y) 7 8 2 5.7 � 2.6 NA
BW (kg) 521 416 402 446 � 53 NA
CK (U/L) 187 95 82 121 � 47 � 200
AST (U/L) 537 234 173 315 � 159 125–275
LDH (U/L) 1,534 533 — 1,034 � 501 150–420
Vitamin E (µmol/L) 1.5 1.2 5.2 2.6 � 1.8 2–10
Se (µg/L) 245 214 189 216 � 23 � 70
Lactate (mmol/L) 0.4 0.4 0.6 0.47 � 0.09 � 1.0
β-HBA (mmol/L) 0.13 0.10 NA 0.12 � 0.02 � 0.39
NEFA (mmol/L) 0.28 0.51 NA 0.40 � 0.12 � 0.66
T4 (nmol/L) 16 16 8 13 6 �.8 20–42
Urinary corticoids (nmol/L) � 1,000 453 � 1,000 NA � 323
C:C ratio (X 10–6) 33 21 75 43 � 23 � 21

BW = Body weight. NA = Not applicable. CK = Creatine kinase. AST = Aspartate aminotransferase. 
LDH = Lactate dehydrogenase. Se = Selenium. β-HBA = β-hydroxybutyrate. NEFA = Nonesterified fatty acid.
T4 = Thyroxine. C:C = Corticoid-to-creatinine ratio. — = Not done.
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mean urinary glucose concentration differed, although
not significantly, between groups (Table 2). The rate of
glucose metabolism during the steady state of the
hyperglycemic clamp test was 2.1, 4.8, and 4.5 times
greater for horses 1 to 3, respectively, compared with
the mean value in healthy control horses. In addition,
the euglycemic hyperinsulinemic clamp technique,
performed in horse 2 only, revealed a 5.6-times
increased sensitivity, compared with that reported in 5
healthy control horses to exogenous insulin, which
was similar to decreased peripheral insulin resistance.
Basal plasma glucose and lactate concentrations in
horses with degeneration of lower motor neurons were
within reference limits.

Diseased control horses—In comparison, in horse
4, the mean (on the basis of 3 values) rate of glucose
metabolism (13.4 ± 3.1 µmol/kg of body weight/min)
and the ratio of that value to the plasma insulin con-
centration (0.040 ± 0.012) during the steady state of
the hyperglycemic clamp test were within reference
ranges. The mean rate of glucose metabolism (9.7 ±
3.9 µmol/kg/min) and the ratio of that value to the plas-
ma insulin concentration (0.026 ± 0.011) during the
steady state of the hyperglycemic clamp test, as well as
the mean rate of glucose metabolism (15.1 ± 4.1
µmol/kg/min) and the ratio of that value to the plasma
insulin concentration (0.0039 ± 0.0011) during the
steady state of the euglycemic hyperinsulinemic clamp
test, were also within reference ranges in horse 5.

Pathologic findings—The clinicopathologic diag-
nosis was confirmed postmortem in all 3 horses, with
histopathologic findings indicative of degeneration of
motor neurons in the ventral horns of the spinal cord.
The involved motor neurons had chromatolysis,
swelling, and pallor with occasional absence of the
nucleus (ghost cells). Also, some shrunken hypere-
osinophilic neurons and focal gliosis were observed. In

addition, postmortem histologic examination of auto-
nomic ganglia in horse 3 revealed neuronal degenera-
tion with chromatolysis, formation of central cores
(cosinophilia and peripheral vacuolization of the cyto-
plasm of a neuron), vacuolization, eosinophilia, and
increased stromal cellularity. Furthermore, horse 1 had
atrophic muscle fibers and horse 3 had muscle group
atrophy characteristic of denervation atrophy.
Evaluation of specimens stained with periodic acid-
Schiff stains did not reveal polysaccharide storage
myopathy.

Discussion
Increased glucose metabolism might be the cause

of the decreased plasma glucose curve detected after
oral glucose tolerance testing in horses with lower
motor neuron degeneration. Both the euglycemic
hyperinsulinemic clamp test and the hyperglycemic
clamp test are regarded as gold standards with refer-
ence to assessment of glucose metabolism.9

With the model we used, the initial plasma glucose
concentration especially affected the rate of glucose metab-
olism. In equids, little is known about the effect of hyper-
glycemia on diuresis. However, horses with glucocorticoid
excess caused by adenoma of the pituitary pars intermedia
associated with diabetes mellitus do not always have
polyuria-polydipsia.16 In addition, with the model we used,
doubling of the urine volume resulted in a nonsignificant
decrease in the rate of glucose metabolism (2.8%).

As has been published before,7 the relationship 
(r = 0.642) between glucose metabolism rates assessed
in the 2 clamp tests was significant. In our study, both
clamp tests were performed in 2 horses (horses 2 and 5),
with similar results in the rate of glucose metabolism.

The glucose metabolism rate in both diseased con-
trol horses was in the reference range. In contrast, the
mean glucose metabolism rate in 3 horses with lower
motor neuron degeneration was increased 3.7 times,
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Table 2—Variables (mean ± SD) obtained via a hyperglycemic clamp test in 3 horses and a euglycemic
hyperinsulinemic clamp test in 1 horse; all 3 horses had lower motor neuron degeneration.

HHoorrssee

RReeffeerreennccee  
VVaarriiaabbllee 11 22 33 MMeeaann  �� SSDD rraannggee

Euglycemic hyperinsulinemic 
clamp tests

Steady state (min) NA 230 NA NA NA
M (µmol/kg/min) NA 51  ± 3.6 NA NA 2.6–24.7
M/I NA .02 ± 0.0032 NA NA          –0.00026–0.0078
SC (mmol/kg/min) NA –1.3  ± 3.6 NA NA –2.4–1.6
Plasma glucose (mmol/L) NA 4  ± 0.14 NA NA 3.9–5.6
I (pmol/L) NA 2,424 ± 299 NA NA 415–8,367

Hyperglycemic clamp test
Steady state (min) 120 165 50 112 ± 47
M (µmol/kg/min) 23  ± 5.5 51 ± 0.5 48 ±5.7 41 ± 13 1.6–19.8
M/I 0.15 ± 0.057 0.26 ± 0.24 0.067 ± 0.01 0.16 ± 0.08 –0.14–0.48
SC (mmol/kg/min) –5.1 ± 5.5 1.9 ± 0 0 ± 4.1 –1.1 ± 3.0 –1.5–1.2
Plasma glucose (mmol/L) 9.7 ± 0.37 11.0 ± 0.11 15.1 ± 0.12 11.9 ± 2.3
I (pmol/L) 156 ± 22.0 431 ± 247 721 ± 23.5 436 ± 231 < 258
Urinary glucose (mmol/L) 13 48.2 92.7 51 ± 33 0

M =  Rate of glucose metabolism. SC = Space correction. I = Plasma insulin concentration. 
Results were based on 3 observations/horse.
See Table 1 for remainder of key.
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compared with that reported in 5 healthy control hors-
es. Pancreatic insulin secretion was not insufficient in
these horses, as indicated by results of the hyper-
glycemic clamp test. The low plasma thyroxine con-
centrations in all 3 horses ruled out hyperthyroidism
and might reflect nonthyroidal illness (any chronic dis-
ease) that causes low plasma thyroxine concentrations.

Greatly increased rate of glucose metabolism was
seen in combination with normal sensitivity to endoge-
nous insulin as determined on the basis of the normal
ratio of the rate of glucose metabolism to the plasma
insulin concentration during the steady state of the
hyperglycemic clamp test in all 3 horses with lower
motor neuron degeneration. Abnormal glucose metab-
olism has previously been associated with motor neu-
ron disease. Amyotrophic lateral sclerosis is the most
common form of progressive motor neuron disease in
humans. Although ALS at its onset may involve selec-
tive loss of function of only upper or lower motor neu-
rons, it ultimately causes progressive loss of both cate-
gories of motor neurons,4 in contrast with EMND in
which only lower motor neurons are affected. It is of
interest that upper motor neuron pyramidal tracts,
which are damaged in human ALS, are poorly devel-
oped in horses.3 Remarkably, the glucose infusion rate
during an euglycemic hyperinsulinemic clamp test is
significantly diminished in human ALS patients, com-
pared with clinically normal and diseased controls,17 in
contrast with the increased rate of glucose metabolism
of the 3 horses with lower motor neuron degeneration
reported here, as revealed by use of both clamp tech-
niques. Reduced insulin sensitivity in humans with
ALS is associated with a reduction in the number of
monocyte binding sites.18

The amount of glucose metabolized by the body in
horses is lower than in humans.7,8 Skeletal muscle,
which makes up approximately 40% of the body mass
of humans and other mammalian species, is the prima-
ry tissue responsible for the peripheral disposal of glu-
cose in response to a glucose or insulin challenge or
during exercise. Liver, muscle, and adipose tissues are
the primary target tissues of insulin, rather than ente-
rocytes. Glucose transport into myocytes is regulated
by translocation of glucose transporters (eg, GLUT-4)
to the cell surface, an event that is crucial for glucose
uptake by skeletal muscle and fat. Available evidence
supports the idea that it is the magnitude of GLUT-4
translocation that dictates the capacity of skeletal mus-
cle to increase glucose transport activity.8,19

Interestingly, a 5.6-times increased sensitivity to exoge-
nous insulin, compared with that reported in 5 healthy
control horses, was determined on the basis of a single
euglycemic hyperinsulinemic clamp test performed in
a horse with lower motor neuron degeneration, possi-
bly reflecting increased GLUT-4 translocation.

Given the fact that skeletal muscle is the primary
tissue responsible for the peripheral disposal of glu-
cose, comparison with PSSM is of interest. Although
similar peak glucose concentrations were found in
control horses and horses with PSSM during an IV glu-
cose tolerance test, the latter group had significantly
lower mean blood glucose concentrations from 0 to
180 minutes after IV glucose administration.5 As a con-

sequence, these data suggest that various types of
equine neuromuscular disease (denervating disease
and primary metabolic myopathy) behave in a stereo-
typical way regarding glucose clearance, given that
lower motor neuron degeneration is the primary
process, reflecting the large role that skeletal muscle
plays in whole-body glucose metabolism. With regard
to PSSM, further research with the euglycemic hyper-
insulinemic clamp test as the gold standard with refer-
ence to glucose metabolism would be of interest.

Because the plasma nonesterified fatty acid con-
centrations reflect lipolysis and were not increased in
the horses reported here, it seems that increased glu-
cose metabolism in horses with lower motor neuron
degeneration is not accompanied by lipolysis.
Obviously, the urinary corticoid excess, as seen in the
horses reported here, did not induce lipolysis and
might be associated with the stress of the condition.
Metabolism of glucose generates ATP via glycolysis and
mitochondrial oxidative phosphorylation.20 Because
basal lactate concentrations were within reference
range in horses with lower motor neuron degenera-
tion, anaerobic glycolysis obviously did not take place.
The question remains as to whether the decreased plas-
ma concentration of vitamin E, an antioxidant, devel-
oped in response to the greatly increased rate of glu-
cose metabolism (and associated mitochondrial oxida-
tive phosphorylation) in horses with lower motor neu-
ron degeneration.

Most of the oxygen consumed in the body is used
in the mitochondria for substrate metabolism and ATP
production. For every molecule of glucose, there is a
requirement for 6 molecules of O2 for ATP production
via carbohydrate catabolism. In comparison, the oxida-
tion of stearic acid requires 26 molecules of O2. It has
been estimated that for every 25 molecules of O2

reduced by normal respiration, 1 free radical is pro-
duced. Generation of reactive oxygen species is a nor-
mal process in the life of aerobic organisms. Vitamin E
improves the free radical defense system. Results of
several studies indicate a link between physical exer-
cise, an increase in oxygen consumption, and free rad-
ical production. For example, prolonged heavy exer-
cise may cause a transient reduction of tissue vitamin
E content and a change of glutathione redox status in
various body tissues.21,22 Interestingly, in a recent
review, the question has been raised regarding whether
a high carbohydrate diet increases antioxidant needs,
particularly of fat-soluble vitamin E.22

Lower motor neuron degeneration was diagnosed
by use of MUP analysis as well as by histopathologic
examination of motor neurons in the ventral horns of
the spinal cord in all 3 horses in this report.
Electromyographic examination, including MUP
analysis, is sensitive in early antemortem detection of
neurogenic changes and is a fairly noninvasive tech-
nique in horses.f Interestingly, horse 3 had MUP abnor-
malities as well as typical histopathologic changes,
despite having normal plasma vitamin E concentra-
tion.

We conclude that increased glucose metabolism,
possibly attributable to increased GLUT-4 transloca-
tion, is the potential cause of the decreased plasma glu-
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cose curve detected after oral glucose tolerance testing
in horses with lower motor neuron degeneration. In
addition, it has been reported that no change occurred
in the activity and concentration of the small intestine
membrane Na+/glucose-cotransporter in 2 horses with
EMND.23 However, the hypothesis that increased
GLUT-4 translocation is occurring needs to be tested.
Furthermore, it is hypothesized that increased glucose
metabolism might be the potential cause of the
decreased plasma vitamin E concentration detected in
horses with this disease.
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