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Summary

The skeletal muscles of the smallest mammal, the oxidative metabolism: they have a small diameter, their
Etruscan shrew Suncus etruscus are functionally and  citrate synthase activity is higher and their lactate
structurally adapted to the requirements of an enormously  dehydrogenase activity is lower than in the muscles of any
high energy turnover. Isometric twitch contractions of the  other mammal and they have a rapid shortening velocity.
extensor digitorum longus (EDL) and soleus muscles are Differences in isometric twitch contraction times between
shorter than in any other mammal, allowing these muscles different muscles are, at least in part, probably due to
to contract at outstandingly high frequencies. The skeletal differences in cytosolic creatine kinase activities.
muscles of S. etruscuscontract at up to 900 mirr® for
respiration, up to 780mim® for running and up to
3500 mirr? for shivering. All skeletal muscles investigated Key words: Etruscan shrewSuncus etruscusskeletal muscle,
lack slow-twitch type | fibres and consist only of fast- extensor digitorum longus, soleus, fibre composition, myosin heavy
twitch type IID fibres. These fibres are optimally equipped  chain, myosin light chain, lactate dehydrogenase, citrate synthase,
with properties enabling a high rate of almost purely creatine kinase, myoglobin, Earansient, contraction, relaxation.

Introduction

The Etruscan shrewSuncus etruscugSavi) and the heart muscle mass, 1.2 % of its body mass (Bartels et al., 1979),
bumblebee batQraseonycteris thonglongyaiboth weighing a value twice as high as expected from allometry, and a heart
on average less than 2g, are the smallest extant mammalsraie of up to 1511 beats mi(25 s, which exceeds all values
fossil record of an extinct shrew thought to weigh only 1.3geported for other endotherms (Jirgens et al., 1996). The
was discovered recently (Bloch et al., 1998). The mean adukeletal muscles ob. etruscusre also able to contract very
body mass of wild individuals o8. etruscuds 1.8g. The rapidly: a respiratory rate of up to 900 min15sY) was
species is found in Europe around the Mediterranean Sea ameasured, a stride frequency of 780Thi{13 s1) is estimated
in Asia in a belt extending between 10 and 30°N. from an allometric equation given by Heglund and Taylor

Because of its large surface-to-volume ratio, the shrew’€1988) and, during cold tremor, Kleinebeckel et al. (1994)
energy turnover is extraordinarily high. Under thermoneutrabbserved electromyographic (EMG) frequencies of up to
conditions (ambient temperature 35°C), its rate of oxygeB®500mirr! (58s?Y). Although the relative amount of brown
consumption is 100mlkgmin-l At 22°C, a rate of adipose tissue is higher B. etruscugon average 9.2% of
270mlkgimin-1 has been recorded (Fons and Sicart, 1976pody mass) than in any other mammal, shivering has been
and a maximal value of 1000 miKgnin-1 (Weibel et al., shown to be important for rapid heat production and occurs
1971; Jurgens et al., 1996) has been estimated. These valdesing rewarming from torpor at body temperatures above
are 25, 67 and 250 times higher than those of humans at rest.°C (Fons et al., 1997).

Although usually homeothermic, the species undergoes torporIn a recent study, the contraction parameters, myosin
cycles during times of food restriction and at low ambientomposition and activity of the metabolic enzymes of the
temperatures. skeletal muscles 08. etruscushave been investigated and

Because muscles play a major role in the capture antbmpared with corresponding properties of larger shrews and
chewing of food, in convective oxygen transport and in thether larger mammals (Peters et al., 1999). In larger mammals,
generation of heat, they must be especially adapted to provitlee soleus and the extensor digitorum longus (EDL) muscles
the enormous mass-specific rate of energy consumption of tlaee typical representatives of slow-twitch and fast-twitch
body. In earlier studies investigating the properties of the bloothuscles, so they were chosen to be functionally and
and circulation, it was found th&t etruscubas a large relative structurally investigated in the shrew. In some cases, other
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skeletal muscles, such as the diaphragm and gastrocnem A
muscle, were also studied. 700+
600+
Materials and methods

Adult Suncus etruscugSavi) were caught in Southern 5001
France in the area around Banyuls-sur-Mer during the summ 4001
and housed in a terrarium at room temperature. The shre\ g tr50
were fed with mealworms and crickets and had access towal ¢ 300
ad libitum S

For the contraction measurements, the muscles we - 2001 tr7s
mounted in a measuring chamber and completely submerged
carbogen-equilibrated Krebs—Henseleit solution. To recon 1001 tro0
the twitch contractions, a force transducer based on 01— tp )
semiconductor sensor device AE 802 (SensoNor a.s., Horte T
Norway) was developed (Peters et al., 1999%F @ansients of ~100 -— -
single twitches of muscle bundles containing 15-30 fibres wel 0 10 20 30 40 50 60 70 80 90
measured fluorometrically using a microscope photometri B
apparatus and the fluorescent dye Fura2. The Fura2 technic 601
is described in detail by Wetzel and Gros (1998). 501

Electrophoresis of myosin heavy chain isoforms was 40
carried out for 18 h at 4°C according to the method of Kubit
and Gros (1997) with minor modifications. Two-dimensional Z 301 tr50
electrophoresis of myosin light chains was performed usin 8 20
the method of O’Farrell (1975). Proteins of muscle Q tr75
homogenate supernatants were separated by SDS—PA( 101 tro0
using slabs with a 5% stacking gel and a 15% separating ¢ 01t tp .
and visualized by silver staining. Muscle fibre type
identification was performed after the method of Brooke ani -10

Kaiser (1970). Immunohistochemical studies with monoclona 0 10 20 30 49 50 60 70 80 90
and polyclonal antibodies are described in detail by Peters . Time (ms)
al. (1999). Lactate dehydrogenase (LDH) activity wasFig. 1. Example of isometric twitch contractions at 21°C of soleus
measured according to the method of Bernstein and Ever(A) and extensor digitorum longus (B) muscle Sifincus etruscus
(1975), and citrate synthase (CS) activity was measured usiistimulated simultaneously with a supramaximal electrical pulse of
the method of Bass et al. (1969). The specific activities ¢1ms duration. The curves are digital scans of original recordings.
these enzymes are presented per milligram of cytoplasmTir_ne_ to peak forcetg) is the time between the stimulus (upward-
protein instead of per milligram wet mass of tissue becauysPointing arrow) a_nd the occurrence of maX|maI_ force, and the 50, 75
the tissue mass of the tiny muscles changes criticall2"d 90% relaxation timesp, tr7s, troo) are the times for the decay
. from maximal force to 50, 25 and 10% of maximal force,
depending on the amount of water adhered to the musc .
. L . respectively.
surface, either from the rinsing solution (fresh muscles) o
from condensed water vapour (frozen muscles). Th
concentration of myoglobin was measured according to th
method of Reynafarje (1963). respiratory rate and the estimated maximal stride frequency
are considerably lower than the frequency at which fusion of
. , twitches occurs. This may be partly because smooth
Results and Discussion movements of a muscle require asynchronous firing of its
Contraction measurements motor units.

The time to peak force and relaxation time of twitch Time to peak force is not significantly shorter in the EDL
contractions of the soleus and EDL muscles (Fig. 1) arthan in the soleus muscle, whereas the times to 50 %, 75 % and
shorter inS. etruscushan in any other mammal. Applying a 90 % relaxation are all significantly shorter in the EDL than in
Q10 of 2.5 to the results obtained at room temperaturéhe soleus muscle (Table 1). This difference was confirmed by
(Table 1), it can be shown that, at 37 °C, a contraction cycliorce measurements on fibre bundles from these muscles,
is completed within 13 ms in the EDL and within 18 ms in thewhich were performed together with recordings of thé*Ca
soleus muscle. This is in accordance with the observation thaxainsients (Wetzel and Gros, 1998). Here, both time to peak
contractions of motor units occurred at a frequency of 58 s force and times to 50 % and 75 % relaxation were significantly
during shivering (Kleinebeckel et al., 1994). The maximalshorter in the EDL than in the soleus muscle, and the rise and
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Table 1.Characteristics of isometric twitch contractions of the extensor digitorum longus and the soleus m@&ahes f
etruscugbody mass 2.2+0.3 ¢N=12) at 25°C

Muscle mass tp trso tr7s troo
Muscle (mg) (ms) (ms) (ms) (ms)
Soleus 0.37+0.04 12.7£2.3 17.3+4.6 27.7+6.5 42.2+10.8
(N=5)
EDL 0.45+0.08 11.0+1.1 11.6+2.6* 16.7+2.9** 27.0+3.8**
(N=6)

Values are meanss. for N muscles.

tp, time to peak forcdiso, tr7s, trao, 50, 75 and 90 % relaxation times.

Significance levels are calculated for the difference between extensor digitorum longus (EDL) and soleus PxG6lg; *P<0.01
(unpaired-test).

Table 2.Characteristics of force and €atransients of fibre

M EDL SOL
bundles of the extensor digitorum longus and the soleus L. -
muscles oSuncus etruscust 25 °C HCIld - ‘ pra—

tp trs0 tr7s HCl—
Signal Muscle (ms) (ms) (ms)
Force of muscle  Soleus 13.2#1.5 17.6+2.3  30.0+£3.7
fibre bundle  K=27) Fig. 2. Myosin heavy chain composition of extensor digitorum
EDL 10.640.9% 9.3+1.7% 12.6+1.9% longus (EDL) (17 pooled muscles) and soleus (SOL) (16 pooled
(N=9) muscles) ofSuncus etruscudemonstrated by electrophoredisine

M, myosin heavy chains HCI and HCIId of rabbit muscles.
Ca*transient Soleus 9.5+3.2 21.8+9.2 37.4%13.3

(N=19)
EDL 5.3+2.4* 16.144.9* 23.7+4.1* A B
(N=6) - K-

Values are meanssp. for N measurements per muscle bundle. i -

tp, time to peak forcdiso, tr7s, 50 and 75 % relaxation times.

Significance levels are calculated for the difference betwee ‘ ™ ‘ ™
extensor digitorum longus (EDL) and soleu®<9.05, **P<0.01

(unpaired-test). fLC1 @@=

fLC1 @

’ fLC2 ' fLC2

decay of the cytosolic €& concentration were significantly

faster in EDL muscle (Table 2). Fig. 3. Myosin light chain composition (fLC1 and fLC2) of extensor
To reveal the reasons for the functional difference betWEEdigitorum longus (A) and soleus (B) muscle ®fincus etruscus

these two muscles, we investigated their fibre compositiorseparated by two-dimensional electrophoresis. TM, tropomyosin.

their composition of myosin heavy and light chains and ths

activity of two enzymes important for ATP generation, lactate

dehydrogenase and citrate synthase. showed no difference in the pattern of myosin heavy chains
_ . - and myosin light chains. Only one type of heavy chain is
Myosin chain composition found in both muscles, and the same holds for the diaphragm

Histochemical staining for myosin ATPases revealednuscle ofS. etruscusThis heavy chain type was identified
identical fibre type patterns in the EDL and soleus muscleas the isoform HCIld by comparison with myosin
All fibres showed the same degree and pattern of staininglectrophoresis from rabbit muscles (Fig. 2). The same two
indicating the presence of only alkaline-resistant myosirtypes of fast light chains, fLC1 and fLC2, with molecular
ATPase, which is typical of type Il fibres. Inmunochemistrymasses of 24 and 21.5kDa, were detected in the EDL and
using monoclonal antibodies against type | and type lbsoleus muscle (Fig. 3). Moreover, in a mixture of leg muscles
myosin heavy chains also revealed only the presence of heafrpm the Etruscan shrew, only these fast light chains were
chain type Il in all leg muscles. In addition, SDS—PAGE andletected.
two-dimensional electrophoresis of EDL and soleus muscles In contrast to larger mammals, no slow-twitch type | fibres
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Table 3.Time to peak force of isometric extensor digitorum longus and soleus twitches and the fibre composition of the two
muscles in mammals of different size at 25°C

EDL Soleus
Mean Fast-twitch/ Fast-twitch/
body mass tp slow-twitch fibres tp slow-twitch fibres
Species (9) (ms) (%) (ms) (%) Reference
Suncus etruscus 2.2 11 100/0 13 100/0 This study
Crocidura russula 8.6 14 100/0 18 100/0 This study
White mouse 35 14 100/0 41 54/46 Asmussen and Gaunitz (1989)
Young Wistar rat 120 20 95/5 48 30/70 Asmussen and Gaunitz (1989)
Wistar rat 200 27* 97/3 80* 0/100 Geers and Gros (1990)
Guinea pig 350 20 94/6 94 0/100 Asmussen and Gaunitz (1989)

EDL, extensor digitorum longus.
tp, time to peak force; *converted from 20.5 to 25 °C usiag\@lues obtained from Asmussen and Gaunitz (1989).

Table 4.Fibre composition of the extensor digitorum longus  Table 5.Specific activities of lactate dehydrogenase and

and soleus muscles of some shrew species citrate synthase in the extensor digitorum longus, soleus and
Body mass Fibre types, /IIANIB/ID (%) gastrocne.n.nus |Tn-usclesS¢1nc-L?s etr.u.scus
Shrew species Q) EDL Soleus Specific activity Specific activity LI?H/CS
LDH/Cpr CSkar actlwty
Suncus etruscus 2.2 0/0/0/100 0/0/0/100 Muscle (mmolminmg?)  (mmolmimrimg?) ratio
Sorex araneus 7-10 - 0/0/2/98
Crocidura russula 8.4 0/0/581/42 0/0/54/46 EDL 131 0.94 14
Suncus murinds  20-60 - 0/93/7/0 (N=17)
Soleus 1.14 0.84 14
EDL, extensor digitorum longus. (N=16)
* H .
(19I93§)t'a from Savolainen and Vornanen (199%jata from Suzuki Gastrocnemius 1.49 128 12

(N=4)

. Cpr, Cytoplasmic protein concentration given in mgiN is the
are present in the EDL and soleus muscl& .oétruscusAs nurzrberyofF;)ooled ngusdes_ g g

shown in Table 3, the number of type | fibres in soleus muscle | pH, |actate dehydrogenase; CS, citrate synthase; EDL, extenso
decreases and the percentage of fast-twitch fibres increasdigitorum longus.

with decreasing body mass in a range of mammals. Shre
muscles, in general, seem to be composed of type Il fibres or

but, within this family, there is a correlation between bodyenzymes. Moreover, the specific activity of CS turned out be
mass and HCIl-subtype composition (Table 4). The number dfigher in the muscles d&. etruscughan in those of other
type llA fibres decreases and the number of 11D fibres increasesammals, whereas the activity of LDH was much lower than
with decreasing body mass, leading to the unique situatioin larger species. The ratio of LDH/CS activity, given in Fig. 4
that all the muscles of the smallest mammals are probabBbs a function of body mass, is almost 1 in the smallest mammal,
composed solely of type IID fibres. Nevertheless, as showa value that is smaller than in any other mammal.

by the contraction measurements (Tables 1, 2), there are The measured enzyme activities indicate that the function of

functional differences between different muscles. the type IID fibres depends almost entirely on oxidative ATP
o . production; the activity of the glycolytic pathway appears to
Activity of metabolic enzymes be negligible. The importance of oxidative metabolism is also

Can the functional difference between the EDL and soleusnderlined by the finding of a very high capillary density of up
muscles ofS. etruscusbe attributed to different activities to 2800mm? in the soleus muscle of the Etruscan shrew
of the glycolytic and the oxidative metabolic pathway?(Pietschmann et al., 1982) and a very high volume fraction of
Measurements of the activities of lactate dehydrogenasmitochondria (0.23 in leg muscles, 0.35 in diaphragm)
(LDH) and citrate synthase (CS) revealed no significan(Hoppeler et al., 1981). Moreover, because of the foldings, the
difference in activities between the two muscles (Table 5)surface area of the inner mitochondrial membranes is
suggesting that the functional difference between the EDL antbnsiderably larger in the shrew than, for instance, in man
soleus muscles cannot be explained by different activities ¢Bartels, 1980). All Etruscan shrew muscles studied to date are
CS and LDH. The gastrocnemius muscle also did not diffealso uniform with respect to their myoglobin content, which is
from the EDL and soleus with respect to the activities of thesapproximately 15Qmol I-1.
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Fig. 5. Pattern of electrophoretically separated cytosolic proteins and
o-L" ‘ ‘ [ ‘ : , corresponding densitograms of extensor digitorum longus (EDL) (17
1 0t 12 188 10* 106 1P pooled muscles) and soleus (SOL) (16 pooled muscleSuntus

Body massMb (g) etruscusCK, creatine kinase.

Fig. 4. Ratio of lactate dehydrogenase to citrate synthase (LDH/C:
activity in gastrocnemius muscle of mammals of different body
masses Nlp). The symbols represent data funcus etruscugil) oxygen bound to myoglobin. The myoglobin concentration is
and Crocidura russula(A) (Peters et al., 1999) together with those intermediate: type | and IlIA fibres are known to have a
for the shrewSorex vagrangbody mass 4-50)®) and several myoglobin concentration higher than J&foll-1, and type
larger mammals @), taken from Emmett and Hochachka (1981).|IB fibres are free of myoglobin in all mammals studied so far.
The solid line is the result of a linear regression on a doubleThe activity of metabolic enzymes leads to the conclusion that
logarithmic scale in which all data points were included: 5a.0bic metabolism may meet any level of energy demand by
log(LDH/CS)=0.304l0,+0.623r2=0.62). the animal so that glycolytic metabolism is not necessarily
required for ATP production. The glycolytic metabolic
pathway may be underdeveloped because, compared with
Specialization of Etruscan shrew muscles the enormous mass-specific energy requirements of the
From the results of the myosin studies and a consideratimrganism (its rate of oxygen consumption can rise to
of energy metabolism, it can be concluded that oxidative fast:000 ml Q@ kgtmin-1) (Jirgens et al., 1996), the amount of
type IID fibres are most appropriate to meet the demands &fTP that can be produced glycolytically during an oxygen debt
the smallest mammal. The lighter the species, the lessould be almost negligible even at significantly higher levels
important are slow-twitch types of fibre, which constituteof LDH activity.
muscle specialized for static contractions to maintain posture.
Gravitational forces, which are proportiona| to body mass, Reasons for the functional differences between the EDL and
decrease with decreasing body size, and the locomotory soleus muscles &uncus etruscus
behaviour of the smallest mammals reveals that moving is Despite the uniformity of Etruscan shrew muscles with
much more important for them than standing. regard to their myosin composition and their metabolic enzyme
Type IID fibres combine a high shortening velocity which,activities, differences in contraction times and the kinetics of
according to studies in rats is highest in type IIB fibres, a littl&Ce2* transients have been observed. The rate at whig¢hi€a
lower in type IID fibres and considerably lower in type IIA andreleased from the sarcoplasmic reticulum and subsequently
| fibres, and a low fibre diameter, which is lowest in type | andesequestered is significantly higher in the EDL than in the
IIA fibres, a little larger in type 11D fibres and largest in typesoleus muscle o6. etruscugTable 2). A shorter relaxation
IIB fibres (Galler et al., 1994). Provided that the fibretime could be the result of a higher concentration of
properties found in the rat also hold for shrews, type IID fibreparvalbumin in the EDL, but immunohistochemical
seem to be an appropriate compromise between a high ATiRvestigations have provided no evidence for the presence of
turnover, which is required not only for physical performanceparvalbumin in shrew muscles (Peters et al., 1999). A larger
but also for heat production, and a small fibre diameter whicljolume fraction of sarcoplasmic reticulum and, hence, greater
together with a high capillary density, enables a high oxygenumbers of C# channels and higher €aATPase activity in
flux into the fibre and, hence, a high rate of ATP productionthe EDL could also be responsible, but these have not been
as a result of the short diffusion distance for oxygen betweemeasured.
the blood and the mitochondria. The results might be explained, at least in part, by an effect
The importance of the oxidative metabolic pathway isof creatine kinase (CK) activity on €aATPase activity. From
supported by the capacity of the shrew’s type IID fibres to storelectrophoretic studies of cytoplasmic proteins (Fig. 5) and
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subsequent immunoblotting with anti-CK antibodies, it has métabolisme énergétique chez deux CrociduriSagicus etruscugSavi,

been shown that cytosolic CKis present in remarkable amounts822) et Crocidura russula(Hermann, 1780) (Insectivora, Soricidae).
in sh | d that i . in the EDL Mammalia40, 299-311.
In shrew muscles and that its concentration in the MUSCI&yler, S., Schmitt, T. L. and Pette, D(1994). Stretch activation, unloaded

is three times higher than in the soleus muscle. The presencehortening velocity and myosin heavy chain isoforms of rat skeletal muscle

of CK close to the G4-ATPase of the sarcoplasmic reticulum _ fibres.J. Physiol., Lond478 513-521. —
h h & | P K . eers, C. and Gros, G(1990). Effects of carbonic anhydrase inhibitors on
has been shown to enhance Ceelease and uptake rates in contraction, intracellular pH and energy-rich phosphates of rat skeletal

the muscles of mice (Steeghs et al.,, 1997). CK activity is muscleJ. Physiol., Lond423 279-297.

; tivit f th TP Heglund, N. C. and Taylor, C. R.(1988). Speed, stride frequency and energy
funCtlona"y coupled to the ac y 0 e CaATPase cost per stride: how do they change with body size and @laERp. Biol.

because CK controls the local [ATP)J/[ADP] ratio at the 135 301-318,
sarcoplasmic reticulum and, thus, determines the ATPoppeler, H., Mathieu, O., Weibel, E. R., Krauer, R., Lindstedt, S. L. and

concentration available for the €aATPase and, therefore, the ~ Taylor, C. R. (1981). Design of the mammalian respiratory system. VIil.
! ’ Capillaries in skeletal muscleRespir. Physiold4, 129-150.

velocity of muscle relaxation (Minajeva et al., 1996). Jurgens, K. D., Fons, R., Peters, T. and Sender, §1996). Heart and
respiratory rates and their significance for convective oxygen transport rates

; in the smallest mammal, the Etruscan sh&wmcus etruscus. Exp. Biol.
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