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Abstract

Adult muscle size and fibre-type composition are heritable traits that vary substantially between individuals.

We used inbred mouse strains in which soleus muscle mass varied by an order of magnitude to explore

whether properties of muscle spindles can also be influenced by genetic factors. Skip-serial cross-sections of

soleus muscles dissected from 15 male mice of BEH, BEL, C57BL/6J, DUH, LG/J and SM/J strains were analysed for

number of muscle spindles and characteristics of intrafusal and extrafusal fibres following ATPase staining. The

BEL and DUH strains determined the range of: soleus mean size, a 10-fold difference from 2.1 to 22.3 mg,

respectively; the mean number of extrafusal fibres, a 2.5-fold difference from 497 to 1249; and mean fibre-

cross-sectional area, three-fold difference, e.g. for type 1 fibres, from 678 to 1948 lm2. The range of mean

proportion of type 1 fibres was determined by C57BL/6J (31%) and DUH (64%) strains. The mean number of

spindles per muscle ranged between nine (LG/J) and 13 (BEL) (strain effect P < 0.02). Genetic correlations

between spindle count and muscle weight or properties of extrafusal fibres were weak and not statistically

significant. However, there was a strong correlation between the proportion of spindles with more than one

bag2 fibre and the proportion of extrafusal fibres that were of type 1, and strain-dependent variation in the

numbers of such spindles was statistically significant. The numbers of intrafusal fibres per spindle ranged from

2 to 8, with the most common complement of four found in 75.6% of spindles. There were no significant

differences between the strains in the mean numbers of intrafusal fibres; however, the variance of the number

was significantly less for the C57BL/6J strain than for any of the others. We conclude that abundance of muscle

spindles and their intrafusal-fibre composition are substantially determined by genetic factors, which are

different from those affecting muscle size and properties of the extrafusal fibres.
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Introduction

Mammalian muscle spindles, the length sensors of skeletal

muscle essential for motor control, are remarkably stereo-

typed in their structure from muscle to muscle both within

and between species. Each comprises an encapsulated bun-

dle of highly specialised muscle fibres (intrafusal fibres)

innervated by both sensory and motor nerve fibres, the cap-

sule being an expansion of the perineurium of the supply-

ing nerves (reviewed by Banks, 2005). In almost all spindles,

three types of muscle fibre make up the intrafusal bundle:

in their order of development they are bag2, bag1 and

chain fibres, the most common complement being one

bag2, one bag1 and two to several chain fibres, depending

on species and muscle (Banks et al. 1977). Functionally,

bag1 fibres enhance the dynamic response of the primary

sensory ending when activated, whereas the static response

of the ending is enhanced when bag2 and chain fibres are

activated (Bessou & Pag�es, 1975; Boyd, 1985). Differentia-

tion of the intrafusal fibres during development seems not

to be autonomous, but rather it depends on the sensory

innervation. The two principal components of the spindle

then become mutually interdependent for maintenance of

the differentiated state, with intrafusal fibres as the source

of neurotrophin-3 (NT-3) required by the sensory neurons

for their continued viability (Copray & Brouwer, 1994; Ernf-

ors et al. 1994). The number of spindles is set in the muscle

primordium prior to birth, by the interaction between the
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sensory neurites and primary myotubes (Zelen�a, 1994). It is

possible that there is an element of competition between

sensory neurons and a-motoneurons to establish connex-

ions with the primary myotubes.

The notion that the number of spindles is important

and may vary from muscle to muscle in physiologically

meaningful ways is as old as the recognition of the role

of the spindle as a proprioceptor involved in motor con-

trol (Sherrington, 1894). Counts of spindles have usually

been made by analysing serial or skip-serial sections of

muscles from adults of smaller species such as the rat or

guinea pig, or from neonates of larger species including

the cat and human (see Banks, 2006 for a summary of the

data from these species). When the numbers of spindles

are considered in relation to the sizes of the adult mus-

cles, the muscle weight or mass being the most widely

used parameter, it is clear that there is a general trend for

larger muscles to possess more spindles both between and

within species. Until now, however, there has been no

study of whether a similar relationship occurs in homony-

mous muscles of different strains of the same species,

when those strains differ consistently in body and muscle

size.

Adult muscle size and fibre-type composition are highly

variable between individuals, due at least in part to their

plasticity. In humans, for example, factors such as the level

and type of physical activity and age are important modifi-

ers of the structural and functional properties of muscle.

However, as heritability for muscle strength is estimated to

be approximately 50% (Arden & Spector, 1997; Carmelli &

Reed, 2000), genetic factors clearly play an important role

in determining muscle mass, size and strength. Properties of

muscle spindles are also subject to the influence of genetic

factors. Gene knockout models have shown that disruption

of Erbb2 (Andrechek et al. 2002) or the NT-3 coding gene,

Ntf3, (Ernfors et al. 1994) in muscle led to the early degen-

eration or complete absence of spindles, with reduced num-

bers of spindles in heterozygotes. Conversely the disruption

of the myostatin gene, a known suppressor of muscle

growth (McPherron et al. 1997), increased both muscle size

and spindle number (Elashry et al. 2011). Thus, genetic fac-

tors can substantially affect the number of spindles, not

merely their presence or absence, and can do so sometimes

in concert with extrafusal muscle properties.

The existence of many well-established inbred strains of

mice, often with substantially different muscular pheno-

types, including cross-sectional area, mass and fibre num-

ber, provides an opportunity to examine whether genetic

variation influences the number of spindles or their com-

plement of intrafusal fibres. In addition, this research

model provides insight into the extent to which muscle

size and properties of the spindles are driven by the same

genetic factors. Here we describe the results of analysing

the soleus muscle of six inbred mouse strains in terms of:

the numbers of spindles and of the several types of

intrafusal and extrafusal fibres; extrafusal fibre size; and

muscle mass.

Methods

Soleus muscles dissected from 10- to-14-week-old mice were analy-

sed. Tissue collection methods were in accordance with the Institu-

tion’s guide for the care and use of laboratory animals. Males from

six inbred strains, BEH (n = 2), BEL (n = 3), C57BL/6J (n = 3), DUH

(n = 2), LG/J (n = 2) and SM/J (n = 3) were examined (see Results for

definition of the strain abbreviations).

The muscles were frozen in isopentane cooled in liquid nitrogen.

The entire length of the muscle was cryosectioned transversely at

10 lm thickness with a cryotome (Leica CM1850UV) at �20 °C. Due

to its small size, the soleus in BEL strain was sectioned as a part of

the triceps surae muscle group. Every fifth section was mounted on

a glass slide and incubated for ATPase activity following acid prein-

cubation at pH 4.47 (Brooke & Kaiser, 1970). The number, length

and fibre-type composition of muscle spindles was then determined

from the skip-serial sections using a Nikon Optiphot microscope.

Micrographs to show details of intrafusal muscle fibres were made

using a Hamamatsu C4742-95 digital camera attached to a Zeiss

Axio Imager M1 microscope with 963 PlanApochromat oil-immer-

sion objective. The images were captured with Volocity 6.0 and

exported as JPEG format.

Quantitative data are presented as mean � SD unless stated

otherwise. For statistical analysis, the data were compiled in PRISM5

software (v.5.04; GraphPad, San Diego, CA, USA) or in EXCEL 2007.

The agreement of the spindle count data with the normal distribu-

tion was examined using the Shapiro–Wilk test. The effect of strain

was assessed using a one-way ANOVA. A post-hoc Tukey test was then

used to locate the difference. Pearson correlations were carried out

to evaluate the association between variables. Genetic correlations

were calculated between strain means of the variables (Blizard &

Bailey, 1979). Chi-square tests were used to analyse evidence relat-

ing to strain-dependency of: (i) the intrafusal-fibre complements of

spindles; and (ii) the incidence of spindles with more than one bag2

fibre.

Results

This panel of strains included a classical laboratory mouse

strain, C57BL/6J, strains selected for divergent growth,

Berlin high (BEH) and Berlin low (BEL) (Bunger et al. 2001a),

a strain derived by long-term selection for large body

weight, Dummerstorf (DUH) (Bunger et al. 2001b), and

strains selected for high and low body weight, LG/J

(Goodale, 1938) and SM/J (MacArthur, 1944), respectively.

In addition, BEH strain is homozygous for the mutant myo-

statin gene, an allele known as compact (Varga et al. 2003).

These strains were chosen to represent a broad range of

variation in muscle mass, and in the number and histochem-

ical properties of extrafusal muscle fibres present in soleus

muscles of inbred mouse models (Table 1).

Whole muscle properties

Recently reported histological and morphological proper-

ties of the soleus muscle from the strains of the selected
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panel (Lionikas et al. 2010; Carroll et al. 2011; Kilikevicius

et al. 2012) showed a great diversity (Table 1). Soleus mass

varied over a 10-fold range, from 2.1 � 0.8 mg (BEL) to

22.3 � 3.7 mg (DUH), whereas variability in the number of

extrafusal fibres was much smaller (2.59 range), from

497 � 122 to 1249 � 231 per muscle, with the same strains

defining the range. In general, the discrepancy between

mass and fibre number was offset by a three-fold difference

in fibre cross-sectional area between the two strains, e.g.

for type 1 fibres, from 678 � 115 to 1948 � 323 lm2. Some

of the properties were very closely correlated (Table 2); the

range of cross-sectional areas of type 1 and 2A fibres fol-

lowed a very similar direct relationship both to muscle mass

(P < 0.001) and also to each other (P < 0.01). The range was

again defined by the same strains, cross-sectional areas

being smallest in BEL and largest in DUH. Thus, muscle mass,

fibre number and cross-sectional areas covered a consider-

able range and the genetic correlations, i.e. correlations

between the strain means of these indices, were positive

and statistically significant (Table 2, P < 0.05 for each

possible combination). In contrast, although the propor-

tion of type 1 (slow-twitch, postural) muscle fibres varied

two-fold, from 31 � 2% (C57BL/6J) to 64 � 11% (DUH), it

did not correlate with muscle mass (P = 0.615).

Spindle count

The number of muscle spindles in individual solei ranged

from 8 to 14. The within-strain variability was small (the

largest difference between the most and least spindle-rich

muscles of the same strain was two spindles), conferring

adequate statistical power for testing strain effect with

available samples sizes. Because the data distribution did

not deviate from normality (Shapiro–Wilk test, P = 0.075), a

one-way ANOVA was applied to assess whether the variation

in the number of spindles was affected by between-strain

factors. This analysis revealed that the number of muscle

spindles did indeed vary significantly (P < 0.02) among

strains. Interestingly, soleus of the smallest strain (BEL strain)

consistently contained more spindles, 13 � 1, than either

Table 1 Properties of soleus muscle in the panel of examined strains.

Weight, mg Fibre count CSA 1, lm2 CSA 2A, lm2 % type 1

BEH*** 16.6 � 2.2 1063 � 54 1673 � 158 1932 � 139 35 � 6

BEL*** 2.1 � 0.8 497 � 122 678 � 115 812 � 180 56 � 8

C57BL/6J** 9.8 � 1.3 949 � 61 1423 � 155 1393 � 160 31 � 2

DUH*** 22.3 � 3.7 1249 � 231 1948 � 323 2671 � 427 64 � 11

LG/J* 10.1 � 0.9 586 � 62 1405 � 299 1423 � 262 45 � 3

SM/J* 4.8 � 0.5 562 � 102 875 � 190 957 � 195 37 � 4

CSA1, cross-sectional area of type 1 fibres; CSA2A, cross-sectional area of type 2A fibres; % type 1, percentage of type 1 fibres.

*Data from Lionikas et al. (2010) and Carroll et al. (2011).

**Data from Kilikevicius et al. (2012).

***Unpublished observation based on 6–16 samples per strain.

Table 2 Genetic correlations of muscle spindles with other indices of

soleus muscle. Correlation coefficient, r, and associated P value

(below).

Fibre

number CSA1 CSA2A % type 1 Spindles

WEIGHT 0.923

0.009

0.970

0.001

0.993

0.00008

0.262

0.615

�0.198

0.706

Fibre number 0.900

0.015

0.915

0.011

0.120

0.821

0.038

0.944

CSA1 0.948

0.004

0.112

0.832

�0.313

0.546

CSA2A 0.367

0.474

�0.143

0.788

% type 1 0.344

0.504

CSA1, cross-sectional area of type 1 fibres; CSA2A, cross-sectional

area of type 2A fibres; % type 1, percentage of type 1 fibres.

Statistically significant correlations are in bold.

Fig. 1 Abundance of spindles in individual soleus muscles from males

of six inbred mouse strains.
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SM/J strain, 10 � 1 or LG/J, 9 � 1 (both P < 0.05; Fig. 1),

which were 2.3- and 4.8-fold greater in mass, respectively.

We then examined the genetic correlation of the number

of muscle spindles with other variables characterizing the

soleus muscles of the different strains. The r values ranged

between �0.31 and 0.33, but none of them approached sta-

tistical significance (Table 2; P value range 0.504–0.944).

Intrafusal muscle fibres

The number of intrafusal muscle fibres in each spindle

(regarding each spindle as a single encapsulated structure)

ranged from 2 to 8, with four the most common comple-

ment (124/164 overall, 75.6%). The proportion of spindles

with four intrafusal fibres ranged from 68% in SM/J to

87.5% in C57BL/6J, the next most common complements

being 3 (9.8% overall) and 5 (6.7% overall) (Fig. 2). All other

complements are too rare for any strain-dependent differ-

ences that might be present to reach statistical significance

with our sample (e.g. the contingency table, Supporting

Information Table S1). The mean number of intrafusal

fibres per spindle was 4.1 overall, ranging from 3.9 (C57BL/

6J and SM/J) to 4.5 (LG/J). One-way ANOVA failed to demon-

strate any difference between the strains in this respect.

However, C57BL/6J stands out from the rest as being much

the least variable; with a coefficient of variation of 5.5% it

was significantly different even from the next least variable,

SM/J (coefficient of variation 16.0%) by the F test

(F = 0.357, P < 0.01 for 31, 30 df), despite the two strains

having essentially identical means.

It was usually possible to identify all three types of intra-

fusal fibre by their particular staining intensities, which are

similar to those of other mammals (see Banks and Barker,

2004) : bag2 fibres exhibit an acid-stable ATPase over almost

their entire length, apart from the equatorial (sensory)

region; bag1 fibres only show a moderately intense acid-

stable ATPase activity close to their extreme ends; chain

fibres are almost always shorter than either type of bag

fibre and show no acid-stable ATPase at all (Fig. 3). If we

regard the complement of one bag2, one bag1, and one or

more chain fibres as standard, then all spindles of three in-

trafusal fibres were of standard composition, as were most

(99/124, 79.8%) spindles of four fibres. However, only 4/11

(36.4%) spindles with five fibres were standard, and none

of those with more than five fibres was standard. For spin-

dles with four or more intrafusal fibres, all but one of which

contained at least one chain fibre, deviations from the stan-

dard composition were due to additional bag fibres. This

occurred in 41 spindles, of which 35 had two or more bag2

fibres and 15 had two or more bag1 fibres. There was a very

strong correlation (r = 0.88) in the proportions of spindles

with non-standard complements of bag2 and bag1 fibres

among the different strains, as there was between the pro-

portions of type 1 extrafusal fibres and either bag2

Fig. 2 (Top) Bar chart showing the distribution of spindles with different numbers of intrafusal fibres for the complete sample. (Bottom) Histogram

comparing the frequency distributions by strain for spindles with different numbers of intrafusal fibres.
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(r = 0.89) or bag1 (r = 0.78) (Fig. 4). The strain dependency

of the proportion of spindles containing additional bag2

fibres was significant P < 0.05; Table 3), with C57BL/6J hav-

ing the lowest proportion with more than one bag2 fibre

(6.3%) and LG/J the highest proportion (35.3%); but there

were insufficient degrees of freedom to test the data for

bag1 after grouping to provide sufficiently large

expectations.

Discussion

Effects of genetic variants

Comparison of phenotypes between inbred strains facili-

tates assessment of the effects of genetic and environmen-

tal factors on the trait of interest. Because mice from the

same strain are highly isogenic, the within-strain variability

indicates the outcome of environmental or random influ-

ences. In contrast, the phenotypic differences between

strains are largely attributable to genetic differences, which

range from hundreds of thousands of single nucleotide

polymorphisms (SNP; Frazer et al. 2007) to larger structural

variations of the genomes of different strains (Yalcin et al.

2012). Previous studies using the gene knockout approach

demonstrated that abundance of muscle spindles can be

affected by a variety of factors, particularly growth and tro-

phic factor signalling, including ErbB2, NT-3 and myostatin

(Ernfors et al. 1994; Andrechek et al. 2002; Elashry et al.

2011). The finding in the present study, that BEL strain has

�40% more spindles than the LG/J strain, provides evidence

Fig. 3 Representative cross-sections taken at intervals throughout three sample spindles from a BEL soleus muscle to show the identification of in-

trafusal-fibre types, and to illustrate: (left column) the most common complement of one bag2, one bag1 and two chain fibres; (middle column) a

spindle with two bag2, one bag1 and one chain fibre; and (right column) one of the largest spindles found in any strain with a complement of

two bag2, two bag1 and four chain fibres. The box at the lower left of each micrograph gives the reference for the section in the format: slide

number.section number. The box at the upper right gives the nominal distance from the first section in lm. In the spindle shown in the right col-

umn, the two bag2 fibres are thought to have branched somewhere between sections 7.1 and 7.3, resulting in the appearance of four profiles in

7.3. Acid-stable ATPase following pre-incubation at pH 4.47; differential staining properties of the three types of intrafusal fibre are described in

the text.
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that naturally occurring genetic variability also influences

the abundance of these proprioceptors. Whether this

involves variability in growth/trophic factor levels is a mat-

ter for further study. However, it is interesting that the

greater spindle abundance in BEL is occurring indepen-

dently of either size (smallest cross-sectional area among all

the strains) or number (comparable with LG/J and SM/J

strains) of the extrafusal fibres.

Muscle size and its underlying indices (fibre number and

size) substantially differ among the six studied strains

(Table 1), implying a significant contribution of genetic var-

iability to this difference. However, this notion combined

with the lack of appreciable genetic correlation (Table 2)

between muscle size and spindle number indicates that,

whereas genetic factors are important determinants of both

these parameters, different sets of genes must be responsi-

ble for each of them.

Muscle size and spindle count

Although it has long been appreciated that, in general, lar-

ger muscles contain more spindles than smaller ones, the

consequences of the non-linearity in this general relation-

ship have only recently been clarified (Banks, 2006). The

precise relationship depends on whether comparisons are

being made between samples of homonymous muscles

from species differing one from another in body mass by an

order of magnitude or more, or between the individual

muscles comprising almost the whole complement of just

one species. In either case, particular muscles may have

greater or lesser abundance of spindles than the regression

value for a hypothetical muscle of the same mass, when

spindle counts are plotted against muscle mass as their log-

arithmic transforms. In the across-species comparison of

homonymous muscles, the overall fractional power function

relating spindle number to muscle mass has an exponent

very close to 1/3, indicating that the fundamental connex-

ion during evolutionary changes in body (and muscle) size

is isometric with respect to linear dimensions (Banks, 2006).

The reports of an approximately two-fold increase in muscle

mass (McPherron et al. 1997) and 34% increase in spindle

counts (mean of 26 and 41%; Elashry et al. 2011) in the

myostatin null mouse are consistent with this relationship

(20.33 = 1.257). It is interesting, therefore, that in the within-

species analysis of the six strains of mice the same relation-

ship is not found between soleus muscles differing in mass

Fig. 4 Scatter plots of strain means with least-squares fitted regres-

sion lines to show by strain the relationships between: (top) the pro-

portions of spindles with > one bag1 fibre and those with > one bag2
fibre; (bottom) the proportions of spindles with > one bag2 fibre and

extrafusal fibres of type 1. A similar relationship was observed

between the proportions of spindles with > one bag1 fibre and extra-

fusal fibres of type 1 (not shown). Symbols are colour-coded to indi-

cate strain as in Fig. 2.

Table 3 Chi-square goodness-of-fit test showing the strain dependency of the proportion of spindles with > one bag2 fibre. Strains have been

grouped to ensure that the expected number of spindles was at least five, the minimum required by the criteria for this test. Expected numbers

equal the total number of spindles for the strain (or grouped strains) multiplied by the overall number observed with > one b2 fibres and divided

by the overall total number of spindles.

Strain Total no.of spindles

No. of spindles with > one b2 fibres

Observed Proportion Expected (o � e)2/e

C57BL/6J and BEH 54 5 0.09 11.6 3.75

SM/J 31 5 0.16 6.7 0.41

BEL 39 12 0.31 8.4 1.57

DUH and LG/J 39 13 0.33 8.4 2.55

Overall 163 35 0.21 v2 8.29 P < 0.05 for 2 df
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by up to an order of magnitude. Indeed, the greatest num-

ber of spindles is found in the strain with the smallest

muscles, indicating that there is no fundamental causative

relationship between the two indices.

Muscle size is a composite variable depending on the

properties of extrafusal fibres constituting the muscle,

i.e. their number, diameter and length. Each of these prop-

erties is affected by distinct mechanisms. For instance, the

number of extrafusal fibres in mouse is set during embryo-

genesis and remains stable through most of its lifespan

(Wirtz et al. 1983; Ontell et al. 1988), whereas the diameter

of the fibres changes dramatically during postnatal growth

(Wirtz et al. 1983) and can be influenced by a wide variety

of systemic stimuli. The length of the fibres, on the other

hand, is largely determined by mechanisms related to elon-

gation of the bone, which might not be directly related to

growth of muscle tissue per se. Therefore, associations of

muscle size with other traits should be interpreted with the

above mentioned complexity in mind.

Intrafusal muscle fibres

The slight differences in mean number of intrafusal muscle

fibres per spindle between the different strains were not

statistically significant with our sample sizes. However, the

number of intrafusal fibres in each spindle was significantly

less variable in C57BL/6J than in all the other strains. More-

over, the only clear relationship between any intrafusal and

extrafusal phenotypic character among the different strains

was the highly correlated variation in proportions of type 1

extrafusal fibres and of spindles with more than one bag2

fibre. This association could be due to the fact that both

type 1 extrafusal and bag2 intrafusal fibres are derived from

the same population of primary myotubes during develop-

ment (see Banks, 2005, for a brief review of spindle devel-

opment). There is no obvious reason to suppose that the

occurrence of additional bag2 fibres in this strain-

dependent manner is in any way functionally adaptive;

however, it might enhance the static (or tonic) component

of the primary endings’ responses to stretch in those spin-

dles possessing the additional fibres, given the effects of

bag2 activation by static c stimulation (Banks, 1991).

Conclusions

Our study has revealed that genetic variation plays an

important role in determining number of spindles in mus-

cle tissue as well as aspects of their intrafusal-fibre com-

plements. We have also shown that variables such as size

of the muscle, number and size of the extrafusal fibres,

and proportion of different fibre types, are not associ-

ated with the abundance of muscle spindles. The close

correlation between the proportions of type 1 extrafusal

fibres and of spindles with more than one bag2 fibre

may reflect a common developmental mechanism. We

conclude that abundance of muscle spindles is deter-

mined by genetic factors which are significantly different

from those affecting muscle size and properties of the

extrafusal fibres.
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