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Developmental Onset of Polysaccharide Storage Myopathy in 4
Quarter Horse Foals

Flavio D. De La Corte, Stephanie J. Valberg, Jennifer M. MacLeay, and James R. Mickelson

Polysaccharide storage myopathy (PSSM) is charactereffects of stall confinement and pasture turnout on serum
ized by the accumulation of glycogen and an abnor-CK responses to exercise were also evaluated at 2 years of
mal polysaccharide in the skeletal muscle fibers of Quarteage.
Horse—related breeds. Glycogen storage disorders have
been identified in human beings and other animal species
that are due to single gene mutations causing deficiencies
in the enzyme activities of the glycogenolytic or glycolytic
pathways. Biochemical studies have demonstrated that Two Quarter Horse mares (Ro and Pa) were donated to
horses with PSSM have functional glycogenolytic and gly-the University of Minnesota (St Paul, MN) because of per-
colytic pathways. More recently, muscle glycogen and ab- sistent signs of rhabdomyolysis from the beginning of train-
normal polysaccharide accumulation in PSSM horses haveng. A semitendinosus biopsy from Ro at 3 years of age
been suggested to be due to a novel defect in glucose transhowed abnormal polysaccharide accumulation in 20% of
port in skeletal muscle. Results of IV and oral glucose tol-muscle fibers and a muscle glycogen concentration of 1,340
erance tests in adult PSSM horses indicated that affecteshmol/kg dry weight (normal, 464 47 mmol/kg) (Fig 1).
individuals have enhanced glucose clearance from théfter 3 years on a pasture or a hay diet, muscle glycogen
bloodstream, which occurs at lower insulin concentrationsdeclined to 1,121 mmol/kg. An index of the area under the
than in controls. curve (AUC) for the insulin: glucose ratio after an IV glu-

Clinical signs of PSSM include muscle stiffness, pain, cose tolerance test (IVGTT) normalized to controls (con-
and reluctance to exercise and are usually 1st noticed itrols = 100%) was 60% for Ro, indicating enhanced insulin
adult horses at the commencement of training or when exsensitivity? In 13 submaximal treadmill exercise tests of a
ercise resumes after a lay-up perfdgerum creatine kinase 2-minute walk and a 2-minute trot, Ro could sustain exer-
(CK) activity may be high at rest in PSSM horses and carcise for only 6-18 minutes before muscle stiffness was ev-
increase up to 80,000 IU/L after a 15-minute submaximalident, with 4-hour postexercise serum CK activity reaching
exercise test. Although pedigree analysis suggests thata maximum of 6,020 IU/L (normal, 70% 421 IU/L)2 A
PSSM is probably transmitted as an autosomal recessivieuscle biopsy of Pa at 3 years of age showed abnormal
trait, there is little information about the expression of the polysaccharide accumulation in 1-5% of muscle fibers and
disease from birth to the beginning of training at 2—3 yearsa muscle glycogen concentration of 1,384 mmol/kg. After
of age® Recently, 2 foals with pneumonia developed severe3 years on a pasture or a hay diet, muscle glycogen con-
rhabdomyolysis and were diagnosed with PSSM, suggesgentrations were 604 mmol/kg. The index for the AUC in-
ing that, under certain circumstances, this disorder may beulin: glucose ratio for Pa was 72%. Submaximal treadmill
expressed in young animal§’he purpose of this longitu- exercise could be sustained for 30 minutes, with intermit-
dinal study was to follow the offspring from PSSM mares tent signs of stiffness in 13 sessions, and the maximum 4-
bred to a closely related stallion to determine the age ohour postexercise serum CK activity was 1,069 IU/L. A
onset of skeletal muscle glycogen and abnormal polysachalf-brother (Ma) to Pa was also donated to the University
charide accumulation, enhanced glucose clearance, and eaf Minnesota (Fig 2). Muscle biopsy showed small linear
ertional rhabdomyolysis that are indicative of PSSM. Theperiodic acid-Schiff (PAS)—positive inclusions between
myofibrils and a glycogen concentration of 1,010 mmol/kg
(Fig 1). After 3 years on a hay diet, the muscle glycogen
concentration was 430 mmol/kg. The stallion’s index for
the insulin: glucose ratio was 103%. The stallion was lame
because of navicular disease; he showed only 1 abnormal
increase in CK after submaximal exercise (maximum CK,
1,800 IU/L).
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PSSM Foals

Ro and Pa were bred to the stallion MK to produce 2
fillies (identified as L and P) the 1st year of the study. A
3rd related filly (S) developed persistent increases in serum
CK activity and muscle atrophy as a weanling (Fig 2).
Upon identification of scattered granular PAS-positive in-
clusions in skeletal muscle biopsies, the foal was donated
to the University of Minnesota at 7 months of age and was
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Fig 1. Periodic acid-Schiff (PAS) stains of a cross-section of skeletal muscle from a control gAijnalre MK (B), dam Ro(C), and foal L
at 15 monthgD), 2 years(E), and 4 yeargF) of age. Vertical arrows indicate aggregates of abnormal polysaccharide. Horizontal arrows indicate
subsarcolemmal vacuoles.

included in the study the same year. Afterward, Ro was Control Foals

bred again to MK to produce a 4th colt (M). Foals were

housed in box stalls with their dams and turned out for up Control foals born and raised at the University of Min-
to 6 hours a day on a grass pasture. They were fed grassesota consisted of 4 Thoroughbreds (TBs) (3 colts and 1
hay with access to the 0.5 kg/d of rice bran fed to the damsfilly) and 1 TB cross (TB-Paint filly). The dams and sires
At 6 months of age, the foals were weaned, kept togethepf these foals had normal muscle glycogen concentrations
in a pen, and fed grass hay. During the 2nd year, foals Rand no abnormal polysaccharide accumulation in their mus-
L, and S were kept on a grass pasture from June to SeRe biopsies. Control mares were fed sweet feed and grass
tember. hay, were turned out similarly to the PSSM mares and foals,
and were weaned at 6 months of age. Weanlings were
housed together in pens and fed grass hay.

Muscle Biopsies

Gluteus medius muscle biopsies were obtained at ap-
proximately 6-month intervals from 6 months to 2 years of
age (Table 1). Not all foals were precisely the same age at
the time of biopsy, and the actual age ranges for these cat-
egories were 6 months (range, 4-8 months), 12 months
(range, 9-14 months), and 2 years (range, 19—-26 months).
PSSM foals were biopsied 1-3 times during each time cat-
egory for the measurement of glycogen concentrations (Ta-
ble 1). The gluteus medius muscle was sampled with a
modified Bergstrom needle at the highest dorsal aspect
along a straight line from the point of the tuber coxae to
the head of the tafl.Initial biopsies of foals were obtained
at a depth of 1 cm at 2 months of age, 2.5 cm at 6 months
Fig 2. Relation_ship among the dams and sires of the 4 f_oals‘out ofof age, 5 cm at yearling stage, and 7.5 cm at 2 years of
the polysaccharide storage myopathy (PSSM) mares used in this stud&ge_ The biopsy site was alternated from left to right. To

The dam and sire of foal S had an unknown phenotype and were not id th ibl ffect of . bi |
available for biopsy. Foal S was included on the basis of abnormafaVOI € possibie ellect of a previous biopsy on muscle

polysaccharide accumulation at 7 months of age and high serum cr@rcmtecmre' muscle histology was reevaluated in the semi-
atine kinase (CK) activity. Note that all foals shared a common blood-membranosus muscle at 4 years of age (foals L, P, and S)
line (shaded symbols). and 3 years of age (foal M).
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Table 1. Schematic of the tests performed on PSSM (foals L, P, S, and M) and control foals at varioais ages.

Age Age Age Age Age
(2 months) (4-8 months) (9—14 months) (15-18 months) (19-26 months)
Muscle 2 controls; 5 controls; 5 controls; 0 controls; 4 controls;
glycogen foals, L, P foals L, Px2, foals Lx2, foalsL, P, S, M foals L, Px2,
Mx2 Px2, Sx2, M Sx3, Mx2
IVGTT ND All foals All foals ND All foals
Exercise test ND Controls Controls; Controls; Controls;
foal M foals L, P, S foal M

ND, not done; IVGTT, IV glucose tolerance test; PSSM, polysaccharide storage myopathy.
ax2 = twice during that time frame.

Muscle Histochemistry measured by the glucose oxidase metHdelasma insulin
Gluteal le biopsi iented i " concentrations were measured by radioimmunoassay.
uteal muscie biopsies were oriented in Cross-section, - g),c4se and insulin assays were analyzed by calculating

fro;end in Ec:]pentane l_susp%nded_ 'nngjé“d nétrsggn,Aanqhe AUC for plasma insulin concentrations versus time and
stained with hematoxylin and eosin ( ) an - Am- insulin: glucose ratios versus time for each foal over the

ylase digestion, followed by PAS staining of muscle Sec-1 g4 minytes of the tolerance tests. Insulin index (%) and

tions, was performed for 2-year-old horses. The biopsy secy, g jin - glucose index (%) were determined by dividing the

tions were evaluated for the presence of subsarcolemmal .. 21 foal's AUC by the mean of the age-matched con-
vacuoles ¢ ++, severe;++, moderate; andt, m'l.d of " trols’ AUC and multiplying by 100. The indices for each
a_bsent), the presence of abnormgl_ ponsar_:chgnde InCIL5'oal were compared to those of the control foals by one-
sions, and_the Intensity of .PAS staining (SUbJeCt'Ve assess(l-vay analysis of variance. Analysis of variance with re-
ment by 2 investigators using grades 1-4 to describe staine 164 measures was used to compare glucose, insulin, and
ing intensity). A_Vyllcqxon s_lgned rank test was used to; sulin: glucose ratios over time during the glucose toler-
compare the staining intensity between PSSM and contro, nce test performed at 6, 12, and 24 months of age

foals. The presence of central nuclei, muscle cell necrosis, T '

and macrophage cells was noted from H&E stains. A total
of 24 biopsies from the 4 foals and 14 from the control
foals were examined.

CK Activity

Jugular venous blood samples for the measurement of
. . serum CK activity by an automated chemistry analyzer
Muscle Biochemistry were obtained from foals L and P in the afternoon after

Samples for glycogen analysis were immersed in ”quidturnoutl in a%-acre paddock for up to 60 weeks of age. At
nitrogen immediately after collection and stored-8(°C ~ approximately 18 months of age, PSSM foals L, P, and S
until processing. The number of samples obtained at eacfereé acclimated to run on a high-speed treadmill. Foals
age range for glycogen concentrations is shown in Table 1Were exercised at 2-minute intervals of walk and trot for 5
Samples from 18-month-old control foals were inadver-days, followed by 3 weeks of stall rest. Thereafter, the foals
tently thawed and not analyzed. Glycogen was analyzed inderwent 6 days of exercise, 3 weeks of rest, and 6 days
samples that were freeze dried and dissected free frorif €xercise. In the final trial, foal P missed 1 day because
blood, fat, and connective tissue; these were then weighe@f 1ameness. Jugular venous blood was obtained 4 hours
(about 1 mg) and boiled for 2 hours in 1 mL of 1 M HCI. after exercise from all foals for the measurement of serum
The measurement of total glucose was subsequently peF-:K acti\{ity. The am_ount of time the foa_ls could trot bef_ore
formed by fluorometry according to the method of Lowry developing firm, painful muscle cramping was determined
and Passonneat.Mean muscle glycogen concentrations from the 1st session, and this time was used as their sub-
for each individual were compared to controls by One_\,\,‘,jlysequ.ent exercise time. Three repeated treadmill exercise
analysis of variance, and changes over time were evaluatet£SSions were also performed for control foals between 6

by analysis of variance with repeated measures, followednonths and 24 months of age and for foal M at 12 and 24
by Bonferroni’s multiple comparison tests. months of age (Table 1). Foals repeated a 2-minute walk,

2-minute trot for 20 minutes at 6 and 12 months of age, as
well as for 30 minutes at 18 and 24 months. Between trials,
foals were housed in the same paddock. Control foals
IVGTTs were performed with 0.5 g/kg of glucose ad- showed no evidence of muscle stiffness. Serum CK activ-
ministered intravenously over a 10-minute period in foalsities of each foal after exercise were compared to those of
at 6-8 months of age, at yearling stage, and at 24 monththe control foals by one-way analysis of variance. A sig-
of age (Table 1). Blood samples were collected via jugulamificant difference for all statistic analyses was sePat
catheter before and 2, 4, 8, 16, 30, 60, 90, 120, 150, and5.
180 minutes after glucose administration. Plasma was sep- Foals L, P, and S were turned out on a 20-acre pasture
arated by centrifugation immediately after blood collectionfor 4 months from June through September at 2 years of
and stored at-80°C. Plasma glucose concentrations wereage. The foals performed a treadmill exercise test when

I ntravenous Glucose Tolerance Tests
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Table 2. The average intensity of periodic acid-Schiff
(PAS) stains, the presence of PAS-positive inclusions, and .|
unstained subsarcolemmal vacuoles in muscle from foals,
L, P, S, and M and control foals at different ages. s

PAS-positive 50 - §
PAS Stain Intensity  Inclusions SS Vacuoles ] D E % .
NN NN
La Lb le Pa Pb Pc Sb Sc Ma Mb Mc

1004

o

(1-12 (1824 (1-12 (1824 (1-12 (18-24 i
months) months) months) months) months) months)

Foal L 3 3 _ + T+ T4 Fig 4. The insulin index is shown for 4 foals at (@), 12 (b), and

Foal P 3.3 3.7 — + T+ ++ 24 (c) months of age. Insulin index was calculated as the area under
Foal S 3 3 + + _ _ the curve (AUC) from the IV glucose tolerance test (IVGTT) ex-
Foal M 2.7 3.3 _ _ + + pressed as a percentage of the AUC of age-matched controls. Foal S
Controls 2.3 2.3 _ _ _ _ was included in the study after 7 months of age.

PAS, periodic acid-Schiff; PSSM, polysaccharide storage myopathy;
SS, subsarcolemmal. cluding those in 20% of the fibers of the semimembranosus
2PAS staining: 4, very intense; 3, intense; 2, moderate; or 1, lightmuscle at 4 years of age (Fig 1). The PAS staining intensity
staining. PAS inclusions:+, presence; or—, absence of abnormal \ygg graded slightly higher than in controls (Table 2). There
Zgg’:ri“ha”de- SSt++, severe++, moderate;+, mild; or =, \yas no marked difference in glycogen concentration over
I time, and foal L had a markedly greater mean muscle gly-
" Significantly less than for PSSM foals. cogen concentration of 648 33 mmol/kg than did control
foals (Fig 3).

they were brought into the University Teaching Hospital. " foal P, muscle necrosis was evident in 1 biopsy at 6

After 4 months of stall rest, the same exercise test wadnonths of age, and a few central nuclei were present at 6
repeated. months and 2 years of age. Subsarcolemmal vacuoles were

evident in muscle biopsies by 6 months of age. Abnormal
PAS-positive inclusions were 1st noted at 18 months of age
in gluteal biopsies, as well as in 1-2% of the fibers of the
Muscle Histochemistry and Biochemistry semimembranosus muscle at 4 years of age. The intensity
of the PAS stain was graded slightly higher than in controls
(Table 2). The mean muscle glycogen concentration of 514
+ 20 mmol/kg was not markedly greater than that of con-
Itrols (Fig 3).

Necrosis was not evident in biopsy samples from foal S,

Results

A few subsarcolemmal vacuoles were found in 1 biopsy
sample of one of the control foals, but no abnormal poly-
saccharide was identified in any control foal biopsy sample
The average staining intensity of PAS stains for the contro
foals was less than that for the PSSM foals (Table 2). Mea

ut at 1 and 2 years of age, numerous centrally located

muscle glycogen concentrations for control foals were 43 .

. nuclei were present. Subsarcolemmal vacuoles were not
+ 23 mmol/kg, and there was no dramatic change over P oo
time identified in any samples. Abnormal PAS-positive inclu-

. . . . sions were 1st noted at 7 months of age in a semimembra-
In foal L, muscle necrosis was evident in 1 biopsy sam-

; nosus biopsy sample (Table 2). Examination of subsequent
ple at 6 months of age, and a few central nuclei were pre; . .

hiopsy samples of gluteal and semimembranosus muscles
sent at 2 years of age. Subsarcolemmal vacuoles were a

consistent feature of the muscle biopsies of foal L by 6revealed no or only a few fibers with PAS-positive inclu-

months of age (Table 2; Fig 1). Abnormal PAS-positive sions. The PAS stain was graded slightly more intense than

: . : in controls, and the mean muscle glycogen concentration

inclusions typlcal.for F.).SSM were 1st notled at 15 months(397 + 35 mmol/kg) was not markedly different from that

of age and were identified subsequently in all samples, in- .
of controls (Fig 3).
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Fig 5. Index for the area under the curve (AUC) for the insulin:
L P S M Controls

glucose ratios in foals at @), 12 (b), and 24(c) months of age. Note

Fig 3. Muscle glycogen concentrations at rest obtained from 2that, at 12 months, foals L, P, and S showed an increase in the insulin:
months to 24 months of age in the 4 polysaccharide storage myopathglucose ratio, indicating the development of an insulin-resistant state.
(PSSM) foals and control foals. Control foals did not show such a change with age.
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Fig 6. Serum creatine kinase (CK) activity in foals L and P after charide storage myopathy (PSSM) and control foals. Foals L, P, and

pasture turnout. CK activity was above the normal range after 1 montl‘§ had markedly higher CK activities than control foals after treadmill
of age exercise. Foal M did not show increases in CK activity at any time.

Serum CK activities were in the normal range (57-404
U/L) for control foals at rest and after exercise. The mean
duration of exercise was 25 1.0 minutes.

At rest, before the exercise testing, serum CK activity in

In foal M, subsarcolemmal vacuoles were present in all
biopsy samples after 15 months of age. A few fibers with
linear cytoplasmic PAS-positive inclusions were 1st noted
at 3 years of age in the semimembranosus biopsy. The PAE)al L was 2,420 IU/L. Foal L could exercise for 14 min-
stain had a slightly higher staining intensity than in controls ' )

(Table 2), and muscle glycogen concentrations were markutes during the 1st exercise session, and when this duration
eh of exercise was r , she consistently devel muscl
edly higher (614t 44 mmol/kg) than those of control foals of exercise was repeated, she consistently developed muscle

) stiffness. Serum CK activity after exercise was markedly
(Fig 3). higher than in controls, with a maximum CK of 27,140 U/
L (Fig 7).

At rest, before the exercise tests, serum CK activity in

No dramatic effect of age was seen on the AUC for in-foal P was 965 IU/L. Foal P could exercise for 28 minutes
sulin concentration versus time or for insulin : glucose ratiosfor the 1st exercise session, and when this duration of ex-
versus time in the control group glucose tolerance tests. ercise was repeated, she intermittently developed muscle

In foal L, the plasma insulin indices at 6 months and 2 stiffness. Serum CK activity was markedly higher than in
years of age were 21 and 73% of the age-matched controlgontrols, with a maximum CK of 7,060 1U/L (Fig 7).
respectively (Fig 4). The index for insulin:glucose ratio At rest, before exercise testing, serum CK activity in foal
was also very low for foal L at 6 months (24% of controls) S was 280 IU/L. Foal S could exercise for 30 minutes and
and 2 years of age (85%) (Fig 5). At 1 year of age, thedeveloped occasional mild muscle stiffness. Mean serum
insulin : glucose index increased to 115% of controls, show-CK activity was markedly higher than in controls, with a
ing a transient insulin resistance. maximum of 9,900 IU/L (Fig 7).

The insulin index for foal P was 44 and 81% of age- Serum CK activity in foal M was not high before or after
matched controls, respectively, at 6 months and 2 years dhe 30-minute exercise test (rest, 121 IU/L; maximum post-
age (Fig 4). The index for the insulin:glucose ratio wasexercise CK, 255 IU/L), and muscle stiffness was not ob-
also low at 6 months (32%) and 2 years of age (70%) (Figserved (Fig 7).

5). As a yearling, the insulin:glucose index temporarily
increased to 116% of controls. Pasture Turnout and Serum CK

The index for the insulin and. insulin: glucose ratio for  A¢ar 4 months of pasture turnout at 2 years of age, rest-
foal S was 74 and 90%, respectively, of controls at 2 year:?ng CK activity was within normal limits for foals L, P, and

of age (Figs 4, 5). As a yearling, the insulin: glucose indexs (Table 3). With the 1st exercise test after pasture turnout,
was 126% of controls.

Foal M showed the opposite developmental pattern for
the insulin and insulin: glucose indices (Figs 4, 5). TheseTable 3. CK activity in 3 foals after 4 months of pasture
indices were highest at 6 months of age (174 and 130%turnout and after 4 months of strict stall rest; the foals per-
respectively) and declined to less than control values by Zormed 20-30 minutes of exercise at a walk and trot on a

Intravenous Glucose Tolerance Tests

years of age (46 and 52%, respectively). treadmill.
Serum CK Activity Pasture Turnout Confinement
. . Before After Before After
Serum CK activity in foal L was increased above 500 U/ pgsy Foals  (1U/L) (UL (IUL) (IUL)
L 9 of 12 times after turnout from birth to 15 months of
age, with values up to 11,900 IU/L (Fig 6). No obvious Eg:::; ggg 1?25 igg 3';‘22
clinical signs of muscle soreness were observed. Serum Clé0 's 179 167 124 134

activity in foal P was increased above 500 IU/L 8 of 16
times after turnout from birth to 15 months of age (Fig 6). CK, creatine kinase; PSSM, polysaccharide storage myopathy.




586 De La Corte et al

serum CK activity was normal in foals P and S and wasamong a number of individuals is to calculate the AUC for
less than 1,300 U/L in foal L, with no clinical signs of insulin, glucose, or insulin: glucose ratios versus time dur-
stiffness. After a 4-month period of strict stall rest, seruming the test* The AUC can then be divided by the same
CK activity was higher after exercise in foals L and P, andvalue for a control diet or group to provide a comparative
clinical signs of muscle stiffness were observed in theséndex. The indices used in the present study indicated that

foals after exercise (Table 3). enhanced insulin sensitivity was evident in PSSM foals at
6 months and 2 years of age. During the IVGTT, the same
Discussion rate or a faster rate of glucose clearance was achieved, with

almost 50% less insulin secretion than in controls. An in-

Determining the pattern of inheritance in horses is con-teresting and transient insulin resistance was noted in the 3
founded by the time and expense of producing large enougRPSSM fillies at 1 year of age. Children experience a tran-
families to draw definitive conclusions. Only 4 foals were sient insulin-resistant state at the beginning of puberty that
available to evaluate over a 4-year period in the presenteturns to previous concentrations by the end of pubérty.
study, and these were each treated as individuals to be&irls show more insulin resistance than b&ys.Because
clinically define the course of PSSM during development.puberty in fillies is thought to occur between 12 and 24
The results of the present study confirm that PSSM is anonths of age, this may explain our findingsrevious
heritable disease, because breeding mares with PSSM tostudies of glucose tolerance in male foals suggested that
closely related stallion produced foals with PSSM. Pedigreenormal young foals are more insulin resistant than older
analyses in this study and in a previous study demonstratefbals and adult$?2° In our study, this was not found in the
that the sires and dams of affected horses could be tracedSSM fillies or the mixed-gender group of controls, but it
back to a common relative (Fig 2). Consanguinity, com-was observed in colt M.
bined with the fact that all foals in the present study were Enhanced glucose uptake into skeletal muscle could be
affected with PSSM, would support an autosomal basis foi stimulus for enhanced muscle glycogen synthesis and for-
PSSM and suggests that some individuals are homozygousation of abnormal polysacchariéi&:23 Abnormal poly-
however, the trial was too small to draw firm conclusions. saccharide accumulation is a rare event in glycogenoses and

A diagnosis of PSSM in our laboratory is based on theis usually the result of a less branched glycogen mole-
presence of abnormal polysaccharide in skeletal muscle bieule!2:22\We speculated that, over time, the higher insulin
opsies and has been associated with clinical signs of musckensitivity and glucose transport in PSSM muscle leads to
stiffness after exertion as well as persistent increases in sérigher muscle glucose-6-phosphate concentrations. With
rum CK activity?® Fillies L, P, and S could be diagnosed daily exercise and a low-starch diet, muscle glycogen may
with PSSM by 18 months of age and showed typical clin-not accumulate excessively. However, if glucose-6-phos-
ical signs of PSSM. The biopsy of colt M at 3 years of agephate is chronically high in skeletal muscle, the synthesis
resembled that of his sire, with smaller aggregates of poly-of glycogen with a preponderance of straight chains may
saccharide in a few muscle fibers and high glycogen conbe predominant, because glucose-6-phosphate is a potent
centrations. Colt M did not show persistent serum CK in-stimulator of glycogen synthase but not branching enzyme
creases or muscle stiffness after exercise. It is possible thactivity.2® The low-starch diet of PSSM foals may have
the milder phenotype of MK and his son M was an effectlowered glycogen concentrations, but it did not completely
of gender, a lack of penetration of the PSSM trait, or aprevent the accumulation of abnormal polysaccharide. Mild
heterozygous state. The inability to identify heterozygotesabnormal polysaccharide accumulation has also been re-
represents a major difficulty in studying the genetics ofported in 3- and 6-month-old foals with severe rhabdomy-
PSSM. olysis’

Muscle glycogen concentrations in the 2-year-old PSSM The earliest evidence of PSSM in the foals of the present
offspring in this study (mean, 503 12 mmol/kg) were 2-  study was the development of rhabdomyolysis. By 1 month
fold lower than those of their dams and sire at 3 years ofof age, serum CK activity was above the normal range after
age (1,250 120 mmol/kg) and were lower than in other pasture turnout (Fig 6). Clinical signs of muscle stiffness,
clinical cases of PSSMPSSM and control foals were not however, were not apparent until the foals were forced to
fed grain because there was no means to feed the sanexercise on the treadmill. Thus, one reason why PSSM may
amount to each foal within group housing. The lower gly- not be noted until 2-3 years of age is that foals may reg-
cogen concentrations in the foals in this study compared tallate the amount of exercise that is comfortable and, unless
other reports of PSSM may in part be because of differforced to exercise, can thereby prevent muscle stiffness.
ences in the starch content of their habitual diet. MuscleConcurrent disease may also induce rhabdomyolysis in sed-
glycogen concentrations declined in the dams and sire ovegntary foals with PSSM.Foal S was donated to the Uni-
time after their arrival at the University when their diet was versity after developing pneumonia as a weanling, with per-
changed by removing grain. Muscle polysaccharide accusistent increases in CK activity. In addition, foals L and P
mulation could well have been higher in PSSM foals if they developed strangles as yearlings and had high serum CK at
had been fed a higher starch diet from 6 months to 2 yearthat time (Valberg, unpublished data). The cause of rhab-
of age. domyolysis with PSSM is unknown. It could be because of

Polysaccharide accumulation with PSSM has been asa metabolic imbalance created by the enhanced insulin sen-
sociated with enhanced clearance of glucose from thesitivity and accumulation of glucose-6-phosphate in PSSM
bloodstream, likely into skeletal muscélédne method of skeletal muscle. Accumulation of glucose-6-phosphate in
comparing glucose tolerance tests across different diets aquine muscle decreases binding of hexokinase to mito-
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chondrial membranes and slows the generation of adeno- 6. Valberg SJ, Geyer C, Sorum SA, Cardinet GH. Familial basis
sine triphosphate via oxidative phosphorylattéithis type for exertional rhabdomyolysis in Quarter Horse—related breeds. Am J

of metabolic derangement can induce muscle necrosis et Res 1996:57:86-290. o
animal modelgs 7. Byrne E, Cohen N, Jones SL, et al. Rhabdomyolysis in two foals

The extent of rhabdomyolysis and muscle stiffness de-\g’ggo‘?glz)fgggcgzr;de storage myopathy. Compend Cont Educ Pract Vet
veloped by PSSM horses also seems to be Iﬂf|lJe”C€fj by 8. Valberg SJ, MacLeay JM, Billstrom JA, et al. Skeletal muscle
the amount of daily turnout. After 4 months of free EXEICISe metaholic response to exercise in horses with polysaccharide storage
on a 20-acre pasture, foals L, P, and S had normal restingyopathy. Equine Vet J 1999:31:43-47.

serum CK activity and were able to perform 30 minutes of 9. Lindholm A, Piehl K. Fibre composition, enzyme activities and
treadmill exercise without clinical manifestation of muscle concentrations of metabolites and electrolytes in muscle of Standard-
stiffness. In contrast, after 4 months of strict stall rest, foalsbred trotters. Acta Vet Scand 1974;15:287-309.

L and P developed muscle stiffness and rhabdomyolysis 10. Lowry OH, Passonneau JV. A Flexible System for Enzyme
(Table 3). Free access to a pasture with continuous grazingnalysis. New York, NY: Academic Press; 1973:68-92.

may alleviate postprandial peaks in glucose and insulin as_ 11- Sonowane M, Savory J, Cross RE, et al. Kinetic measurement
well as enhance the metabolism of glucose in skeletal musgf glucose with a centrifugal analyzer; hexokinase and glucose oxidase

le th h th . di d idati t bcf)rocedures compared. Clin Chem 1976;22:1100-1101.
ge roug_ e exerCIS(_e _an Increased oxidative metabo- Reimers TJ, Cowan RG, McCann JP, et al. Validation of a rapid
lism resulting from a training effecée.

) g ’ . solid-phase radioimmunoassay for canine, bovine and equine insulin.
In conclusion, PSSM is a heritable disorder of skeletalam j vet Res 1982:43:1274-1278.

muscle characterized by enhanced insulin sensitivity and 13. valberg SJ, Cardinet GH, Carlson GP, DiMauro S. Polysaccha-
rhabdomyolysis as early as 6 months of age. The eventuaide storage myopathy associated with recurrent exertional rhabdo-
accumulation of abnormal polysaccharide in skeletal musmyolysis in horses. Neuromusc Disord 1992;2:351-359.

cle appears to be a later deve|oping Secondary Characteristic14. Holt SH, Brand-Miller JC, Stitt PA. The effects of equal-energy
of PSSM. Rhabdomyolysis and polysaccharide aCClJml'”aportions of different breads on blood glucose levels, feelings of full-

: : : : d subsequent food intake. J Am Diet Assoc 2001;101:767-773.
ion r influen iet, amount of daily ex-"€5s2a" . : .
tion appear to be uenced by diet, amount of dalily e 15. Potau N, Ibanez L, Rique S, Carrascoza A. Pubertal changes in

ercise, other qlsease states, and possibly gender: Althouqnsulin secretion and peripheral insulin sensitivity. Horm Res 1997;48:
pathognomonic for PSSM, abnormal polysaccharide accuyqg_»og.

mulation may take up to 3 years to become obvious in 16, Moran A, Jacobs DR, Steinberg J, et al. Insulin resistance dur-
muscle biopsy samples. An accurate diagnosis of PSSM ifhg puberty: Results from clamp studies in 357 children. Diabetes
young foals with rhabdomyolysis may require repetitions 0f1999;48:2039-2044.

the muscle biopsy at a later age or the identification of 17. Caprio S. Insulin: The other anabolic hormone of puberty. Acta

abnormal polysaccharide in a muscle biopsy of the dam. Paediatr 1999;88(Suppl):84-87.
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19. Ralston SL. Hyperglycemia/hyperinsulinemia after feeding a

Funded by the American Ouarter Horse Association. Wemeal of grain to young horses with osteochondrosis dissecans (OCD)
y Q Iresions. Pferdeheilkunde 1996;12:320-322.

are gtr)atﬁfm IF]O SteEhanlg JaCch:WSkI’ Dr_Steve R_eeld]; D 20. Murphy D, Reid SWJ, Love S. The effect of age and diet on
Marybeth Whitcomb, and Los Colinas Equine Hospital for the oral glucose tolerance test in ponies. Equine Vet J 1997;29:467—

Acknowledgments

facilitating the donation of horses. 470.
21. Hayes AP, Hallet M, Delfs J, et al. Muscle phosphofructokinase
References deficiency: Abnormal polysaccharide accumulation in a case of late

onset myopathy. Neurology 1981;31:1077-1086.
1. DiMauro S, Lamperti C. Muscle glycogenoses. Muscle Nerve 22, Raben N, Danon MJ, Lu N, et al. Surprises of genetic engi-
2001;24:984-999. neering: A possible model of polyglucosan body (Lafora) disease.
2. Valberg SJ, Townsend D, Mickelson JR. Skeletal muscle gly-Neurology 2000;549(Suppl 3):A359—A360.
colytic capacity and phosphofructokinase regulation in horses with 23. Harris R. Carbohydrate metabolism I: Major metabolic path-
polysaccharide storage myopathy. Am J Vet Res 1998;59:782-785. ways and their control. In: Delvin TM, ed. Textbook of Biochemistry
3. De La Corte FD, Valberg SJ, MacLeay JM, et al. Glucose uptakewith Clinical Correlations. New York, NY: Wiley-Liss; 1997:265-334.
in horses with polysaccharide storage myopathy (PSSM). Am J Vet 24. Chen J, Gollnick PD. Effect of exercise on hexokinase distri-
Res 1999;60:458-462. bution and mitochondrial respiration in skeletal muscle. Pflugers Arch
4. Valberg SJ, MacLeay JM, Mickelson JR. Exertional rhabdomy- 1994:427:257—263.
olysis and polysaccharide storage myopathy in horses. Compend Cont 25. Glass-Marmor LG, Bietner R. Effects of carbamylcholine and
Educ Pract Vet 1997;19:1077-1085. puridostigmine on mitochondrial bound hexokinase in skeletal muscle
5. Valberg SJ, Mickelson JR, Gallant EM, et al. Exertional rhab- and heart. Biochem Mol Med 1996;57:67—70.
domyolysis in Quarter Horses and Thoroughbreds; one syndrome, 26. Kim C, Youn JH, Park J, et al. Effects of high-fat diet and
multiple etiologies. International Conference on Equine Exercise Physexercise training on intracellular glucose metabolism in rats. Am J
iology 5. Equine Vet J 1999;30(Suppl):533-538. Physiol 2000;278:E977-E984.



