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A B S T R A C T

Many areas of the cerebral cortex process sensory information or coordinate motor output necessary for control
of movement. Disturbances in cortical cholinergic system can affect locomotor coordination. Spinal cord injury
causes severe motor impairment and disturbances in cholinergic signalling can aggravate the situation.
Considering the impact of cortical cholinergic firing in locomotion, we focussed the study in understanding
the cholinergic alterations in cerebral cortex during spinal cord injury. The gene expression of key enzymes in
cholinergic pathway - acetylcholine esterase and choline acetyl transferase showed significant upregulation in
the cerebral cortex of spinal cord injured group compared to control with the fold increase in expression of
acetylcholine esterase prominently higher than cholineacetyl transferase. The decreased muscarinic receptor
density and reduced immunostaining of muscarinic receptor subtypes along with down regulated gene
expression of muscarinic M1 and M3 receptor subtypes accounts for dysfunction of metabotropic acetylcholine
receptors in spinal cord injury group. Ionotropic acetylcholine receptor alterations were evident from the
decreased gene expression of alpha 7 nicotinic receptors and reduced immunostaining of alpha 7 nicotinic
receptors in confocal imaging. Our data pin points the disturbances in cortical cholinergic function due to spinal
cord injury; which can augment the locomotor deficits. This can be taken into account while devising a proper
therapeutic approach to manage spinal cord injury.

1. Introduction

Understanding the central nervous system pathways affected during
spinal lesions as in the case of spinal cord injury will help to establish a
proper therapy for patients with such devastating conditions. The
changes at the level of neurotransmitters in the motor cortex during
spinal cord injury are of special importance to understand the exact
molecular mechanisms of brain- spinal cortex motor coordination.
Many studies reported the involvement of various cortical regions in
regulating the locomotor function during functional recovery in stroke
patients [12,16,23,5]. Most of these studies are insufficient in conclud-
ing the exact firing mechanisms involved in this functional recovery
and hence understanding the role of neurotransmitter alterations in
cerebral cortex can shed light to its role in motor control.

ACh release from the frontal cortex and hippocampus has several
components, one of which is motor activity. The involvement of
cholinergic receptors, both muscarinic and nicotinic, in regulating
spinal locomotor network is already known [19,20,25]. Central mus-
carinic receptors are known to play key roles in memory and learning as

well as in the regulation of many sensory, motor, and autonomic
processes [11]. It is reported that muscarinic cholinergic effects of ACh
are important in the normal function of both the sensory and motor
systems [7]. In mammals, nicotinic AChR also play a crucial role in
motor control [15]. Following peripheral nerve injury, the expression of
numerous receptors involved in nociceptive processing is altered in the
superficial dorsal horn of the spinalcord. Activation of nAChR promotes
survival of chicken spinal motoneurons that would otherwise undergo
apoptosis when deprived of trophic factors [17]. Among the nicotinic
acetylcholine receptors, alpha 7 subunit is reported to have an
important role in motor control [25].

ACh is synthesized primarily by choline acetyltransferase (ChAT)
from coenzyme A and choline [24]. In neurons, ACh is transported into
vesicles by the vesicular ACh transporter, the entire coding sequence of
which is contained in the first intron of the ChAT gene in mammals
[2,6]. ACh is broken down by acetylcholinesterase (AChE), which is
expressed in most tissues. Therefore ACh is confined to its area of
synthesis and release and hence the quantification of its metabolic
enzymes can be a direct index of Ach activity. Many previous studies
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used ChAT as a marker for the status of cholinergic transmission
[10,21,9] and indicators of the functional stage of cholinergic neurons
in the CNS [1]. Cholinergic input can be assessed by the activity of A
ChE and ChAT [4,14].

The present study was designed to investigate the regulation of
cholinergic function in the cerebral cortex of spinal cord injured rats.
The cholinergic function was studied by evaluating the mRNA expres-
sion of its two key enzymes- AChE and ChAT. The receptor level
changes were analyzed for metabotropic muscarinic receptors by
receptor assays for total muscarinic, muscarinic M1 and M3 receptor
subunits and gene expression studies using Real Time PCR. The
ionotropic nicotinic receptors expression were also evaluated using
Real Time PCR analysis and confocal imaging of alpha 7 nicotinic acetyl
choline receptors using FITC tagged secondary antibodies. This study
will help to open up new possibilities for a better therapy to deal with
motor deficits in spinal cord injured patients.

2. Materials and methods

2.1. Animals

Male adult Wistar rats of 200–250 g body weight were used for all
experiments. They were housed in separate cages under 12-h light and
12-h dark periods and were maintained on standard food pellets and
water ad libitum. All animal care and procedures were in accordance
with Institutional and National Institute of Health guidelines and
Committee for the Purpose of Control and Supervision of Experiments
on Animals (CPCSEA) guidelines.

2.2. Chemicals

Biochemicals used in the present study were purchased from Sigma
Chemical Co., St. Louis, USA. All other reagents of analytical grade
were purchased locally. Quinuclidinyl benzilate, L-[Benzilic-4, 4′-3H],
([3H] QNB) (Sp. Activity 42 Ci/mmol) and 4-DAMP, [N-methyl-3H]
(Sp. Activity 83 Ci/mmol) were from NEN Life Sciences Products Inc.,
Boston, USA. Atropine, Pirenzepine and 4-DAMP were from Sigma
Chemical Co., USA. Tri-reagent kit was purchased from MRC, USA.
Real-time-PCR Taqman probe assays on demand were from Applied
Biosystems, Foster City, CA, USA.

2.3. Induction of spinal cord injury and treatment group

Adult Wistar male rats (weight) were randomly divided into the
following groups (a) Control (b) Spinal cord injured (SCI). Sham
operated rats were used as control. Spinal cord injury was induced in
adult Wistar rats by shearing between the T12 and T13 vertebra. The
monoplegic rats were kept for 21 days and sacrificed by decapitation on
the 22nd day of the experiment. The cerebral cortex was dissected out
quickly over ice and the tissues were stored at −80 °C for various
experiments.

2.4. Behavioural analysis of motor function by rotarod test

Rotarod has been used to evaluate motor coordination by testing the
ability of rats to remain on revolving rod. The apparatus has a
horizontal rough metal rod of 3 cm diameter attached to a motor with
variable speed. This 70 cm long rod was divided into four sections by
wooden partitions. The rod was placed at a height of 50 cm to
discourage the animals to jump from the rotating rod. The rate of
rotation was adjusted in such a manner that it allowed the normal rats
to stay on it for five minutes. Each rat was given five trials before the
actual reading was taken. The readings were taken at 10, 15 and 25 rpm
after 21 days of treatment in all groups of rats.

Fig. 1. Retention time of experimental rats in rotarod. Values are mean±S.E.M of 4–6
separate experiments. Each group consists of 4–6 rats. a p<0.001 when compared to
control. C – Control, SCI – Spinal cord injury group.

Fig. 2. Real Time PCR amplification of acetylcholine esterase and choline acetyl
transferase mRNA in the cerebral cortex of control and experimental rats. Values are
mean± S.E.M of 4–6 separate experiments. Each group consists of 4–6 rats. a p< 0.001
when compared to control. C – Control, SCI – Spinal cord injury group.

Fig. 3. Scatchard analysis of [3H] QNB binding against atropine to total muscarinic
receptor in the cerebral cortex. Values are mean±S.E.M of 4–6 separate experiments.
Each group consists of 4–6 rats. ap<0.001 when compared to control. C – Control, SCI –
Spinal cord injury group.
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2.5. Gene expression analysis of ChAT, AChE, muscarinic M1, M3 and α7
nicotinic acetylcholine receptors subunits using Real time PCR

RNA was isolated from cerebral cortex using Tri reagent. Total
cDNA synthesis was performed using ABI PRISM cDNA Archive kit.
Real–Time PCR assays were performed in 96-well plates in an ABI 7300
Real–Time PCR instrument (Applied Biosystems, Foster City, CA, USA).
PCR analyses were conducted with gene-specific primers and fluores-
cently labeled Taq probe for ChAT (Rn 01453446_m1), AChE (Rn
00596883_ m1), muscarinic M1 receptor (Rn 00589936_s1), muscarinic
M3 (Rn 00560986_s1) and α7 nicotinic acetylcholine (Rn01644792_g1)
receptor designed by Applied Biosystems. Endogenous control (β-actin)
labeled with a reporter dye was used as internal control. All reagents
were purchased from Applied Biosystems. The real-time data were
analyzed with Sequence Detection Systems software version 1.7. All
reactions were performed in duplicate.

The ΔΔCT method of relative quantification was used to determine
the fold change in expression. This was done by first normalizing the
resulting threshold cycle (CT) values of the target mRNAs to the CT
values of the internal control β-actin in the same samples (ΔCT = CT
Target − CT β-actin). It was further normalized with the control (ΔΔC
T=ΔCT − CT Control). The fold change in expression was then obtained
(2-ΔΔCT).

2.6. Total muscarinic, muscarinic M1 and muscarinic M3 receptor binding
studies in cerebral cortex

Cerebral cortex was homogenised in 1 mM EDTA – Tris buffer, pH
7.4 and was centrifuged at 30,000×g for 30 min. The pellet obtained
was again re-suspended in EDTA – Tris buffer and used for further
experiment. Binding assay was done according to the modified proce-
dure of Yamamura and Synder, 1974 [22]. Total muscarinic, and

muscarinic M1 receptor binding parameter assays were done using
[3H] QNB (0.1–2.5 nM) and M3 receptor using [3H] DAMP (0.01–
5 nM). The nonspecific binding was determined using 100 μM atropine
for total muscarinic, pirenzepine for muscarinic M1 and 4-DAMP
mustard for M3 receptor. Total incubation volume of 250 μl contains
200–250 μg protein concentrations. Tubes were incubated at 22 °C for
60 min and filtered rapidly through GF/C filters (Whatman). The filters
were washed quickly by three successive washing with 5.0 ml of ice
cold 50 mM Tris–HCl buffer, pH 7.4. Bound radioactivity was counted
with cocktail-T in a Wallac 1409 liquid scintillation counter. Protein
was measured by the method of Lowry et al. [13,18].

2.7. Analysis of the receptor-binding data

The data were analyzed according to Scatchard, 1946 [18]. The
specific binding was determined by subtracting non-specific binding
from the total. The binding parameters, maximal binding (Bmax) and
equilibrium dissociation constant (Kd), were derived by linear regres-
sion analysis by plotting the specific binding of the radioligand on the
X-axis and bound/free on the Y-axis. The Bmax is a measure of the total
number of receptors present in the tissue and the Kd is the measure of
the affinity of the receptors for the radioligand. The Kd is inversely
related to receptor affinity.

2.8. Immunohistochemistry of muscarinic M1 and α7 nicotinic
acetylcholine receptors in the cerebral cortex of experimental rats using
confocal microscope

The experimental rats were anesthetized and were transcardially
perfused with PBS, pH, 7.4, followed by 4% paraformaldehyde in PBS.
After perfusion the brain was dissected and immersion fixed in 4%
paraformaldehyde for 1 h and then equilibrated with 30% sucrose
solution in 0.1 M PBS, pH 7.0. 10 µm sections of cerebral cortex were
cut using Cryostat (Leica, CM1510 S). The sections were treated with
PBST (PBS in 0.01% Triton X-100) for 20 min. Cerebral cortex slices
were incubated overnight at 4 °C with primary antibody for muscarinic
M1, M3 or α7 nicotinic acetylcholine receptor, diluted in PBST at 1:500
dilution (polyclonal or monoclonal). After overnight incubation, the
slices were rinsed with PBST and then incubated with secondary
antibody labeled with FITC. The sections were observed and photo-
graphed using confocal imaging system (Leica SP 5). Expressions of
muscarinic M1 and α7 nicotinic acetylcholine receptor were analyzed
using pixel intensity method.

2.9. Statistical analysis

Statistical evaluations were done by ANOVA using InStat
(Ver.2.04a) computer program. Linear regression Scatchard plots were
made using Sigma Plot (Ver 2.03) Sigma Plot software (version 2.0,
Jandel GmbH, Erkrath, Germany). Relative Quantification Software
was used for analyzing real-time PCR results.

Table 1
Scatchard analysis of muscarinic receptor subtypes in the cerebral cortex.

Experimental groups Total muscarinic receptor Muscarinic M1 receptor Muscarinic M3 receptor

Bmax (fmoles/mg protein) Kd (nM) Bmax (fmoles/mg protein) Kd (nM) Bmax (fmoles/mg protein) Kd (nM)

Control 273.44±26.34 0.72± 0.04 141.09±11.02 1.15±0.07 80.38±6.6 0.81± 0.06
SCI 131.57±12.3a 0.45± 0.03a 91.14± 6.50a 1.37±0.08a 272.49± 22.8a 2.5±0.02a

Values are mean± S.E.M of 4–6 separate experiments. Each group consists of 4–6 rats.
a p< 0.001 when compared to control. C – Control, SCI – Spinal cord injury group.

Fig. 4. Scatchard analysis of [3H] QNB binding against pirenzepine to muscarinic M1
receptor subunit in the cerebral cortex. Values are mean±S.E.M of 4–6 separate
experiments. Each group consists of 4–6 rats. a p< 0.001 when compared to control. C
– Control, SCI – Spinal cord injury group.
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3. Results

3.1. Behavioural analysis of motor function by rotarod test

To assess voluntary motor coordination, a rotarod test was per-
formed. Rotarod experiment showed a significant (p<0.001) decrease
in the retention time on the rotating rod in the SCI rats at 10, 15 and
25 rpm when compared to control (Fig. 1). The sham operated control
rats successfully executed the test, showing that their motor coordina-
tion was not affected by the surgical procedure.

Fig. 5. Scatchard analysis of [3H] DAMP binding against 4- DAMP mustard to muscarinic
M3 receptor subunit in the cerebral cortex. Values are mean± S.E.M of 4–6 separate
experiments. Each group consists of 4–6 rats. a p< 0.001 when compared to control. C –
Control, SCI – Spinal cord injury group.

Fig. 6. Real Time PCR amplification of muscarinic M1 and M3 receptor subunits in the
cerebral cortex. Values are mean± S.E.M of 4–6 separate experiments. Each group
consists of 4–6 rats. a p< 0.001 when compared to control. C – Control, SCI – Spinal cord
injury group.

Fig. 7. Confocal imaging of Muscarinic M1 receptor subunit in the cerebral cortex. Values are mean± S.E.M of 4–6 separate experiments. Each group consists of 4–6 rats. C – Control, SCI
– Spinal cord injury group Scale bar =150 µm.

Table 2
Mean Pixel intensity of control and Spinal cord injured rats.

CONDITION MEAN PIXEL INTENSITY

Muscarinic M1 Receptor α7 nicotinic acetylcholine receptor

Control 46.31± 3.76 49.54± 3.23
SCI 19.14± 1.27a 17.83± 1.32a

Values are mean± S.E.M of 4–6 separate experiments. Each group consists of 4–6 rats. C
– Control, SCI – Spinal cord injury.

a p< 0.001 when compared to control.

Fig. 8. Real Time PCR amplification of α7 nicotinic acetylcholine receptor subunit in the
cerebral cortex. Values are mean±S.E.M of 4–6 separate experiments. Each group
consists of 4–6 rats. a p< 0.001 when compared to control. C – Control, SCI – Spinal cord
injury group.
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3.2. Gene expression analysis of ChAT and AChE in the cerebral cortex
using Real Time PCR

Gene expression of both acetylcholine esterase and choline acetyl
transferase mRNA showed significant (p<0.001) up regulation in the
cerebral cortex of SCI rats compared to control with the fold increase in
expression of AChE is prominently higher than ChAT. (Fig. 2).

3.3. Scatchard analysis of [3H] QNB binding against atropine to total
muscarinic receptor in the cerebral cortex

The total muscarinic receptor was assayed using the specific ligand,
[3H] QNB and muscarinic general antagonist atropine. The Scatchard
analysis showed that the Bmax and Kd decreased significantly (p<
0.001) in SCI rats compared to control group. (Fig. 3, Table 1).

3.4. Scatchard analysis of [3H] QNB binding against pirenzepine to
muscarinic M1 receptor subunit in the cerebral cortex

Binding analysis of muscarinic M1 receptor was done using [3H]
QNB and M1 subtype specific antagonist pirenzepine. The Bmax

decreased and Kd increased significantly (p< 0.001) in SCI group
when compared to control group. (Fig. 4, Table 1).

3.5. Scatchard analysis of [3H] DAMP binding against 4-DAMP mustard to
muscarinic M3 receptor subunit in the cerebral cortex

Binding analysis of muscarinic M3 receptors was done using [3H]
DAMP and M3 subtype specific antagonist 4-DAMP mustard. The Bmax

and Kd were increased significantly (p<0.001) in SCI group when
compared to control. (Fig. 5, Table 1).

3.6. Gene expression analysis of muscarinic M1 and M3 receptor subunits
in the cerebral cortex using Real Time PCR

Real Time-PCR analysis showed that the muscarinic M1 receptor
subunit mRNA was down regulated and M3 receptor subunits was up
regulated significantly (p< 0.001) in SCI compared to control rats
(Fig. 6). Even though M3 receptor subunit showed an upregulation of
its gene with an increase in its receptor density, the receptor assay for
total muscarinic receptors showed a significant decrease (Table 1),
pointing to an overall decrease in muscarinic receptor function.

3.7. Confocal imaging of Muscarinic M1 receptor subunits in the cerebral
cortex of control and spinal cord injured rats

Muscarinic M1 receptor subunit antibody staining in the cerebral
cortex showed a significant (p< 0.001) decrease in the mean pixel
value in SCI rats compared to control. (Fig. 7, Table 2).

3.8. Gene expression analysis of α7 nicotinic acetylcholine receptor subunit
in the cerebral cortex using Real Time PCR

Real Time-PCR analysis showed that α7 nicotinic acetylcholine
receptor gene expression was significantly (p<0.001) up regulated in
SCI rats when compared to control. (Fig. 8).

3.9. Confocal imaging of α7 nicotinic acetylcholine receptor subunit in the
cerebral cortex of control and spinal cord injured of rats

α7 nicotinic acetylcholine receptor subunit antibody staining in the
cerebral cortex showed a significant (p< 0.001) decrease in the mean
pixel value in SCI rats compared to control. (Fig. 9, Table 2). Even
though the gene expression of α7 nicotinic acetylcholine receptor
subunit showed a slight increase, the protein expression was decreased
indicating a decreased activity of nicotinic receptor in SCI group.

4. Discussion

The present study indicates a drastic reduction in cholinergic
function in SCI condition demonstrated by the decreased muscarinic
and nicotinic receptors along with functional alterations in the enzymes
in cholinergic pathway. The results from our study showed the
metabolic disturbance in cholinergic pathway as ChAT and AChE is
up regulated in spinal cord injury group with the higher fold increase in
expression of AChE. AChE, the enzyme involved in the breakdown of
acetyl choline, is reported to show increased expression during stress
condition [15]. Increase in AChE cause a decrease in acetylcholine
content. The increased expression of AChE observed in our study will
add on to the cholinergic deficits in the cerebral cortex of spinal cord
injured rats. AChE is also considered as a marker of apoptosis. It is
increased by the activation of members of caspase family [8]. Increased
AChE has been observed during progressive disease conditions in
Alzheimers condition [18]. This points to the possibility of activation
of apoptotic pathways in spinal cord injured condition in addition to the
motor deficits contributed by the lack of cholinergic transmission.

Fig. 9. Confocal imaging of α7 nicotinic acetylcholine receptor subunit in the cerebral cortex sections. Values are mean±S.E.M of 4–6 separate experiments. Each group consists of 4–6
rats. C – Control, SCI – Spinal cord injury group Scale bar =150 µm.
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From our study it is evident that the total muscarinic receptors
along with muscarinic M1 receptor subunits showed a reduction in the
receptor density and receptor expression in spinal cord injury group.
Also, in SCI rats, the mRNA level and binding parameters of muscarinic
M3 receptors showed an increase in the cerebral cortex when compared
to control. Muscarinic acetylcholine receptors are known to regulate
numerous fundamental physiological processes, including central sen-
sory, vegetative, and motor functions [3]. The reduction in muscarinic
receptor function in SCI can augment the locomotor disability and may
act as one of the molecular mechanism which contributes to the
severity of monoplegic condition.

The immuno histochemical studies revealed a reduced expression of
α7 nicotinic acetylcholine receptors in the cerebral cortex of spinal cord
injured rats, even though gene expression level was not altered
significantly. Along with a functional alteration in the metabotropic
muscarinic cholinergic receptors spinal cord injury resulted in a
reduction in the ionotropic nicotinic cholinergic receptors too. In
mammals, nicotinic acetylcholine receptors play a crucial role in motor
control. Nicotinic acetylcholine receptors could promote fast synaptic
coupling between motoneurons, and thus play a role in somatic and
visceral motor functions [26]. Hence, the reduction in fast acting
nicotinic cholinergic receptors can affect the motor functions in spinal
cord injured condition.

Our studies demonstrated the cholinergic impairment mediated
through muscarinic and nicotinic acetyl choline receptors and the
enzymes in acetyl choline metabolism in spinal cord injured rats. Our
results points to the fact that the overall reduction in the cortical
cholinergic function might have acted as one of the major contributors
of the motor deficits exhibited in spinal cord injured condition.
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