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Abstract
Objective: Stem cells (SCs) can improve the functional defects of brain injury. Rodents use their whiskers to get tactile 
information from their surroundings. The aim of this study was to investigate whether the transplantation of SCs into the 
lesioned barrel cortex can help neuronal function in the contralateral cortex.  
Materials and Methods: Sixteen male Wistar rats (200-230 g) were used in this experimental study. We induced 
a mechanical lesion in the right barrel cortex area of rats by removing this area by a 3 mm skin punch. Four groups 
containing one intact group of rats: group 1: control, and three lesion groups, group 2: lesion+un-differentiated dental 
pulp SCs (U-DPSCs), group 3: lesion+differentiated dental pulp SCs (D-DPSCs), and group 4: cell medium (vehicle) 
that were injected in the lesion area. Three weeks after transplantation of SCs or cell medium, the rats’ responses of 
left barrel cortical neurons to controlled deflections of right whiskers were recorded by using the extracellular single-unit 
recordings technique.  
Results: The results showed that the neural spontaneous activity and response magnitude of intact barrel cortex 
neurons in the lesion group decreased significantly (P<0.05) compared to the control group while ON and OFF responses 
were improved in the D-DPSCs (P<0.001) group compared to the vehicle group three weeks after transplantation.   
Conclusion: Transplantation of dental pulp mesenchymal SCs significantly improved the neural responses of the left 
barrel cortex that was depressed in the vehicle group.
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Introduction
The discrete clustering of its layer IV neurons, 

collectively known as barrels distinguishes the barrel 
cortex (1).  Each layer IV barrel receives precise sensory 
information from a single whisker via the thalamus. 
Extracellular field potential recordings have been used to 
study this precise structure-function relationship in brain 
slices (2).

The sensory info integration among the cerebral 
hemispheres is important for numerous perceptual 
tasks which need bi-lateral coordination.  The right 
and left somatic sensory cortex function is narrowly 
linked through the corpus callosum (3). The sensory 
info integration through the corpus callosum is yet 
a mystery at the cellular level, however, some new 
articles have started to discover the  interhemispheric 

cellular dynamics in the somatosensory system (4). 
Still, how the number of changes of real-time activity in 
one cortical area is mirrored in that of its contralateral 
counterpoint is yet an unsolved question (5). The 
subcortical pathways from the whiskers on the left 
and right side of the face are kept quite separate from 
the periphery to the cortex causing a cortex functional 
lateralization (6). 

Nevertheless, when barrel neurons reply best to 
contralateral whiskers stimulations, they are also affected 
by the whiskers on the ipsilateral side of the face as well. 
Ipsilateral whiskers stimulation induces both local field 
potential and spikes in the layers of IV and V neurons in 
the barrel cortex field (7). Cortical neurons’ responses to 
the ipsilateral whiskers are mediated by callosal links since 
blocking activity in one hemisphere removes all replies in 
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the hemisphere ipsilateral to the stimulated whiskers (8).
This may be why, in anesthetized rats, the contralateral 
intact neuronal activity to the damaged barrel cortex is 
reduced (9). Also, cerebral cortex lesions generate 
several complex responses to damage of the brain. 
Well-reported hypo-excitability impacts caused by  
cortical lesions consist of extensive hypo-metabolism 
(10), decreases in blood flow (11), reductions in 
glucose metabolism (12) and low amplitude of 
electroencephalogram (EEG) activity (13) in the 
contralateral along with ipsilateral cortex after damage 
of the brain. Some of the overall metabolic impacts are 
observed through extensive areas, while other deficits 
seem to be limited to areas in the brain connected by 
their neural links to the damaged areas (14).

To reach functional recovery, injured neuronal 
network repair and links in the contralateral 
hemisphere area are needed. A perfect illustration of 
these therapeutic influences in stem cell (SC) therapy 
though, has been problematic and infrequently stated 
before (15). Dental pulp SCs are non-invasive and can 
be easily isolated from the pulp of adult and postnatal 
elongated teeth, they can be a suitable option for cell 
therapy of central nervous system injuries.

SC transplantation could increase axon density and 
axonal sprouting in the lesion area (16, 17). Several studies 
highlight the idea that neurotrophic factors released from 
SC grafts have an important role in the valuable influence 
of SC transplantation therapy (18-20). 

The current research aimed to calculate the effect of 
SCs therapy on the ON and OFF neuronal response of 
intact contralateral cortical barrels by the single unit 
recording technique in rats with a lesioned barrel cortex 
on the opposite side. 

Materials and Methods    
Animals

The Kerman Neuroscience Research Center’s Research 
Ethics Committee  (IR.KMU.REC.1399.510) gave its 
approval to the experimental study. Eighteen male adult 
Wistar rats (200-230 g) were used in this study. The 
animals had clean cages and were kept in an animal house 
that was temperature-controlled, well-ventilated, and had 
free access to a regular diet and water.

Isolation and characterization of DPSC
Isolation and characterization methods were 

described in our previous study (19). Briefly, the 
pulp of lower and upper jaw teeth was extracted 
heterogeneously from 2 Wistar rats (200-300 g). Their 
pulp tissues were crumbed and then added into a falcon 
tube containing collagenase I (Serva). Cell cultivation 
was performed.

As some of these cells exhibited an oval or fibroblast-
like shape before neural differentiation, a third passage 
was used for immunophenotypic analysis to trigger 

differentiation. Flow cytometry was used for analyzing the 
immunophenotypic characterization of cells. After neural 
differentiation, the cell morphology revealed neuronal-
like cells with large, rounded cell bodies and neuron-like 
processes. SCs were differentiated (19).

Extracellular single-unit recording
Surgery and groups

Sixteen rats were randomly divided into four 
experimental groups (n=4). After the rats were 
anesthetized with Ketamine/xylazine (80/10 mg/
kg), the head of the rat was fixed in the stereotaxic 
frame (Stoelting, USA). The right parietal skull was 
exposed posteriorly (1 to 4 mm) and lateral (4 to 7 
mm) to the position of the bregma and was removed 
by a dental drill. The barrel cortex was cut by a 3-mm 
skin punch, and then the lesion area was washed with 
normal saline at 37°C. The skin was stitched and the 
rats were returned to their cage. See this protocol in 
our previous study (19). 

In this study there was 4 groups. i. Control group was 
without any surgery or injection, ii. A total of 1×106 
undifferentiated dental pulp stem cells (lesion+U-
DPSC group) in 80 µl of DMEM, iii. A total of 1×106 
differentiation dental pulp stem cells (lesion+D-DPSC 
group) in 80 µl of DMEM, and iv. Lesion+vehicle 
group, the rats received 80 µl of DMEM which was 
injected directly into the lesion site three days after lesion 
induction.

Then, the neural activities of the left intact cortical 
barrels to the right whiskers deflection of rats were 
recorded by the single-unit recording approach. The 
number of neurons in each group was as follows: 
control (n=16 neurons), lesion+vehicle (n=27 neurons), 
lesion+U-DPSC (n=18 neurons), and lesion+D-DPSC 
(n=30 neurons). 

Each rat was intraperitoneally anesthetized with 
urethane (1.2 mg/kg), and then the rat’s was fixed 
head in a stereotaxic frame. A dental drill was used 
to expose and remove the left parietal cortex. Using 
a servo-controlled heating pad, the body temperature 
was set to 37°C. Injecting 10% of the initial dose 
of urethane was used to control the spontaneous 
movements of whiskers and irregular breathing when 
changing anesthesia depth. A tungsten microelectrode 
(1-3 MΩ, FHC) was perpendicularly inserted into the 
posterior medial field of the barrel cortex by a micro 
driver (WPI, USA). All units were recorded from 
depths 600 to 1000 mm of the cortex. The bandpass 
of the amplifier was 0.3-10 KHz, a preamplifier 
amplified the signals. The obtained data were saved 
on a computer (Science beam, Iran). Neuron electrical 
activities were  considered single units’ activity by a 
signal-to-noise ratios of at least 3:1. An offline sorter 
of window discriminator was then used to isolate each 
neuron (8, 21, 22). 
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Mechanical whisker deflection
A miniature speaker connecting to a glass micropipette 

(with an inner diameter of 0.68 mm and an outer diameter 
of 1.2 mm) was used to deflect the whiskers of the right 
mystacial pad in each rat by a controlled-mechanical 
whisker deflection.

Then whiskers were cut by 10 mm from the surface 
of the face. After determining a whisker of D2, the 
whisker was placed in glass tubes connected to the 
speaker. The whisker was moved randomly 50 times 
(23).  

A graduated microscope was used to calibrate the 
amplitude of down-upward (500 µm) deflections, hold 
phase (200 ms) and rise time (5 ms). The ON neural 
response magnitudes (moving the whiskers down from 
the resting position) and the OFF neural response 
magnitudes (moving back to the resting position) 
were recorded. The recorded bin size was adjusted to 
1000 ms. By counting the spikes/bin, the unit activity 
was summed and illustrated as peri-stimulus time 
histograms (PSTHs) (24, 25).

Statistical analysis
Testing the normality of data distribution was performed 

using the Kolmogorov-Smirnov test.
All statistical analyzes were performed using SPSS 

software (version 22, IBM, USA). A one-way ANOVA 
analysis followed by Bonferroni post hoc test was 
applied. Data are expressed as mean ± SEM. A P<0.05 
was considered statistically significant.

Results
Spontaneous activity

Spontaneous activity of neurons to the D2 whisker 
deflection (0-300 ms) is shown in different groups 
(Fig.1). ANOVA revealed a significant main effect 
[F (3, 87) =10.151, P=0.0006] for the spontaneous 
activity variable. The results showed that a lesion in 
the right barrel cortex leads to a significant reduction 
in spontaneous activity in the right intact barrel cortex 
of the lesion+vehicle group compared to the control 
group. 

The analysis also reported a significant increase in 
spontaneous activity in the lesion+Un-DPSC compared 
to the vehicle groups. Results showed that SC therapy 
cannot restore spontaneous activity to the control level 
(P<0.001, Fig.1).

A cumulative peri-stimulus time histogram (PSTH) was 
used to measure and compare neuronal responses in the 
barrel cortex in the control (n=16 neurons), lesion+vehicle 
(n=27 neurons), lesion+U-DPSC (n=18 neurons), and 
Lesion+D-DPSC (n=30 neurons) groups. Figure 2 shows 
a sample response of cumulative PSTH neurons to PW 
(D2) deflection.

Response magnitudes 
The mean evoked response magnitude of barrel neurons 

in layer IV of the left hemisphere was analyzed following 
stimulation on whisker D2. 

Fig.1: The mean of spontaneous activity of neurons. The spontaneous 
activity of the left intact cortex of the lesion+Un-DPSC, lesion+D-DPSC, 
and lesion+vehicle groups were compared to that of the control group. 
The sign of (*) shows a significant statistical difference between the lesion 
group and the control group. The sign of (#) shows a significant statistical 
difference in each group compared with the lesion+vehicle group. Data 
are expressed as mean ± SEM. Un-DPSCs; Un-differentiated dental pulp 
stem cells, D-DPSCs; Lesion+differentiated dental pulp stem cells, ***; 
P<0.001, and ###; P<0.001. 

Fig.2: A peri-stimulus time histogram (bin=1 second) showing responses 
to the whisker of D2 in the control, lesion+vehicle, lesion+Un-DPSC, and 
lesion+D-DPSC groups. Un-DPSC; Un-differentiated dental pulp stem cell, 
and D-DPSC; Lesion+differentiated dental pulp stem cell.
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ON responses
Analysis of data by One-way ANOVA revealed that 

there was a main significant effect on the average of the 
ON response magnitudes of barrel cortical neurons [F 
(3, 87) =10.151, P=0.000]. Post hoc analysis revealed 
that the mean of response magnitude in the intact barrel 
neurons reduced significantly in the lesion+vehicle group 
(P<0.001) and lesion+Un-DPSC (P<0.01) compared to the 
control group. The mean of response magnitude revealed a 
significant increase in the lesion+D-DPSC group compared 
to the lesion+vehicle group (P<0.01). The mean of response 
magnitude of the lesion+Un-DPSC group in comparison 
with the lesion+vehicle group, did not show any significant 
change (Fig.3). 

Fig.3: ON responses. ON response magnitudes of the D2 barrel neurons to 
the whisker deflection in different groups are shown. Data are expressed 
as mean ± SEM. Un-DPSC; Undifferentiated dental pulp stem cell, D-DPSC; 
Lesion+differentiated dental pulp stem cell, **; P<0.01, ***; P<0.001, 
compared to control group, and ##; P<0.01, compared to lesion+vehicle 
group. 

OFF responses

There was a significant effect on the OFF-response 
magnitudes of barrel cortical neurons [F (3, 87)=8.409, 
P=0.001]. The mean of OFF response magnitude at the 
time of stimulation did not show any significant change 
between the control and the lesion+vehicle groups. When 
the D2 whisker was deflected, there was a significant 
increase in the response magnitude of lesion+D-DPSC 
compared with lesion+vehicle groups (P<0.001). 
The mean magnitude of the OFF response was not a 
significant change in the lesion+Un-DPSC compared to 
the lesion+vehicle group (Fig.4). 

Fig.4: OFF Responses. Magnitudes of the OFF response of the D2 barrel 
neurons to the whisker deflection in different groups are shown. Data 
are expressed as mean ± SEM. Un-DPSC; Un-differentiated dental pulp 
stem cell, D-DPSC; Lesion+differentiated dental pulp stem cell, and ###; 
P<0.001 compared to lesion+vehicle group.

Latency
Latency ON 

There was a main effect on the latency of neuronal responses 
[F (3, 87)=10.328, P=0.001]. Results revealed that latency in 
the lesion+vehicle group increased significantly compared 
to the control group (P<0.01). There was a significant 
reduction between lesion+Un-DPSC and lesion+D-DPSC in 
comparison to the lesion+vehicle group (P<0.01, Fig.5).

Fig.5: Response latency ON. Response latency of the D2 barrel neurons 
to the whisker deflection. Data are expressed as mean ± SEM. Un-DPSC; 
Un-differentiated dental pulp stem cell, D-DPSC; Lesion+differentiated 
dental pulp stem cell, **; P<0.01, as compared to the control group, and 
##; P<0.01, as compared to lesion+vehicle group. 
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Latency OFF
There was not a main effect on the latency OFF of 

neuronal responses [F (3, 87)=1.886, P=0.138]. There was 
no significant difference between the control and lesion, 
and also between the lesion and SCs groups (Fig.6).

Fig.6: Response latency OFF. Response latency of the D2 barrel neurons to 
the whisker deflection. Data are expressed as mean ± SEM. Un-DPSC; Un-
differentiated dental pulp stem cell, D-DPSC; Lesion+differentiated dental 
pulp stem cell. 

Discussion
The present study revealed that the spontaneous activity, 

latency, and features of response magnitude in the barrel 
cortex opposing the damaged barrel cortex declined 
compared to the control group’s neural activity, three 
weeks after the unilateral focal lesion in the right barrel 
cortex. Lesions in the contralateral barrel cortex could 
change the response patterns of the neural responses of 
the intact homotopic cortex, which might also influence 
the animals’ behavior (19). This response can improve in 
the groups that were injected with SCs in the lesioned area 
compared to the vehicle group three weeks after injection.

Reduced activity in spontaneous and evoked responses 
after 3 weeks in the lesion group, as well as disorders in 
the experience-dependent plasticity in the intact barrel 
cortex neurons following a lesion in the homotopic region 
in the opposing cerebral hemisphere, have been reported 
(14) which is consistent with the present study.

Reduced input from the lesioned hemisphere into the 
intact barrel cortex through the corpus callosum inputs is 
a possible mechanism for changes due to the lesion (5). 
According to a chronic study a barrel field cortex, sub-pial 
aspiration lesion could meaningfully degrade both evoked 

activity and background in the barrel field cortex of the 
contralateral (14). 

Still, several types of change, including reactive events, 
reduced growth factors, and release of neurotransmitters 
from the lesioned area and also eliminating the activity 
of ongoing interhemispheric signals originating from 
the lesioned area can be produced by a cortical lesion. 
These events are considered the possible modulators for 
firing features in neurons on the contralateral side (5). 
Changes in the dendritic morphology and growth factor 
performance might influence the function and structure 
of the contralateral barrel cortex of the lesion area (26). 
Also, the reduced cortical excitability mentioned in 
this study is probably the result of reduced excitatory 
neurotransmitter levels in the contralateral cortex (27) 
which can be investigated in further studies. 

Besides, one could argue that thalamocortical 
projections play a role in improving animal performance 
(28) as a potential supporter for performance recovery 
following bilateral or unilateral SI and SII cortex (29).

We observed neural responses improved in both 
U-DPSC and D-DPSC groups, this improvement was 
significant in the D-DPSCs group compared to the vehicle 
group. However, a significant proportion of grafted SCs 
migrated to the contralateral side of the brain, whether 
this was lesioned or intact, showing that SCs are attracted 
by and interact with both reorganization and degeneration 
regions (30). Behavioral recovery after brain damage can 
be improved by SC transplantation in animal models but 
there is no understanding of the functional integration of 
SC-derived neurons into injured brain circuitry (20).

Because a large part of this area is eliminated by our 
mechanical lesion, therefore rearrangement of these 
neuronal barrel clusters by SC injection is far from 
expected. However, SC transplantation can induce 
events to enhance performance at the molecular level in 
the ipsilateral cortex.  The ability of DPSCs to provide 
trophic factors in the peri-lesioned area was proved in our 
previous study (19). 

Regeneration of damaged neuronal axons (31), reduction 
of apoptosis (32), glial scar (33), and inflammation 
(34), the release of neuroprotective factors, and the 
ability to differentiate various cell types, for example, 
oligodendrocytes, functional neurons, and astrocytes 
(35) have been considered as feasible mechanisms for 
functional improvement. Sc therapy may reopen the SII 
and the contralateral barrel cortex plasticity as well as the 
plasticity of the remaining barrel cortex that escaped the 
lesion (19). Still, we do not know the exact mechanism of 
how the neurons connected to the thalamus and the barrel 
contralateral cortex. Further investigations are needed to 
find the exact mechanism. 

Transplanted human embryonic SCs in rodents, send 
axonal projections to extensive brain areas, including 
the contralateral cortex (19). Following a stroke in rats, 
axonal projections from intracortical transplanted SC-
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derived (36) cortical neurons extend to both contralateral 
and ipsilateral hemispheres. Whether an activity in the 
grafted neurons influences sensorimotor function as well 
as these efferent connections become incorporated into 
stroke-injured host neural circuitry remains unclear (20). 
In our previous study, it was shown that transplantation 
of DPSCs into a lesioned somatosensory (barrel) cortex 
can facilitate the recovery of function at week 2-4 
compared to the vehicle group and affected a range of 
neuronal markers such as nestin, NeuN, Olig 2, BDNF, 
neuroligin1 and GFAP in the barrel cortex post-lesion 
(19). After cortical stroke, transcallosal connections 
are important and involved in behavioral recovery and 
spontaneous interhemispheric structural rearrangement. 
Transcallosal connections of transplanted neurons are 
likely to participate in this reorganization (37). The results 
of several recent studies in other experimental models 
confirm this idea which is in line with our findings, that 
regeneration of the cortical neural circuitry is probable by 
cell transplantation in the damaged adult brain (20).

The current study had limitations for recording from the 
lesioned- barrel cortex and there is a lack of information 
about how SCs injection can consequently influence 
neural function.

Conclusion
Injection of D-DPSCs or U-DPSCs into the lesioned 

barrel cortex area can improve the homologous opposite 
cortical neural responses. Although the injection of SCs is 
not expected to reorganize the barrel, the changes in the 
contralateral barrel cortex could be observed after lesion 
and SC therapy in neural connections with the area of 
brain damage.
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