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Abstract

Diaphragm atrophy and weakness occur after administration of
massive doses of corticosteroids for short periods. In the pres-
ent study the effects of prolonged administration of moderate
doses of fluorinated and nonfluorinated steroids were investi-
gated on contractile properties and histopathology of rat dia-
phragm. 60 rats received saline, 1.0 mg/kg triamcinolone, or
1.25 or 5 mg/kg i.m. prednisolone daily for 4 wk. Respiratory
and peripheral muscle mass increased similarly in control and
both prednisolone groups, whereas triamcinolone caused se-
vere muscle wasting. Maximal tetanic tension averaged
2.23±0.54 kg/cm2 (SD) in the control group. An increased
number of diaphragmatic bundles in the 5-mg/kg prednisolone
group generated maximal tetanic tensions < 2.0 kg/cm2 (P
< 0.05). In addition, fatigability during the force-frequency
protocol was most pronounced in this group (P < 0.05). In
contrast, triamcinolone caused a prolonged half-relaxation time
and a leftward shift of the force-frequency curve (P < 0.05).
Histological examination of the diaphragm showed a normal
pattern in the control and 1.25-mg/kg prednisolone group.
Myogenic changes, however, were found in the 5-mg/kg pred-
nisolone group and, more pronounced, in the triamcinolone
group. Selective type Ilb fiber atrophy was found in the latter
group, but not in the prednisolone groups. In conclusion, triam-
cinolone induced type IIb fiber atrophy, resulting in reduced
respiratory muscle strength and a leftward shift of the force-
frequency curve. In contrast, 5 mg/kg prednisolone caused al-
terations in diaphragmatic contractile properties and histologi-
cal changes without fiber atrophy. (J. Clin. Invest. 1993.
92:1534-1542.) Key words: corticosteroids * myopathy - atro-
phy * respiratory muscles * chest wall mechanics

Introduction

Myopathy and atrophy of peripheral skeletal muscles are well-
known side effects oftreatment with corticosteroids, especially
with fluorinated steroids ( 1-5). Recent animal studies have
demonstrated that the diaphragm may be involved (6-12), but
the extent to which the human diaphragm may be affected is
still unclear. 2-wk treatment with 40 mg prednisolone daily did
not affect maximal inspiratory mouth pressure or respiratory
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muscle endurance in normal subjects ( 13). In patients with
collagen vascular disorders or with asthma and chronic ob-
structive pulmonary disease (COPD),' however, steroid treat-
ment may reduce respiratory muscle function ( 14, 15).

Animal studies have shown that diaphragmatic mass (6, 8,
1 1 ), function (8, 12), fiber type dimensions (7, 10, 12), and
biochemical characteristics (9, 12) are affected by the adminis-
tration of steroids. In the majority of these studies, however,
animals were treated with massive doses of steroids during
short periods, likely to produce acute myopathy and atrophy
rather than chronic myopathy (6-8, 10-12, 16). The latter
disorder is probably more relevant to clinical medicine ( 16).

The present study was, therefore, designed to investigate
the effects ofprolonged administration ofa fluorinated (triam-
cinolone) and a nonfluorinated steroid (prednisolone) in mod-
erate doses, likely to produce chronic myopathy, on contractile
properties and histopathology of rat diaphragm.

Methods

Study design, animals, and treatment
60 adult male Wistar rats, aged 14 wk, weighing 350-400 g, were ran-
domized in quadruplets, into one of four treatment groups: control
(C), saline, 0.05 ml/d i.m.; low dose prednisolone (LD), 1.25 mg/kg
per d i.m.; high dose prednisolone (HD), 5 mg/kg per d i.m.; or triam-
cinolone-diacetate (TR), 1 mg/kg per d i.m. Dilution of medication
was performed such that with each injection all animals received a
similar volume (0.05 ml). During 4 wk the animals were injected daily
in the left hindlimb. They were fed ad libitum and weighed twice
weekly. After the treatment period, contractile properties, histological,
and histochemical characteristics of the diaphragm were examined.

Contractile properties
24 h after the last injection, rats were anesthetized with sodium pento-
barbital (Nembutal, 60 mg/kg i.p.). Animals were tracheotomized and
a tracheal cannula (polyethylene tubing PE-200) was inserted. They
were mechanically ventilated with an O2-enriched gas mixture (pump
respirator; Harvard Apparatus, South Natick, MA; tidal volume 5 ml,
respiratory frequency 40/min).

The diaphragm was quickly removed through a laparotomy and
was immediately immersed in a cooled, oxygenated Krebs solution
containing (mmol/liter): 137 NaCl, 4 KCI, 2 CaC12, 1 MgCl2, 1
KH2PO4, 12 NaHCO3, and 6.5 glucose. The distribution of the three
fiber types in rat diaphragm is similar in all regions, except for the
crural region, which contains significantly more type lIb fibers (17).
Regional differences in cross-sectional area (CSA) in rat diaphragm
fibers have not been described to the best of our knowledge. To avoid
any variations as much as possible, two small rectangular bundles from

1. Abbreviations used in this paper: C, control; COPD, chronic obstruc-
tive pulmonary disease; CSA, cross-sectional area; HD, high dose pred-
nisolone; LD, low dose prednisolone; Lo, optimal length; Po, maximal
tetanic tension; Pt, maximal twitch tension; 1 /2RT, half relaxation
time; TPT, time to peak tension; TR, triamcinolone-diacetate.

1534 P. N. R. Dekhuijzen, G. Gayan-Ramirez, V. de Bock, R. Dom, and M. Decramer

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/93/09/1534/09 $2.00
Volume 92, September 1993, 1534-1542



the middle part ofthe lateral costal region ofeach hemidiaphragm were
obtained by careful dissection parallel to the long axis ofthe fibers. Silk
sutures were firmly tied to both ends ofthe bundle to serve as anchoring
points.

Each bundle was then placed within the external chamber ofajack-
eted tissue bath containing Krebs solution, maintained at 370C, and
perfused with a 95% 02 and 5% CO2 mixture. One end of the bundle
was tied to a rigid support, while the other was fastened to an isometric
force transducer mounted to a micrometer. The muscle was placed in
between two large platinum stimulating electrodes.

After a 15-min thermoequilibration period, the bundles were
placed at their optimal length (Lo), defined as the length at which peak
twitch force was obtained. Stimulations were delivered through a stimu-
lator (model 50-5016; Harvard Apparatus, Edenbridge, Kent, U.K.)
connected in series to a power amplifier from power one model HS24-
4.8 (R. J. Evans, University of Virginia). Stimuli were applied with a
pulse duration of 0.2 ms and a train duration of 250 ms. Maximum
twitch tension was achieved at ±34 V. The voltage was then increased
by 20% to ensure supramaximal stimulation. This voltage was subse-
quently used during all stimulations. Isometric force was measured by
means of a force transducer (Maywood Ltd., Hampshire, U.K.). The
signal was amplified and recorded on a hot pen recorder (W & W
Electronics, Basel, Switzerland). Measurements were directly made
from the recorder tracings.

The following measurements were performed:
Twitch characteristics. Two twitches were recorded at Lo to deter-

mine maximal twitch tension (Pt), time to peak tension (TPT), and
half relaxation time (1 /2RT). Average values were used for further
analysis.

Maximal tetanic tension. Bundles were stimulated twice tetanically
at 160 Hz, during 250 ms to obtain a clear plateau in force generation.
Maximal tetanic tension (Po) was recorded as the maximal tension
elicited at 160 Hz, since previous studies have shown that at 370C
maximal force generation is achieved at this stimulus frequency in rat
diaphragm ( 18, 19). Values were expressed both in absolute values
(kg) and corrected for CSA (6, 11 ) (see below).

Force-frequency curve. Bundles were stimulated at the following
frequencies: 25, 160, 50, 160, 80, 160, 120, and 160 Hz. Each stimulus
was separated by a 2-min interval.

Fatigue properties. Fatigability was assessed in two different ways.
First, force output at 160 Hz after each stimulus frequency during the
force-frequency curve was measured. Second, bundles were fatigued by
means of 330-ms stimulations repeated at 25 Hz and applied every
second during 5 min (modified after Burke et al., [20]).

After these measurements, each muscle bundle was removed from
the bath and its length, thickness, and width were measured at Lo. The
bundle was blotted dry and weighed. CSA was calculated by dividing
weight by specific density ( 1.056) and muscle length. Twitch and te-
tanic forces were expressed per unit CSA. Twitch/tetanus ratio (Pt/
Po) was calculated for each muscle bundle.

Finally, the remaining diaphragm tissue was trimmed, blotted, and
weighed. Parasternal muscles (including sternum and chondral parts of
the ribs), right medial scalene muscle, and the medial gastrocnemius
from the right hindlimb were dissected, trimmed, blotted, and weighed.

Histological and histochemical procedures
Muscle strips obtained from the costal region of the diaphragm were
put into tissue glue (Tissue-Tek, Elkhart, IN) on a cork holder, with the
muscle fibers oriented perpendicularly to the surface of the cork.
Proper orientation of the bundles was controlled by using magnifying
glasses during this procedure. Subsequently, these specimens were
quickly frozen in isopentane cooled with liquid N2. Serial cross sections
were cut at 10-am thickness with a cryostat kept at -20°C, parallel to
the cork. Two sections ofeach diaphragm were taken for routine hema-
toxylin and eosin staining.

The other serial sections were stained for myofibrillar adenosine
triphosphatase after alkaline (pH 9.3) and acid (pH 4.3) preincuba-
tion. Muscle fibers were classified as type I (slow-twitch), type Ila (fast-
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Figure 1. Weight vs. time during the 4-wk treatment period. Closed
circles, control; closed squares, LD prednisolone; open squares, HD
prednisolone; open circles, triamcinolone; dashed line, pooled SD. *P
< 0.01 compared with C, LD, and HD.

twitch oxidative), or type lIb (fast-twitch glycolytic) fibers (21 ). Slides
preincubated at pH 4.3 offered the best separation of different fiber
types and were consequently used for further analysis.

Morphometric examination was carried out with a microscope (E.
Leitz Inc., Wetzlar, Germany), at 25x magnification, connected to a
digitizing board (model 2207; Numonics Corp., Montgomeryville,
PA). Areas in which fiber orientation was not transverse to the long
axis were not analyzed. Fiber diameters were determined by measuring
the maximum diameter perpendicular to the long axis. Boundaries of
individual muscle fibers were delineated, and fiber CSAs were deter-
mined from the number of pixels within the outlined fiber. A shape
factor was calculated as (4 X ir X CSA2)/perimeter2. At least 250 fibers
ofeach diaphragm were used to calculate mean diameter, shape factor,
and CSA of all fiber types.

Data analysis
Two diaphragm bundles were obtained from each animal and were
subsequently used for statistical analysis as independent cases. Data
from the different treatment groups were compared, using two-way
analysis of variance. Differences between means were assessed using
Duncan's multiple range test. A chi-square likelihood ratio test was
used to detect differences in the distribution of maximal tetanic ten-
sions between the four treatment groups. Statistical significance was set
at P < 0.05. All analyses were performed using the SPSS/PC+ package
(22). Means±SD are represented in text, tables, and figures unless
otherwise specified.

Results
Body and muscle weight
Body weight at the start of the study was not different between
the four groups (Fig. 1). In C, LD, and HD groups weight

Table I. Muscle Masses*

Treatment Diaphragm Parasternals Scalenus Gastrocnemius

Control 380 (45) 2,772 (309) 460 (90) 634 (101)
Prednisolone

1.25 mg/kg 365 (88) 2,892 (377) 445 (78) 600 (100)
5 mg/kg 354 (55) 2,808 (288) 451 (110) 616 (153)

Triamcinolone
I mg/kg 230 (50)t 1,654 (29 l)$ 165 (29)t 228 (65)t

Mean±SD. * Values are expressed in mg. $ P < 0.001 compared
with C, LD, and HD.
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Table II. Diaphragm Bundle Dimensions

Treatment Length Thickness Width Weight

mm mg

Control 18.0 (2.2) 0.49 (0.11) 1.58 (0.26) 22.4 (4.8)
Prednisolone

1.25 mg/kg 17.9 (1.5) 0.52 (0.13) 1.56 (0.26) 21.4 (3.6)
5 mg/kg 17.4 (1.7) 0.49 (0.11) 1.56 (0.18) 22.1 (4.4)

Triamcinolone
1 mg/kg 16.4 (2.0) 0.41 (0.l0)* 1.25 (0.13)* 11.8 (2.2)*

Mean±SD. * P < 0.05 compared with C, LD, and HD.

increased during the treatment period, whereas it severely de-
creased in the TR group (P < 0.01). In the latter group seven
animals (47%) died after 20 ± 5 d presumably because of se-
vere muscle wasting, whereas in the other three groups no mor-
tality was observed.

Masses of respiratory and peripheral muscles are shown in
Table I. All muscle masses were clearly reduced in the TR
group. In three TR-treated animals the medial scalene muscle
completely disappeared at both sides. For all muscles studied,
weight varied proportionally to body weight.

Diaphragm bundle dimensions
Bundle dimensions were similar in C, LD, and HD groups
(Table II). In the TR group thickness and width were signifi-
cantly smaller, resulting in a lower bundle weight (P < 0.05).

Diaphragmatic contractile properties
Twitch characteristics. Pt tended to decrease in prednisolone-
treated animals and to increase in the triamcinolone-treated
animals, but these differences did not reach statistical signifi-
cance (Table III). Passive tensions at which maximal twitch
tension was measured were similar in all groups (means±SD):
C, 0.84±0.47 g; LD, 0.69±0.49 g; HD, 0.67±0.42 g; TR,
0.74±0.62 g. TPT in the HD group was shorter than in C and
TR groups (P < 0.05). In the TR group, 1 /2RT was signifi-
cantly prolonged compared with the other three groups (P
<0.001).

Maximal tetanic tension. Po expressed in kilograms was
significantly lower in the TR group compared with the other
groups (Table III). When normalized for CSA, Po was not
significantly different between the four groups (Table III).
However, when the values were divided in three classes (Po
< 1.5, 1.5 <Po <2.0, and Po > 2.0 kg/cm2), more bundles
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Figure 2. Maximal tetanic tension (Po, expressed in kg/cm2) divided
into three subgroups. Open bars, control; hatched bars, LD predniso-
lone; solid bars, HD prednisolone; crosshatched bars, triamcinolone.
*P < 0.05 compared with C.

generated tetanic tensions between 1.5 and 2.0 kg/cm2 in the
HD group (Fig. 2, chi-square = 9.472, P < 0.05). The distribu-
tion of bundles with Po values < 1.5 kg/cm2 was not different
between the four groups, indicating that dissection injury was
probably evenly distributed among the treatment groups. Pt/
Po in prednisolone-treated animals was significantly lower
than in the TR group (Table III, P < 0.001 ).

Force-frequency curve. The response ofdiaphragm strips to
increasing stimulus frequencies is shown in Fig. 3. When ex-
pressed in absolute values (Fig. 3, top), stress developed at 25
Hz was higher in the TR group compared with C, LD, and HD
groups (P < 0.05). Force generation tended to decrease with
increasing prednisolone dose, but the differences did not reach
statistical significance. When expressed as a percentage of the
160-Hz stimulations before and after each stimulus frequency,
this tendency was no longer present, although the force genera-
tion at 25 Hz was still greater in the TR group (Fig. 3, bottom).

Fatigue properties
Decline in maximal tetanic tension duringforce-frequency pro-
tocol. In all groups force generated at 160 Hz during the force-
frequency stimulation procedure decreased significantly. In the
C, LD, HD, and TR groups the percentage decreases compared
with initial Po were 7.7±1.7, 10.1+2.2, 14.2±2.5, and 6.2±2.2
(mean±SE), respectively. Thus, the TR group showed the
smallest decline, whereas the HD group exhibited the most
pronounced decrease (P < 0.05 compared with the other
groups). As a consequence, fatigue during the force-frequency

Table III. Diaphragmatic Contractile Properties

Treatment Pt TPT 1/2RT Po Po Pt/Po

kg/cm? ms kg kg/cm?

Control 0.640 (0.208) 23 (2) 18 (4) 0.026 (0.008) 2.23 (0.54) 0.28 (0.04)
Prednisolone

1.25 mg/kg 0.593 (0.191) 22 (3) 19 (3) 0.024 (0.007) 2.16 (0.52) 0.27 (0.04)
5 mg/kg 0.580 (0.243) 21 (3)* 19 (3) 0.025 (0.006) 2.17 (0.69) 0.26 (0.05)

Triamcinolone
1 mg/kg 0.693 (0.242) 23 (5) 26 (7)* 0.015 (0.004)t 2.25 (0.64) 0.31 (0.04)f

Mean±SD. * P < 0.05 compared with C and TR. * P < 0.00 1 compared with C, LD, and HD. § P < 0.001 compared with LD and HD.
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Figure 3. (Top) Force-frequency curve, expressed in kg/cm2. *P
< 0.05 compared with C, LD, and HD. (Bottom) Force-frequency
curve, expressed as percentage of 160-Hz stimulations. Closed circles,
control; closed squares, LD prednisolone; open squares, HD predni-
solone; open circles, triamcinolone; dashed line, pooled SD.

curve was smallest in the TR group and greatest in the HD
group.

Fatigue run. During the low-frequency fatigue run, stress
generation in the TR group was higher than in the other groups
(Fig. 4, P < 0.05). The same pattern was observed when values
were expressed as percentage of initial stresses.

Histopathology
Histological examination of hemotoxylin and eosin-stained
slides showed a normal muscular pattern in both C and LD
groups. In the HD group, however, myogenic changes were

noticed, with greater than normal variation of the diameter of
all fiber types, scattered necrotic or atrophic fibers, excess of
nuclei, and increased amount of connective tissue (Fig. 5, bot-
tom left). No atrophy of type Ilb fibers was observed. Even
more pronounced pathological changes were found in TR
group, with variations in diameters of all muscle fiber types,
atrophy of Ilb fibers (Fig. 5, bottom right), increase in number
of nuclei, and an increased amount of connective tissue. More
necrotic fibers were present than in the HD group.

Morphometry
Fiber type distribution was not changed by different treat-
ments. In general, diaphragm consisted of 40% type I fibers,
30% type IIa fibers, and 30% type Ilb fibers (Table IV). Muscle
fiber dimensions were affected differently according to the type
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Figure 4. Fatigue curve, expressed in kg/cm2. Closed circles, control;
closed squares, LD prednisolone; open squares, HD prednisolone;
open circles, triamcinolone; dashed line, pooled SD.

of steroid administered. Mean diameters of type I, Ila, and Ilb
fibers were similar in C, LD (Fig. 5, top), and HD groups. In
the TR group, however, the diameter oftype Ilb fiberwas signif-
icantly reduced (Fig. 5, bottom right and Fig. 6, top, P < 0.05),
whereas type I and Ila diameters were unaffected. CSA ofthese
type Ilb fibers in the TR group was decreased even more clearly
(Fig. 6, bottom, P < 0.001 ). Type I and Ila CSA were similar in
the four treatment groups.

No significant differences were observed in shape factor
between the four groups. The mean values were 0.77, 0.75, and
0.77 for the type I, Ila, and Ilb fibers, respectively. For all
groups and all fibers studied shape factor ranged from 0.69
to 0.82.

Discussion

The present data show that triamcinolone and prednisolone
affect diaphragm function in a clearly different way. Triamcin-
olone treatment caused selective type Ilb fiber atrophy of the
diaphragm. Type Ilb fiber atrophy was further confirmed by
the observed alterations in contractile properties. Indeed, the
prolonged 1 /2RT, higher force generation at low stimulus fre-
quencies, and the relative resistance to fatigue during the force-
frequency protocol all are consistent with type Ilb atrophy (7).

More subtle changes were noticed in the prednisolone-
treated animals. Relatively more diaphragmatic bundles gener-
ated tetanic tensions < 2.0 kg/cm2 compared with control.
Moreover, a significantly greater decline in force during the
force-frequency protocol was present in the HD group. These
changes in contractile and fatigue properties are compatible
with the pathological changes in the HD prednisolone group.
In contrast to the response to triamcinolone, no (selective)
fiber type atrophy occurred with HD prednisolone. The alter-
ations in the 5-mg/kg prednisolone diaphragms were typically
myogenic in origin (21 ). Abnormalities suggesting neurogenic
changes such as generalized fiber atrophy and small group and
large group atrophy (21) were not found in these steroid-
treated diaphragms.

Bundle dimensions themselves may affect contractile prop-
erties (23). The changes in contractile properties in the TR-
treated diaphragms could potentially be due to the fact that the
bundles were smaller in this group. Segal and Faulkner (23)
studied the influence of muscle thickness and incubation tem-

Corticosteroids and Rat Diaphragm 1537

2.5

2.0

E
_ 1.5

) 1.0
1=
0
U-

STIMULATION FREQUENCY (Hz)

N
I

0

CD
T-

a.)

0
U-LL

w:

100 -

80 -

60 -

40 -

20 -

0 -

k

I'll S6-N.
N,

--------

ir
0.5 -.

r



t r%

'1

*It.#-'

* p ;r. s s;

*X:!.~
.::

4Se
..~

b .t

4.

4. .5
*̂:>tf... a

m :^

....,.\..| <.
T

."....1.: . I
CT

,.-
....

jw .j. b

..\ ..
.... ..

...W,
*: :.g.

t ::

a ::
3e

W1.%

b.
4 Si

.s IL :,

P .:.

...

Fig.S

4S44i . ,'*Sa; *

A

IL~ ~

AXW-~~~~~2
, ; ,.....

IL.w<;xs:, .. " f -.'; * s *. \:7XV,Pt~~~~~~~~. * 2=tt;W1}

u

: - CT .

-.~~~~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~~~~~~~l

IL~~~~~~~~>

'AT".~,'A'..

.F....,.-h~i ......

%~~~~~~~~~

..lli A m w. w ....j ,X{..\

% CT

; w

*, ....
..

*

I :

1538 P. N. R. Dekhuijzen, (: Gayan-Ramirez, V. de Bock, R. Dom, and M. Decramer

..
0i

..
:, N;



.-*
-.
4S

>. - >
tsA v *
i
X-E-

s*5 !S |
* _k-.

k P
A. wE b

k -
F v r .< * ^ #t* w .. And ......*' i OFF.... ... *a.* A_
_; v ''_.* t
_* A___ a_A.. ...... _

-

.

A_ _-
A. ,.

.-A. j
!_E Arcs v !OF

2 -. ant.
He

c An.. He

vxle. @
'' 6' 5.t,1'-at =-s

*w:s ..e:

Fig.5

Corticosteroids and Rat Diaphragm 1539



perature on the contractile properties of rat skeletal muscles.
They showed that the critical radius for 02 diffusion (i.e., the
distance into a muscle at which 02 tension declined to zero)
was ±0.6 mm at 370C. This is clearly above the radius of the
bundles in our study, which varied from 0.20 (triamcinolone
group) to 0.26 mm ( 1.25-mg/kg prednisolone group). There-
fore, it seems unlikely that differences in bundle dimensions
and consequent differences in oxygen diffusion would account
for the observed changes in contractile properties.

Another important issue is whether the use of sodium pen-
tobarbital (Nembutal) may have affected contractile properties
in vitro. The direct effects of pentobarbital on medial soleus
and medial extensor digitorum longus in mice were described
by Taylor et al. (24). In their study pentobarbital was added to
the muscle bath in concentrations of0.1, 0.2, 0.4, and 0.8 mM.
Only the highest concentration had small effects on Po and
twitch characteristics. In the study by Warner et al. (25) admin-
istration of 25 mg/kg i.v. in dogs resulted in plasma levels of
- 25 ,ug/ml or 0.1 mM. In the present study 60 mg/kg i.p. was
administered, but no serum levels were measured. Even assum-
ing perfect reabsorption, which is unlikely in view ofthe intra-
peritoneal route of administration and the short duration be-
tween induction of anesthesia and removal of the diaphragm,
and similar kinetics as in dogs, a serum level of0.24mM would
have been obtained. This is clearly below the concentration at
which effects were obtained by Taylor et al. (24). This suggests
that the effects of pentobarbital in the present study, if present,
must have been negligible.

Our data are in line with recent investigations, indicating
that histochemical and contractile properties ofthe diaphragm
are affected by corticosteroids (6-12). In the study by Moore et
al. (6 ), treatment with cortisone acetate ( 100 mg/ kg per d i.m.)
during 10 d resulted in a 30% reduction in diaphragm mass.
When corrected for actual mass of the diaphragm, however,
twitch characteristics and force generation during the force-fre-
quency protocol were unaltered, indicating that no intrinsic
impairment of the contractile machinery occurred. Two other
studies reported the effects ofthe fluorinated steroid triamcino-
lone (7, 8). In the study ofWilcox et al. (7), triamcinolone was
administered to hamsters in a dose of 3 mg/kg per d i.m. dur-
ing 21 d. Viires et al. (8) investigated rats 8 d after a bolus
administration of 12 mg/kg triamcinolone i.m. Similarly to
our study, in these studies a ±30% reduction in diaphragm
mass due to type Ilb fiber atrophy was shown, with a relative
predominance of fatigue resistant muscle fibers. This was re-
flected by an increase in 1 /2RT, prolongation of TPT, and
reduced fatigability of the diaphragm (7). A similar pattern of
changes was noticed in the triamcinolone-treated rats in the
present study. In the abovementioned studies massive doses of
fluorinated steroids were administered in contrast to the pres-
ent study. Consequently, acute atrophy and rhabdomyolysis
might have been induced in these studies. This has also been
observed in patients treated acutely with massive doses ofcorti-
costeroids (26-30). Their pattern of acute generalized muscle
atrophy and weakness, however, is distinctly different from the

Table IV Diaphragm Fiber Type Distribution

Treatment Type I Type Ila Type Ilb

Control 40 (3) 30 (3) 30 (4)
Prednisolone

1.25 mg/kg 39 (3) 28 (3) 32 (3)
5 mg/kg 40 (2) 28 (2) 32 (3)

Triamcinolone
1 mg/kg 40 (6) 26 (6) 35 (6)

Mean±SD.

clinical pattern observed during chronic steroid myopathy.
The latter occurs after prolonged administration of steroids
and is characterized by the insidious onset ofmuscle weakness
predominantly localized in the proximal extremities (31).

The extent to which the diaphragm is affected by predniso-
lone, a nonfluorinated steroid that is frequently used in clinical
practice, has not yet been studied. Proximal limb muscle weak-
ness does occur with this drug (3, 3 1 ), and generalized or selec-
tive muscle fiber atrophy is less frequently associated, with
prednisolone treatment ( 31 ). A clear explanation for this dif-
ference in response to steroids is not available nor is the appar-
ent discrepancy between the antiinflammatory effects and the
muscle structure effects well understood. Fluorination of the
steroid skeleton enhances all biological activities. The exact
mechanism, however, by which fluorinated steroids cause ex-
tensive muscle damage compared with nonfluorinated steroids
is not known. A difference in binding of triamcinolone, dexa-
methasone, and cortisol to cytoplasmatic proteins may contrib-
ute (32).

Regardless of the exact mechanism, the histological and
physiological changes appear to be in line with one another. In
the triamcinolone-treated animals the relative contribution of
slow (type I) fibers in the diaphragm is increased because of
selective atrophy of type IIb fibers. This resulted in prolonga-
tion of 1/2RT and an upward shift of the force-frequency
curve at low frequencies. The relationship between the myo-
genic changes found in the prednisolone-treated animals and
the physiological abnormalities is unclear. Glycogen storage
may increase while its breakdown may decrease due to predni-
solone. This might increase the susceptibility to fatigue during
the various stimulations.

Although morphometric analysis in the present study was
performed using a standardized procedure, fiber dimensions
depend upon the degree of shortening when the diaphragm is
excised. Indeed, an excised diaphragm bundle will assume its
equilibrium length, which may imply a shortening up to
- 40% in dogs, associated with loss of passive tension present
in vivo (33). Since passive tensions were similar in the present
study, shortening to equilibrium length was likely to be similar
as well. The preponderance of connective tissue in the TR

Figure 5. (Top, left and right) Representative ATPase staining at pH 4.3 (25x) from control (left) and LD prednisolone group diaphragm (right).
Type I (*), Ra (*), and IIb (*) fibers are indicated. (Bottom left) Representative hematoxylin and eosin (25x) from HD prednisolone group dia-
phragm. Note increased amount of connective tissue (CT) between fibers, scattered necrotic fibers (*), and excess of nuclei (arrows). (Bottom,
right) Representative ATPase staining at pH 4.3 (25x) from triamcinolone group diaphragm. Fiber types I (*), Ha (*), and Ilb (*) are indicated.
Note reduction in dimensions of type Ilb fibers compared with the top panels.
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Figure 6. (Top) Fiber diameters in the four groups. (Bottom) Fiber
CSA. *P < 0.001 compared with all other groups. Open bars, control;
hatched bars, LD prednisolone; solid bars, HD prednisolone; cross-
hatched bars, triamcinolone.

group would only affect excised sarcomere length differently
from the other groups to the extent that it changes passive
tension. As this was not the case, the selective type Ilb fiber
atrophy in the TR diaphragms cannot be related to bundle
shortening alone.

In several studies a pair-fed control group was included (6,
8, 11, 12) to distinguish the effects ofsteroids from the effects of
malnutrition and weight loss. Such pair-fed control groups

were not used in other investigations (7, 9, 10) nor in the pres-

ent study. In the study by Moore et al. (6) no significant differ-
ences were found in diaphragm mass and contractile properties
between a pair-fed and an ad libitum-fed control group. Fur-
thermore, studies on malnutrition in rats have shown that CSA
of type I, Iha, and Ilb fibers decreased significantly, with the
greatest effect on type Ilb fibers (34). In another study in ham-
sters, CSA of type Iha and IIb was reduced to 76 and 77%
compared with normal, whereas type I CSA was unaffected
(35). These effects are clearly different from the findings in
both prednisolone- and triamcinolone-treated animals in the
present study. In prednisolone-treated animals no body weight
loss or atrophy ofdiaphragm fibers was found. In the triamcin-
olone animals atrophy was strictly limited to type IIb fibers.
The latter observation may be of clinical relevance if similar
changes were to be present in patients. The absence of type Ila
fiber atrophy would then allow to distinguish effects of triam-
cinolone from malnutrition.

The reduction in respiratory muscle mass in the TR group
may be expected to reduce respiratory muscle strength. Ifrespi-
ratory muscle strength falls below 30% of normal, respira-
tory failure is expected to ensue (36). Since obduction in two
animals ofthe TR group revealed no gross macroscopic abnor-
malities, we assume that respiratory failure was the cause of
death in the majority of these animals. Nachazel and Palecek
(37) studied the effects of 60 mg/kg hydrocortisone i.m. dur-
ing 8 d on the breathing pattern in normal rats. Diaphragm
mass decreased by 44%. Breathing pattern and arterial carbon
dioxide tension (PaCO2) at rest were unaltered, but the re-
sponse to an increased ventilatory load was diminished in the
steroid-treated animals. Further studies are required to investi-
gate the occurrence of respiratory failure during triamcinolone
treatment in rats.

In previous studies the doses of steroids administered were
high compared with current use in clinical practice. In the pres-
ent study prednisolone was administered in doses of 1.25 and 5
mg/kg per d. Assuming an absorption of 60% (6) after intra-
muscular injection, these doses are equivalent in a 60-kg hu-
man to 45 and 180 mg/d, respectively. The lower dose is not
uncommon in the treatment of patients with asthma and
COPD, and even more so in patients with interstitial lung dis-
ease. Although the effects of prednisolone are subtle, the pres-
ent study concentrates on normal rats. It may be speculated
that the effects of steroids on already impaired diaphragmatic
function as in patients with COPD might be more pronounced,
although no direct evidence for this statement is presently avail-
able.

In conclusion, the present study shows that triamcinolone
and prednisolone have different effects on morphology and
contractile properties of the rat diaphragm. Fluorinated ste-
roids such as triamcinolone caused severe muscle wasting due
to selective type Ilb fiber atrophy, resulting in markedly re-
duced respiratory muscle strength. Prednisolone in four times
higher doses caused a tendency towards lower tetanic tensions
and increased fatigability of diaphragmatic muscle bundles,
with distinct alterations in muscle histology.
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