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Summary

This study used an experimental early rehabilitation model combining an enriched environment, multisensory (visual,
acoustic and olfactory) stimulation and motor training after traumatic brain injury (via fluid-percussion model) to
simulate early multisensory rehabilitation. This therapy will be used by brain injured patients to improve neural
plasticity and to restore brain integration functions. Motor dysfunction was evaluated using a composite neuroscore test.
Direct structural effects of traumatic brain injury were examined using Fluoro-Jade staining, which allows identification
of degenerating neural cell bodies and processes. Animals in the rehabilitation model group performed significantly
better when tested for neuromotor function than the animals in standard housing in the 7-day and 15-day interval after
injury (7d: p=0.005; 15d: p<0.05). Statistical analysis revealed significantly lower numbers of Fluoro-Jade positive cells
(degenerating neurons) in the rehabilitation model group (n=5: mean 13.4) compared to the standard housing group
(n=6: mean 123.8) (p<0.005). It appears that the housing of animals in the rehabilitation model led to a clear functional
increase in neuromotor functions and to reduced neural loss compared with the animal group in standard housing.
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Introduction heavy skull-brain trauma, marked spastic conditions with

motor paralyses of various degrees of severity,

Disturbances in neuromotor activity are among
the most common defects after traumatic brain damage
(Lippert-Griiner and Terhaag 2000, Lippert-Griiner et al.
2002). Especially in patients in the initial phase after

accompanied by coordinative disturbances of the trunk,
head or extremities, are frequently described. The main
priority of rehabilitation therapy is to attempt to restart
disturbed motor activity (Ostendorf and Wolf 1981). The
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sooner the active movement in the paretic extremity is
initiated, the easier the control of the physiological
movements will be restored. It is, however, worth
mentioning that the concepts of the therapy based on the
motor activity have advanced over the last years. As late
as 1970’s, the emphasis has been concentrated on purely
motor-oriented training programs. However, the tendency
over the last few years has been to emphasize the priority
of therapies that use experimentally gained knowledge on
cerebral re-organization and plasticity, as well as work
based on neurophysiology. Moreover, it has increasingly
been realized that, in addition to exercising motor
functions, a decisive role may also be played by sensory
promotion of the renewal of motor functions. For these
reasons, prevailing therapeutic schools (Bobath concept,
Affolter concept) operate in a very strongly observation-
oriented way, and selectively integrate sensory impulses
(tactile, optical) into the therapy of motor disturbances. A
special role is played by motor activities in which patients
are faced, in an observation-stimulating way, with
specific everyday movements to which they had been
familiar when they were still in good health.

That observation encouragement has a positive
deficits
‘acquired’ brain damage has been known since numerous

influence on rebuilding functional after
investigations were carried out in a multisensory-enriched
environment (Artola et al. 2006, Brenes Saenz et al.
2006, Grabowski et al. 1995, Ohlsson and Johansson
1995, Johansson and Ohlsson 1996). Further experiments
may prove that motor training has neuroprotective effects
on the survival of damaged neurons, as well as positive
effects on the recovery of neuromotor functions
(Greenough and Chang 1988, Black et al. 1990, Keller et
al. 1992, Nygren and Wieloch 2005). A comparison of
the effectiveness of enriched environment, physical
exercise and training on structural and/or functional
assessments of recovery shows that training/learning is
generally more effective than physical exercise and that
an enriched environment is the most powerful therapy of
the three (Will ef al. 2004).

This fundamental information is vital for the
development of new strategies in rehabilitation therapy.
We assume that the combination of multisensory
stimulation in an enriched environment and motor
training/learning leads to the optimum recovery of the
neuromotor functions and the reduction of neuronal loss.

It has not yet been possible to establish a model
of early multisensory rehabilitation. This study has used
an experimental early rehabilitation model combining an

enriched environment, multisensory (visual, acoustic and
olfactory) stimulation and motor training/learning after
traumatic brain injury to simulate early multisensory
rehabilitation therapy used by brain-injured patients to
improve neural plasticity, and to restore brain integration
functions (Lippert-Griiner and Terhaag 2000, Lippert-
Griiner et al. 2002).

Material

Young adult (3-month-old) male Sprague-
Dawley rats (300-350 g) were housed in individual cages
for a minimum of one week prior to any procedure.
Following their adaptation, animals were randomly
assigned to one of two experimental groups. Each group
consisted of 8 rats (six with brain injury, two were sham-
operated).

Group 1:
percussion (LFP) lesion and were kept together with

six rats received a lateral fluid

two sham-operated animals for 15 days under standard
housing (SH) conditions in individual cages without
stimulation.

Group 2: six rats underwent LFP and were kept
together with two sham-operated animals for the
following 5 days in the early rehabilitation model
including complex enriched environment with
multimodal stimuli as described below.

In both environments food and water were
constantly available. All animals were kept at a constant
temperature (22 °C) in a 12-hour light/dark cycle, with
lights on at 7a.m. All experimental procedures and
testing were performed during daylight hours. All
experimental procedures conformed to the guidelines of
Cologne University and the state’s animal protection and
ethics committee. All efforts were made to minimize
animal discomfort and to reduce the total number of

animals used.

Surgery

The lateral fluid-percussion (LFP) brain injury
model is one of the most widely used and well
characterized models of experimental traumatic brain
injury (McIntosh et al. 1987, 1989). In brief, animals
were anesthetized with sodium pentobarbital (60 mg/kg,
intra peritoneal), placed in a stereotaxic frame, and the
scalp and temporal muscle were reflected (Fig.1). A
hollow female Luer-lock fitting was rigidly fixed with
dental cement to a 4.8 mm craniotomy centered between
bregma and lambda and 2.5 mm lateral to the sagittal
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Fig. 1. Surgery in the stereotaxic frame.

sinus, keeping the dura mater intact.

The fluid-percussion device consisted of a
plexiglass cylinder filled with isotonic saline. One end of
the cylinder was connected to a metal joint terminating in
a male Luer-lock fitting. Prior to the induction of trauma,
the male Luer-lock was connected to the female Luer-
lock anchored in the rat’s skull, creating a closed system
filled with isotonic saline in contact with the dura
(Fig. 2). The trauma was induced by the fall of a metal
pendulum against a piston inducing a pulse of increased
intracranial pressure of 21-23 ms duration through rapid
injection of saline into the closed cranial cavity, resulting
in a brief displacement and deformation of neural tissue,
a subdural hematoma, and a cortical contusion in the
frontoparietal cortex (Maegele et al. 2005).

The pressure pulse was measured extracranially
by a transducer (Gould) housed in the injury device and
recorded on a computer oscilloscope emulation program
(RC Electronics). Following moderate injury (2.1 atm),
the incision was closed with interrupted 4.0 silk sutures,
and the animals were placed onto a heated pad to
maintain body temperature for 1h after surgery. All
animals were monitored for at least 6 h postsurgery, then
daily. Sham-operated animals underwent the surgical
procedures described above, but were not subjected to
brain injury (Maegele ef al. 2005).

Early rehabilitation model

Twenty-four hours after the trauma, the animals
were returned to individual cages without stimulation
(standard housing SH; Group 1) or put in specially
designed cages (3 larger cages 610cm X 435cm X
215 cm connected via tunnels; Group 2). The special
enriched environments

cages had (consisting  of

horizontal and inclining platforms and various toys) and

the rats received additional multimodal sensory
stimulation (standardized protocol of sensory stimulation
adopted from Inglis and Fibiger (1995) and motor
training on a rotating rod).

Sensory stimulation: To introduce auditory,

visual and olfactory stimuli, a self-built auditory and
visual stimulation apparatus was installed just above the
enriched environment (EE) cages. It produced the
following 3 series of standardized auditory and visual
stimuli during the night (dark cycle): (a) auditory
(20 min): an intermittent buzzing (80 dB), 30 s on, 30's
off; (b) pause (20 min), (c) visual (20 min): a flashing
white light (60 W, 1 Hz), 30 s on, 30s off, (d) pause
(20 min). Olfactory stimulation was provided by lowering
perfumed g-tips into the cages twice daily at the transition
periods from light to dark and dark to light using a
standardized neurological olfactory test battery including
the following perfumes: aniseed, bitter almond, mint,
vanilla, and rose oil (Fig. 3).

Motor
animals were trained to run on a commercially obtained

stimulation: For motor stimulation,

rotarod apparatus for one session a day (15 minutes) on
five consecutive days.

Neurological evaluation

Motor function was evaluated using a composite

neuroscore test (Okiyama et al. 1992, Sinson ef al. 1995,

Mclntosh et al. 1989). The animals were tested by an

investigator blind to the injury status of each animal.

Animals were scored from O (severely impaired) to 4

(normal strength and function) for each of the following

modalities:

e forelimb flexion during suspension by the tail;

e hindlimb flexion with the forelimbs remaining on a
flat surface as the hindlimbs were lifted up and back
by the tail;

e ability to resist lateral pulsion;

e ability to stand on an inclined plane in the left, right
and vertical position. (inclined plane scoring (0-4)
was determined by the animal’s ability to stand at an
angle of up to 45degrees (4=45° 3=42.5°%
2=40°1=37.5°0<37.5°

A composite neurological motor score (0-28)
was calculated for each animal from the sum of the
individual test scores. The baseline of motor score had
been measured 24 h prior to injury. Recovering of
function was evaluated at 24 h, 7 and 15 days after the
trauma.
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Fig. 2. Fluid-percussion model.

Fig. 3. Multi-Modal Early-Onset Stimulation (MEOS) in Enriched Environment (EE). For MEOS in EE, animals were placed in specifically
designed wide-bodied cages connected via tunnels, with various types of toys and bedding (a) along with motor (b), olfactory (c) and
auditory stimulation.
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Tissue preparation

At 15 days post injury, the animals were
transcardially perfused with 0.9 % NaCl in distilled water
for 60s followed by a fixation with 4 % paraform-
aldehyde in 0.1 M phosphate buffer (pH 7.4) under deep
ether anesthesia.

We performed Fluoro-Jade staining in one
transversal (coronal) section through the brain. After
removal and postfixation of the brain (same fixative for
24 h at 4°C) the coronal slice with the lesion was
dissected free. The rostral border of each brain slice was
defined by the clearly visible demarcation of the
infundibular recess of the third ventricle (bregma —
2.3 mm). The other cut was made approximately 5 mm
dorsally. Demarcation of the lesioned side by a canule-
perforation in the caudoputamen followed. The
cryoprotected (in 30 % sucrose in 0.1 M phosphate
buffer, pH 7.4) slice was serially sectioned in the coronal
thick which yielded
approximately 200 sections from each brain. Two

plane in 25 pm sections,
neighboring sections were mounted on Superfrost/Plus
slides (Carl Roth GmbH & Co. KG, Karlsruhe, Germany,

Cat. Nr. H867.1).

Fluoro-Jade staining

Direct structural effects of traumatic brain injury
were examined using Fluoro-Jade staining. Fluoro-Jade is
an acidic dye that exhibits a marked affinity for both the
degenerating neural cell body and its processes. This
method makes it possible to determine the extent of
injury on the basis of neural loss.

Hoechst is a DNA specific dye which allows
“Nissl to be modified for
microscopy. It can show the structure of “normal” cell

staining” fluorescent
nuclei and thus allow the approximate differentiation of
neurons and glia cells and to see the stratification of the
cortex. It is also useful in other neuroanatomical
observations. Hoechst staining also reveals pathological
signs, e.g. the development of pyknosis or nucleolar
fragmentation.

Coronal sections 40 pm thick were cut on a
vibratome and mounted onto gelatinized slides. For
processing for Fluoro-Jade staining, slides within the
region of the lesion were placed in staining racks (one
slide per slot for even staining) and immersed in 100 %
ethanol for 3 min followed by 70 % ethanol for one
minute, rinsed in distilled water, then incubated with
0.06 % potassium permanganate for 15 min to decrease

background staining. Slides were rinsed with distilled

water three times. Staining proceeded in a dim place by
immersing slides into 0.001 % Fluoro-Jade B solution
(Histo-Chem Inc., Jefferson, AR, USA) for 30 min with
occasional gentle shaking. Subsequently, these slides
were rinsed in distilled water for one minute three times.
Slides were then immersed in 0.01 % Hoechst staining
solution (bisbenzimide, Hoechst No 33258, Sigma) for 10
min, rinsed again with distilled water and allowed to air
dry at room temperature. Slides were coverslipped with
DPX neutral mounting medium and stored at 12 °C to
preserve histofluorescent intensity until they were
examined wusing an epi-illumination fluorescence
microscope (Olympus Provis AX70) with blue (450-490
nm) excitation light. The slides were examined by an
investigator blind to the injury status of each animal.

Statistical analysis
For statistical analysis, the #-test and SPSS
software were used.

Results

Composite neuroscore tests

These tests indicated better performance in
EE+MEOS (Multi-Modal Early-Onset Stimulation in
Enriched Environment) rats: 24 h before injury, no
differences were observed between sham-operated
animals, all animals achieved test results of 28 points. 24
hours after brain injury, animals exhibited high levels of
neurological deficits when compared with the sham-
operated controls (p<0.001). There were no significant
differences between the composite neuroscores of both
injured groups at 24 h post-injury. This shows that the
levels of neuromotor deficits in both groups were
comparable.

However, injured animals with early rehabili-
tation model performed significantly better than rats in
standard housing condition when tested for neuromotor
function on the 7th (p<0.005) and 15th (p<0.05) day post
injury (Fig. 4),
recovery (Table 2).

indicating superior neurofunctional

Injured animals in standard housing began to
recover a little within the first week post-injury, but the
recovery did not markedly continue over time. More
importantly, the composite neuroscores in both injured
groups remained much lower than in the sham-operated

controls.
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Fig. 4. Composite Neuroscore reveals superior neuromotor
function in the early rehabilitation model animals versus animals
in standard housing at 7 and 15 days post trauma.

Structural changes

Degenerating cells in the lesion (Fluoro-Jade
positive cells) were studied in 11 animals (6 animals from
the standard housing group and 5 animals from the early
rehabilitation group). One brain from group 2 could not
be used because of unsuccessful perfusion. Tables 1 and
2 give the average number of Fluoro-Jade positive cells in
individual equidistant slides obtained from the region of
lesion. No Fluoro-Jade positive cells were found in sham-
operated animals in either group. Typical micrographs
of lesioned regions are shown in Figures 5, 6 and 7.

Statistical analysis (z-test) revealed significantly
lower numbers of degenerating neurons (Fluoro-Jade
positive cells) in animals of the rehabilitation model
(n=5: mean 13.4) compared to rats in standard housing
conditions (n=6: mean 123.8) (p<0.005).

Discussion

The effects of motor stimulation on functional
rehabilitation after skull-brain damage are currently
studied in These
experiments are mainly concerned with neurotrophin

experimental animal models.

expression, and have shown that motor exercise

(voluntary running) can positively influence the
expression of brain-derived neurotrophic factor (BDNF)
(Neeper et al. 1996). Motor activity has been proposed as
one factor, which can reduce age-related decline in
memory and cognition (Dustman ef al. 1984). In addition,
experiments in rats have shown that motor training before

experimental ischemic or traumatic brain damage leads to

Table 1. Number of Fluoro-Jade positive cells (standard housing,
n =6).

Standard housing Number of Fluoro-Jade

(Group 1) positive cells

Animal 1 59

Animal 2 122

Animal 3 250

Animal 4 183

Animal 5 78

Animal 6 51

Sham 1 0

Sham 2 0
Table 2. Number of Fluoro-Jade positive cells (early

rehabilitation model, n = 5).

Early rehabilitation Number of Fluoro-Jade

model (Group 2) positive cells
Animal 1 0

Animal 2 13

Animal 3 54

Animal 4 0

Animal 5 0

Sham 1 0

Sham 2 0

a decrease in the mortality rate (Stummer et al. 1994).
drawn that the
expression of neurotrophic factors, brought about by

The conclusion can be increased
motor training, has a neuroprotective influence on the
damage of the neurons as well as on their survival (Oliff
et al. 1998). These findings suggest that motor activity is
an important behavioral parameter, which, in the process
of neural stimulation, is able to exert a positive influence
not only on the motor outcome but also on the recovery
of cognitive functions, as well as on the vulnerability of
the brain with regards to the damage incurred (Dua and
Hargreaves 1992, Dustman et al. 1984, Irvine et al. 2006,
Rejeski et al. 1992, OIiff et al. 1998). Thus motor
training, as in treadmill exercises, reduced the infarction
volume in experimentally induced ischemia (Greenough
and Chang 1988, Black et al. 1990, Keller et al. 1992).
Apart from the positive effects of training on
neuroprotection, neuroplasticity and angiogenesis, it has
also been shown that the signs of neurodegenerative

processes such as apoptosis, edema or the release of
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Fig. 5. Traumatic brain injury. Frontal section through
the cortex. Hoechst (bisbenzimide) staining. Delineated
dectangular area (original size 640 pm x 520 pm) of the
lesion margin is shown with higher magnification in Figs.
6 and 7. A scale bar indicates 500 pm.

Fig. 6. Lesion margin (penumbra). Hoechst
(bisbenzimide) staining. A scale bar indicates 100 pm.

Fig. 7. Lesion margin (penumbra), identical region to
Fig. 6. Degenerating neurons (Fluoro-Jade B positive
cells - green) are located only within the margin of the
lesion. A scale bar indicates 100 pm.

neurite growth inhibiting molecules are reduced (Mattson  neural regeneration and compensatory mechanism.

et al. 2000). The aim of these studies was to improve our Forced motor activity during the first week after
knowledge of the possibilities of reducing brain damage  surgery can amplify the extent of cortical ischemic or
and secondary degenerative processes, as well as the  traumatic injury and could have negative results on
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functional recovery (Bland et al. 2000, 2001, Humm et
al. 1999, Risedal et al. 1999).

In addition to the selective training of motor
functions, many studies appear to show that multisensory
stimulation in the form of an enriched environment has a
positive effect on the recovery of both motor and
cognitive functions (Gentile ef al. 1987, Grabowski et al.
1995, Ohlsson and Johansson 1995, Johansson and
Ohlsson 1996, Zhu et al. 2006) as well as on cerebral
reorganisation (Benefiel ef al. 2005, Bennett ef al. 1964,
Greenough and Volkmar 1973, Johansson and
Belichenko 2002, Johansson 2004, Kolb 1995,
Rosenzweig 1966, Young et al. 1999, Zeng et al. 2000,
Zhao et al. 2001).

It had not been possible to establish a
standardized model of early rehabilitation in the form of
with
multisensory stimulation and training of motor functions

an enriched environment in combination
during recent years.

This study was designed to determine whether
exposure to the multisensory early rehabilitation model
after moderate traumatic brain injury in rats would
promote the recovery of neuromotor functions and
prevent neuronal loss in comparison with housing under
standard conditions. Neuromotor function assessed by
Neuroscore was markedly reduced in both injured groups
at 24 h post injury. However, animals in the rehabilitation
model group performed significantly better when tested
for neuromotor function than animals in standard housing
in the 7-day and 15-day interval (7d: p<0.005; 15d:
p<0.05). The exact effects of individual components of
the rehabilitation model are not yet known.

Statistical analysis revealed significantly lower
numbers of Fluoro-Jade positive cells (degenerating
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