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<Short Communication>

Appearance of osteoporosis in rat experimental autoimmune encephalomyelitis
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Abstract : Experimental autoimmune encephalomyelitis (EAE) in Lewis rats is characterized by transient paralysis
followed by recovery. To evaluate whether transient paralysis in EAE affects bone density, tibiae of EAE rats were
morphologically investigated using micro-computed tomography and histology. The parameters of bone health were
significantly reduced at the peak stage of EAE rats relative to those of controls (p < 0.05). The reduction of bone density
was found to remain unchanged, even in the recovery stage. Collectively, the present data suggest that osteoporosis occurs
in paralytic rats with monophasic EAE, possibly through the disuse of hindlimbs and/or autoimmune inflammation.
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Experimental autoimmune encephalomyelitis (EAE), an

animal model of human autoimmune disease including mul-

tiple sclerosis (MS), is caused by autoimmune T cells, and

consequently characterized by paralysis [1]. The neuropatho-

logical characteristics of rat EAE consisted of infiltration of

T cells and macrophages into the subarachnoid space during

the early stages of lesion development [13], with subsequent

activation of microglia, immune cell apoptosis, and reactive

astrogliosis during the peak stage of the disease [1]. Both

pro-inflammatory and anti-inflammatory cytokines are impor-

tant mediators during the induction of recovery from EAE

[14]. Prior to neuroinflammation, proliferation of T cells and

migration of T cells and macrophages have been occurred in

the lymphatic tissues and circulating blood, respectively.

Peripheral inflammation has been deeply associated with

bone metabolism, increasing bone resorption through the

induction of osteoclastogenesis or inhibition of osteoprogeni-

tors [9]. 

MS is a chronic inflammatory-demyelinating disease of the

nervous system [4]. There has been mounting evidence show-

ing that MS is associated with increased risk of osteoporosis

and fractures [4]. The development of osteoporosis in MS

patients can be related to the cumulative effects of various

factors including majority reduced mechanical load on the

bones (offsetting gravity), low vitamin D levels, and use of

medications such as glucocorticoids and anticonvulsants [4]. 

Osteoporosis, a condition characterized by low bone mass

and deterioration of the skeletal microarchitecture, is a

degenerative bone disease that can develop in accordance

with reduced estrogen levels during and after menopause and

following long periods of disuse [3]. The absence of mechan-

ical loading in rats decreases bone formation and increases

bone resorption [12]. Hindlimb unloading induces bone loss

or reduces bone gain in cortical and cancellous bones, in

addition to osteocyte apoptosis in cancellous bone [10]. 

Even though rat EAE is behaviorally characterized by the

hindlimb paralysis, little is known on the bone structure. The

aim of this study was to evaluate whether Lewis rats with

acute monophasic EAE is associated with bone loss. 

Lewis rats were obtained from Harlan (Indianapolis, IN,

USA) and were bred in our animal facility. Rats of both

sexes (7–8 weeks old; 160–200 g) were used. All animal

experiments were conducted in accordance with the Jeju

National University Guide for the Care and Use of Labora-

tory Animals (permit No. 2013- 0018).

Experimental procedures, including EAE induction, were

conducted as described in our previous studies [1]. Follow-

ing immunization, rats were observed daily for clinical signs
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of EAE, and body weight was recorded. EAE progression

was subdivided into eight clinical stages: grade 0 (G.0), no

sign; G.0.5, mild floppy tail; G.1, completely floppy tail; G.2,

mild paraparesis; G.3, severe paraparesis; G.4, tetraparesis;

G.5, moribund condition or death; and R.0, recovery.

After euthanasia under CO2 inhalation, spinal cords and

hindlimbs were sampled at the disease peak (G.3, day 14 post

induction [PI]) and recovery stages (R.0, day 21 PI; n = 5 per

time point). Normal and CFA-immunized rats were used as

controls (n = 5 per group). The left tibiae were obtained and

assessed for bone mineral density (BMD) and structural anal-

ysis using micro-computed tomography (CT). The serum lev-

els of osteocalcin were measured with ELISA kit according

to the manufacturer’s instruction (Takara Bio, Japan). Paraf-

fin wax-embedded tissues were cut into 6-µm-thick sections

using a rotary microtome (Leica, Germany). Tissue sections

were stained routinely with hematoxylin–eosin to evaluate

inflammation and measure the height of the upper tibial epi-

physeal plate. 

The height of proximal tibial epiphyseal plates was deter-

mined in approximately five randomly chosen fields, taken

from five representative sections per group, followed by

100× microscopic evaluation in conjunction with a digital

camera (ProgRes CFscan; Jenoptik, Germany). Measure-

ments were made using the Prog Res Capture Pro software

package (ver. 2.5; Jenoptik). 

Morphological measurements were calculated using the

micro-CT scans from each mouse and the Skyscan 1172

apparatus (Skyscan, Belgium). Image slices were reconstructed

and analyzed using CT and Skyscan software (Skyscan).

For all three independent experiments, data are presented

as means ± SE. Results were analyzed using one-way analy-

sis of variance (ANOVA) followed by the Student–Newman–

Keuls post hoc test for multiple comparisons. A p value <

0.05 was taken to indicate statistical significance.

MBP-immunized Lewis rats developed floppy tails (G.1)

on PI days 9–11 and exhibited progressive hindlimb paraly-

sis (G.2 or G.3) on PI days 12–14; they were recovered from

paralysis after PI day 17 (R.0; Fig. 1). 

The mean epiphyseal plate height decreased by 39.33%

during peak stage EAE, which represented a significantly

greater reduction compared with controls (p < 0.001) (Fig.

2A). During recovery stage EAE, epiphyseal plate height of

tibia decreased by 16.6%, which did not represent a signifi-

cantly greater decrease relative to the age-matched controls.

Histological examination revealed that the mean epiphyseal

plate height of the proximal tibiae differed between control

and EAE rats (Fig. 2B–D). During peak-stage EAE (G.3, PI

day 14), BMD was decreased significantly compared with

controls (p < 0.01), which perseverated into the recovery

stage (R.0, PI day 21) even though the rats had recovered

from paralysis (Fig. 2E). In addition, osteocalcin, one of bone

turnover markers, was significantly increased at the peak-

stage EAE (G.3, PI day 14) compared with those of controls

(p < 0.05), followed by decrease at the recovery stage (R.0,

PI day 21) (Fig. 2I).

Table 1 summarizes the results of the micro-CT analysis in

normal controls and EAE-affected rat tibia. Bone volume

density, trabecular thickness and number were decreased sig-

nificantly in EAE rats compared with controls (p < 0.01).

Trabecular separation was increased significantly in EAE rel-

ative to control rats (p < 0.01). The cortical bone volume and

cortical polar pattern factor of EAE rats were decreased sig-

nificantly compared with controls (p < 0.01). Proximal tibial

metaphysis images were obtained using micro-CT in control

rats and during each disease stage in EAE rats (Fig. 2F–H).

Compared with normal controls, EAE rats exhibited reduced

cancellous bone mass and structural density. 

This is a first study to demonstrate altered bone mass and

structure in the tibiae of EAE affected rats during the course

of paralysis and subsequent recovery of rat EAE. Our data

indicate that BMD and epiphyseal plate height in the tibial

metaphysis were significantly decreased at the peak stage of

EAE compared with those of age-matched controls. The

serum level of osteocalcin was significantly increased at the

peak stage of EAE. The reduced thickness of each value

remained unchanged even at the recovery stage of EAE. 

The increased level of serum osteocalcin has been known

to be associated with decreased BMD in postmenopausal

women [8], and also confirmed in osteoporotic rat models

[7]. Taken into considerations, we postulated that decreased

level of BMD in tibia of EAE affected rats has an inverse

relationship with increased level of osteocalcin as far as acute

monophasic rat EAE is concerned. 

Even though the mechanism underlying bone loss in EAE

rats is not elucidated yet, we postulate that pro-inflammatory

mediators including TNF-alpha would be involved in EAE-

related bone loss. These findings are further supported by

previous studies including rheumatoid arthritis [5] and anky-

losing spondylitis [15] and periodontitis [6], in which periph-

Fig. 1. Clinical scores in Lewis rats with experimental autoim-

mune encephalomyelitis (EAE). Behavioral changes of EAE

rats were scored using a scale ranging from 0 to 5. Animals

were sacrificed at each time point (n = 5 per group, PI days 14

and 21, indicated by arrows). Data are presented as mean paral-

ysis scores ± SE. 
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eral inflammation partly suppressed osteoblasts as well. 

The absence of mechanical loading in rats decreases bone

formation and increases bone resorption [12]. Hindlimb

unloading induces bone loss or reduces bone gain in cortical

Fig. 2. (A) The height of proximal tibiae epiphyseal plate in rats with EAE was measured under a microscope. ***p < 0.001, compared

with age-matched controls. Histological findings in (B) controls and (C) during peak- (G.3, PI day 14) and (D) recovery-stage EAE

(R.0, PI day 21) Rat proximal tibiae. (E) Bone mineral density at the tibial metaphysis in control and EAE rats. *p < 0.05 vs. controls.

Ex vivo 2-D micro-computed tomography (CT) images of a proximal tibial metaphysis demonstrating cancellous bone mass and struc-

ture of EAE rats during paralysis (G.3) and recovery (R.0). (F) Controls. (G) EAE G.3. (H) EAE R.0. (I) Serum level of osteocalcin

in control and EAE rats. *p < 0.05 vs. controls; †p < 0.05 vs. peak stage of EAE. Scale bars = 100 µm (B–D and F–H).

Table 1. Evaluation of structural cortical geometric and trabecular microstructural properties of tibial metaphyses ex vivo using micro-
CT

Parameter Control EAE : G3 EAE : R0

Trabecular 

Bone volume density (%) 512.71 ± 2.57 554.44 ± 1.04** 555.83 ± 1.39**

Thickness (µm) 563.69 ± 2.77 559.17 ± 4.87 557.04 ± 1.10**

Number (1/mm) 551.99 ± 0.37 550.75 ± 0.17** 551.02 ± 0.24**

Separation (µm) 213.71 ± 20.88 461.38 ± 51.01** 395.12 ± 79.15**

Bone moment of inertia (1/mm) 517.01 ± 3.59 522.21 ± 2.61 520.64 ± 4.26

Structure model index 551.87 ± 0.13 551.91 ± 0.08 551.81 ± 0.19

Cortical 
Bone volume (mm3) 557.84 ± 0.19 556.35 ± 0.23** 555.89 ± 0.12**

Polar pattern factor (mm4) 558.13 ± 0.59 555.71 ± 0.25** 555.29 ± 0.30**

*p < 0.05, **p < 0.01 vs. control group (n = 4 per group).
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and cancellous bones, in addition to osteocyte apoptosis in

cancellous bone [10]. 

In unloading models of osteoporosis [2, 10, 12], it has been

known that the absence of mechanical load results in a reduc-

tion in bone formation, inhibition of longitudinal growth, and

a decrease in the number of osteoblasts and osteoprogenitors

in cancellous bone following increased osteocyte apoptosis.

One possible factor in unloading associated osteoporosis has

been supposed as the production of nitric oxide (NO) and

increased expression of NO synthase (NOS) [2]. Even though

NO involvement was not evaluated in the present study, we

postulate that NO, via NOS, would also be associated with

BMD in EAE rats, because NOS and NO are upregulated

consistently in EAE-affected central nervous system tissues [11].

Taken together, the present evidence suggests that tran-

sient paralysis in rat acute monophasic EAE directly and/or

indirectly influences bone metabolism leading to osteoporo-

sis, possibly through the action of pro-inflammatory media-

tors and/or unloading. 

Acknowledgments

This research was supported by Basic Science Research

Program through the National Research Foundation of Korea

(NRF) funded by the Ministry of Science, ICT & Future

Planning (grant No. NRF-2013R1A1A3009982), Korea.

References

1. Ahn M, Yang W, Kim H, Jin JK, Moon C, Shin T.

Immunohistochemical study of arginase-1 in the spinal cords

of Lewis rats with experimental autoimmune encephalomyelitis.

Brain Res 2012, 1453, 77-86.

2. Basso N, Heersche JN. Effects of hind limb unloading and

reloading on nitric oxide synthase expression and apoptosis

of osteocytes and chondrocytes. Bone 2006, 39, 807-814.

3. Brouwers JEM, Lambers FM, van Rietbergen B, Ito K,

Huiskes R. Comparison of bone loss induced by ovariectomy

and neurectomy in rats analyzed by in vivo micro-CT. J

Orthop Res 2009, 27, 1521-1527.

4. Coskun Benlidayi I, Basaran S, Evlice A, Erdem M,

Demirkiran M. Prevalence and risk factors of low bone

mineral density in patients with multiple sclerosis. Acta Clin

Belg 2015, 70, 188-192.

5. Deodhar AA, Woolf AD. Bone mass measurement and bone

metabolism in rheumatoid arthritis: a review. Br J Rheumatol

1996, 35, 309-322.

6. Eskan MA, Jotwani R, Abe T, Chmelar J, Lim JH,

Liang S, Ciero PA, Krauss JL, Li F, Rauner M,

Hofbauer LC, Choi EY, Chung KJ, Hashim A, Curtis

MA, Chavakis T, Hajishengallis G. The leukocyte integrin

antagonist Del-1 inhibits IL-17-mediated inflammatory bone

loss. Nat Immunol 2012, 13, 465-473.

7. Feng J, Liu S, Ma S, Zhao J, Zhang W, Qi W, Cao P,

Wang Z, Lei W. Protective effects of resveratrol on

postmenopausal osteoporosis: regulation of SIRT1-NF-κB

signaling pathway. Acta Biochim Biophys Sin (Shanghai)

2014, 46, 1024-1033.

8. Filip RS, Zagórski J. Age- and BMD-related differences in

biochemical markers of bone metabolism in rural and urban

women from Lublin Region, Poland. Ann Agric Environ

Med 2004, 11, 255-259.

9. Hjortnaes J, Butcher J, Figueiredo JL, Riccio M, Kohler

RH, Kozloff KM, Weissleder R, Aikawa E. Arterial and

aortic valve calcification inversely correlates with osteoporotic

bone remodelling: a role for inflammation. Eur Heart J 2010,

31, 1975-1984.

10. Iwamoto J, Matsumoto H, Takeda T, Sato Y, Yeh JK.

Effects of vitamin K2 on cortical and cancellous bone mass,

cortical osteocyte and lacunar system, and porosity in sciatic

neurectomized rats. Calcif Tissue Int 2010, 87, 254-262.

11. Kim S, Moon C, Wie MB, Kim H, Tanuma N,

Matsumoto Y, Shin T. Enhanced expression of constitutive

and inducible forms of nitric oxide synthase in autoimmune

encephalomyelitis. J Vet Sci 2000, 1, 11-17.

12. Kodama Y, Nakayama K, Fuse H, Fukumoto S,

Kawahara H, Takahashi H, Kurokawa T, Sekiguchi C,

Nakamura T, Matsumoto T. Inhibition of bone resorption

by pamidronate cannot restore normal gain in cortical bone

mass and strength in tail-suspended rapidly growing rats. J

Bone Miner Res 1997, 12, 1058-1067.

13. Shin T, Kojima T, Tanuma N, Ishihara Y, Matsumoto Y.

The subarachnoid space as a site for precursor T cell

proliferation and effector T cell selection in experimental

autoimmune encephalomyelitis. J Neuroimmunol 1995, 56,

171-178.

14. Tanuma N, Shin T, Kogure K, Matsumoto Y. Differential

role of TNF-α and IFN-γ in the brain of rats with chronic

relapsing autoimmune encephalomyelitis. J Neuroimmunol

1999, 96, 73-79.

15. Will R, Palmer R, Bhalla AK, Ring F, Calin A.

Osteoporosis in early ankylosing spondylitis: a primary

pathological event? Lancet 1989, 2, 1483-1485.


