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to study rapid health degradation after spinal cord injury
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Study design: Literature review.
Objective: To describe quantitatively some of most important anatomic, systemic, and metabolic
changes occurring soon (one month) after spinal cord trauma in mice.
Setting: University Laval Medical Center.
Results: Significant changes in weight, mechanical and contractile muscle properties, bone
histomorphometry and biomechanics, deep-vein morphology, complete blood count, immune cell
count, lipid metabolism and anabolic hormone levels were found occurring within 1 month in
completely spinal cord transected (Th9/10) mice.
Conclusion: These data reveal that many changes in mice and humans are comparable suggesting, in
turn, that this model may be a valuable tool for neuroscientists to investigate the specific mechanisms
associated with rapid health degradation post-SCI.
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Introduction

Spinal cord injury (SCI) leads generally to an irreversible loss

of motor control and sensations below the level of trauma. In

recent years, the secondary consequences and complications

associated with chronic SCI have received increasing atten-

tion. Indeed, it is now well recognized that SCI patients,

in particular those with complete or near-complete lesions,

develop important and often life-threatening complications

after their accident. For instance, muscle wasting, osteopenia

or osteoporosis, hormone dysregulation, cardiovascular

problems and immune deficiency are among the problems

typically encountered by chronic SCI individuals.1–4

Although many of these complications occur soon after

trauma, little is known about the detailed mechanisms

underlying their development and progression. Furthermore,

no animal model had been characterized to specifically study

these health problems. Since mice are increasingly recognized

as offering clear molecular and genetic advantages over

other species, we chose paraplegic mice as an animal model

to study the many anatomic and metabolic changes asso-

ciated with health degradation after SCI. In this article, we

summarize recently published data mainly from our labora-

tory reporting changes in weight, mechanical and contractile

muscle properties, bone histomorphometry and biomecha-

nics, deep vein morphology, complete blood count, immune

cell count, lipid metabolism and anabolic hormone levels.

Animal model

All data reported in this review, that are from our laboratory,

were obtained using a completely spinal cord transected (Tx)

mouse model.5–8 All experimental procedures were con-

ducted in accordance with the Canadian Council for Animal

Care guidelines and accepted by the Laval University Animal

Care, Use and Ethics Committee. In brief, adult male CD1

mice (Charles River Canada, St Constant, Quebec) weighing

30–40 g were used. Preoperative cares included subcuta-

neous injection of lactate-Ringer’s solution (1ml), analgesic

(0.1mgkg�1, Buprenorphine) and antibiotic (5mgkg�1,

Baytril). All surgical procedures were performed under

aseptic conditions in deeply anesthetized animals (2.5%

isoflurane). After exposing the area between the 6th and the

12th thoracic level, the spinal cord was completely trans-

ected using microscissors inserted between the 9th and 10th

thoracic vertebrae. The opened skin area was then sutured

and animals were placed for a few hours on heating pads.

Post-operative cares included subcutaneous injection of

lactate-Ringers’s solution (2�1mlday�1), buprenorphine

(0.2mgkg�1 day�1) and Baytril (5mgkg�1 day�1). Complete

spinal cord Tx was confirmed by (1) full paralysis of the
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hindlimbs initially, (2) post-mortem visual and microscopic

examination of the spinal cord lesions and (3) histological

examination of coronal or mid-sagittal spinal cord sections

stained with luxol fast blue/cresyl violet for myelinated

axons and Nissl substance, respectively. Only data from

complete spinal cord Tx animals were used for analyses.

Results and discussion

Body weight

After monitoring weekly body weights for 1 month, we

found a rapid and significant reduction in body weight in

complete Tx mice (N¼29, one animal died after surgery). A

sudden loss that reached 24% (Po0.001) after only 7 days

was monitored (see Table 1).5 Body weight values did not

return to normal levels after 4 weeks. Post-mortem measure-

ments of individual limb mass and volume revealed greater

losses beneath lesion level compared with above lesion

level. Indeed, at 7 days post-Tx, hindlimb mass and volume

decreased by 28% whereas, a 21% reduction was found in

the forelimbs (N¼8, Po0.001 and Po0.05, respectively).

A partial return to near normal values was found in the

forelimbs but not in the hindlimbs at 4 weeks post-Tx. These

relatively rapid adaptive changes are somewhat comparable

to what has been observed generally in patients. A significant

weight loss has indeed been reported in patients soon after

their accident.9 Reasons underlying this initial weight loss

are not fully understood. It is unclear, for instance, the

extent to which reduced physical activity, metabolic changes

or hormone dysregulations may play a role in this phenom-

enon. The decrease in hindlimb size may be partially

explained by muscular atrophy due to reduced muscle

activity and paralysis per se (see section on Hindlimb

muscles). However, the forelimb atrophy, which was

somehow unsuspected in paraplegic animals, suggests that

factors other than reduced muscular activity (that is,

forelimbs typically remained active to move around and to

reach for food and water) contribute also to induce these

rapid changes (see also section on Hormone dysregulation).

However, after a few years, this early weight loss is often

transformed into a weight gain. In fact, SCI patients gene-

rally tend to progressively undergo an increase in weight

(mainly fat tissue increase) leading to overweight and obesity

problems.9

Hindlimb muscles

As mentioned above, the hindlimbs are specifically affected

in complete paraplegic mice. Results from our laboratory

have demonstrated that part of this weight loss is due to a

specific decrease in muscle mass. Soleus muscles were

dissected out (N¼8), weighed and tested in vitro for muscle

properties. At 1 week post-Tx, a 32% (Po0.001) loss in mass

was already detected in soleus muscles (Table 1).5 Similar

values were found several weeks post-Tx. This decrease

in mass corresponded also to a proportional decrease in

strength. Indeed, using a set-up specifically designed for

electrical muscle stimulation (using an electromagnetic

field) and force-generating measurements in vitro, we found

at 1 week post-Tx, a 33% (Po0.001) decrease (43% at 2 week

post-Tx) in absolute maximal tetanic force (Po), combined

with a 21% (26% at 2 week post-Tx) and 48% (Po0.05)

increase in time-to-peak tension and half-time relaxation (12
RT), respectively.5 Studies in rats have reported that fiber-

type conversion (slow oxidative to fast oxidative) may be

induced later on after Tx.10,11 Slow-twitch fibers (type I) in

the Soleus were found to progressively acquire some of the

biochemical profile and contractile properties of fast-twitch

fibers (type IIa or IIb) after 3 months post-SCI. In turn, Po

Table 1 Summary of the anatomic, metabolic and systemic changes in the complete paraplegic mouse model

General anatomy5 Body weight k 24% Lipid profile19 HDL k 14%
Forelimb k 21% LDL k 55%
Hindlimb k 28% Cholesterol k 25%

Triglyceride k 45%

Muscle5 (soleus) Weight k 32% Blood cells22 Erythrocyte 2
TPT m 26% Hemoglobin 2
1
2 RT m 48% Hematocrit 2
Absolute Po k 43% Platelet 2

Bone15 (femora) BMC k 14% Blood immune cells22 Leukocytes k 35%
BMD 2 Lymphocyte k 53%
Volume k 22% Monocyte 2
Thickness k 10% Neutrophil 2
Number k 15% Eosinophil k 81%
Separation m 24%

Blood vessel19 (diameter) Femoral m 162% Anabolic hormone22 Testosterone k 50%
Saphene m 155% Growth hormone m 300%

DHEA k 75%
Insuline k 85%
PTH k 70%

k Decrease; m Increase; 2 No change.

Changes occurring within one month post-trauma. Results are reported as percentages of control data from non-Tx mice. Only the most important changes are

reported in this table (typically occurring at 1 or 2 weeks post-Tx) although time-dependent variations may be found.
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values in late chronic Tx rats were similar to those seen in

early Tx mice. Since our results showed increased time to

peak tension and 1
2 RT values at 1 and 2 weeks, but a return

towards control values at 4 week post-Tx, data from late

chronic rats and early chronic mice together provide

evidence of bi-phasic changes in muscle property after Tx

(that is, early transient increase in time to peak tension and 1
2

RT values followed by a sustained decrease). While the early

transient changes in contraction and relaxation times are

likely due to rapid alterations in Ca2þ -induced-Ca2þ -release

mechanism, ryanodine and dihydropyridine receptors ex-

pression and free cytosolic Ca2þ concentration (see section

Discussion),5 longer-term changes are most probably caused

by slower mechanisms including fibre-type conversion and

protein degradation (that is, triggered by increased calpain,

lysosomal and ubiquitin-mediated proteolysis). In chronic

SCI patients, biopsies and physiological tests using leg

muscles have revealed comparable changes (that is decreased

muscle strength and size, conversion to fast-twitch proper-

ties, and so on) to those in chronic Tx animals.12–15

However, additional data from early SCI patients (less than

1 month) would be required before concluding that bi-

phasic contractile property changes (that is time to peak

tension and 1
2 RT), as seen in mice, exist also in humans.

Femoral bones

It is well-documented that SCI is associated with increasing

risks of fracture. In fact, nearly all SCI individuals experience

a significant loss of bone mineral tissue (up to 30% in the

femora) leading to a marked increase of fracture inci-

dence.16,17 In Tx mice (N¼12), histomorphometric data

from our laboratory revealed a drastic decrease in trabecular

bone volume (�22%, P¼0.02), thickness (�11%, P¼0.04)

and number (�15%, P¼0.09) within 10–30 days post-trauma

(Table 1).6 Densitometric measurements using dual-energy

X-ray absorptiometry on the femoral bones of Tx mice

(N¼ 14) reported no change in bone mineral density but a

14% reduction (Po0.001) in bone mineral content. Other

models of disuse and immobilization have also reported

comparable bone losses. For instance, a 10–30% decrease in

femoral cancellous tissue was found within a few weeks (up

to 50% after 18 weeks) of unilateral hindlimb immobiliza-

tion in adult female rats.18 It remains unclear to what extent,

rapid bone loss in SCI patients (most of which are young

adults) share similar mechanisms with hormone-related

osteopenia or osteoporosis seen in elderly people. However,

given that clear differences in bone loss progression has been

observed between animal models of disuse and age/

hormone-related models, this suggests that differences in

bone remodelling mechanisms may exist between young

immobilized patients and elderly people. In fact, a murine

model of disuse (hindlimb immobilization with a cast)

provided evidence suggesting that bone loss occurring

within a few days to a few weeks post-immobilization

involves both a sharp decrease of osteoblastic activity and a

rapid increase of osteoclastic activity (that is, low osteocalcin

and high acid phosphatase levels).19 Further studies in mice

(for example, SCI, cast-immobilization, tail-suspension) are

likely to provide new insights into the molecular mechan-

isms of rapid bone loss after paralysis or immobilization.

Deep-vein size and blood lipid profile

Spinal cord injury is also associated with the development of

deep-venous thrombosis (DVT) in the lower limbs and,

hence, with rapidly increasing risks of cardiovascular and

pulmonary complications soon after trauma.20 However, the

specific mechanisms underlying DVT formation following

SCI remain poorly understood. Using in vivo confocal

microscopy, we recently established that deep vein changes

in size can be found as soon as at 1 week post-Tx in mice.7

In fact, the femoral and saphenous veins were found to

undergo a large increase (41.5-fold) in diameter (Po0.01).

This change in venous diameter remained similar for the

entire period studied (4 weeks) (N¼20). In this same study,

we also analyzed the blood lipid profile using a clinical

chemistry analyzer (Olympus AU400, Melville, NY, USA).

We found also during the same period decreased concen-

trations of cholesterols (�25%), triglycerides (up to �45%),

low-density lipoproteins (LDL, up to �55%), high-density

lipoproteins (HDL, up to �14%) but not platelets (N¼40).

These results may appear surprising since high LDL-trigly-

ceride levels are generally associated with DVT formation in

humans. However, comparable data were found in patients,

since acute chronic SCI subjects were found also to display

low LDL-triglyceride levels.21 Results in acute SCI patients

and early Tx mice suggest that LDL-triglyceride changes are

unlikely to contribute to DVT formation soon after trauma.

If changes in deep-vein size, as seen in Tx mice, were to be

found also in patients, it would strongly suggest that deep-

vein enlargement is a leading factor in DVT formation after

SCI. We know, indeed, that venous stasis (reduced blood

flow) is a key factor in DVT formation after immobilization20

and, interestingly, it has been associated with blood vessel

enlargement in pregnant women.22

Blood and bone marrow cell counts

Immune deficiency may lead to life-threatening complica-

tions after SCI. To examine possible factors that may be

associated with this pathological condition, we characterized

using a CELL-DYN 3700 automatic blood analyzer (Abbott

Laboratories, North Chicago, IL, USA) changes in red and

white blood cells after Tx in adult CD1 mice (N¼40). A

complete blood count revealed unchanged or moderately

decreased erythrocyte, platelet, hemoglobin and hematocrit

levels.8 In contrast, leukocyte counts were greatly reduced in

Tx mice compared with controls. Total leukocyte numbers

decreased by 35% (P¼0.002) at 1 week post-Tx and

remained low at 2, 3 and 4 weeks (Po0.05). A detailed

analysis of leukocyte subtypes including lymphocytes,

monocytes, neutrophils and eosinophils, revealed the

existence of differential modulatory changes. Lymphocyte

numbers were reduced by 47% (Po0.001) on average (as

much as 53% at 1 week post-Tx). Monocytes and neutrophils

generally remained unchanged whereas eosinophil counts

gradually decreased by 81% (P¼0.027) after 4 weeks.

Analyses from bone marrow samples revealed comparable

Early adaptive changes in chronic paraplegic mice
R-V Ung et al

178

Spinal Cord



changes. We found a general decrease in lymphocytes and

mixed changes in neutrophils, monocytes and megakaryo-

cytes after Tx.8 These results can be compared, to some

extent, with those from SCI patients where reduced

lymphocyte levels (specifically lymphocytes-T and NK cells)

were found at 3 months post-SCI,23 which may perhaps

contribute to the state of immune deficiency found generally

in SCI patients.4,24

Hormone dysregulation

Serum levels of testosterone, GH, DHEA, PTH and insulin

were examined using ELISA in control and Tx mice at 7, 14,

21 or 28 days post-Tx (N¼40). We found early transient

changes in testosterone (decreased) and GH (increased) levels

during the first 2 weeks post-Tx.8 In contrast, DHEA, PTH and

insulin levels were reduced throughout the time period

studied. Specifically, levels of testosterone in Tx mice were

reduced by 40 and 50% at 1 and 2 weeks post-Tx, respectively.

However, at 3 and 4 weeks post-Tx, testosterone concen-

tration returned to near normal values with average serum

levels ranging from 12.08 to 12.83ngml�1. In contrast, GH

serum levels drastically increased at 1 week post-Tx with

an average level three times greater than control animals

(357.5ngml�1). However, at 2, 3 and 4 weeks post-Tx, GH

concentration returned to near normal levels with values

ranging from 363.9 to 417.6ngml�1. On the other hand,

while testosterone and GH levels were only transiently

changed, those of PTH, DHEA and insulin were diminished

for the entire time period studied. Specifically, insulin levels

were reduced by 84.5% at 1 week post-Tx and remained low.

DHEA serum levels were reduced by as much as 75% a few

weeks after Tx. Similar reductions were found with PTH

levels. Comparable changes have been found in patients.

Acutely injured men were found to display decreased serum

testosterone during the first few weeks post-injury.25 In-

creased GH and decreased PTH levels have also been reported

in chronic SCI patients.26 It remains unclear what role these

hormonal changes may play in health degradation post-SCI.

However, results in mice suggest that some of these changes

may participate to immune deficiency since high correlations

were found between specific anabolic hormone and immune

cell type changes. For instance, the transient increase of GH

was strongly correlated with changes in blood monocyte and

megakaryocyte levels. This is also supported by data from

the literature showing that GH receptors are expressed in

peripheral mononuclear cell types and that GH can increase

macrophageal activity and stimulate progenitor cell hemato-

poiesis.27–29 Regarding insulin and PTH, their sustained

decrease post-Tx was highly correlated with the decrease in

total blood leukocytes and lymphocytes. This finding is

supported by results showing that (1) their receptors are

expressed in leukocytes including lymphocytes and, (2) these

hormones can stimulate lymphocyte synthesis in vivo.30–33

Conclusion

This review article has reported essentially recent data from a

mouse model of SCI. Anatomic, systemic and metabolic

changes were found to rapidly occur in adult mice after a

transection of the spinal cord at the low-thoracic level

(complete paraplegia). To some extent, the early changes

found in paraplegic mice were comparable to those reported

in SCI patients. This supports the idea that a detailed

characterization of health degradation in this animal model

may provide the basis for additional studies and, hence,

contribute to understand further the molecular and cellular

changes underlying health degradation in patients. This

work may eventually contribute to the development of new

therapeutic approaches aimed at preventing these changes

and life-threatening complications after SCI.
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