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ABSTRACT 

 

The effect of the long-term synaptic plasticity of the thalamocortical 

input on the perceptual decision-making 

 

Hyesoo Jie 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Seungsoo Chung) 

 

Optimal decision-making is often dependent on the primary cortex that 

plays an essential role for the effective interpretation of sensory information. Despite 

the discovered involvements of the primary sensory cortex in decision-making, a 

detailed synaptic mechanism explaining the relationship between sensory input and 

the perceptual decision-making has not yet been elucidated because the cortical 

synaptic plasticity becomes extremely resistant to peripheral input throughout life 

after the critical period. For this reason, it is extremely difficult to manipulate adult 

cortical synaptic plasticity, which limited a development of proper animal model. 

However, according to recent studies, the thalamocortical (TC) synaptic plasticity 

can be reactivated by unilateral denervation of the infraorbital nerve even after 

critical period. In addition, the TC synaptic plasticity can be altered in a pathological 

condition such as neonatal intraventricular hemorrhage (IVH) animal model. Now, 

the TC synaptic plasticity in the barrel cortex can be manipulated using unilateral 

infraorbital nerve dissection (IO) or IVH animals. With these animal models, I 

investigated a role of the TC input of the barrel cortex in the decision-making process 
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in a classical Hebbian or pathological homeostatic plasticity models. To accomplish 

this research purpose, I designed experiments in three parts. 

Part 1 aimed to determine the effect of the TC synaptic dysfunction on the 

perceptual decision-making in IVH animal as a pathological homeostatic model. 

Severe neonatal IVH animal model incurs long-term neurologic deficits such as 

cognitive disabilities. Recently, the intraventricular transplantation of allogeneic 

human umbilical cord blood-derived mesenchymal stem cells (MSCs) has drawn 

attention as a potential therapy to treat severe IVH. However, its pathological 

synaptic mechanism still remains elusive. I here demonstrated that the integration of 

the somatosensory input was significantly distorted by suppressing feed-forward 

inhibition (FFI) at the TC inputs in the barrel cortices of neonatal rats with IVH by 

using the brain slice patch-clamp technique. This is induced by the suppression of 

Hebbian plasticity via an increase in tumor necrosis factor-α (TNF-α) expression 

during the critical period, which can be effectively reversed by the transplantation of 

MSCs. Furthermore, I showed that MSC transplantation successfully rescued IVH-

induced learning deficits in sensory-guided decision-making in correlation with the 

TC FFI in the layer 4 barrel cortex. 

Part 2 aimed to determine the effect of the TC synaptic plasticity on the 

perceptual decision-making in IO mice as a classical Hebbian plasticity model. Here, 

using the IO mouse model, I explored the direct relationship between the TC synaptic 

efficacy in the primary somatosensory cortex and the perceptual decision-making 

using the texture discrimination task and the TC brain slice patch-clamp technique. 

IO mice learned the texture discrimination task more effectively than sham controls 

by improving the perceptual sensitivity to the target stimuli and perceptual specificity 

to the non-target stimuli, and adopting an advanced licking strategy. IO mice also 

exhibited enhanced perceptual discrimination ability. In addition, these perceptual 

decision-making parameters were closely correlated with the TC synaptic efficacy in 

the barrel cortex of IO mice.  

The part 3 aimed to mend shortcomings of the part 2. First, the poor 

performance of the sham group may be due to the training time for each day and total 
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number of training days for the animals. Second, the air puff adds a layer of 

complexity since the air puff is critical for learning. The IO group was more sensitive 

to the air puff due to the loss of whiskers on one side, since compensation often 

occurs to other senses when one becomes absent. Third, the perceptual very long-

term memory retention ability of the IO mice remained undiscovered. Therefore, I 

trained the animals more intensively by increasing the number of trials, used time-out 

instead of air puff as punishment, and conducted the perceptual very long-term 

memory retention test until their performance reached to the forgetting level. Sham 

mice succeeded to learn the task under intensive training although learning 

performance was increased slowly compared to the IO mice. The IO mice also 

showed better performance than sham mice in the time-out punishment paradigm. 

Besides, the IO mice showed stable and long-lasting memory retention ability 

compared to the sham mice. Primary TC synaptic efficacy attributed changes in 

learning dynamics in the perceptual decision-making. Altogether, these results 

provide the fundamental insight that the primary TC input may be involved in the 

perceptual decision-making. 
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GRAPHICAL ABSTRACT 

 

The effect of the long-term synaptic plasticity of the thalamocortical 

input on the perceptual decision-making 

 

<PART 1> 

 

 

 

Stem cell restores thalamocortical plasticity to rescue cognitive deficit in 

neonatal intraventricular hemorrhage 

 Thalamocortical (TC) Hebbian plasticity is impaired in intraventricular 

hemorrhage (IVH) rats.  

 Overexpression of tumor necrosis factor-α contributes to deficit of the TC 

plasticity.  

 Mesenchymal stem cell (MSC) rescues the perceptual decision-making 

deficits in IVH rats.  

 The MSC-induced rescue is in relation with the TC feedforward inhibition 

in IVH rats. 
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< PART 2> 

 

 

 

Primary thalamocortical input determines the perceptual decision-making using 

the texture discrimination task with air puff punishment during adulthood 

 Primary TC input affected perceptual learnability by adapting advanced 

licking strategy. 

 Primary TC input also affected perceptual discrimination ability by 

improving sensitivity to the target stimuli and specificity to the non-target 

stimuli.  

 Perceptual decision-making capacity was intimately correlated with the TC 

synaptic efficacy.  
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< PART 3> 

 

 

 

Primary thalamocortical input determines the perceptual decision-making using 

the texture discrimination task with time-out punishment during adulthood 

 Unilateral infraorbital nerve dissection (IO) mice learned the texture 

discrimination task effectively.  

 The perceptual discrimination ability was enhanced in IO mice.  

 IO mice retained stable and long-lasting perceptual memory.  

 These learning dynamics in the perceptual decision-making were closely 

correlated with the primary TC synaptic efficacy.  
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The effect of the  long-term synaptic plasticity of the  thalamocortical 

input on the perceptual decision-making 

 

Hyesoo Jie 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Seungsoo Chung) 

 

Ⅰ. INTRODUCTION 

Decision-making is one of the important cognitive functions that guide us in 

the selection of appropriate options among competing alternatives. In decision-

making, choices are made based on the weight of different values related to specific 

preferences. The evaluation of a preferred action is based on the interpretation of 

environmental information via sensory perception. This decision-making process is 

mediated by a main flow of information going through several brain regions, 

beginning from the sensory cortices to the frontal cortices.1-4 In fact, the secondary 

somatosensory cortex (S2) plays a leading role in the initiation and preservation of 

sensory input5-7 by interacting with the primary somatosensory cortex (S1) through a 

non-canonical feedback pathway8,9 and the primary motor cortex (M1) for sensory 

information processing.10 Then, this information is processed in the medial prefrontal 

cortex (mPFC), which is involved in reward processing and value or risk-based 

decision-making.4,11-15 Considering the intimate relationship between sensory 

perception and decision-making, I can infer that S1, which plays a crucial role in 

primary sensory processing, may also be involved in the perceptual decision-

making.2,16,17 Neurons in the cerebral layers 2 and 3 (L2/3) of S1 have been found to 

exhibit dynamic changes reflecting a whisker dependent-discrimination task.8,18-20 In 

particular, excitatory neurons in the L2/3 of S1 displayed stimulus selectivity 
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mediated by learned behavior contingencies over the course of the texture 

discrimination task.21 In addition, the neuronal activity of S1 differed according to 

active or passive whisker stimulation.22 A layer-specific functional difference was 

observed during the whisker-dependent tactile discrimination task.22 Moreover, 

inactivation of the barrel cortex abolished performance in the whisker-dependent 

object localization task,23 implying a potential role of S1 in the perceptual decision-

making learning.   

Despite the abovementioned evidence for the involvement of S1 in the 

perceptual decision-making, a detailed synaptic mechanism has not yet been 

elucidated. O’Connor et al. reported that a higher fraction of neurons in the layer 4 

(L4) of S1, which directly receives sensory input from the thalamus, was involved in 

the discrimination ability of the whisker-dependent object localization task than in 

the L2/3 of S1, suggesting a potential role of the primary thalamocortical (TC) 

synaptic function in the perceptual decision-making process.24 However, evidence is 

still lacking to explain a correlation between the TC input and the perceptual 

decision-making due to the lack of an adequate animal model to evaluate the 

contribution of the TC input in decision-making. TC input becomes extremely 

resistant to synaptic plasticity after a specific early developmental stage termed the 

“critical period.” This resistance of the adult TC input to synaptic plasticity makes it 

extremely difficult to manipulate the TC synaptic function, which is essential to 

establish an adequate animal model to determine whether alteration of the TC 

synaptic function of S1 may affect the perceptual decision-making process. Recently, 

to overcome this limitation, Chung et al. demonstrated that the TC synaptic plasticity 

can be reactivated by unilateral denervation of the infraorbital nerve, even after the 

critical period. 26 This makes it possible to manipulate the TC synaptic function in S1 

and to establish an effective animal model to evaluate a possible role of the TC input 

in the perceptual decision-making.  

In addition to unilateral infraorbital nerve dissection (IO) animal model, I 

recently discovered that the TC synaptic plasticity can be altered in a pathological 

condition such as neonatal intraventricular hemorrhage (IVH) rats .27 Although I will 
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go into more detail later, the TC synaptic potency was significantly altered in 

neonatal IVH rats, and this altered TC synaptic function was dramatically restored by 

mesenchymal stem cell (MSC) transplantation. IVH is a serious neurologic disorder 

in preterm infants. During the early neonatal period, IVH in the lateral ventricles 

results from the hemorrhagic rupture of the germinal matrix.28,29 Despite recent 

advances in neonatal intensive care, severe IVH still remains a major cause of 

mortality and long-term neurodevelopmental morbidities due to the lack of effective 

treatments.29 Survivors from severe IVH develop adverse long-term neurologic 

deficits such as seizures, cerebral palsy, mental retardation, and subsequent cognitive 

disabilities.29 Therefore, it is clinically imperative to seek preventive therapeutic 

means for treating severe IVH to minimize long-term neurologic sequelae. 

 According to recent study, the intraventricular transplantation of allogeneic 

human umbilical cord blood (UCB)-derived MSCs into preterm infants with severe 

IVH is safe and feasible in a Phase 1 dose-escalating clinical study.30 This was based 

on previous pre-clinical evidence where the transplantation of MSCs attenuated 

further cortical injuries and progressive hydrocephalus in a rodent neonate model 

with severe IVH.31-34 In addition, the transplantation of MSCs significantly 

ameliorated IVH-induced impairment of sensorimotor coordination,33 where the 

perceptual decision-making process begins with the activation of early sensory areas 

and ends with the associational and motor areas.35-37 This entire process involves the 

ability of the sensory cortices to discriminate sensory information and consequently 

drive downstream brain regions for proper decision making.37-40 Moreover, the TC 

circuits in the primary sensory cortex play an important role as effective sensory 

integrators by enhancing the spatial and temporal resolutions via the microcircuit 

motif of feed-forward inhibition (FFI).41,42 In this regard, the TC inputs of the sensory 

cortex are thought to be strongly linked with impaired cognitive functions by 

pathological insults such as IVH. 

 In term of the possibility of the TC input as a therapeutic target for cognitive 

dysfunctions, synaptic plasticity at the TC input in sensory cortices have been known 

to be robust during the specific early developmental stage called the critical 
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period.25,26 After that, the TC inputs become extremely resistant to synaptic plasticity, 

which makes the TC input inappropriate to be an effective therapeutic target for the 

cognitive dysfunctions. Recent reports, however, showed that the TC input still can 

be plastic even after the critical period under specific conditions. For example, the 

unilateral interruption of the TC inputs enhanced the TC synaptic plasticity in the 

spared sensory cortex during the post-critical period.25,26 In addition, Tennant et al. 

demonstrated that optical stimulation in the TC circuits promotes the amelioration of 

impaired the TC connectivity due to stroke.43 These results strongly imply that 

manipulation of the TC inputs in the sensory cortex can contribute as an effective 

therapeutic tool for various cognitive disorders.  

 Taken together, in the first study, I hypothesized that the disturbance of 

synaptic plasticity in the TC input of the neocortex may contribute to cortical 

cognitive impairment after IVH. The transplantation of MSCs in the rodent model of 

neonatal IVH could ameliorate cortical cognitive dysfunction by restoring the 

synaptic plasticity in neocortical TC circuits. To prove this hypothesis, I investigated 

synaptic alterations at the TC inputs in the barrel cortex after IVH and the subsequent 

effects of MSC transplantation. The synaptic and molecular mechanisms focusing on 

FFI were investigated for examining the cortical synaptic plasticity in ex vivo and in 

vivo models using brain slice patch-clamp technique which is known to be an 

effective tool to analyze the cortical synaptic plasticity.25,26 To elucidate the 

relationship between the TC synaptic parameters and cortical cognitive functions, I 

particularly performed extensive experiments with in vivo models to investigate the 

alterations of cortical cognitive functions in rodent neonates with IVH to record the 

performance of the sensory-guided decision making using a newly developed O-

maze behavior test modified from a previously established method.44 The present 

study unraveled the synaptic and molecular mechanisms underlying cognitive 

dysfunctions induced by IVH, and further emphasized the therapeutic implications of 

MSC transplantation to reverse the neurodevelopmental damage caused by neonatal 

IVH. More specifically, using behavioral study techniques, our study has provided 
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clear evidence on the critical role of the TC FFI in the sensory cortex during the 

learning dynamics of the perceptual decision-making. 

In the second and third study, I hypothesized that the TC input may be 

correlated with the perceptual decision-making ability. The alteration of the TC 

synaptic activity may influence the performance of perceptual learning. To 

investigate this hypothesis, I determined the time course of the TC synaptic strength 

by comparing IO mice with sham controls using in vivo local field potential (LFP) 

recordings evoked by electrical whisker stimulation. I also monitored performance 

over the course of perceptual learning by employing a texture discrimination task in 

head-fixed mice, using the TC synaptic strength time course as a basis. For the 

assessment of qualitative discrimination ability, I measured performance by the 

roughness of a sandpaper surface by introducing a series of intermediate grade 

stimuli. To evaluate the activity related to decision-making, I conducted the 

perceptual very long-term memory retention test after the texture discrimination 

training until the level of performance reached to a forgetting criterion. After 

assessment of behavioral performance, I measured the TC synaptic efficacy and 

excitatory-to-inhibitory (E/I) balance to examine the direct relationship between the 

synaptic strength of the TC and decision-making ability, which is important in 

primary synaptic transmission, by using ex vivo whole-cell patch-clamp recording. 

Here, I showed that the increased TC synaptic strength affects perceptual learning 

ability as well as discrimination ability, and long-term memory retention ability, 

leading to optimal decision-making. Furthermore, I demonstrated that these 

performance indices for the perceptual decision-making have a close relationship 

with excitatory synaptic transmission in the TC synapse. The current studies provide 

solid evidence that cognitive function could be controllable through the modulation 

of the primary sensory plasticity in IO or IVH animal model which is a classical 

Hebbian or a pathological homeostatic plasticity model. 
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Ⅱ. PART 1: Stem cell restores thalamocortical plasticity to rescue cognitive  

           deficit in neonatal intraventricular hemorrhage  

 

   1. Introduction 

IVH is a serious neurologic disorder in preterm infants. During the early 

neonatal period, IVH in the lateral ventricles results from the hemorrhagic rupture of 

the germinal matrix.28,29 Despite recent advances in neonatal intensive care, severe 

IVH still remains a major cause of mortality and long-term neurodevelopmental 

morbidities due to the lack of effective treatments.29 Survivors from severe IVH 

develop adverse long-term neurologic deficits such as seizures, cerebral palsy, mental 

retardation, and subsequent cognitive disabilities.29 Therefore, it is clinically 

imperative to seek preventive therapeutic means for treating severe IVH to minimize 

long-term neurologic sequelae. 

Recently, the intraventricular transplantation of allogeneic human UCB-

derived MSCs has drawn attention as a therapeutic potential to treat severe IVH. The 

intraventricular transplantation of MSCs into preterm infants with severe IVH is safe 

and feasible in a Phase 1 dose-escalating clinical study.30 This was based on previous 

pre-clinical evidence where the transplantation of MSCs attenuated further cortical 

injuries and progressive hydrocephalus in a rodent neonate model with severe IVH.31-

34 In addition, the transplantation of MSCs significantly ameliorated IVH-induced 

impairment of sensorimotor coordination,33 where the perceptual decision-making 

process begins with the activation of early sensory areas and ends with the 

associational and motor areas.35-37 This entire process involves the ability of the 

sensory cortices to discriminate sensory information and consequently drive 

downstream brain regions for proper decision making.37-40 Moreover, the TC circuits 

in the primary sensory cortex play an important role as effective sensory integrators 

by enhancing the spatial and temporal resolutions via the microcircuit motif of 

FFI.41,42 In this regard, the TC inputs of the sensory cortex are thought to be strongly 

linked with impaired cognitive functions by pathological insults such as IVH. 
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Although IVH animal have cognitive disabilities as a sequelae, and MSCs is 

a potential therapy to treat IVH, its pathological synaptic mechanism still remains 

elusive. Therefore, I hypothesized that the disturbance of synaptic plasticity in the TC 

input of the neocortex may contribute to cortical cognitive impairment after IVH. 

The transplantation of MSCs in the rodent model of neonatal IVH could ameliorate 

cortical cognitive dysfunction by restoring the synaptic plasticity in neocortical TC 

circuits.  

 

   2. Materials and methods 

      A. Ethical approval of the animal protocol 

The experimental protocols described herein were reviewed and approved 

by the Animal Care and Use Committee of the Yonsei University Health System and 

Samsung Biomedical Research Institute, Seoul, South Korea. The animal 

experiments were also performed in accordance with our institutional guidelines and 

the National Institutes of Health Guidelines for Laboratory Animal Care.  

 

      B. Preparation of mesenchymal stem cells 

Human UCB-derived MSCs from a single donor at passage 6 were obtained 

from Medipost Co., Ltd. (Seoul, South Korea). The cells were washed with 

phosphate-buffered saline (PBS, WelGENE Inc., Daegu, South Korea) twice and 

resuspended in normal saline (JW Life Science, Dangjin, South Korea) at a 

concentration of 1×105 cells/10 µl. 

 

      C. Preparation of severe neonatal IVH animal model 

Newborn Sprague–Dawley male rats (Orient Bio Inc., Seoul, South Korea) 

used for these experiments were reared with their mothers. Figure 1 shows details of 

the experimental schedule. The experiment began on the post-natal day 4 (P4) and 

continued through P32. As previously reported, IVH was induced through 

intracerebroventricular (icv) injection of 200 μl fresh maternal whole blood (100 μl 

into each ventricle) under stereotaxic guidance (Stoelting Co., Wood Dale, IL, USA) 
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(coordinates, AP = -0.5, ML = ±1.0, DV = -2.5 mm relative to the bregma).1 The 

sham control group underwent a sham operation without intraventricular blood 

injection. After the procedure, rat pups were allowed to recover and were returned to 

their mothers. Every rat pup received blood in cerebroventricles and was randomly 

allocated into two experimental groups: IVH control group (IVH+saline) and IVH 

with MSCs transplantation group (IVH+MSC). For the MRI study, a total of 19 male 

animals were included in this experiment, namely sham controls (n=6), IVH+saline 

(n=6), and IVH+MSC (n=7). For the electrophysiology study, a total of 111 male 

animals were included in this experiment divided into 4 groups: sham controls 

(n=35), IVH+saline (n=29), IVH+MSC (n=27), and Naïve (n=20). For the molecular 

study, a total of 30 male animals were included in this experiment divided into 3 

groups: sham controls (n=14), IVH+saline (n=8), and IVH+MSC (n=8). For the 

behavior study, a total of 59 male animals were included in this experiment, namely 

sham controls (n=19), IVH+saline (n=19), and IVH+MSC (n=19). Two naive rats 

were used as references for normal body weight during the whole behavioral 

evaluation. For the histological study, a total of 39 male animals were included in this 

experiment: sham controls (n=12), IVH+saline (n=13), and IVH+MSC (n=14). 

During these experiments, 34 rats of the total 334 IVH rats decreased and a 10.2 % 

mortality rate was observed. 

Human UCB-derived MSCs (1 × 105 cells) in 10 μl of PBS (WelGENE Inc.) 

or an equal volume of PBS was administered at P6 as previously reported.31-34,45 

During invasive procedures, including IVH induction and cell transplantation, rat 

pups were anesthetized using 1.5% to 2% isoflurane (Hana Pharmaceutical Co. Ltd., 

Seoul, South Korea) in oxygen-enriched air. The condition of animals was assessed 

and monitored twice per day, especially for 7 days after modeling and thereafter were 

monitored once a week until sacrifice. 
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Figure 1. Experimental time course. “tx” indicates treatment. 

 

      D. Electrophysiology 

TC slices (450 µm thick) were prepared from adult male Sprague-Dawley 

rats (6−7 weeks-old) as described previously with some modifications. For 

electrophysiological experiments, electrodes with 3-6 MΩ pipette resistance 

were used and stimuli were applied to the ventroposterior medial nuc leus 

(VPM) of the thalamus using a concentric bipolar electrode (FHC, Inc. , Bowdoin, 

ME, USA). The somatosensory cortex was identified by the presence of barrels 

under low power magnification and differential interference contrast (DIC) optics 

and by the ability to evoke short and constant latency field excitatory postsynaptic 

potentials (fEPSPs) by VPM stimulation.46 Whole-cell voltage-clamp recordings 

were made from spiny stellate neurons (SCs) in layer 4 of the somatosensory 

cortex using infrared illumination and DIC optics. The whole-cell recording 

solution was composed of the following (in mM): 135 Cesium methanesulfonate, 8 

NaCl, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, and 5 QX-314 Cl (adjusted 
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to pH 7.25 with CsOH and 285 mOsm). The cells were held at −70 mV during 

recordings unless otherwise indicated. Recordings were made using a 

MultiClamp™ 700B (Molecular Devices, Sunnyvale, CA, USA) digitized at 10 

kHz and filtered at 2 kHz. Input resistance and series resistance were monitored 

continuously during recordings, as previously described.47 EPSCs were accepted as 

monosynaptic if they exhibited a short and constant latency that did not change 

with increasing stimulus intensity. TC EPSCs and EPSPs were evoked at a 

frequency of 0.1 Hz using a bipolar stimulating electrode placed in the VPM. To 

examine disynaptic FFI onto the SCs, the IPSC/EPSC (GABA/AMPA) ratio was 

measured. The intensity of the stimulus (typically 10–40 V) was adjusted to produce 

an EPSC of 150-200 pA in amplitude in the SCs. The peak amplitude of the 

GABAA receptor-mediated IPSC was measured at 0 mV and the peak amplitude 

of the AMPA receptor-mediated EPSC was measured at −70 mV as previously 

reported.48 For the experiments on short-term plasticity, the responses to a brief 

training stimulus (50 Hz) were obtained by averaging 10 trials. For estimation of 

the peak amplitude of each EPSC during a training stimulus, postsynaptic 

summation was removed, as previously described.49 

To measure evoked miniature EPSCs, stable whole-cell voltage-clamp 

recordings were performed with artificial CSF in which 4 mM Sr2+ was substituted 

for 4 mM Ca2+. Quantal events were detected and collected within a 200 ms 

window beginning 100 ms after VPM stimulation using a sliding template 

algorithm. For the minimal stimulation protocol, thalamic stimulation intensity was 

adjusted until the lowest intensity that elicited a mixture of responses and failures 

was detected. The failure rate was calculated as the number of failures/total 

number of trials. Potency was calculated as the mean EPSC peak amplitude 

excluding failures.47,48,50 The criteria for single-axon stimulation were all or no 

synaptic events and little or no change in the mean amplitude of the EPSC 

evoked by small increases in stimulus intensity, as previously reported.48,51 Data 

were collected for 20 trials at 0.1 Hz. For whole-cell recording, cells were held at 

−70 mV during recordings unless otherwise indicated. TC EPSCs were evoked at 
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0.1 Hz by ventrobasal (VB) stimulation and accepted as monosynaptic when they 

exhibited a short and constant latency that did not change with increasing stimulus 

intensity, as previously described.47,52 For the minimal stimulation protocol, VB 

thalamic stimulation intensity was adjusted to find the lowest intensity that elicited a 

mixture of synaptic responses and failures. The failure rate was calculated as the 

number of failures/total number of trials. Potency was calculated as the mean EPSC 

peak amplitude excluding failures.47,48,50 The criteria for single-axon stimulation 

were all or no synaptic events and little or no change in the mean amplitude of the 

EPSC evoked by small increases in stimulus intensity, as previously reported.48,51 

For the long-term potentiation (LTP) experiments, LTP was induced by pairing 240 

consecutive stimuli at 2 Hz with postsynaptic depolarization to 0 mV. For the long-

term depression (LTD) experiments.  

 

      E. Western blotting 

The rats were anesthetized with isoflurane (5% isoflurane, 95% O2) and 

perfused with ice-cold sucrose artificial CSF solution. The barrel cortex was 

dissected from the rat brains and samples were homogenized for 10 minntes with 

lysis buffer (1% Triton X-100, 0.32 M sucrose in HEPES solution) on ice with 

Halt™ protease/phosphatase inhibitor cocktail (Pierce Biotechnology, Waltham, CA, 

USA). Protein concentration was determined using a bicinchoninic acid assay (BCA) 

Protein Assay Kit (Pierce Biotechnology). Equal amounts of protein were loaded 

onto a sodium dodecyl sulfate-polyacrylamide gel for separation and then transferred 

onto nitrocellulose membranes with 0.45 µm pore size. The membranes were blocked 

with 0.5% non-fat dry milk with 0.1% Tween 20 for 2 hours, and protein expression 

levels were analyzed by immunoblotting with the primary antibodies TNF-α [1:1000, 

Cat no. sc-133192] and CaMKII [1:2000, Cat no. sc-5306], and using -actin [1:4000, 

Cat no. sc-47778] for normalization (Santa Cruz Biotechnology, Dallas, TX, USA). 

 

      F. Behavioral procedures 

 (A) Animals 



- 18 - 

A total of 59 male adult Sprague-Dawley rats were used. The animals were 

housed individually in cages. The training started when the rats were 8 weeks old. 

During the whole training and trimming period, all rats were fed at levels to maintain 

them at 80-85% of their normal fed body weight. Two control rats that were fed ad 

libitum were used as references for normal fed body weight.  

 (B) O-maze apparatus 

An O-maze modified from Kerekes et al. was used to measure the 

learnability of sensory-guided decision-making using whiskers.  44 The size of the O-

maze was 900 x 900 cm in length, the passageway was 10 cm in width, and the wall 

was 25 cm in height. At the main stimulus site, two types of tactile stimuli, a regular 

stimulus, and a smooth stimulus were placed facing each other using stimuli holders 

consisting of a 25-cm-wide rotating column. The regular stimulus had 18 vertical 

bars that were 2 mm-thick, 2 mm-wide, and spaced regularly at 3.9 mm intervals and 

the smooth stimulus had no vertical bars. These stimuli were designed using the 

SolidWorks software and 3D-printed (Stratasys Fortus 250mc, Stratasys, Rehovot, 

Israel) using black acrylonitrile butadiene styrene (ABS) plastic (ABSplus-P430, 

Stratasys). The stimuli combinations were randomly presented across trials. Stepper 

motors were used to rotate the stimuli holder and were controlled by a 

microcontroller (Arduino UNO, Arduino, Turin, Italy) that was implemented using a 

custom-made program. The reward was 45 mg sugar pellets (F0021, Bilaney  

Consultants Ltd., Kent, UK). I used white noise (40 dB) to mask auditory cues and 

cleaned the maze after each session with a 30% ethanol solution to mask olfactory 

cues. Besides, I turned off the light in the room and enclosed the maze with black-

colored curtains to thoroughly block light from outside the maze during the whole 

learning course. I monitored animal behavior outside the curtains via infrared 

cameras. Infrared cameras were located at the highest point in the curtain rack and 

just above the walls of the main stimulus, choice, and reward sites.  

 (C) Open field apparatus 

To measure general exploratory locomotion of the animals, an open field 

chamber (79 x 79 x 40 cm) enclosed with black curtains in a dark room and 
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monitored via an infrared camera was employed. Besides, white noise (40 dB) was 

used to mask auditory cues. To mask olfactory cues, the chamber was cleaned after 

each session with a 30% ethanol solution.  

 (D) Sensory-guided decision-making task protocol  

In this sensory-guided decision-making task, rats were trained to 

discriminate between a rewarded and a non-rewarded tactile stimulus, as well as a 

regular and a smooth stimulus, respectively, by using their whiskers while freely 

moving in the O-maze. Before the training, the animals were habituated to being 

handled and separated in individual cages for 3 days. On the fourth day, the animals 

were taken to the experimental room and adapted to the white noise, motor noise, and 

dark environment for 20 minutes, and were then subjected to food restriction. On the 

habituation day, rats were placed in each arm of the O-maze with all doors closed for 

10 minutes. They received one sugar pellet in a dispenser cup whenever they 

approached it. The purpose of this procedure was to teach the rats association 

between the reward site and sugar pellets and to motivate them to accomplish the 

subsequent training. On the first day of training, I conducted only one session (50 

trials/session) to prevent loss of motivation due to fatigue and exhaustion in the study 

rats. Subsequently, the training was conducted with two sessions per day for 9 

consecutive days. 

The learning course was divided into three types based on the level of 

difficulty of the task (Figure 14A). For the easy-level task, in addition to the main 

stimuli at the main stimulus site, I used reminders of the rewarded stimulus53 at both 

the choice and the reward sites. The rats had to turn to the side corresponding to the 

regular stimulus to get a reward (two pellets/trial). The doors closed just after they 

went through to encourage them to move in only one direction. For the middle- and 

the hard-level tasks, in addition to the main stimuli and the reminders of the rewarded 

stimulus, I used reminders of the non-rewarded stimulus at only the choice site and at 

both the choice and the reward sites, respectively. After training, to assess the role of 

the whiskers in this bilateral tactile discrimination task, I trimmed all the 

macrovibrissae on both sides of the snout and conducted a trimming test. The 
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trimming test was only conducted for one session because the animals could 

determine alternative strategies, such as touching the dispenser cup with the head or 

the trunk as the sessions progressed until, eventually, discrimination performance 

could be recovered.44 

 (E) Open field test protocol 

I conducted an open field test before and after whisker trimming because 

whisker trimming could affect the general activity levels required for a sensory-

guided decision-making task. Rats were placed in the open field for 10 minutes and 

the distance moved was recorded and analyzed.   

 (F) Whisker trimming  

I trimmed all large facial whiskers (rows A-E, arcs 1-7, and the four straddle 

whiskers) on both sides of the snout with an electric razor.44 The microvibrissae and 

fur on the face were retained. The rats were tested at least 1 hour after whisker 

trimming to allow them to adapt to moving without their whiskers.  

 (G) Data analysis 

The sensory-derived decision-making test and the open field test were 

analyzed using EthoVision XT (Noldus Information Technology, Wageningen, 

Netherlands), a video tracking software. To analyze the perceptual strength of the 

stimulus, performance during training was assessed by the percentage of correct trials 

using the equation correct trials/(correct + incorrect trials) x 100, and by the 

sensitivity index (d’) using the equation Z (hit rate) – Z (false alarm rate).18,49,52,54 I 

additionally analyzed receiver operating characteristic (ROC) curves implied by d’.55 

In our behavioral paradigm, both ‘hit’ and ‘correct rejection’ and ‘miss’ and ‘false 

alarm’ occurred at the same time because rewarded and non-rewarded stimuli were 

presented simultaneously. To apply the signal detection theory (SDT) experimental 

scheme to the modified O-maze test, I defined ‘hit’ and ‘miss’ as turning to the 

‘right’ and ‘left’ side at the choice site, respectively, when the regular stimulus was 

applied to the right side. Similarly, ‘false alarm’ and ‘correct rejection’ were also 

defined as turning to the ‘right’ and ‘left’ side, at the choice site, respectively, when 

the regular stimulus was applied to the left side. Group comparisons were conducted 



- 21 - 

using the analysis of variance (ANOVA). Within-subject comparisons were made 

using the two-factor repeated measures ANOVA and paired t-test. Correlation 

analysis between two variances was made using Pearson’s correlation coefficient. 

Post hoc analyses were made using Tukey’s and Bonferroni’s multiple comparison 

tests. All hypothesis testing was two-tailed. 

 

      G. Histology  

 (A) Morphometric and histological analyses of lateral ventricle and  

           barrel cortical thickness 

Animals were intracardially perfused with 4% paraformaldehyde, and their 

brains were removed on P 32. All brains were embedded in paraffin. Sections (5-μm 

thick) were cut at about 3 mm (striatal level) and 4 mm (barrel cortical level) from 

the frontal tip as previously reported.56-60 Three sections at each level from each 

animal were used in each histological analysis.57,59,61,62 The sections were stained 

with Nissl staining. The lateral ventricular index and barrel cortical thickness was 

measured using MetaMorph software (Molecular Devices, Sunnyvale, CA, USA). 

Lateral ventricular index values were calculated as follows: total area of the bilateral 

ventricles/whole area at the striatal level x 100.57,61 Each layer thickness was 

calculated as a percentage of total cortical thickness.60  

 (B) Cytochrome oxidase (CO) immunohistochemistry for barrel map  

           plasticity 

 CO stains were performed with some modifications of the methods 

described previously.63 In brief, animals were anesthetized with isoflurane and 

perfused transcardially with PBS followed by 2.66 % paraformaldehyde in 0.1M 

phosphate buffer (PB). Then the brain was removed, carefully flattened to 1.0 mm 

using two microscope slides, and left in 4 % sucrose, 2.66 % paraformaldehyde, and 

1 % glutaraldehyde in 0.1 M PB overnight. Vibratome-sections were dissected 

tangentially in 75 μm the next day, and CO staining was conducted as previously 

described.63 Barrel areas for each barrel in rows b-d and total area occupied by 



- 22 - 

posterior medial barrel subfield (PMBSF) were measured using MetaMorph software 

(Molecular Devices, USA). 

 (C) Statistics 

Comparisons among the three groups (sham, IVH+saline, IVH+MSC 

groups) were assessed using one-way ANOVAs, followed by a Tukey test. 

Differences were considered significant when p < 0.05. All statistical analyses were 

performed using Prism software (USA). The results are expressed as the 

mean±standard error of the mean (SEM). 

 

   3. Results 

      A. MSC transplantation ameliorates synaptic dysfunctions at the TC 

         input in the L4 barrel cortex following neonatal IVH 

Firstly, the effects of MSC transplantation on cortical synaptic alteration in 

neonatal IVH were investigated. I compared the synaptic strengths at the TC inputs 

in the L4 barrel cortices from acute TC brain slices prepared from 8-9-week-old rats 

with postnatal brain surgeries as follows: (1) sham (icv saline injection at P4 and 

saline injection at P6); (2) IVH+saline (icv maternal blood injection at P4 and saline 

injection at P6); and (3) IVH+MSC (icv maternal blood injection at P4 and MSC 

transplantation at P6) (Figure 1). The potency of the TC EPSCs (i.e. the amplitude 

of EPSCs, excluding failures) in SCs evoked by a single TC axon stimulation 

(minimal stimulation) was measured using whole-cell patch-clamp recordings as 

previously described.25 As shown in Figure 2 (A-D), the potency of the TC input was 

significantly increased in the saline-treated IVH rats when compared with sham 

controls. On the other hand, an increase in the TC synaptic strength by IVH was 

remarkably reversed to the level of sham controls after the MSC transplantation at 

P6 (Figure 2C, D). 

GABAergic FFI at the TC inputs in the S1 cortex strongly contributes to the 

shaping of excitatory neuronal activity by the TC afferent activation, including 

truncated EPSCs and spike outputs in the layer (L)4 neurons.41,48,64,65 Therefore, the 

FFI on the excitatory SCs by comparing GABAA receptor-mediated inhibitory post-
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synaptic currents (IPSCs) to alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA)-mediated EPSCs evoked by the same stimulation of the VPM was 

measured as previously reported.48,64 The IPSC:EPSC (i.e. GABA/AMPA) ratio was 

significantly reduced in IVH+saline-treated rats when compared with sham controls 

(Figure 2E, F). This IVH-induced FFI suppression at the TC input was almost 

completely recovered after the MSC transplantation at P6 (Figure 2E, F).  

 

 

 

Figure 2. MSC transplantation ameliorates synaptic dysfunctions at the TC 

inputs in the L4 barrel cortex after neonatal IVH. (A) TC brain slice patch-clamp 

recording setup. (B) The diagram of the TC feed-forward monosynaptic excitation 

and feed-forward disynaptic inhibition pathways and patch-clamp recording on SCs 

in the L4 barrel cortex. (C) Representative TC EPSC traces evoked by minimal 

stimulation in sham, IVH+saline, and IVH+MSC groups. (D) The averaged potency 

of the TC EPSCs in three experimental groups (sham group: 27.6±4.2, n = 7; 

IVH+saline group: 79.3±13.2, n = 9; IVH+MSC group: 29.2±5.6, n = 6; mean ± 
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SEM; one-way ANOVA with post hoc Tukey test; **p < 0.01). (E) Representative 

traces of GABAA receptor-mediated TC IPSCs at 0 mV holding potential and 

AMPAR-mediated TC EPSCs at −70 mV evoked by VPM stimulation in the SCs of 

the layer 4 barrel cortex from sham, IVH+Saline, and IVH+MSC groups. (F) 

Summary of average ratio of TC GABAA receptor-mediated IPSC amplitude to TC 

AMPAR-mediated EPSC (GABA/AMPA ratio) in SCs of the layer 4 barrel cortex 

for the three groups (sham group: 6.7±0.4, n = 6; IVH+saline group: 3.4±0.4, n = 8; 

IVH+MSC group: 10.7±1.0, n = 6; mean±SEM; one-way ANOVA with post hoc 

Tukey test; **p < 0.01; ***p < 0.001). 

 

  Alterations of the TC synaptic strengths in IVH+saline- and IVH+MSC-

treated rats could be due to the changes in presynaptic neurotransmitter release 

probability (Pr), the postsynaptic quantal size (q), and/or number of functional 

synaptic contacts (n). Firstly, the short-term plasticity at the excitatory TC inputs on 

the SCs was analyzed by measuring the paired-pulse ratio (PPR) evoked by VPM 

stimulation in each experimental group to investigate the possibility of presynaptic 

release probability. As previously reported, the TC inputs in the L4 barrel cortex 

were depressing,25,51,66 and the PPR was significantly more decreased in IVH+saline-

treated rats when compared with sham controls (Figure 3A, B). The decreased PPR 

was completely recovered by the MSC transplantation (Figure 3A, B), implying the 

involvement of increasing presynaptic Pr of glutamate at the TC inputs during the 

synaptic alteration induced by IVH. Secondly, the amplitudes of miniature EPSCs 

(mEPSCs) evoked by VPM stimulation were measured to determine if a postsynaptic 

modification of unitary excitatory synaptic transmission contributed to the synaptic 

alterations at the TC inputs in IVH+saline- and IVH+MSC-treated rats. Replacement 

of Ca2+ by Sr2+ in the artificial cerebrospinal fluid (CSF) desynchronized the 

neurotransmitter release from presynaptic clefts, resulting in a barrage of evoked 

miniature EPSCs after afferent stimulation.67 This approach has been used to assay 

the changes in quantal amplitudes at the TC inputs in the L4 barrel cortex.51,68 As 

shown in Figure 3 (C-F), Sr2+-evoked mEPSCs in response to VPM stimulation at the 
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L4 stellate cells exhibited an increased amplitude in IVH+saline-treated rats when 

compared with sham controls. This increase of Sr2+-evoked mEPSCs was completely 

reversed by MSC transplantation (Figure 3C-F).  

 The changes in the number of functional synapses on the L4 SCs at the TC 

inputs in each experimental group were examined, and the potency of EPSCs evoked 

by single fiber stimulation was dependent on quantal size and number of functional 

synaptic connections. There was a 30% increase in the mean amplitude of Sr2+-

evoked mEPSCs in IVH+saline-treated rats (Figure 3F). In contrast, the potency of 

minimally-stimulated TC EPSCs was increased by approximately 250%, which 

indicated that neonatal IVH also caused an increase in the number of functional TC 

synapses in the L4 neocortex. Additionally, the MSC transplantation completely 

reversed the IVH-induced hyper-connectivity of the TC synapses in the L4 barrel 

cortex. Taken together, these results showed that neonatal IVH provoked synaptic 

plasticity of the TC inputs by increasing unitary amplitudes, number of functional 

synapses via post-synaptic modulation, and glutamate release via presynaptic 

modulation. Again, these synaptic dysfunctions at the TC inputs were significantly 

reversed by MSC transplantation. 
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Figure 3. Alterations of the TC synaptic strengths in IVH+saline- and 

IVH+MSC-treated rats could be due to the changes in presynaptic 

neurotransmitter release probability, the postsynaptic quantal size, and number 

of functional synaptic contacts. (A) Representative traces of paired-pulse-induced 

TC EPSC responses in the SCs of the layer 4 barrel cortex from sham, IVH+saline, 

and IVH+MSC groups. (B) Summary of the paired-pulse ratio (2nd EPSC/1st EPSC) 

in three experimental groups (sham group: 0.6±0.0, n = 7; IVH+saline group: 0.4±0.0, 

n = 6; IVH+MSC group: 0.8±0.0, n = 6; mean±SEM; one-way ANOVA with post 

hoc Tukey’s test; *p < 0.05; **p < 0.01; ***p < 0.001). (C) Representative traces of 

Sr2+-evoked mEPSCs in response to VPM stimulation in the SCs of the layer 4 barrel 

cortex from sham, IVH+Saline, and IVH+MSC groups. (D) Average trace of the 

Sr2+-evoked mEPSCs from three experimental groups. (E) Average cumulative 

probability of the amplitudes of the Sr2+-evoked mEPSCs in three experimental 

groups. (F) Summary of mean amplitudes of Sr2+-evoked mEPSCs in three 

experimental groups (sham group: 5.9±0.4, n = 7; IVH+saline group: 8.1±0.2, n = 8; 
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IVH+MSC group: 6.1±0.2, n = 7; mean±SEM; one-way ANOVA with post hoc 

Tukey’s test; ***p < 0.001). 

 

 According to our previous study, the IVH animal model displayed 

significant progressive ventriculomegaly which mimicked the development of 

posthemorrhagic hydrocephalus of preterm infants after IVH insult that occurs in the 

early period of life.32 Ventriculomegaly may have impacted the electrophysiological 

results by producing mechanical forces such as pressure and tissue stretch. Therefore, 

I investigated neuroanatomical changes of the barrel map in the S1 barrel cortex layer 

4 and measured cortical thickness in the area where I conducted the circuit analysis. I 

also analyzed the size of the lateral ventricles where severe hemorrhage occurred. 

Consistent with our previous study,32 lateral ventricles were enlarged, and these 

enlarged ventricles were restored in MSC-treated IVH rats (Figure 4A-D). However, 

barrel cortical thickness was not changed in saline-treated IVH rats compared with 

the sham controls (Figure 4E-H). Besides, in the quantification of each layer 

thickness (Figure 4G, I) and anatomical barrel map organization (Figure 5A-E), there 

was no significant difference among the groups. These results suggest that 

ventriculomegaly-evoked mechanical stresses may not induce significant alteration in 

the anatomical structures of the barrel cortex in saline-treated IVH rats, indicating a 

minimal role of ventriculomegaly-induced mechanical stresses in the synaptic 

alteration in neonatal IVH.   
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Figure 4. Histological analysis with Nissl stain. (A) A drawing of the rat brain has 

been traced from Paxinos and Watson (2007). (B) Representative images of coronal 

sections at striatal levels. Scale bars, 1 mm. (C) Magnified view of the lateral 

ventricles from the dashed rectangle in (B). Scale bars, 500 μm. (D) The lateral 

ventricular index was calculated as the percent of the lateral ventricular area relative 
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to the hemispheric area at the striatal level. The lateral ventricles were significantly 

enlarged in the IVH+saline group compared with those in sham and IVH+MSC 

groups (sham group: 1.414±0.258, n = 6; IVH+saline group: 17.517±1.647, n = 6; 

IVH+MSC group: 7.776±1.554, n = 6; mean±SEM: one-way ANOVA with post hoc 

Tukey’s test; **p < 0.01; ***p < 0.001). (E) A drawing of the rat brain has been 

traced from Paxinos and Watson (2007).58 (F) Representative images of coronal 

sections at the barrel cortex levels. Scale bars, 500 μm. (G) Magnified view of the 

barrel cortex from the dashed rectangle in (F). Scale bars, 200 μm. (H) Barrel cortical 

thickness. (sham group: 1.869±0.109, n = 4; IVH+saline group: 1.392±0.216, n = 4; 

IVH+MSC group: 1.775±0.046, n = 4; mean±SEM: one-way ANOVA; N.S.). (I) 

Quantification of layer thickness, with each layer presented as a percentage of total 

cortical thickness (sham group: n = 4; IVH+saline group: n = 4; IVH + MSC group: n 

= 4; one-way ANOVA; N.S.).  

 

 

 

Figure 5. Anatomical barrel map organization with CO stain. (A-C) Cytochrome 

oxidase (CO) staining in the barrel cortex layer 4 of the posterior medial barrel 
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subfield. (D) Barrel field area (BFA) for b, c, and d rows (sham group: n = 6 ; 

IVH+saline group: n = 7 ; IVH+MSC group: n = 8 ; mean and SEM; two-way 

ANOVA; N.S.). (E) Total areas occupied by BFA (sham group: 233.6 ± 5.5 

Kilopixels, n = 6; IVH+saline group: 254.3 ± 4.5 Kilopixels, n = 7; IVH + MSC 

group: 241.8 ± 5.1 Kilopixels, n = 8; mean and SEM; one-way ANOVA; N.S.). 

  

      B. FFI attenuation in IVH is due to decreased excitatory synaptic  

         strength on FS-INs and MSC transplantation reverses it  

 The synaptic alteration in the FFI at the TC inputs in IVH+saline- and 

IVH+MSC-treated rats could be due to the changes in the excitatory synaptic 

strength on the fast-spiking (FS)-interneurons (INs) and/or inhibitory synaptic 

strength from FS-INs to SCs in the L4 barrel cortex. To investigate this possibility, I 

identif ied the circuits responsible for the TC FFI alteration by analyzing the 

miniature inhibitory post-synaptic currents (mIPSCs) of the SCs and the potencies of 

minimally-stimulated Sr2+-evoked EPSCs in the L4 barrel cortex in each 

experimental group. The mean amplitude of mIPSC of the SCs was rather increased 

in IVH+saline-treated rats when compared with sham controls, which, again, was 

almost completely reversed by MSC transplantation (Figure 6A-D). As shown in 

Figure 6 (A, B, E, F), there was no difference in the mean frequencies of mIPSCs of 

the SCs among the groups. This confirmed that the inhibitory inputs from the FS-INs 

to SCs were not involved in the synaptic alterations of the TC FFI population.  
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Figure 6. The inhibitory inputs from the FS-INs to SCs were not involved in the 

synaptic alterations of the TC FFI population in IVH rats. (A) The diagram of the 

TC feed-forward monosynaptic excitation and feed-forward disynaptic inhibition 

pathways and patch-clamp recordings on SCs in the layer 4 barrel cortex. (B) 

Representative traces of mIPSCs of SCs in the layer 4 barrel cortex from sham, 

IVH+saline, and IVH+MSC groups. (C) Average cumulative probability plot of the 

mIPSC amplitudes in three experimental groups. (D) Summary of the mean 

amplitudes of the mIPSCs in three experimental groups (sham group: 21.43±0.865, n 

= 8; IVH+saline group: 34.09±3.08, n = 7; IVH+MSC group: 25.38±1.392, n = 8; 

mean±SEM; one-way ANOVA with post hoc Tukey’s test; *p < 0.05; *p <0.05; **p 

< 0.01). (E) Average cumulative probability plot of the frequencies of the mIPSC in 

three experimental groups. (F) Summary of the mean frequency of the mIPSCs in 

three experimental groups (sham group: 8.0±0.7, n = 8; IVH+saline group: 8.1±0.3, n 

= 7; IVH+MSC group: 10.1±0.3, n = 8; mean±SEM; one-way ANOVA; N.S.). 
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 Meanwhile, the potency of minimally-stimulated TC evoked EPSCs on the 

FS-INs was extensively reduced in IVH+saline-treated rats when compared with 

sham controls (Fig. 7A-E). IVH-induced reduction in the potency of the TC EPSCs 

was almost completely recovered by MSC transplantation (Fig. 7D, E). To exclude 

the possibility of the involvement of intracortical circuits in the IVH-induced FFI 

alteration, the mEPSCs of the SCs in the L4 barrel cortex were measured in each 

experimental group and most results were from the transmission at the intracortical 

L4-L4 connection.  

 

 

 

Figure 7. IVH-induced FFI attenuation at the TC input is due to a decrease in 

the excitatory synaptic strength on the FS-IN in the barrel cortex, and MSC 

transplantation reverses it. (A) The diagram of patch-clamp recording on FS-IN in 

the layer 4 barrel cortex in the feed-forward TC input. (B) (upper trace) 

Representative traces of the potency of the TC EPSCs on FS-INs. (lower trace) 

Representative traces of the fast-spiking patterns of the action potential firing in the 

FS-INs. (C) (upper trace) Representative traces of the potency of the TC EPSCs on 

the SCs. (lower trace) Representative traces of regular-spiking patterns of the action 

potential firing in the SCs. (D) Representative traces of the potency of minimally-

stimulated TC EPSCs on FS-INs in three experimental groups. (E) Summary of the 
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average potency of the minimally-stimulated TC EPSCs in three experimental groups 

(sham group: 91.3±11.3, n = 6; IVH+saline group: 21.5±1.8, n = 7; IVH+MSC 

group: 116.1±25.0, n = 6; mean±SEM; one-way ANOVA with post hoc Tukey test; 

*p < 0.05; ***p < 0.001). 

 

There was no difference in the quantal amplitudes or frequencies of 

mEPSCs of the SCs in the L4 among the groups (Figure 8A-F). These results suggest 

that the synaptic activity in the excitatory TC inputs on the FS-INs contributes 

mainly to the alterations of the TC FFI in IVH+saline-treated and IVH+MSC-treated 

rats. 

 

 

 

Figure 8. The quantal amplitude and frequency distribution of mEPSCs of SCs 

in the layer 4 barrel cortex is similar in sham, IVH+saline, and IVH+MSC 

groups. (A) The diagram of patch-clamp recording on a SC in the layer 4 barrel 

cortex in the feed-forward TC input. (B) Representative traces of mEPSC of SCs in 
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sham, IVH+saline, IVH+MSC groups. (C) Average cumulative probability plot of 

the mEPSC amplitudes in sham, IVH+saline, and IVH+MSC groups. (D) Summary 

of the mean amplitudes of mEPSCs in sham, IVH+saline, and IVH+MSC groups 

(sham group: 7.7±0.6, n = 8; IVH+saline group: 7.2 ± 0.6, n = 7; IVH+MSC group: 

8.5±0.7, n = 8; mean±SEM; one-way ANOVA; N.S.). (E) Averaged cumulative 

probability plot of the mEPSC frequency in sham, IVH+saline, and IVH+MSC 

groups. (F) Summary of the mean frequencies of mEPSC in sham, IVH+saline, and 

IVH+MSC groups (sham group: 16.9±0.8, n = 8; IVH+saline group: 14.5±1.5, n = 7; 

IVH+MSC group: 16.4±1.7, n = 8; mean±SEM; one-way ANOVA; N.S.). 

Abbreviations: MSC, mesenchymal stem cells; IVH, intraventricular hemorrhage; SC, 

stellate cells; SEM, standard error of the mean; ANOVA, analysis of variance; 

mEPSCs, miniature excitatory postsynaptic currents. 

 

      C. Deficit of Hebbian plasticity contributes to the TC synaptic  

         dysfunction in IVH rats and MSC transplantation reverses it 

 As mentioned in the method section, neonatal rodent IVH models were 

prepared by applying maternal blood (200 μl) into the bilateral lateral ventricles at P4 

when the L4 TC synaptic plasticity is the most robust during the critical period in the 

primary sensory cortex.69,70 It is possible, therefore, that the increase in the TC 

synaptic excitation by IVH may be mediated via experience-dependent plasticity. 

Thus, in order to test this possibility, I investigated the effects of bilateral whisker 

trimming on the increase of the TC synaptic excitation by IVH by blocking the 

peripheral sensory inputs from the whiskers. I started the whisker trimming of 

IVH+saline-treated rats at P4 and continued trimming daily to the recording day (P8-

9 weeks). As shown in Figure 9 (A, B, D), the potency of the minimally-stimulated 

TC EPSCs of the SCs was reduced significantly by bilateral whisker trimming when 

compared with sham controls, and this finding was consistent with the previous 

reports.71,72 Similarly, the TC FFI measured by GABA/AMPA ratio was significantly 

decreased by bilateral whisker trimming in sham controls (Figure 9F, H). In contrast, 

bilateral whisker trimming failed to affect the increase in the potency of the 
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minimally-stimulated TC EPSCs (Figure 9C, E) or TC FFI (Figure 9G, I) in 

IVH+saline-treated rats.  

 

 

 

Figure 9. Impairments of Hebbian plasticity during the critical period 

contributes to IVH-induced synaptic dysfunctions at the TC inputs. (A) The 

diagram of patch-clamp recording on SCs in the layer 4 barrel cortex in the feed-

forward TC input. (B) Representative traces of minimally-stimulated TC EPSCs of 

SCs in sham and sham+trim groups at P4. (C) Representative traces of the 

minimally-stimulated TC EPSCs in IVH+saline and IVH+saline+trim groups (P4). 

(D) Summary of the average potency of the minimally-stimulated TC EPSCs in sham 

and sham+trim groups (P4) (sham group: 27.6±4.2, n = 7; sham+trim group: 

10.1±0.7, n = 6; mean±SEM; t-test **p < 0.01). (E) Summary of the average potency 

of the minimally-stimulated TC EPSCs in IVH+saline and IVH+saline+trim groups 

(P4) (IVH+saline group: 79.3±13.2, n = 9; IVH+saline+trim group: 62.8±6.8, n = 6; 

mean±SEM; t-test N.S.). (F) Representative traces of the TC IPSCs and EPSCs of 

SCs in the layer 4 barrel cortex from sham and sham+trim groups (P4). (G) 

Representative traces of the TC IPSCs and EPSCs of SCs in the layer 4 barrel cortex 

of IVH+saline and IVH+saline+trim groups (P4). (H) Summary of the average TC 
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GABA/AMPA ratio of SCs in the layer 4 barrel cortex in sham and sham+trim 

groups (P4) (sham group: 6.7±0.4, n = 6; sham+trim group: 4.5±0.9, n = 6; 

mean±SEM; t-test *p < 0.05). (I) Summary of the average TC GABA/AMPA ratio of 

SCs in IVH+saline and IVH+saline+trim groups (P4) (IVH+saline group: 3.4±0.4, n 

= 8; IVH+saline+trim group: 2.6±0.5, n = 6; mean±SEM; t-test N.S.).  

 

 To determine whether MSC transplantation restores Hebbian plasticity at 

the TC inputs impaired by neonatal IVH, I investigated the effects of bilateral 

whisker trimming on the recovery phase of altered TC synaptic functions by MSCs in 

IVH rats. Similar to the methods of whisker trimming in IVH+saline-treated rats, I 

started bilateral whisker trimming at P6 and continued trimming daily to the 

recording day (P 8-9 weeks). Bilateral whisker trimming did not significantly affect 

the potency of the minimally-stimulated TC EPSCs of SCs (Figure 10A, C) or TC 

FFI in sham controls (Figure 10E, G). This result indicated a decrease in Hebbian 

plasticity towards the end of the critical period. However, bilateral whisker trimming 

notably inhibited the recovering effects of MSCs on the impaired TC synaptic 

functions in IVH+MSC-treated rats (Figure 10B, D, F, H). In conjunction with the 

electrophysiological evidence on the restoration of Hebbian TC plasticity by MSCs 

in IVH rats, the MSC transplantation significantly increased the expressions  of 

calcium-calmodulin-dependent protein kinase II (CaMKII) whose activation was 

mandatory for LTP induction73 in the L4 barrel cortex of neonatal IVH rats (Figure 

10I, J). These results, therefore, strongly suggest the restoration of Hebbian plasticity 

at the TC inputs in the L4 barrel cortex. Hebbian synaptic plasticity was not involved 

in the IVH-induced alterations of the TC FFI in the L4 barrel cortex, and the MSCs 

are capable of reversing the synaptic impairments at the TC inputs by IVH. 
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Figure 10. MSC transplantation restores Hebbian plasticity at the TC inputs 

impaired in neonatal IVH rats. (A) Representative traces of the minimally-

stimulated TC EPSCs of SCs in sham and sham+trim groups (P6). (B) Representative 

traces of the minimally-stimulated TC EPSCs of SCs in IVH+MSC and 

IVH+MSC+trim groups (P6). (C) Summary of the average potency of the minimally-

stimulated TC EPSCs in sham and sham+trim groups (P6) (sham group: 27.6±4.2, n 

= 7; sham+trim group: 19.5±2.4, n = 7; mean±SEM; t-test N.S.). (D) Summary of the 

average potency of minimally-stimulated TC EPSCs in IVH+MSC and 

IVH+MSC+trim groups (P6) (IVH+MSC group: 28.1±6.0, n = 6; IVH+MSC+trim 

group: 58.2±8.1, n = 6; mean±SEM; t-test *p < 0.05). (E) Representative traces of the 

TC IPSCs and EPSCs in sham and sham+trim groups (P6). (F) Representative traces 

of the TC IPSCs and EPSCs in IVH+MSC and IVH+MSC+trim groups (P6). (G) 

Summary of the average TC GABA/AMPA ratio in sham and sham+trim groups (P6) 
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(sham group: 6.7±0.4, n = 6; sham+trim group: 6.7±0.4, n = 7; mean±SEM; t-test 

N.S.). (H) Summary of the average TC GABA/AMPA ratio in IVH+MSC and 

IVH+MSC+trim groups (P6) (IVH+MSC group: 10.7±1.0, n = 6; IVH+MSC+trim 

group: 3.8±0.7, n = 6; mean and SEM; t-test ***p < 0.001). (I) Western blots of the 

synaptoneurosomal expressions of CaMKII proteins in the layer 4 barrel cortex at 

different postnatal times in sham, IVH+saline, and IVH+MSC groups. (J) Summary 

of western blots of the synaptoneurosomal expressions of CamKII in the layer 4 

barrel cortex in sham, IVH+saline, and IVH+MSC groups (Sham group: n = 7, 7, 7, 7, 

7, and 7 on P5, P6, P7, P9, P11, and P28, respectively; IVH+saline group: n = 4, 4, 4, 

4, 4, and 4 on P5, P6, P7, P9, P11, and P28, respectively; IVH+MSC group: n = 4, 4, 

4, 4, 4, and 4 on P5, P6, P7, P9, P11, and P28, respectively; mean±SEM; two-way 

ANOVA with post hoc Bonferroni’s test; *p < 0.05, **p < 0.01, ***p < 0.001). 

 

      D. Tumor necrosis factor-α (TNFα)-mediated plasticity contributes to the   

         TC synaptic dysfunction in IVH rats 

 TNFα, a proinflammatory cytokine, which is significantly up-regulated in 

the brain of neonatal IVH rats34, also has been known to play an important role in the 

homeostatic form of synaptic plasticity but not in Hebbian form.74 Therefore, with 

the results in Figure 9 and 10, an increase of TNFα in the barrel cortex may drive a 

pathological form of homeostatic plasticity to result in FFI alteration at the TC inputs 

by IVH. The expression of TNFα protein was increased transiently in the L4 barrel 

cortex synaptosomes at P6 and P7 of IVH+saline-treated rats when compared with 

sham controls. Interestingly, an increase in TNFα expression was markedly reduced 

by the MSC transplantation (Figure 11A, B). In addition, the exogenous application 

of TNFα (10 nM) to acute TC brain slices at P4 for 2 hours significantly increased 

the potency of the minimally-stimulated TC EPSCs of the SCs, mimicking the effect 

of IVH on the TC EPSCs (Figure 11C, D). In order to evaluate the direct effect of 

TNFα on the Hebbian plasticity at the TC inputs in the L4 barrel cortex, the effects of 

the exogenous TNFα (10 nM) on the induction of LTP at the TC inputs on the SCs in 

acute TC brain slices at P4 were tested. As shown in Figure 11 (E, F), the exogenous 
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TNFα almost completely suppressed the TC LTP induction which was otherwise 

normally occurred at the TC inputs of acute TC brain slices incubated in TNFα-free 

artificial CSF solution. These results, therefore, suggest that pathological homeostatic 

plasticity mediated by TNFα may contribute to the alteration in the TC synaptic 

functions by IVH.  

 

 

 

Figure 11. TNFα-mediated pathological homeostatic plasticity contributes to the 

increase in synaptic strength by IVH at the TC inputs on SCs. (A) Western blots 

of the synaptoneurosomal expressions of TNFα protein in the layer 4 barrel cortex at 

different postnatal times in sham, IVH+saline, and IVH+MSC groups. (B) 

Summarized results of the western blots assay of the synaptoneurosomal expressions 

of TNFα levels in the layer 4 barrel cortex in three experimental groups (sham group: 

n = 7, 7, 7, 7, 7, and 7 on P5, P6, P7, P9, P11, and P28, respectively; IVH+saline 

group: n = 4, 4, 4, 4, 4, and 4 on P5, P6, P7, P9, P11, and P28, respectively; 

IVH+MSC group: n = 4, 4, 4, 4, 4, and 4 on P5, P6, P7, P9, P11, and P28, 

respectively; mean±SEM; two-way ANOVA with post hoc Bonferroni’s test; ***p < 



- 40 - 

0.001). (C) Representative trace of the potency of minimally-stimulated TC EPSCs 

of SCs in normal+vehicle-treated and normal+TNFα-treated groups (P4). (D) 

Summary of the potency of minimally-stimulated TC EPSCs of Normal+vehicle- and 

normal+TNFα-treated groups (P4-5) (normal+vehicle-treated group: 19.8±3.1, n = 6; 

normal+TNFα-treated group: 39.0±2.6, n = 5; mean±SEM; t-test **p < 0.01). (E) 

LTP induction at the TC inputs by pairing stimuli in normal+vehicle-treated and 

normal+TNFα-treated groups (P4-5). (F) Summary of the TC LTP in 

normal+vehicle-treated and normal+TNFα-treated groups (P4-5) (normal group: 

51.1±3.7, n = 6; normal+TNFα-treated group: -3.7±6.9, n = 6; mean±SEM; t-test 

***p < 0.001).  

 

      E. MSC transplantation rescues learning deficits of sensory-guided  

         decision-making in IVH rats 

 Further investigation was carried out to determine whether there was a 

direct correlation between the MSC transplantation and the improvement of the 

whisker-related cognitive malfunction. I employed a sensory-guided decision-making 

task by using a modified version of the O-maze,44 as described in the method section. 

The rats were trained to discriminate between a rewarded tactile stimulus from a non-

rewarded tactile stimulus to make their decisions for obtaining a reward during the 

tasks with three different difficulty levels (Figure 12A, B). To differentiate the 

difficulty of the decision-making task, I arranged a non-rewarded stimulus reminder 

as shown in Figure 13 (A, B). For the easy-level task, all groups showed a similar  

degree of learnability (Figure 13C). For the highest-level task, only MSC-treated 

IVH rats learned the tactile discrimination task successfully (Figure 13D). For the 

middle-level task, all groups except for the IVH+saline-treated rats learned the 

discrimination task properly (Figure 12C). These results affirmed that the 

IVH+saline-treated rats were slower to learn the discrimination task than the sham 

controls. However, the MSC-treated IVH rats completely overcame the learning 

deficits with similar learning abilities to the sham controls. Furthermore, surprisingly, 

IVH+MSC-treated rats exhibited even better performance in the highest-level task 
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when compared with sham controls (Figure 13D). In order to verify whether the rats 

used their whiskers predominantly for the tactile discrimination tasks, I compared the 

behavioral performances before and after whisker trimming. As shown in Figure 12C, 

the performance of decision making was significantly deteriorated by bilateral 

whisker trimming in all groups tested, implying that the rats performed the tactile 

discrimination tasks using their whiskers. To rule out whether the whisker trimming 

procedure influenced general motor activities in the rats, I measured the open field 

activities before and after whisker trimming. Although locomotor activity was 

slightly decreased in both IVH+saline and IVH+MSC groups after whisker trimming, 

the general locomotion of these groups did not significantly differ from sham groups 

after whisker trimming (Figure 14). This indicated that whisker trimming did not 

evoke critical motor activity deficits that could have interfered with the sensory-

derived decision-making task in the O-maze. Finally, I investigated the correlation 

between the sensory-guided decision-making performance as an index of the tactile 

discrimination ability and the GABA/AMPA ratio as an index of the TC FFI. As 

shown in Figure 12 (D, E), the higher the GABA/AMPA ratio at the TC inputs in the 

L4 barrel cortex, the better the performance in the tactile discrimination task.  
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Figure 12. MSC rescues the learning deficits in IVH+saline-treated rats by 

restoring FFI at the TC inputs in the layer 4 barrel cortex. (A) Schematic 

drawing of O-maze apparatus. (B) Learning procedure for a sensory-guided 

discrimination task. (C) Learning curves to discriminate between a rewarded stimulus 

and a non-rewarded stimulus in sham, IVH+saline, and IVH+MSC groups (sham 

group: n = 7; IVH+saline group: n = 7; IVH+MSC group: n = 7; mean±SEM; two-

way ANOVA with post hoc Bonferroni’s test; *p < 0.05; **p < 0.01; ***p < 0.001). 
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(D) Summary of the average TC GABA/AMPA ratio of SCs in the layer 4 barrel 

cortex in sham, IVH+saline, and IVH+MSC groups (sham group: 6.526±0.166, n = 

7; IVH+saline group: 3.062±0.447, n = 7; IVH+MSC group: 11.741± 1.146, n = 7; 

mean±SEM; one-way ANOVA with post hoc Tukey’s test; *p < 0.05; ***p < 0.001). 

(E) Correlation between the behavioral performance of each rat and the TC 

GABA/AMPA ratio recorded in the same subject (Pearson’s correlation coefficient; r 

= 0.702, **p = 0.001). (F) Probability of hit versus false alarm for sham, IVH+saline, 

and IVH+MSC groups. Each symbol represents the hit vs. false alarm pair for each 

animal of the groups. Each line represents ROC curve for d’ of sham (AUC = 0.836), 

IVH+saline (AUC = 0.637), and IVH+MSC (AUC = 0.905) groups. (G) The d′ of 

sham, IVH+saline, and IVH+MSC groups (sham group: 3.156±0.438, n = 7; 

IVH+saline group: 1.807±0.702, n = 7; IVH+MSC group: 4.268±0.869, n = 7; 

mean±SEM: one-way ANOVA with post hoc Tukey’s test; *p < 0.05; **p < 0.01). 

(H) Correlation between the d’ of each rat and the TC GABA/AMPA ratio recorded 

in the same subject (Pearson’s correlation coefficient; r = 0.702, **p = 0.001). 

 

 To further investigate whether the TC FFI can affect the processes of a 

perceptual decision in neonatal IVH rats, I employed the SDT which provide a 

psychophysical interpretation to infer the perceptual strength of the stimulus.49,52,54,75 

To measure the perceptual strength of the stimulus, I analyzed the receiver operating 

characteristic (ROC) curve and its area under the curve (AUC) and sensitivity index 

(d′) in the decision-making performance on the ninth training day in each group. The 

AUC was significantly decreased in IVH+saline-treated rats compared with sham 

controls, which was nearly completely reversed by the MSC transplantation (Figure 

12F). This result represents MSC transplantation can effectively ameliorate the 

deterioration of the tactile discriminability in neonatal IVH rats. Moreover, the d′ was 

significantly deteriorated in IVH+saline-treated rats compared with sham controls 

and was completely reversed by the MSC transplantation in proportion to the TC 

GABA/AMPA ratio (Figure 12G, H).  
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Figure 13. Tactile discrimination ability examined by different difficulty levels 

of behavior tasks. (A) Schematic representation of the behavioral apparatus by 

different task difficulty levels. (B) Learning curves of sham groups by different task 

difficulty levels (Easy-level group: n = 6; Middle-level group: n = 7; High-level 

group: n = 6; mean±SEM; two-way repeated measures ANOVA with post hoc 

Bonferroni’s test; *p < 0.05; ***p < 0.001). (C) Learning curves in sham, 

IVH+saline, and IVH+MSC groups at easy-level (sham group: n = 6; IVH+saline 

group: n = 6; IVH+MSC group: n = 6; mean±SEM; two-way repeated measures 

ANOVA; N.S.). (D) Learning curves in sham, IVH+saline, and IVH+MSC groups at 

highest-level (sham group: n = 6; IVH+saline group: n = 6; IVH+MSC group: n = 6; 

mean±SEM; two-way repeated measures ANOVA with post hoc Bonferroni’s test; 

*p < 0.05; **p < 0.01; ***p < 0.001). 
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 These data demonstrated a positive correlation between the TC FFI and the 

sensory neocortex-dependent tactile discrimination ability. These results altogether 

highlighted that MSC transplantation may effectively reverse sensory cortex-

dependent cognitive deficits by restoring the TC FFI in IVH rats.  

 

 

  

Figure 14. Open field activity in sham, IVH+saline, and IVH+MSC groups. 

Comparison of open field activity before and after whisker trimming (sham group: 

before trimming = 6086.4±367.8, after trimming = 5724.0±161.4, n = 7, paired t-test 

N.S.; IVH+saline group: before trimming = 8162.7±1284.8, after trimming = 

5818.4±847.6, n = 7, paired t-test *p < 0.05; IVH+MSC group: before trimming = 

5893.2±304.8, after trimming = 4992.6±281.1, n = 7, paired t-test **p < 0.01). Data 

are presented as mean±SEM. 

 

   4. Discussion 

 TC FFI plays an important role in sharpening the spatial contrast of 

somatosensory stimuli to make the S1 cortex more discriminative than the thalamus 

by differentiating the cortical responses between preferred and non-preferred 

stimuli.42,76-78 However, a crucial role of the TC FFI in the S1 cortex in sensory-

guided decision-making remains controversial to a certain extent. It was recently 

reported that choice-related activity was encoded in the top-down axons projecting 

from the S2 to the S1 cortex where the activities of pyramidal neurons are noted in 
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layers 2/3, but not in the feed-forward thalamic inputs in the S1 cortex.8 In contrast, 

other groups have argued that the neurons of layers 4/5 in the barrel cortex are the 

highest discriminative system during the head-fixed object localization task and that 

the delay of a mouse behavioral response was strongly correlated with the timing of 

the activities in layers 4/5, but not in layers 2/3 during free-moving, sensory-guided 

decision-making processes.24,38 In the present study, I showed that MSC 

transplantation recovered the learning deficits of the sensory-guided decision making 

in neonatal IVH rats and found a positive correlation between the TC FFI and the 

learning performances in the behavioral tests. Thus, the TC FFI can be a major 

contributor to MSC-dependent amelioration of cognitive deficits caused by IVH. It is 

also an important microcircuit motif in modulating the perceptual decision-making 

process in the S1 cortex, which is consistent with previous reports.23,38 I did not 

address the discrepancy in the role of the TC FFI in modulating the process of 

sensory-guided decision making because it was beyond the scope of the current study. 

However, it is still possible that other microcircuit motifs such as feedback inhibition 

or other brain cortical areas including associated and motor regions can also be 

involved in MSC-induced cognitive improvements.8,79-81 Further studies are required 

to elucidate the underlying mechanisms of the relationship between the TC FFI and 

the perceptual decision-making. 

 It is noteworthy that TNFα is reported to be significantly up-regulated in the 

pathological brains of neonatal IVH rats and has also been shown to play an 

important role in homeostatic plasticity but not Hebbian plasticity.34,82 Moreover, 

TNFα affects synaptic transmission and the acute application of exogenous TNFα 

triggers an increase in the number of postsynaptic AMPA receptors by rapid 

exocytosis in cultured hippocampal neurons.83,84 TNFα subsequently switches on the 

simultaneous endocytosis of GABAA receptors, resulting in fewer surface GABAA 

receptors and a decrease in inhibitory synaptic strength by shifting an excitation-to-

inhibition (E/I) balance.85 To the best of our knowledge, this was the first study to 

demonstrate that Hebbian plasticity at the TC inputs in the barrel sensory cortex was 

significantly impaired during the critical period in neonatal IVH rats (Figure 9) and 
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that TNFα plays a crucial role in the whole pathophysiological pathway (Figure 11). 

The TC synaptic impairments by TNFα at the molecular level can potentially lead to 

the suppression of the TC FFI by shifting an E/I balance towards neuronal excitation, 

which is consistent with previous reports.83-88 I also showed that the reversal effects 

of MSCs on the TC synaptic dysfunction were dependent on the peripheral sensory 

inputs from the whiskers and this was proven by an increase in CamKII expression, a 

marker for Hebbian synaptic plasticity (Figure 10I, J). This finding further 

demonstrated the restoration of pathological Hebbian plasticity at the TC inputs by 

MSC transplantation in neonatal IVH rats.  

 Despite the minimal changes of the barrel cortical thickness and anatomical 

barrel map organization, noticeable functional changes in the barrel cortex of IVH 

rats have occurred (Figure 4 and 5). I assume that these functional changes in the 

barrel cortical synapse may be mainly due to the influence of inflammation during 

the critical period in IVH rats. According to previous studies, ventriculomegaly of 

saline-treated IVH rats may produce pressure effects to the brain tissue and induce 

decreased cerebral blood flow and neuroinflammation.31,89-91 It may be possible that 

inflamed cells migrate to surrounding cortical areas including the barrel cortex. As 

shown in Figure 11, TNFα, a pro-inflammatory cytokine, was increased in the barrel 

cortex of IVH rats during the critical period, although TNFα level returned to normal 

within about 3 days due to the regulation of inflammatory mediators such as anti-

inflammatory cytokines which are in complementary relations with pro-inflammatory 

cytokines.31 Increased TNFα level during the critical period may induce pathological 

homeoplasticity, and disrupt normal development by interfering with Hebbian 

plasticity.83-85,87,88,92 Subsidence of inflammation after the critical period could not 

induce cortical synaptic rewiring by sensory input.  

However, MSC transplantation during the critical period may eradicate 

inflammatory responses, which may disturb the rewiring of synapses by sensory 

input. The therapeutic effects of MSCs might be related to their paracrine effects 

rather than the direct regeneration of cells.93-97 In the previous study, BDNF secreted 

from MSCs played an essential role in modulating inflammation and improving 
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recovery from a brain injury after IVH.31 Besides, exosomes secreted from MSCs 

were also presented identical therapeutic efficacy as mother MSCs.98 Taken together, 

the paracrine effects based on therapeutic effects of MSCs during the critical period 

may contribute to the restoration of cortical synaptic function in neonatal IVH rats. 
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Ⅲ. PART 2: Primary thalamocortical input contributes to the perceptual  

            decision-making using the texture discrimination task with  

            air puff punishment during adulthood 

 

   1. Introduction  

I already explained a role of S1 in the decision-making process. However, to 

design properly the experimental scheme in part 2, it is essential to review and 

understand the previous results for a detailed role of S1 in the decision-making.  

Decision-making process is mediated by a main flow of information going 

through several brain regions, beginning from the sensory cortices to the frontal 

cortices.1-4 In fact, the S2 plays a leading role in the initiation and preservation of 

sensory input by interacting with the S1 through a non-canonical feedback pathway 

and the M1 for sensory information processing.5-10 Then, this information is 

processed in the mPFC, which is involved in reward processing and value or risk-

based decision-making.4,11-15 

Considering the intimate relationship between sensory perception and 

decision-making, we can infer that S1, which plays a crucial role in primary sensory 

processing, may also be involved in the perceptual decision-making.2,16,17 Neurons in 

the cerebral layers 2 and 3 (L2/3) of S1 have been found to exhibit dynamic changes 

reflecting a whisker dependent-discrimination task.8,18-20 In particular, excitatory 

neurons in the L2/3 of S1 displayed stimulus selectivity mediated by learned 

behavior contingencies over the course of the texture discrimination task.21 In 

addition, the neuronal activity of S1 differed according to active or passive whisker 

stimulation.22 A layer-specific functional difference was observed during the 

whisker-dependent tactile discrimination task.22 Moreover, inactivation of the barrel 

cortex abolished performance in the whisker-dependent object localization task, 

implying a potential role of S1 in the perceptual decision-making learning.23 Besides, 

O’Connor et al. reported that a higher fraction of neurons in the layer 4 (L4) of S1, 

which directly receives sensory input from the thalamus, was involved in the 

discrimination ability of the whisker-dependent object localization task than in the 
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L2/3 of S1, suggesting a potential role of the primary TC synaptic function in the 

perceptual decision-making process.24 

However, evidence is still lacking to explain a correlation between the 

primary TC input and the perceptual decision-making due to the lack of an adequate 

animal model to evaluate the contribution of the TC input in the perceptual decision-

making. Therefore, I hypothesized that the primary TC input may be correlated with 

the perceptual decision-making ability. The alteration of the TC synaptic activity may 

influence the performance of the perceptual learning. 

 

   2. Materials and methods 

      A. Animals 

Male C57bl/6J mice (Orient Bio Inc., Gyeonggi, South Korea) were 

individually accommodated in a constant temperature and humidity vivarium in a 12-

h light/dark cycle (lights on at 7:00 a.m.). Animals had free access to food and water. 

For the behavioral test using thirst motivation, animals were scheduled on a standard 

restriction for water consumption of at least 1 ml per day with free access to food. 

Animals were subjected to 7 days of acclimation upon arrival at the Association for 

Assessment and Accreditation of Laboratory Animal Care International-accredited 

Yonsei University College of Medicine Animal Care Facilities. All experimental 

procedures were performed according to the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals (NIH publication no. 86-23, revised 1987), 

and were approved by the Institutional Animal Care Use Committee of Yonsei 

University Health System (permit no.: 2019-0302). Adequate measures were taken to 

minimize pain or discomfort.  

 

      B. Denervation of infraorbital nerve  

Six-week-old male mice were used for the unilateral ligation to the left 

infraorbital nerve (ION) (Figure 15). The procedure for unilateral denervation of ION 

was conducted as previously reported.25,26,99 Briefly, mice were anesthetized with 

intraperitoneal (i.p.) injection of 250 mg/kg body weight of 2,2,2-tri-bromoethanol 
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solution (avertin, T48402, Sigma Aldrich, St. Louis, MO, USA). An ocular ointment 

(liposic gel T1KR01, Bausch Lomb South Asia Inc., Seoul, South Korea) was 

applied over the eyes of the mice to prevent drying. The infraorbital branch of the 

trigeminal nerve was exposed by making a 1–2 mm incision in the skin of the snout. 

The tissues, including the muscles under the skin, were dissected until ION were 

visible. In the animals undergoing an ION denervation procedure, the bundle of 

infraorbital fibers was electro-cauterized through a tungsten wire tip (Bovie H100 

fine tip, Bovie Medical Corporation, Clearwater, FL, USA). Incisions were made for 

exposing the nerve in the animals undergoing a sham procedure, although the bundle 

of nerves was not cauterized. To reduce the incidence of postoperative infections, 10 

mg/kg of cefazolin (Yuhan, Seoul, South Korea) was administered to the IO and 

sham mice through i.p. injection. Subsequently, all mice were returned to their 

individual home cages where they were left to recover for at least 1 week.  

 

 

 

Figure 15. Denervation of unilateral infraorbital nerve. Schematic photo of 

infraorbital nerve denervation. Unilateral infraorbital branch of trigeminal nerve was 

cauterized toward the vibrissal roots. 

 

      C. Implantation of head post 

For head fixation during the behavioral assays, a head post was three-

dimensionally (3D)-printed (Stratasys Fortus 250mc, Stratasys, Rehovot, Israel) 
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using Vero PureWhite material (Stratasys) and implanted to the head of the mice as 

previously reported.100 Briefly, 6-week-old male mice were anesthetized i.p. with 250 

mg/kg avertin. Mice were placed in a stereotaxic apparatus (D03043-001, RWD Life 

Science, Dover, DE, USA) and maintained at constant body temperature by using a 

thermal pad. To prevent drying, an ocular ointment (liposic gel) was applied over the 

eyes of the mice. The scalp on the skull was removed, and the head post was fixed to 

the skull with stainless steel anchor screws by securing dental adhesive resin cement 

(Super-Bond C&B, Sun Medical Co Ltd., Moriyama, Japan). The procedure of 

bonding followed the recommendations of the manufacturer and a previous study.101 

An i.p. dose of 10 mg/kg of cefazolin (Sigma Aldrich) was used postoperatively to 

reduce inflammation. Mice were returned to their home cages, where they were left 

to recover for at least 1 week before water restriction. 

 

      D. Electrical whisker stimulation 

Electrical whisker stimulation was delivered through stainless steel insect 

pins (200-μm-diameter) (Ento Sphinx, Pardubice, Czech Republic) attached to a 

customized whisker stimulation applicator. The applicator was designed using the 

SolidWorks software (Dassault Systems SolidWorks Corporation, Waltham, MA, 

USA) and 3D-printed (Stratasys, Israel) using Vero PureWhite material (Stratasys) 

(Figure 20A). Four insect pins were placed in a circle at a 1-mm distance from a 

center pin. The C3 whisker follicle contralateral to the recording hemisphere was 

targeted. For precisely locating the center pin to the target follicle, the whisker 

stimulation applicator was connected to a three-axis stage. 

Whisker stimulation was generated by a constant-current isolated stimulator 

(DS3-1129, Digitimer Ltd., Hertfordshire, England). A programmable software 

(SynapseLite, Tucker Davis Technology, Alachua, FL, USA) was used to control 

timing of whisker stimulation. A single-train electrical stimulation comprised 20 

pulses (200 μs, 0.1 Hz). Stimulus intensities were as follows: 0.25 mA, 0.5 mA, 1.0 

mA, 1.5 mA, and 2.0 mA. 
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      E. In vivo LFP recordings 

A schematic picture of a recording setup for measuring whisker stimulation-

evoked LFPs in vivo is presented in Fig. 1A and 1B. LFP signals were obtained from 

120 adult male mice treated with IO or sham surgery. LFP recordings were 

conducted on postoperative days (PO) 7, 9, 11, 13, 15, 17, 19, 21, 25, and 30. Six 

mice were assigned per group (sham or IO) and per PO.  

 (A) Preparation of stereotaxic surgery 

After the postoperative recovery period, the mice were anesthetized i.p. with 

1.25 g/kg of urethane (Sigma Aldrich). Mice were mounted to a stereotaxic apparatus 

(RWD Life Science). An ocular ointment (Bausch Lomb South Asia Inc .) was 

applied to the eyes of the mice to prevent drying. Body temperature was kept 

constant by using a heating pad throughout the entire recording sessions. Hind-paw 

withdrawal reflexes were monitored to maintain the depth of anesthesia at a constant 

level throughout the experiments.102,103 If necessary, extra doses of urethane (Sigma 

Aldrich) were administered. The barrel cortex was exposed by drilling a hole on 

point -1.5 mm posterior and -3.2 mm lateral to bregma with a 30º angle medially.112  

A custom-designed micro-drive loaded with two tetrodes comprising 

bundles of four 12-μm-diameter micro-wires (Sandvik, Stockholm, Sweden) was 

used to record LFP signals (Fig. 20A). Tetrodes were electroplated with gold solution 

such the electrode tips were low-impedance coated to allow measurement of small-

amplitude signals with an enhanced signal-to-noise ratio. For more effective 

reduction of the impedance from 2–3 MΩ to 200–300 kΩ measured at 1 kHz, 

polyethylene glycol was added when gold plating was conducted.104 The recording 

electrode was placed on the brain surface after the removal of the meninges and 

vertically inserted at a 0.5-mm depth into the center of the L4 in the barrel cortex. 

The recording site location was confirmed by histological reconstruction using focal 

electrolytic lesions.105 A chlorinated Ag/Ag-Cl pellet (EP1, World Precision 

Instruments, Sarasota, FL, USA) was inserted distal to the recording site as a ground 

and reference.106 After LFP data acquisition was completed, animals were euthanized 

using carbon dioxide, except animals subsequently used for histological analysis.    
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 (B) Data acquisition and analysis 

Electrophysiological signals were sampled at 25 kHz, with a band-pass 

(0.1–300 Hz) filter applied. Neural activity was recorded by using a Lab Rat 

acquisition system (LR10:1076, Tucker Davis Technology) and SynapseLite 

software (Tucker Davis Technology). Event timing markers of electrical whisker 

stimulation were recorded concurrently.  

LFP signals were analyzed by using Spike2 (version 8.10a, Cambridge 

Electronic Design Limited, Cambridge, England) and Clampfit software (version 

10.7, Molecular Devices, San Jose, CA, USA). LFP responses to electrical whisker 

stimulation were averaged over 20 sequentially obtained responses. Using the 

negative deflections of the LFP responses, the peak-to-peak amplitude was measured 

and then the slope was calculated within a 20–80% interval (Figure 18B).107,108 The 

relationship between the slope and stimulation intensity was computed by using 

linear regression. The input-to-output (I/O) slope reflected the TC synaptic strength. 

The time course of the TC synaptic strength was determined by comparing the I/O 

slopes of the groups across PO 7–30.  

 

      F. Histology 

Cytochrome oxidase (CO) histochemistry and Nissl staining were used to 

confirm whether the location of the recording electrode tip was placed in the C3 of 

the L4 barrel cortex (Figure 16 A–D). First, to verify that the recording electrode was 

located near the C3 of the barrel cortex, brain sections were cut in a tangential plane 

and CO histochemistry was performed. In addition, to verify that the recording 

electrode was placed in the L4 barrel cortex, brain sections were cut in a coronal 

plane and processed with CO and Nissl staining. 

 (A) CO histochemistry 

Upon completion of the LFP recording experiment, mice were overdosed 

with urethane (Sigma Aldrich) and perfused intracardially with phosphate-buffered 

saline (PBS, 0.1 M, pH 7.4), a fixation solution comprising 2.66% paraformaldehyde 

(PFA), and 1.0% glutaraldehyde in 0.1 M sodium phosphate buffer (PB) before brain 
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extraction. The brain was additionally fixed with the fixation solution for 1 hour. The 

cortex area, including the barrel cortex, was carefully separated and flattened in 

another fixation solution (4% sucrose, 2.66% PFA, and 1.5% glutaraldehyde in PB) 

overnight. The flattened brain tissue was tangentially sectioned in 75-μm slices using 

a vibratome (VT 1000S, Leica Biosystems Nussloch Gmbh, Nussloch, Germany), 

and washed in PB. The brain sections were incubated for 2–3 hours at 37 °C in a 

staining solution comprising 2 mg cytochrome C from equine heart and 0.5 mg 3,3’-

diaminobenzidine tetrahydro-chloride, with 0.4 mg/ml catalase (Sigma Aldrich) in 

PB.63,109 Lastly, the sections were dried and covered with a coverslip. 

 (B) Nissl staining 

Upon completion of the recording session, electrolytic currents (10 μA, 20 

seconds) were passed through the tetrode tips to verify the electrode placement.105,110 

The mice were deeply anesthetized with an overdose of urethane (Sigma Aldrich) 

and perfused intracardially with PBS, followed by 4% PFA in PBS (pH 7.4). The 

brains were extracted and stored in 30% sucrose solution (in 4% PFA) for cryo-

protection. Brain tissues were instantly frozen and sectioned (50 μm) via microtome 

(SM2010R, Leica Biosystems Nussloch Gmbh, Germany). Transverse sections were 

taken around the lesions and placed on gelatin-coated slides. The slides were soaked 

in 70% ethanol for 5 minutes and stained in Prussian blue solution (2% potassium 

ferrocyanide [Sigma Aldrich] and 5% hydrochloric acid [Sigma Aldrich]) for 4–5 

minutes until a blue spot emerged around the lesion site. The slides were washed in 

1% sodium acetate solution (Sigma Aldrich) for 2 minutes and then washed in 

deionized water for 1 minute. To make cell bodies more permeable to the cresyl 

violet dye, the sections were rehydrated by submerging the slides in ascending 

ethanol concentrations. The slides were immersed into 100% and 90% ethanol for 30 

seconds each, and 70% and 50% ethanol for 1 minute each. The slides were washed in 

deionized water and stained in 0.25% cresyl violet acetate (C5042, Sigma Aldrich) 

solution for 5 minutes111. The slides were dehydrated by immersing the sections in 

ascending ethanol concentrations, namely 50% ethanol for 30 seconds, 70% ethanol for 

1 minute, and 90% and 100% ethanol for 2 minutes each. Then, the slides were 
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submersed in xylene for 6 minutes. Finally, the slides were mounted using Permount 

mounting medium (SP15, Fisher Scientific, Fair Lawn, NJ, USA) and then 

coverslipped. 

 

 

 

Figure 16. Cytochrome oxidase (CO) and Nissl staining as histological 

reconstruction for confirming recording site in in vivo local field potential 

measurements. (A) To verify that the recording electrode tip was placed near the C3 

barrel cortex, brain sections were cut in a tangential plane and processed for CO 

histochemistry (left). Barrel outlines were from (A), left panel. Yellow marks 

indicate recording sites (n = 10). (B) Histograms of recording sites from (A), right 

panel. (C) To confirm that the recording electrode tip was located in the L4 barrel 

cortex, brain sections were cut in a coronal plane and processed for CO (left) and 

Nissl staining (right). (D) Drawing of the mouse brain outlines has been prepared 
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using previous study from Paxinos.112 Red marks indicate electrolytic lesion sites (n 

= 11). Snapshot/process: 2040 × 1536 (pixel), ISO: 200, Exposure: automatic. Scale 

bars: 500 µm. 

 

      G. Texture discrimination task 

 (A) Texture discrimination apparatus  

For the evaluation of the perceptual decision-making ability in IO or sham 

mice, I modified the texture discrimination apparatus used for the whisker dependent 

decision-making task in previous studies.18,23 Schematic illustration of the texture 

discrimination apparatus is presented in Figure 21A. LabVIEW software (National 

Instruments, Austin, TX, USA) and the Arduino microcontroller (UNO, Arduino, 

Turin, Italy) were used to manage random design of trials by stimulus type and to 

regulate the motion of linear or rotary stepping motors for locating texture stimuli 

precisely on the whiskers of the mouse. In addition, the software and microcontroller 

detected the presence or absence of licking behavior by sensing infrared light cutting 

on a lick port, which was designed using the SolidWorks software (Dassault Systems 

SolidWorks Corporation) and 3D-printed (Stratasys) using acrylonitrile butadiene 

styrene (ABS) plastic (ABSplus-P430, Stratasys). Delivery of water and air puff was 

controlled by precisely-timed opening and closing of solenoid valves under the 

command of LabVIEW and Arduino.   

 (B) Texture discrimination training 

Texture discrimination training began after ION denervation, head post 

implantation, and recovery from surgery in 22 mice. A schematic illustration of the 

experiment’s itinerary for behavioral evaluation is shown in Figure 17. They were 

handled for 10 minutes each day for 3 days before training. In the adaptation session 

(PO 9), the head of the mouse was fixed to the texture discrimination apparatus for 

20 minutes. Water restriction (1 ml per day) was initiated on the same day. During 

the next two daily sessions (~20 minutes each), thirst-motivated mice learned to lick 

for water on the lick port. Mice were provided a certain amount of water (~8 μl) per 

lick as detected on the lick port. Consistently with a previous study, mice reliably 
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acquired water by the end of the two sessions.23 Texture discrimination training was 

initiated on the next day (PO 12). For the whole training sessions, a target stimulus 

(rough-textured sandpaper [P] 80) for “go” trials and a non-target stimulus (smooth-

textured P 2000) for “no-go” trials were randomly presented for a maximum of 2 

seconds with the same probability. If the mice licked the port in the “go” trials 

(“Hits”), they were rewarded with water and the trials were immediately terminated. 

If the mice failed to lick within 2 seconds in the “go” trials (“Misses”), they were not 

rewarded. When the mice licked the port in the “no-go” trials (“False alarms”), they 

were punished with an air puff (200 ms, via a 2-mm nozzle) to the back and the trials 

were terminated immediately. If the mice did not lick the port in the “no-go” trials 

(“Correct rejections”), they were not punished. Air puffs were not applied during the 

first 3 days of training because the introduction of punishment in the early phase of 

training could result in failure to trigger lick responses in future trials. According to a 

previous study, it is important to make the mice willing to acquire the desired 

behavior through an understanding of the reason for punishment.23 For similar  

reasons, so as to introduce punishment gradually, while daily training comprised 200 

trials, it was delivered in a series of 50 trials over four sessions to prevent mice from 

exhaustion and loss of motivation. Inter-trial interval was ~15 seconds. Texture 

discrimination training was conducted for 17 days until IO mice achieved high 

performance (mean performance ≥ 70% for at least two consecutive days) compared 

with sham controls.  
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Figure 17. Schematic illustration of experimental procedures. 

 

 (C) Discrimination ability test 

Once mice were trained to discriminate differences between rough and 

smooth surfaces, a series of intermediate stimuli (P 120, P 400, P 600, P 1000, P 

1200, and P 1500) was additionally introduced to qualitatively evaluate 

discriminability.44 A schematic illustration for the intermediate series of texture 

stimuli is shown in Figure 24A. The discrimination ability test was run for 2 days. 

The experimental order was as described in a previous study.44 On day 1, the mice 

had to detect differences between “smooth” and “intermediate” series. The mice were 

rewarded when licking during the intermediate stimuli and punished when licking 

during the smooth stimuli. On day 2, the mice had to detect differences between the 
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series of “rough” and “intermediate” stimuli. The mice were rewarded when licking 

during the rough stimuli and punished when licking during the series of intermediate 

stimuli. To consider the learning effect derived from the order of presented stimuli, 

the sequential test was conducted from the most intense to the mildest difference 

between the stimuli. Intermediate stimuli were presented with a serial order of 

descending and ascending roughness on days 1 and 2, respectively. A single type of 

intermediate stimuli was tested in a single session. The number of trials for the 

discrimination ability test sessions were restricted to 10 because excessive trials 

could induce a learning effect during and between sessions. 

Because presentation of the intermediate stimuli may have interference 

effects with the following behavioral assessment, I conducted memory consolidation 

test. In the memory consolidation test, the texture discrimination sessions with the 

smooth and rough stimuli were repeated before initiating the discrimination ability 

tests with intermediate stimuli.44 One session comprising 50 trials was conducted.   

 (E) Data analysis  

To analyze perceptual strength to the stimuli, the percentage of correct trials 

was calculated as correct trials/(correct + incorrect trials) × 100 and the perceptual 

sensitivity index (d’) was calculated as Z (Hit rate) – Z (False alarm rate).54,113,114 For 

the calculation of d’, I analyzed sensitivity and 1-specificity. Sensitivity refers to the 

proportion of correct responses to the target stimuli (Hit rate, Hit/(Hit+Miss)). 

Specificity refers to the proportion of correct responses to the non-target stimuli 

(Correct rejection rate, Correct rejection/(Correct rejection+False alarm)). 1-

Specificity refers to the 1-Correct rejection rate which is the False alarm rate. I 

additionally analyzed the receiver operating characteristic (ROC) curves derived 

from d’, and calculated the area under the curve (AUC) of the ROC for the statistical 

comparison between the groups.55 Data for peri-event time histogram and pre-

stimulus lick rate analysis were calculated using custom MATLAB (MathWorks, 

Natick, MA, USA) scripts. 

 

      H. Ex vivo brain slice electrophysiology 
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Following the completion of the behavioral assays, the TC slices (450-μm 

thick) were prepared for the trained mice. The resistance of the electrodes pipette was 

3–6 MΩ. The ventral posteromedial nucleus (VPM) of the thalamus was stimulated 

by a concentric bipolar electrode (FHC, Inc., Bowdoin, ME, USA). The barrel cortex 

was recognized as a distinct shape similar to a cask under low-power magnification 

and differential interference contrast (DIC) of optics.46 The barrel cortex was also 

identif ied through its ability to evoke short and constant latency field excitatory 

postsynaptic potentials (EPSPs) when VPM was stimulated.46 The neural activity of 

spiny stellate neurons in the L4 of the barrel cortex was recorded using whole-cell 

voltage-clamp under the condition of DIC optics and infrared illumination. The 

whole-cell recording solution comprised 8 mM NaCl, 135 mM cesium 

methanesulfonate, 10 mM HEPES, 0.5 mM EGTA, 0.3 mM Na-GTP, 4 mM Mg-

ATP, and 5 mM QX-314 Cl (pH adjus ted to 7.25 with CsOH and 285 mOsm). 

The cells  w ere mediated at −70 mV and were maintained in these conditions 

throughout the recording sessions, unless otherwise specified. Whole-cell voltage-

clamp recording was conducted using a MultiClamp™ 700B (Molecular Devices, 

Sunnyvale, CA, USA). Neural signals were digitized at 10 KHz and filtered at 2 

KHz. Input and series resistances were continuously monitored during 

recording. 1 15 Excitatory postsynaptic currents (EPSCs) were considered as 

monosynaptic when they show ed a distinctive feature consisting in a short and 

constant latency. This feature was not altered b y increments of the stimulus 

intensity. Bo th t he TC EPSCs and EPSPs were induced through bipolar stimulation 

(0.1 Hz) of VPM. To investigate disynaptic feed-forward inhibition from the stellate 

cells (SCs), the ratio between gamma aminobutyric acid (GABA) type A receptor-

mediated inhibitory post-synaptic currents (IPSCs) and alpha-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA)-mediated EPSCs was measured.48,64 To 

evoke an EPSC (150-200 pA) in the SCs, the intensity of the stimulus was adjusted 

as a typical range (10–40 V). The peak amplitude from the AMPA receptor-mediated 

EPSC was recorded at −70 mV and the peak amplitude from the GABAA receptor-

mediated IPSC at 0 mV.48  
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      I. Statistical analyses 

The two-way repeated-measures of analysis of variance (ANOVA) were 

used to compare the dependent variables across sessions, followed by multiple 

comparisons with a Bonferroni’s post hoc test when necessary. In addition, 

independent t-tests were conducted to compare the two group values. For the cross-

correlation analysis between the TC synaptic efficacy and the perceptual decision-

making capacity, Pearson’s correlation coefficients were analyzed. Linear regression 

analysis was conducted to reveal additional information from the cross-correlation 

analysis or I/O slope analysis. All hypothesis testing underwent two-tailed tests. 

Means ± standard error of means (SEMs) were used. Statistical analyses were 

conducted using SPSS (version 25, IBM SPSS Statistics., Armonk, NY, USA). 

Graphs were made using GraphPad Prism (version 5.00, GraphPad Software, San 

Diego, CA, USA).  

 

   3. Results 

      A. ION denervation reactivates the TC synaptic plasticity in adult mice 

In this study, I used mice rather than rats to guarantee coherence of the 

behavioral assays with previous studies assessing decision-making ability. To further 

confirm whether the TC synaptic strength can also be manipulated by unilateral ION 

denervation in mice, I determined the time course of the alteration of the TC synaptic 

strength in IO mice by measuring the whisker stimulation-evoked LFPs in the L4 of 

S1. As shown in Figure 18 (C-G), the TC synaptic strength in IO mice began to 

increase at PO 15 and was saturated during PO 17–30, while in sham controls, it 

remained at the baseline level throughout the experiments, consistent with previous 

reports.26 IO mice showed a significantly higher positive slope than sham mice at PO 

17–30 (sham group: n = 6 for each PO day, IO group: n = 6 for each PO day; F(1) = 

27.75, p < 0.001) (Figure 18G). These results indicate that the TC synaptic plasticity 

can be reactivated by unilateral IO dissection in mice as well as rats with a similar  

time course during the post-critical period.  
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Figure 18. Time course of whisker stimulation-evoked local field potentials 

(LFPs) in the L4 of the intact barrel cortex following unilateral infraorbital 

nerve lesion. (A) In vivo LFPs recording setup (left), recording electrode (middle), 

and electrical stimulation applicator designed for a mouse whisker pad (right). (B) 

Schematic illustration of experimental setup (left). LFP slope was calculated as the 

20–80% interval of the negative deflection (red line). Scale bar: 250 μV, 100 ms. 

Max: maximum, Min: minimum. (C) Representative raw traces of somatosensory-
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evoked LFPs by electrical whisker stimulation on post-operative day (PO) 9, PO 15, 

and PO 21 in the sham and IO groups. Scale bar: 250 μV, 100 ms. (D–F) In left panel, 

slope derived from 20% to 80% interval of negative deflations in LFP signals was 

fitted in the scatter plot. In right panel, input-to-output (I/O) slope was calculated by 

linear regression in the sham and IO groups (sham group: PO 9 = 7.8±1.9, PO 15 = 

7.5±2.0, PO 21 = 6.6±1.2, n = 6; IO group: PO 9 = 7.8±2.4, PO 15 = 12.4±3.6, PO 21 

= 18.8±3.7, n = 6; mean ± SEM; t-test; *p < 0.05). (G) Time courses of whisker 

stimulation-evoked LFPs in the sham and the IO groups (sham group: n = 6 on each 

PO from PO 7 to PO 30; IO group: n = 6 on each PO from PO 7 to PO 30; mean ± 

SEM; two-way ANOVA with post hoc Bonferroni’s test; *p < 0.05). 

 

      B. IO mice learn texture discrimination effectively by improving  

         perceptual specificity to non-target stimuli  

Next, I aimed to elucidate the role of the TC synaptic plasticity in the 

perceptual decision-making by using a modified texture discrimination task. Texture 

discrimination training began on PO 12, and punishment was introduced on PO 15. 

As shown in Figure 19 (C, D), IO mice began to discriminate the difference in 

texture between the target and non-target stimuli on the 8th training day (PO 19). 

Learning performance reached its maximum level (about 70% of correct trials) at the 

10th training day (PO 21) and was maintained until the last day of training (PO 28). 

IO mice showed significant improvement in discriminating performance compared 

with sham controls (sham group: n = 11, IO group: n = 11; F(1) = 17.51, p < 0.001) 

(Figure 19D). These results indicate that enhanced the primary TC input may be 

involved in the process of the perceptual decision-making, with synaptic strength 

potentially influencing the performance of the perceptual decision-making. 

To investigate the effect of the TC input on more detailed perceptual 

decision-making processes, I analyzed perceptual learnability during texture 

discrimination training by measuring the perceptual sensitivity index d’. First, to 

measure d’ in each group, I analyzed changes in the “Hit” and “False alarm” rates 

across all training sessions to capture the “sensitivity” and “1-specificity,” 
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respectively (Figure 19E). IO mice exhibited a lower “False alarm” rate than sham 

controls, although there was little difference in the “Hit” rates between the two 

groups (sham group: n = 11, IO group: n = 11; False alarm rate: t(20) = 2.57, p < 0.05; 

Hit rate: t(20) = 0.17, p > 0.05) (Figure 19F). As shown in Figure 19G, within PO 17–

28, IO mice learned the texture discrimination task more effectively than sham 

controls (sham group: n = 11, IO group: n = 11; F(1) = 17.04, p < 0.001). Furthermore, 

I compared the ROC curve for each group at PO 28, which represents a 

discriminating ability in terms of sensitivity to target stimuli and specificity to non-

target stimuli55. IO mice exhibited higher values of AUC for the ROC curves at PO 

28 than sham controls (sham group: n = 11, IO group: n = 11; t(20) = 3.04, p < 0.01) 

(Figure 19H). These results indicate that IO mice may develop improved learnability 

in the texture discrimination task by increasing specificity to non-target stimuli, 

rather than sensitivity to target stimuli.  
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Figure 19. Unilateral infraorbital nerve dissection (IO) mice learn the texture 

discrimination task effectively by improving the perceptual specificity to non-

target stimuli. (A) Photo (left) and schematic illustration (right) of the texture 

discrimination task setup. (B) Trial structure for the texture discrimination task. (C) 

Learning curves for a representative mouse of the sham and the IO group. Each data 

point shows perceptual learning performance (% of correct trials) for each session 

(left) and an averaged session over a day (right). The hollow data points indicate the 
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first stage of training before introducing an air puff punishment. The filled data 

points indicate the second stage of training after introducing the air puff punishment. 

The dashed lines refer to a 70% correct performance as a learning criterion and a 

50% correct performance as a chance level. (D) Learning curves for the sham and IO 

groups (sham group: n = 11, IO group: n = 11; mean ± SEM; two-way ANOVA with 

post hoc Bonferroni’s test; **p < 0.01, ***p < 0.001). Each data point shows 

performance averaged over a day. The hollow data points indicate the first stage of 

training before introducing punishment. The filled data points indicate the second 

stage of training after introducing punishment. The dashed lines indicate a 70% 

correct performance criterion and a 50% chance level performance. (E) “Hit” and 

“False alarm” rates for the sham (left) and IO (right) groups over the course of full 

training (sham group: n = 11, IO group: n = 11; mean ± SEM; two-way ANOVA 

with post hoc Bonferroni’s test; *p < 0.05, **p < 0.01, ***p < 0.001). An increased 

“Hit” rate and a reduced “False alarm” rate account for d’ enhancement in IO group 

over the sessions. The hollow data points indicate the first stage of training before 

introducing air puff punishment. The filled data points indicate the second stage of 

training after introducing air puff punishment. (F) “Hit” (left) and “False alarm” rates 

(right) for the sham and IO groups (sham group: Hit rate = 0.68±0.0, False alarm rate 

= 0.50±0.0, n = 11; IO group: Hit rate = 0.69±0.0, False alarm rate = 0.33±0.0, 

n = 11; mean ± SEM; t-test; *p < 0.05). (G) The perceptual sensitivity index based on 

signal detection theory (d’) for the sham and IO groups (sham group: n = 11, IO 

group: n = 11; mean ± SEM; two-way ANOVA with post hoc Bonferroni’s test; *p < 

0.05, **p < 0.01, ***p < 0.001). The hollow data points indicate the first stage of 

training before introducing air puff punishment. The filled data points indicate the 

second stage of training after introducing air puff punishment. (H) “Hit” rates plotted 

against “False alarm” rates in the sham and IO groups. Each symbol represents the 

“Hit” and “False alarm” pair for each animal in the groups. Each line represents the 

receiver operating characteristic (ROC) curve derived from the d’ of the last day of 

training (PO 28) for the sham and IO groups (left). AUC analysis for the ROC curves 
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in the sham and IO groups (sham group: 0.68±0.4, n = 11, IO group: 0.84±0.4, 

n = 11; mean ± SEM; t-test; **p < 0.01).  

 

      C. IO mice adopt advanced licking strategy during perceptual learning 

To evaluate improvement in learnability, I analyzed the lick rate during the 

pre-stimulus period, which corresponded to the 2 seconds preceding the stimuli. 

Figure 20 (A, B) and Figure 21 show representative licking activity during the texture 

discrimination task in both groups. In contrast to sham controls, IO mice showed a 

reduced lick rate before the stimulus presentation during the last training day (PO 28) 

(sham group: n = 11, IO group: n = 11; t(20) = 2.16, p < 0.05) (Figure 20C).    

I calculated the cross-correlation between the pre-stimulus lick rate and 

various indices for discriminating performance, including the percentage of correct 

trials, d’, and “False alarm” rate, to verify the relationship between licking strategy 

and perceptual learning. As shown in Figure 20D, pre-stimulus licking was 

negatively correlated with discriminating performance (sham group: n = 11, IO 

group: n = 11; % correct trials: correlation of coefficient (r) = -0.50, p < 0.05, d’: r = -

0.62, p < 0.01, “False alarm” rate: r = 0.54, p < 0.01).   

Altogether, these results suggest that the increased TC synaptic strength 

may enable IO mice to make a more optimal decision by utilizing an effective licking 

strategy throughout texture discrimination training. In addition, these results imply 

that using an advanced licking strategy may be closely related to developing 

enhanced learnability in the perceptual decision-making. 
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Figure 20. Unilateral infraorbital nerve dissection (IO) mice adopt advanced 

licking strategy during perceptual learning. (A) Raster plot for events during 50 

trials from a representative behavioral session. The abscissa axis shows time from 2 s 

before the start of a trial onwards. As single-trial measurements, a lick (pink tick), 

reward (blue tick), and punishment (yellow tick) events are presented from a 

representative sham (left) and IO (right) treated mouse. Every event ticks were 

aligned to stimulus onset (dotted line). Raster plot in left side was divided into two 

columns in right side corresponding to “go” (labeled “G”) and “no-go” (labeled “N”) 

trials. The horizontal green and red marks indicate whether each trial was correct or 
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incorrect, respectively. (B) Time course of d’, the perceptual sensitivity index, of the 

representative sham (left) and IO (right) mouse used in (A). (C) Averaged pre-

stimulus lick rate of the last training day (PO 28) for the sham and IO groups (sham 

group: 3.08±0.5, n = 11, IO group: 1.52±0.5, n = 11; mean ± SEM; t-test; *p < 0.05). 

(D) Cross-correlation between pre-stimulus lick rate and % of correct trials (left), d’ 

(middle), or “False alarm” rate (right) (sham group: n = 11, IO group: n = 11; 

Pearson’s correlation coefficients test; *p < 0.05, **p < 0.01).  

 

 

 

Figure 21. Single-trial measurements of lick, reward, and punishment events in 

a representative sham and a unilateral infraorbital nerve dissection (IO) mouse. 

Go and no-go trials from a representative behavioral session. The abscissa axis shows 

time from 2 seconds before the start of a trial onwards. As single-trial measurements, 

lick (pink tick), reward (blue tick), and punishment (yellow tick) events are presented 

from a representative sham (left) and an IO (right) treated mouse. Every event tick 

was aligned to stimulus onset (dotted line). Raster plot on left side was separated into 
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two columns on right side corresponding to go (labeled “G”) and no-go (labeled “N”) 

trials. The horizontal green and red marks indicate whether each trial was correct or 

incorrect, respectively. 

 

      D. Discrimination ability is enhanced in IO mice   

To investigate whether texture discriminating training can also affect the 

ability to sense roughness to discriminate stimuli, I measured discrimination ability to 

the roughness of sandpaper surfaces by introducing an additional series of 

intermediate-grade stimuli following texture discrimination training (Figure 22A).  

For the first discrimination ability test (PO 29), I replaced the rough stimuli 

with each of stimuli in the intermediate series, without changing the smooth stimuli. 

Under this experimental condition, the intermediate series of stimuli was paired with 

the reward as the target stimuli, and the smooth stimuli were paired with punishment 

as the non-target stimuli. To rule out the effect of the consecutive presentation of 

intermediate stimuli and investigate whether the acquired discriminating ability was 

maintained, the perceptual memory consolidation test was conducted with the smooth 

and rough stimuli before the discrimination ability test with the intermediate 

stimuli.44 The discriminating performance of both groups of perceptual memory 

consolidation test (PO 29) was preserved to a similar level compared to the last 

training day (PO 28) (sham group: n = 11, IO group: n = 11; % correct trials: t(20) = 

3.51, p < 0.01, d’: t(20) = 3.82, p < 0.01) (Figure 22B, C, left panel). In the 

discrimination ability test, IO mice showed a better discriminating performance than 

sham controls (sham group: n = 11, IO group: n = 11; % correct trials: F(1) = 14.00, p 

< 0.01, d’: F(1) = 16.33, p < 0.001) (Figure 22B, C, right panel).  

The next day (PO 30), I conversely replaced the smooth stimuli with each 

stimulus in the intermediate series without changing the rough stimuli. Under this 

condition, the rough stimuli were paired with reward as the target stimuli and the 

intermediate stimuli were paired with punishment as the non-target stimuli. Similar to 

PO 29, the discriminating performance of both groups was preserved to a similar  

level with the last training day (PO 28) during the perceptual memory consolidation 
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test (sham group: n = 11, IO group: n = 11; % correct trials: t(20) = 4.11, p < 0.001, d’: 

t(20) = 3.72, p < 0.01) (Figure 22D, E, left panel). In addition, IO mice were able to 

discriminate stimuli surfaces more sensitively than sham mice (sham group: n = 11, 

IO group: n = 11; % correction trial: F(1) = 26.87, p < 0.001, d’: F(1) = 28.35, p < 

0.001) (Figure 22 D, E, right panel).  

These results imply that improvement of the perceptual decision-making 

performance in IO mice may be due to enhanced perceptual sensitivity to the salience 

of sensory input during the texture-discriminating process.  

 

 

 

Figure 22. Discrimination ability is enhanced in unilateral infraorbital nerve 

dissection (IO) mice. (A) Schematic illustration of the rough, smooth, and 
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intermediate stimuli series. (B) In left panel, percentage of correct trials in perceptual 

memory consolidation test with rough (target) and smooth stimuli (non-target) at 

post-operative day (PO) 29 (sham group: 57.5±2.7, n = 11, IO group: 74.7±4.1, 

n = 11; mean ± SEM; t-test; **p < 0.01). In right panel, percentage of correct trials in 

discrimination ability test with intermediate (target) and smooth stimuli (non-target) 

at PO 29 (sham group: n = 11, IO group: n = 11; mean ± SEM; two-way ANOVA 

with post hoc Bonferroni’s test; *p < 0.05; **p < 0.01; ***p < 0.001). (C) In left, d’ 

of perceptual memory consolidation test with rough (target) and smooth (non-target) 

stimuli at PO 29 (sham group: 0.6±0.2, n = 11, IO group: 1.9±0.3, n = 11; mean ± 

SEM; t-test; **p < 0.01). In right, d’ of discrimination ability test with intermediate 

(target) and smooth (non-target) stimuli at PO 29 (sham group: n = 11, IO group: 

n = 11; mean ± SEM; two-way ANOVA with post hoc Bonferroni’s test; **p < 0.01; 

***p < 0.001). (D) In left panel, percentage of correct trials in perceptual memory 

consolidation test with rough (target) and smooth (non-target) at PO 30 (sham group: 

55.1±2.1, n = 11, IO group: 74.7±4.3, n = 11; mean ± SEM; t-test; ***p < 0.001). In 

right panel, percentage of correct trials of discrimination ability test with rough 

(target) and intermediate (non-target) stimuli at PO 30 (sham group: n = 11, IO 

group: n = 11; mean ± SEM; two-way ANOVA with post hoc Bonferroni’s test; ***p 

< 0.001). (E) In left panel, d’ of perceptual memory consolidation test with rough 

(target) and smooth (non-target) at PO 30 (sham group: 0.4±0.2, n = 11, IO group: 

1.8±0.3, n = 11; mean ± SEM; t-test; **p < 0.01). In right panel, d’ of the 

discrimination ability test with rough (target) and intermediate (non-target) at PO 30 

(sham group: n = 11, IO group: n = 11; mean ± SEM; two-way ANOVA with post 

hoc Bonferroni’s test; ***p < 0.001). 

 

      E. Perceptual decision-making parameters are intimately correlated with  

         the TC synaptic efficacy in the barrel cortex of IO mice  

To investigate the direct relationship between the synaptic strength of the 

TC circuit and the perceptual decision-making ability, I first analyzed the TC 

synaptic function by measuring the TC synaptic efficacy and the ratio of the TC IPSC 
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and EPSC (GABA/AMPA ratio) using brain slice whole-cell patch-clamp recordings 

(Figure 23A). The synaptic efficacy of the TC input in the L4 barrel cortex of both 

groups was measured within 7 days after completion of the training session using the 

minimal stimulation protocol with which a putative single TC axon can be activated 

(Figure 23B) as previously reported.25,26,115,116 Consistent with our previous 

reports,25,26 the potency of the TC EPSC was significantly increased in IO mice 

compared with sham controls, with no alteration in the GABA/AMPA ratio (sham 

group: n = 11, IO group: n = 11; TC potency: t(14) = 2.98, p < 0.01, GABA/AMPA 

ratio: t(14) = 0.10, p > 0.05) (Figure 23C–F).  

Then, I tested the involvement of the TC input in perceptual learnability by 

analyzing the correlation between the TC synaptic potency and discriminating 

performance during the texture discrimination training. As shown in Figure 23 (G–I), 

the TC synaptic potency was significantly correlated with discriminating 

performance (sham group: n = 11, IO group: n = 11; % correct trials: r = 0.60, p < 

0.05, d’: r = 0.59, p < 0.05, pre-stimulus lick rate: r = 0.65, p < 0.01).  
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Figure 23. Potency of thalamocortical (TC) excitatory postsynaptic currents 

(EPSCs) increase without alteration in the excitatory-to-inhibitory (E/I) balance, 

and the TC synaptic efficacy is closely correlated with perceptual learning 

ability. (A) TC brain slice patch clamp recording setup. (B) Schematic illustration of 

the TC monosynaptic excitation and disynaptic inhibition pathways and patch-clamp 

recording on SCs in the L4 barrel cortex. (C) Representative TC EPSC traces evoked 

by minimal stimulation in the sham and IO groups. (D) The averaged potency of the 

TC EPSCs in the sham and IO groups (sham group: 24.5±2.3, n = 8, IO group: 

50.0±8.3, n = 8; mean ± SEM; t-test; **p < 0.01). (E) Representative traces of 
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GABAA receptor-mediated TC inhibitory postsynaptic currents (IPSCs) at 0 mV 

holding potential and AMPA receptor-mediated TC EPSCs at −70 mV evoked by 

ventral posteromedial nucleus (VPM) stimulation in the stellate cells (SCs) of the L4 

barrel cortex in the sham and IO groups. (F) Summary of average ratio of the TC 

GABAA receptor-mediated IPSC amplitude to the TC AMPA receptor-mediated 

EPSC (GABA/AMPA ratio) in SCs of the L4 barrel cortex for the two groups (sham 

group: 6.5±0.4, n = 8, IO group: 6.5±0.2, n = 8; mean ± SEM; t-test; p > 0.05). 

Scatterplots of the cross-correlation between the TC synaptic potency and percentage 

of correct trials (G), d’ (H), and pre-stimulus lick rate (I) in sham and IO mice during 

texture discrimination training at PO 28 (sham group: n = 8, IO group: n = 8; 

Pearson’s correlation coefficients test; *p < 0.05, **p < 0.01).  

 

In addition, to assess the direct relationship between the TC synaptic 

strength and qualitative discriminability, I analyzed the correlation between the TC 

synaptic potency and discriminating performance during the perceptual memory 

consolidation or discrimination ability test. In the perceptual memory consolidation 

test at PO 30, the TC synaptic potency was significantly correlated with 

discriminating performance (sham group: n = 11, IO group: n = 11; % correct trials: r 

= 0.53, p < 0.01, d’: r = 0.60, p < 0.05) (Figure 24C). TC synaptic potency was also 

significantly correlated with discriminating performance in the discrimination ability 

test with the rough (target) and intermediate (non-target) stimuli at PO 30 (sham 

group: n = 11, IO group: n = 11; % correct trials: r = 0.58, p < 0.05, d’: r = 0.62, p < 

0.05) (Figure 24D). However, despite the maintained consolidation of perceptual 

memory at PO 29 (sham group: n = 11, IO group: n = 11; % correct trials: r = 0.63, p 

< 0.01, d’: r = 0.60, p < 0.05) (Figure 24A), I did not observe a significant correlation 

between the TC synaptic potency and discriminating performance during the 

discrimination ability test with the intermediate (target) and smooth (non-target) 

stimuli at PO 29 (sham group: n = 11, IO group: n = 11; % correct trials: r = 0.42, p > 

0.05, d’: r = 0.43, p > 0.05) (Figure 24B). Such discrepancy may be due to a lack of 
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adequate data for statistical significance or preference of target stimuli over non-

target stimuli.  

 

 

 

Figure 24. Perceptual memory consolidation ability and discrimination ability 

are intimately correlated with the thalamocortical (TC) synaptic efficacy in the 

barrel cortex of unilateral infraorbital nerve dissection (IO) mice. (A, C) 

Scatterplots of the cross-correlation between the TC synaptic potency and percentage 

of correct trials (left) and d’ (right) during perceptual memory consolidation tests 

with rough (target) and smooth (non-target) stimuli at post-operative day (PO) 29 (A) 

and PO 30 (C) (sham group: n = 8, IO group: n = 8; Pearson’s correlation coefficients 

test; *p < 0.05, **p < 0.01). (B, D) Scatterplots of the cross-correlation between the 

TC synaptic potency and percentage of correct trials (left) and d’ (right) during 

discrimination ability tests. Mice were tested with intermediate (target) and smooth 

(non-target) stimuli at PO 29 (B), and tested with rough (target) and intermediate 
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(non-target) stimuli at PO 30 (D) (sham group: n = 8, IO group: n = 8; Pearson’s 

correlation coefficients test; *p < 0.05). 

 

   4. Discussion 

Findings in part 2 support that the enhanced TC synaptic strength may affect 

the abilities of perceptual learning and texture discrimination underlying optimal 

decision-making process. These behavioral performances were closely correlated 

with the excitatory synaptic strength of the TC input in the somatosensory cortex. 

Furthermore, the performance of the perceptual decision-making could be modulated 

by manipulating the synaptic plasticity of the primary TC input during the post-

critical period. 

In spite of the demonstrated contribution of S2 to the perceptual decision-

making process, S1 plays an important role in the processing of sensory input, which 

is essential for sensory perception.2, 5-7,16,17 Indeed, neural activity in S1 may affect 

the activity of the subsequent neural pathways including S2, M1, and mPFC, which 

are involved in valuation and decision-making processes.4,117 However, the major 

contributor to the perceptual decision-making remains to be fully identified. One of 

the many obstacles for addressing this issue is difficulty in manipulating S1 cortical 

plasticity during adulthood, due to the lack of an effective animal model for 

evaluating the relationship between S1 neuronal function and the perceptual decision-

making. According to recent studies, the primary TC input in S1 can become plastic 

by manipulating peripheral sensory input even after the critical period, which allowed 

me to develop an effective animal model.25,26  

Several studies offer theoretical support to our notion of S1 as being a key 

node in the S1–M1, S1–S2, and S1–mPFC neural network related to decision-making. 

S1 is reciprocally connected with M1 through feed-forward projections from S1 to 

M1118-120 as well as feedback projections from M1 to S1.119,121 This elaborate S1–M1 

loop involves the dynamic processing of sensorimotor integration in whisker-

dependent perceptual learning, such as in the object localization task.10,117,122-124 S1 

also communicates with S2 through a non-canonical feedback pathway.8,9 S1–S2 



- 79 - 

communication plays a crucial role in whisker-dependent perceptual decision-

making.19,125-127 In addition, when the prelimbic (PL) area of mPFC is involved in the 

regulation of the decision-making process, neural activity in the PL shows coherence 

with neural oscillation in S1.128 Overall, S1 may mediate decision-making ability by 

intimately communicating with perceptual learning-related areas such as M1, S2, and 

mPFC.  
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Ⅳ. PART 3: Primary thalamocortical input determines the perceptual  

            decision-making using the texture discrimination task with  

            time-out punishment during adulthood 

 

   1. Introduction 

The third study aimed to aid shortcomings of the second study. First, the 

poor performance of the sham group may be due to the training time for each day and 

total number of training days for the animals. Second, the air puff adds a layer of 

complexity since the air puff is critical for reinforcement learning. The IO group was 

more sensitive to the air puff due to the loss of whiskers, since compensation often 

occurs to other senses when one becomes absent. Third, the long-term memory 

retention ability of the IO mice remain undiscovered. Therefore, I trained the animals 

more intensively by increasing the number of trials, used time-out instead of air puff 

as punishment, and conducted the perceptual very long-term memory retention test 

until their performance reached to the forgetting criterion.  

I hypothesized that the TC input may be correlated with the perceptual 

decision-making ability. The alteration of the TC synaptic activity may influence the 

performance of perceptual learning.  

 

   2. Materials and methods 

      A. Animals  

Male C57bl/6J mice (Orient Bio Inc., Gyeonggi, South Korea) were 

individually accommodated in a constant temperature and humidity vivarium in a 12-

h light/dark cycle (lights on at 7:00 a.m.). Animals had free access to food and water. 

For the behavioral test using thirst motivation, animals were scheduled on a standard 

restriction for water consumption of at least 1 ml per day with free access to food. 

Animals were subjected to 7 days of acclimation upon arrival at the Association for 

Assessment and Accreditation of Laboratory Animal Care International-accredited 

Yonsei University College of Medicine Animal Care Facilities. All experimental 

procedures were performed according to the National Institutes of Health Guide for 
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the Care and Use of Laboratory Animals (NIH publication no. 86-23, revised 1987), 

and were approved by the Institutional Animal Care Use Committee of Yonsei 

University Health System (permit no.: 2019-0302). Adequate measures were taken to 

minimize pain or discomfort.  

 

      B. Denervation of infraorbital nerve  

Six-week-old male mice were used for denervation of ION (Figure 17). The 

procedure for unilateral denervation of ION was conducted as previously 

reported.25,26,99 Briefly, mice were anesthetized with intraperitoneal (i.p.) injection of 

250 mg/kg body weight of 2,2,2-tri-bromoethanol solution (avertin, T48402, Sigma 

Aldrich, St. Louis, MO, USA). An ocular ointment (liposic gel T1KR01, Bausch 

Lomb South Asia Inc., Seoul, South Korea) was applied over the eyes of the mice to 

prevent drying. The infraorbital branch of the trigeminal nerve was exposed by 

making a 1–2 mm incision in the skin of the snout. The tissues, including the muscles 

under the skin, were dissected until ION were visible. In the animals undergoing an 

ION denervation procedure, the bundle of infraorbital fibers was electro-cauterized 

through a tungsten wire tip (Bovie H100 fine tip, Bovie Medical Corporation, 

Clearwater, FL, USA). Incisions were made for exposing the nerve in the animals 

undergoing a sham procedure, although the bundle of nerves was not cauterized. To 

reduce the incidence of postoperative infections, 10 mg/kg of cefazolin (Yuhan, 

Seoul, South Korea) was administered to the IO and sham mice through i.p. injection. 

Subsequently, all mice were returned to their individual home cages where they were 

left to recover for at least 1 week.  

 

      C. Implantation of head post 

For head fixation during the behavioral assays, a head post was three-

dimensionally (3D)-printed (Stratasys Fortus 250mc, Stratasys, Rehovot, Israel) 

using Vero PureWhite material (Stratasys) and implanted to the head of the mice as 

previously reported.100 Briefly, 6-week-old male mice were anesthetized i.p. with 250 

mg/kg avertin. Mice were placed in a stereotaxic apparatus (D03043-001, RWD Life 
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Science, Dover, DE, USA) and maintained at constant body temperature by using a 

thermal pad. To prevent drying, an ocular ointment (liposic gel) was applied over the 

eyes of the mice. The scalp on the skull was removed, and the head post was fixed to 

the skull with stainless steel anchor screws by securing dental adhesive resin cement 

(Super-Bond C&B, Sun Medical Co Ltd., Moriyama, Japan). The procedure of 

bonding followed the recommendations of the manufacturer and a previous study 

(Doğanay Yıldız E and H Arslan, 2019). An i.p. dose of 10 mg/kg of cefazolin 

(Sigma Aldrich) was used postoperatively to reduce inflammation. Mice were 

returned to their home cages, where they were left to recover for at least 1 week 

before water restriction. 

 

      D. Texture discrimination task 

 (A) Texture discrimination apparatus  

For the evaluation of the perceptual decision-making ability in IO or sham 

mice, I modified the texture discrimination apparatus used for the whisker dependent 

decision-making task in previous studies.18,23 Schematic illustration of the texture 

discrimination apparatus is presented in Figure 26A. LabVIEW software (National 

Instruments, Austin, TX, USA) and the Arduino microcontroller (UNO, Arduino, 

Turin, Italy) were used to manage random design of trials by stimulus type and to 

regulate the motion of linear or rotary stepping motors for locating texture stimuli 

precisely on the whiskers of the mouse. In addition, the software and microcontroller 

detected the presence or absence of licking behavior by sensing infrared light cutting 

on a lick port, which was designed using the SolidWorks software (Dassault Systems 

SolidWorks Corporation) and 3D-printed (Stratasys) using acrylonitrile butadiene 

styrene (ABS) plastic (ABSplus-P430, Stratasys). Delivery of water reward and time 

out punishment was controlled by precisely-timed opening and closing of solenoid 

valves under the command of LabVIEW and Arduino.   

 (B) Texture discrimination training: rough vs. smooth stimuli 

To confirm the effect of the TC synaptic plasticity on the perceptual 

learning ability, 70 mice were trained ~2 weeks after IO or sham modeling, when 
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synaptic plasticity was fully reactivated. A schematic illustration of the experiment’s 

timeline for behavioral evaluation is shown in Figure 25. Before starting the main 

training at PO 15 when 50% Go paradigm was introduced, mice were handled for 10 

minutes each day for 3 days. In the adaptation session (PO 9), the head of the mouse 

was fixed to the texture discrimination apparatus for 20 minutes Water restriction (1 

ml per day) was initiated on the same day. During the next three daily sessions (~20 

minutes each), thirst-motivated mice learned to lick for water on the lick port. Mice 

were provided a certain amount of water (~8 μl) per lick as detected on the lick port. 

Texture discrimination training was initiated on the next day (PO 12). For the whole 

training sessions, a target stimulus (rough-textured sandpaper [P] 80) for “go” trials 

and a non-target stimulus (smooth-textured P 2000) for “no-go” trials were randomly 

presented for a maximum of 2 seconds (Figure 26A-C). If the mice licked the port in 

the “go” trials (“Hits”), they were rewarded with water and the trials were 

immediately terminated. If the mice failed to lick within 2 seconds in the “go” trials 

(“Misses”), they were not rewarded. When the mice licked the port in the “no-go” 

trials (“False alarms”), they were punished with a time out accompanied by white 

noise and the trials were immediately terminated. If the mice did not lick the port in 

the “no-go” trials (“Correct rejections”), they were not punished. Go trial was 

presented as 90% probability for the first 3 days of training. Then, the go trial was 

presented as 50% probability for rest days of training.23,129 Daily training was 

comprised of 400 trials, and it was delivered in a series of 100 trials over four 

sessions to prevent mice from exhaustion and loss of motivation. Inter-trial interval 

was ~5 seconds. Texture discrimination training was conducted until each mouse 

reached the learning criterion (≥ 75% for at least two consecutive days).129 I trained 

for a maximum of 21 days, and if the animals could not reach the learning criterion 

within the given time, I considered the animal has failed to learn.  
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Figure 25. Experimental illustration of experimental procedures. 

 

(C) Discrimination ability test: rough or smooth vs. intermediate stimuli 

Once mice were trained to discriminate differences between rough and 

smooth surfaces, a series of intermediate stimuli (P 120, P 400, P 600, P 1000, P 

1200, and P 1500) was additionally introduced to qualitatively evaluate 

discriminability.44 A schematic illustration for the intermediate series of texture 

stimuli is shown in Figure 27 (A, B). The discrimination ability test was run for 2 
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days. The experimental order was as described in a previous study.44 On day 1, the 

mice had to detect differences between “smooth” and “intermediate” series. The mice 

were rewarded when licking during the intermediate stimuli and punished when 

licking during the smooth stimuli. On day 2, the mice had to detect differences 

between the series of “rough” and “intermediate” stimuli. The mice were rewarded 

when licking during the rough stimuli and punished when licking during the series of 

intermediate stimuli. To consider the learning effect derived from the order of 

presented stimuli, the sequential test was conducted from the most intense to the 

mildest difference between the stimuli. Intermediate stimuli were presented with a 

serial order of descending and ascending roughness on days 1 and 2, respectively. A 

single type of intermediate stimuli was tested in a single session. The number of trials 

for the discrimination ability test sessions were restricted to 10 because excessive 

trials could induce a learning effect during and between sessions. 

To rule out the effect of consecutive presentation of the intermediate stimuli 

and to investigate whether the learned discriminating ability could be maintained, the 

texture discrimination sessions with the smooth and rough stimuli were repeated 

before initiating the discrimination ability tests with intermediate stimuli.44 One 

session comprised of 10 trials was conducted.  

Following the completion of the discrimination ability assessment, about 

half of the mice of each group was assigned to the perceptual very long-term memory 

retention test and the remainder of the mice were measured for the TC synaptic 

potency and GABA/AMPA ratio. I illustrated the timeline of the experimental 

procedure in Figure 25. 

(D) Perceptual very long-term memory retention test: rough vs. smooth     

    stimuli 

To investigate the length of the perceptual very long-term memory retention 

in sham and IO mice, I conducted the perceptual very long-term memory retention 

test for 8 weeks. Forgetting criterion was defined as ≤60% correct for two 

consecutive weeks.129 I conducted the perceptual very long-term memory retention 
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test for one session per week. A single session was comprised of 10 trials to exclude 

additional learning effects derived from experience over numerous trials.   

(E) Data analysis  

To analyze perceptual strength to the stimuli, the percentage of correct trials 

was calculated as correct trials/(correct + incorrect trials) × 100 and the perceptual 

sensitivity index (d’) was calculated as Z (Hit rate) – Z (False alarm rate).54,113,114 For 

the calculation of d’, I analyzed sensitivity and 1-specificity. Sensitivity refers to the 

proportion of correct responses to the target stimuli (Hit rate, Hit/(Hit+Miss)). 

Specificity refers to the proportion of correct responses to the non-target stimuli 

(Correct rejection rate, Correct rejection/(Correct rejection+False alarm)). 1-

Specificity refers to the 1-Correct rejection rate which is the False alarm rate. I 

additionally analyzed the receiver operating characteristic (ROC) curves derived 

from d’, and calculated the area under the curve (AUC) of the ROC for the statistical 

comparison between the groups.55 Data for peri-event time histogram and pre-

stimulus lick rate analysis were calculated using custom MATLAB (MathWorks, 

Natick, MA, USA) scripts. 

 

      E. Ex vivo brain slice electrophysiology 

Following the completion of the behavioral assays, the TC slices (450-μm 

thick) were prepared for the trained mice. The resistance of the electrodes pipette was 

3–6 MΩ. The ventral posteromedial nucleus (VPM) of the thalamus was stimulated 

by a concentric bipolar electrode (FHC, Inc., Bowdoin, ME, USA). The barrel cortex 

was recognized as a distinct shape similar to a cask under low-power magnification 

and differential interference contrast (DIC) of optics.46 The barrel cortex was also 

identif ied through its ability to evoke short and constant latency field excitatory 

postsynaptic potentials (EPSPs) when VPM was stimulated.46 The neural activity of 

spiny stellate neurons in the L4 of the barrel cortex was recorded using whole-cell 

voltage-clamp under the condition of DIC optics and infrared illumination. The 

whole-cell recording solution comprised 8 mM NaCl, 135 mM cesium 

methanesulfonate, 10 mM HEPES, 0.5 mM EGTA, 0.3 mM Na-GTP, 4 mM Mg-
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ATP, and 5 mM QX-314 Cl (pH adjus ted to 7.25 with CsOH and 285 mOsm). 

The cells  w ere mediated at −70 mV and were maintained in these conditions 

throughout the recording sessions, unless otherwise specified. Whole-cell voltage-

clamp recording was conducted using a MultiClamp™ 700B (Molecular Devices, 

Sunnyvale, CA, USA). Neural signals were digitized at 10 KHz and filtered at 2 

KHz. Input and series resistances were continuously monitored during 

recording. 1 15 Excitatory postsynaptic currents (EPSCs) were considered as 

monosynaptic when they show ed a distinctive feature consisting in a short and 

constant latency. This feature was not altered b y increments of the stimulus 

intensity. Bo th t he TC EPSCs and EPSPs were induced through bipolar stimulation 

(0.1 Hz) of VPM. To investigate disynaptic feed-forward inhibition from the stellate 

cells (SCs), the ratio between gamma aminobutyric acid (GABA) type A receptor-

mediated inhibitory post-synaptic currents (IPSCs) and alpha-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA)-mediated EPSCs was measured.48,64 To 

evoke an EPSC (150-200 pA) in the SCs, the intensity of the stimulus was adjusted 

as a typical range (10–40 V). The peak amplitude from the AMPA receptor-mediated 

EPSC was recorded at −70 mV and the peak amplitude from the GABAA receptor-

mediated IPSC at 0 mV.48  

 

      F. Histology 

Brain of a mouse which was implanted with an osmotic pump filled with 

methylene blue was sliced to verify the spread width of the injected dye in the barrel 

cortex. In addition, to verify that the injection cannula was located near the C3 of the 

barrel cortex, brain sections were cut in a tangential plane and CO histochemistry 

was performed. To verify that the tip of the injection cannula was placed in the L4 

barrel cortex, the tip was electrically marked, brain sections were cut in a coronal 

plane, and processed with CO and Nissl staining. 

(A) CO histochemistry 

Upon completion of the LFP recording experiment, mice were overdosed 

with urethane (Sigma Aldrich) and perfused intracardially with phosphate-buffered 
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saline (PBS, 0.1 M, pH 7.4), a fixation solution comprising 2.66% paraformaldehyde 

(PFA), and 1.0% glutaraldehyde in 0.1 M sodium phosphate buffer (PB) before brain 

extraction. The brain was additionally fixed with the fixation solution for 1 hour. The 

cortex area, including the barrel cortex, was carefully separated and flattened in 

another fixation solution (4% sucrose, 2.66% PFA, and 1.5% glutaraldehyde in PB) 

overnight. The flattened brain tissue was tangentially sectioned in 75-μm slices using 

a vibratome (VT 1000S, Leica Biosystems Nussloch Gmbh, Nussloch, Germany), 

and washed in PB. The brain sections were incubated for 2–3 hours at 37 °C in a 

staining solution comprising 2 mg cytochrome C from equine heart and 0.5 mg 3,3’-

diaminobenzidine tetrahydro-chloride, with 0.4 mg/ml catalase (Sigma Aldrich) in 

PB.63,109 Lastly, the sections were dried and covered with a coverslip. 

(B) Nissl staining 

Upon completion of the recording session, electrolytic currents (10 μA, 20 

seconds) were passed through the tetrode tips to verify the electrode placement.105,110 

The mice were deeply anesthetized with an overdose of urethane (Sigma Aldrich) 

and perfused intracardially with PBS, followed by 4% PFA in PBS (pH 7.4). The 

brains were extracted and stored in 30% sucrose solution (in 4% PFA) for cryo-

protection. Brain tissues were instantly frozen and sectioned (50 μm) via microtome 

(SM2010R, Leica Biosystems Nussloch Gmbh, Germany). Transverse sections were 

taken around the lesions and placed on gelatin-coated slides. The slides were soaked 

in 70% ethanol for 5 minutes and stained in Prussian blue solution (2% potassium 

ferrocyanide [Sigma Aldrich] and 5% hydrochloric acid [Sigma Aldrich]) for 4–5 

minutes until a blue spot emerged around the lesion site. The slides were washed in 

1% sodium acetate solution (Sigma Aldrich) for 2 minutes and then washed in 

deionized water for 1 minute. To make cell bodies more permeable to the cresyl 

violet dye, the sections were rehydrated by submerging the slides in ascending 

ethanol concentrations. The slides were immersed into 100% and 90% ethanol for 30 

seconds each, and 70% and 50% ethanol for 1 minute each. The slides were washed in 

deionized water and stained in 0.25% cresyl violet acetate (C5042, Sigma Aldrich) 

solution for 5 minutes (Humason GL, 1972). The slides were dehydrated by immersing 
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the sections in ascending ethanol concentrations, namely 50% ethanol for 30 seconds, 

70% ethanol for 1 minute, and 90% and 100% ethanol for 2 minutes each. Then, the 

slides were submersed in xylene for 6 minutes. Finally, the slides were mounted using 

Permount mounting medium (SP15, Fisher Scientific, Fair Lawn, NJ, USA) and then 

coverslipped. 

 

      G. Statistical analyses 

The two-way repeated-measures of analysis of variance (ANOVA) were 

used to compare the dependent variables across sessions, followed by multiple 

comparisons with a Bonferroni’s post hoc test when necessary. In addition, 

independent t-tests were conducted to compare the two group values. For the cross-

correlation analysis between the TC synaptic efficacy or E/I balance and perceptual 

learning ability, discrimination ability, or perceptual very long-term memory 

retention ability, Pearson’s correlation coefficients were computed. Linear regression 

analysis was conducted to reveal additional information from the cross-correlation 

analysis or I/O slope analysis. All hypothesis testing underwent two-tailed tests. 

Means ± standard error of means (SEMs) were used. Statistical analyses were 

conducted using SPSS (version 25, IBM SPSS Statistics., Armonk, NY, USA). 

Graphs were made using GraphPad Prism (version 5.00, GraphPad Software, San 

Diego, CA, USA).  

 

   3. Results 

      A. IO mice learned the perceptual decision-making task effectively by  

         improving perceptual sensitivity to target stimuli 

When I measured the days on full task to criterion by dividing each group to 

learners and non-learners (Figure 26A-G), IO learners reached to the learning 

criterion (≥75% of correct trials, two consecutive days) faster than sham learners 

(sham learners: n=24, IO learners: n=30; t(52) = 2.86, p < 0.01) (Figure 26F). 

Proportion of non-learners was similar between sham and IO mice (sham non-

learners: n=10/34, IO non-learners: n=6/36; p > 0.05) (Figure 26G). To elucidate the 
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characteristics of the learning strategy, I analyzed perceptual sensitivity to the target 

stimuli and perceptual specificity to the non-target stimuli (Figure 26H-I). The fastest 

learner reached the learning criterion on training day 7, therefore the analysis of 

performance focused on the first 7 days of the training period, which was the early 

phase of learning. IO mice showed higher hit rate than false alarm rate compared to 

sham mice in the early phase of learning (sham group: n=34, F(1) = 2.62, p > 0.05, IO 

group: n=36, F(1) = 24.95, p < 0.001) (Figure 26H). As shown in Figure 26I, IO mice 

showed higher hit rate which may translate to higher perceptual sensitivity to the 

target stimuli, than sham mice in the early phase of learning (sham group: n=34, IO 

group: n=36; False alarm rate: t(68) = 0.66, p > 0.05, Hit rate: t(68) = 3.74, p < 0.001). 

In terms of d’, a perceptual sensitivity index of signal detection theory, IO mice 

showed better performance than sham mice (sham group: n = 34, IO group: n = 36; 

F(1) = 32.27, p < 0.001) (Figure 26J). When I compared average of d’ during PO 15-

18 in Figure 26K, IO mice also showed better performance than sham mice (sham 

group: n = 34, IO group: n = 36; t(68) = 5.58, p < 0.001). In addition, when I analyzed 

the receiver operating characteristic (ROC) curve (Figure 26L-M), IO mice showed 

significant improvement in discriminating performance compared with sham controls 

(sham group: n = 34, IO group: n = 36; t(68) = 2.44, p < 0.05) (Figure 26M). These 

results indicate that the enhanced primary TC input may be involved in the process of 

the perceptual decision-making. Also, the synaptic strength potentially influenced the 

performance of the perceptual decision-making. The improved performance of IO 

mice may be promoted by increased perceptual sensitivity to the target stimuli in the 

early phase of learning. 
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Figure 26. IO mice learned the perceptual decision-making task effectively by 

improving perceptual sensitivity to target stimuli. (A) Texture discrimination task 

using head-fixed mice. (B) Timeline of the texture discrimination training. (C) 

Schematic of Go and No-go paradigm. (D) Representative learning curves of sham 

and IO mice reaching learning criterion (≥ 75% correct on two consecutive learning 

assessment days within 21 full task days). (E) Cumulative histogram of number of 

days to reach learning criterion (sham group: n=34, IO group: n=36). (F) Among 

mice that learned the task, the number of days to criteria differed between sham and 
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IO mice (sham group: 14.75±0.63, n=24, IO group: 12.07±0.67, n=30; mean ± SEM; 

t-test; **p < 0.01). (G) The proportion of mice that did not learn within the 

assessment period did not differ between the groups (sham group: 29.00, n=10, IO 

group: 17.00, n=6; Fisher’s exact test; p > 0.05). (H) Lick probability of the sham and 

IO mice in the early phase of training (training day 1-7). Hit rate of IO group was 

higher than that of sham group (sham group: n=34, IO group: n=36; mean ± SEM; 

two-way ANOVA with post hoc Bonferroni’s test; **p < 0.01, ***p < 0.001). (I) 

False alarm rate did not differ between sham and IO mice (sham group: 0.43±0.03, 

n=34, IO group: 0.45±0.03, n=36; mean ± SEM; t-test; p > 0.05), but Hit rate differed 

between the groups (sham group: 0.52±0.03, n=34, IO group: 0.67±0.03, n=36; mean 

± SEM; t-test; ***p < 0.001) in the early phase of learning with 50% Go paradigm 

(training day 4-7). (J) Perceptual sensitivity index, d’, differed between sham and IO 

mice in the early phase of training (training day 1-7; sham group: n=34, IO group: 

n=36; mean ± SEM; two-way ANOVA with post hoc Bonferroni’s test; *p < 0.05, 

**p < 0.01, ***p < 0.001). (K) d’ differed between the groups during the early phase 

of learning with 50% Go paradigm (training day 4-7; sham group: 0.29±0.03, n=34, 

IO group: 0.72±0.07, n=36; mean ± SEM; t-test; ***p < 0.001). (L) Receiver 

operative characteristic (ROC) curves for sham and IO mice in the early phase of 

learning with 50% Go paradigm (training day 4-7). (M) Area under the curve for 

ROC curves in Figure 26L differed between sham and IO mice (sham group: 

0.61±0.01, n = 34, IO group: 0.66±0.02, n = 36; mean ± SEM; t-test; *p < 0.05). 

 

      B. IO mice discriminated intermediate stimuli effectively through  

         enhanced perceptual specificity to non-target stimuli  

In the discrimination ability test that mice licked to obtain water as reward 

when intermediate stimuli, the rougher surfaces compared to the smooth stimuli, was 

presented, IO mice showed a better discriminating performance than sham controls 

(Figure 27A-G). d’ of the IO group was significantly higher than that of the sham 

group (sham group: n = 21, IO group: n = 26; F(1) = 48.46, p < 0.001) (Figure 27D). 

When I averaged performance of intermediate versus smooth stimuli, IO mice 
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showed better performance than sham mice (sham group: n = 21, IO group: n = 26; 

t(45) = 6.96, p < 0.001) (Figure 27E). When I analyzed the ROC curve in Figure 27 (F, 

G), the area under the curve of the ROC curve also demonstrated that the 

performance of the IO mice was better than sham mice (sham group: n = 21, IO 

group: n = 26; t(45) = 6.03, p < 0.001) (Figure 27G). As shown in Figure 30H and I, in 

the discrimination ability test that mice had to lick to obtain water as reward when 

the rough stimuli were presented, IO group showed higher level of performance than 

sham group (sham group: n = 21, IO group: n = 26; F(1) = 48.13, p < 0.001) (Figure 

27I). IO mice discriminated rough stimuli from the intermediate stimuli better 

compared to sham mice (sham group: n = 21, IO group: n = 26; t(45) = 6.94, p < 

0.001). (Figure 27J). When I analyze ROC curve in Figure 27 (K, L), IO mice 

showed higher performance than sham mice (sham group: n = 21, IO group: n = 26; 

t(45) = 5.77, p < 0.001) (Figure 27L). 
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Figure 27. IO mice discriminated intermediate stimuli effectively through 

enhanced perceptual specificity to non-target stimuli. (A) Timeline of perceptual 

discrimination ability test. (B) Illustration of intermediate stimuli that used in the 

perceptual discrimination ability test. Number means roughness of sandpaper surface. 

Smaller numbers indicate rougher surfaces. (C) Illustration of discrimination ability 

test comparing intermediate and smooth stimuli. Intermediate stimuli were paired 

with water reward. (D) d’ of comparison of each intermediate versus smooth surface 

(sham group: n = 21, IO group: n = 26; mean ± SEM; two-way ANOVA with post 

hoc Bonferroni’s test; **p < 0.01, ***p < 0.001). (E) d’ between the groups differed 

(sham group: 0.83±0.18, n = 21, IO group: 3.04±0.25, n = 26; mean ± SEM; t-test; 

***p < 0.001). (F) ROC curves of sham and IO mice. (G) AUC of the ROC curves 

differed between the groups (sham group: 0.69±0.04, n = 21, IO group: 0.94±0.02, n 

= 26; mean ± SEM; t-test; ***p < 0.001). (H) Illustration of discrimination ability 

test comparing rough and intermediate stimuli. Rough stimuli was paired with water 

reward. (I) d’ of comparison of rough versus each intermediate surface (sham group: 

n = 21, IO group: n = 26; mean ± SEM; two-way ANOVA with post hoc 

Bonferroni’s test; **p < 0.01, ***p < 0.001). (J) d’ between the groups did not differ 

(sham group: 1.45±0.25, n = 21, IO group: 3.37±0.15, n = 26; mean ± SEM; t-test; 

***p < 0.001). (K) ROC curves of sham and IO mice. (L) AUC of the ROC curves of 

the groups did not differ (sham group: 0.69±0.04, n = 21, IO group: 0.98±0.00, n = 

26; mean ± SEM; t-test; ***p < 0.001). 

 

Additionally, I analyzed discrimination performance within groups (Figure 

28A, B). Sham mice discriminated only the rough stimuli well from the intermediate 

stimuli mice (sham group: n = 21; t(40) = 2.02, p < 0.05) (Figure 28A). However, IO 

mice discriminated both stimuli well from the intermediate stimuli mice (IO group: n 

= 26; t(50) = 1.14, p > 0.05) (Figure 28B). Taken together, these results infer that the 

target stimuli that were associated with water reward were relatively easy compared 

to the non-target stimuli in both sham and IO mice. These results imply that 

improvement of the perceptual decision-making performance in IO mice may be due 
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to the enhanced perceptual specificity to the non-target stimuli as well as enhanced 

perceptual sensitivity to the target stimuli.  

 

 

 

Figure 28. Performance for sham and IO mice in discrimination ability test. (A) 

In sham mice, d’ of each comparison between intermediate and rough was higher 

than that of comparison between intermediate and smooth stimuli (I vs. S: 0.83±0.18, 

n = 21; R vs. I: 1.45±0.25, n = 21; mean ± SEM; t-test; *p < 0.05). (B) IO mice 

discriminated smooth stimuli from intermediate stimuli at a similar lever of rough 

stimuli from intermediate stimuli (I vs. S: 3.04±0.25, n = 26; R vs. I: 3.37±0.15, n = 

26; mean ± SEM; t-test; p > 0.05).  

 

      C. Perceptual very long-term memory retention ability was enhanced in  

         IO mice  

Long-term memory is usually defined in contrast to short-term memory 

which persist for about 30 seconds.130,131 This long-term memory can be extremely 

prolonged in certain circumstances. For example, Bahrick et al. tested 392 high 

school graduates for the memory of names and portraits of classmates selected from 

yearbooks.132 Results showed that identification and matching of names and faces 

remained approximately 90% correct for at least 15 years, even for members of very 

large classes. These results indicated long-term memory can be extremely prolonged 

during school age which is still within the critical period during which the long-term 

TC synaptic plasticity is still activated. Therefore, it is possible that the long-term 

memory acquired in IO mice can be maintained for a longer time than sham controls. 
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To test this possibility, I investigated the duration of perceptual very long-term 

memory retention in IO mice in which the long-term TC synaptic plasticity is 

reactivated (Figure 29A-F). The perceptual very long-term memory of IO group 

retained longer than that of sham group (sham group: n = 9, IO group: n = 9; F(1) = 

57.87, p < 0.001) (Figure 29C). When weeks to reach the forgetting criterion (≤60% 

of correct trials, for two consecutive weeks) were analyzed (Figure 29D-F), IO mice 

retained perceptual very long-term memory longer compared to sham mice (sham 

group: n = 9, IO group: n = 9; t(9) = 10.29, p < 0.001) (Figure 29E). A proportion of 

mice that retained perceptual very long-term memory was significantly higher in IO 

group compared with sham group (sham group: n = 1/9, IO group: n = 6/9; p < 0.05) 

(Figure 29F). These results indicate that activation of the long-term TC synaptic 

plasticity may have contributed to the perceptual very long-term memory retention 

ability in the perceptual decision-making learning during adulthood. 

 

 

 

Figure 29. Perceptual very long-term memory retention ability was enhanced in 

IO mice. (A) Timeline of perceptual very long-term memory retention test. (B) 

Representative forgetting curves of mice reaching forgetting criterion (forgetting 
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criterion: ≤60% correct on two consecutive weeks). (C) Perceptual very long-term 

memory of IO mice retained longer than that of sham mice (sham group: n = 9, IO 

group: n = 9; mean ± SEM; two-way ANOVA with post hoc Bonferroni’s test; *p < 

0.05, **p < 0.01, ***p < 0.001). (D) Cumulative histogram of number of weeks to 

reach forgetting criterion. (E) The number of weeks to criteria differed between sham 

and IO mice (sham group: 2.88±0.30, n = 9, IO group: 8.00±0.00, n = 9; mean ± 

SEM; t-test; ***p < 0.001). (F) The percentage of mice that retained perceptual very 

long-term memory during the assessment period (8 weeks) in both the groups (sham 

group: 11.11, n = 1/9, IO group: 66.67, n = 6/9; Fisher’s exact test; ***p < 0.001). 

 

      D. Perceptual decision-making abilities are intimately correlated with the  

         TC synaptic efficacy in the barrel cortex  

To investigate the direct relationship between synaptic strength of the TC 

circuit and the perceptual decision-making abilities, the TC synaptic function was 

analyzed by measuring the TC synaptic efficacy and the ratio of the TC IPSC and 

EPSC (GABA/AMPA ratio) was also analyzed by using brain slice whole-cell patch-

clamp recordings (Figure 30A-C). The potency of the TC EPSC was significantly 

increased in IO mice compared with sham controls (sham group: n = 8, IO group: n = 

10; t(16) = 3.71, p < 0.01), with no alteration in the GABA/AMPA ratio (sham group: 

n = 7, IO group: n = 8; t(13) = 0.51, p > 0.05) (Figure 30D–G).  

Then, I analyzed the correlation between the TC synaptic potency and 

perceptual learning abilities. As shown in Figure 30H, the TC synaptic potency was 

significantly correlated with days to reach learning criterion (sham group: n = 8, IO 

group: n = 10; r = 0.73, p < 0.01). I also observed a significant correlation between 

the TC synaptic efficacy and discrimination ability when the smooth stimuli were 

compared with the rougher intermediate surfaces (sham group: n = 7, IO group: n = 

10; r = 0.53, p < 0.05) (Figure 30I). In addition, the TC synaptic potency was 

significantly correlated with perceptual discrimination ability when rough stimuli 

were compared with smoother intermediate surfaces (sham group: n = 7, IO group: n 

= 10; r = 0.65, p < 0.01) (Figure 30J).  
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Figure 30. Perceptual decision-making abilities are intimately correlated with 

the TC synaptic efficacy in the barrel cortex. (A) Timeline of experimental 

procedure. (B) TC brain slice patch clamp recording setup. (C) Schematic illustration 

of the TC monosynaptic excitation and disynaptic inhibition pathways and patch-

clamp recording on SCs in the L4 barrel cortex. (D) Representative TC EPSC traces 

evoked by minimal stimulation in the sham and IO groups. (E) The averaged potency 

of the TC EPSCs in the sham and IO groups (sham group: 19.52±3.17, n = 8, IO 

group: 46.03±5.84, n = 10; mean ± SEM; t-test; **p < 0.01). (F) Representative 

traces of GABAA receptor-mediated TC inhibitory postsynaptic currents (IPSCs) at 0 

mV holding potential and AMPA receptor-mediated TC EPSCs at −70 mV evoked 

by ventral posteromedial nucleus (VPM) stimulation in the stellate cells (SCs) of the 

L4 barrel cortex in the sham and IO groups. (G) Summary of average ratio of the TC 
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GABAA receptor-mediated IPSC amplitude to the TC AMPA receptor-mediated 

EPSC (GABA/AMPA ratio) in SCs of the L4 barrel cortex for the two groups (sham 

group: 6.95±0.38, n = 7, IO group: 6.58±0.59, n = 8; mean ± SEM; t-test; p > 0.05). 

(H) Scatterplots of the cross-correlation between the TC synaptic potency and days to 

learning criterion in sham and IO mice (sham group: n = 8, IO group: n = 10; 

Pearson’s correlation coefficients test; **p < 0.01). (I) Scatterplots of the cross-

correlation between the TC synaptic potency and percentage of correct trials during 

the discrimination ability test (S vs. I) (sham group: n = 7, IO group: n = 10; 

Pearson’s correlation coefficients test; *p < 0.05). (J) Scatterplots of the cross-

correlation between the TC synaptic potency and percentage of correct trials during 

discrimination ability test (R vs. I) (sham group: n = 7, IO group: n = 10; Pearson’s 

correlation coefficients test; **p < 0.01). 

 

   4. Discussion 

Findings in part 3 support that the enhanced TC synaptic strength may affect 

the abilities of perceptual learning, perceptual discrimination, and perceptual very 

long-term memory retention leading the optimal decision-making. These behavioral 

performances were closely correlated with the excitatory synaptic strength of the TC 

input in the somatosensory cortex. Furthermore, the performance of the perceptual 

decision-making could be modulated by manipulating the synaptic plasticity of the 

primary TC input during the post-critical period. 

In spite of the demonstrated contribution of S2 to the perceptual decision-

making process,5-7 S1 plays an important role in the processing of sensory input, 

which is essential for sensory perception.2,16,17 Indeed, neural activity in S1 may 

affect the activity of the subsequent neural pathways including S2, M1, and mPFC, 

which are involved in valuation and decision-making processes.4,117 However, the 

major contributor to the perceptual decision-making remains to be fully identif ied. 

One of the many obstacles for addressing this issue is difficulty in manipulating S1 

cortical plasticity during adulthood, due to the lack of an effective animal model for 

evaluating the relationship between S1 neuronal function and the perceptual decision-
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making. According to recent studies, the primary TC input in S1 can become plastic 

by manipulating peripheral sensory input even after the critical period.25,26 which 

allowed me to develop an effective animal model.  

Several studies offer theoretical support to our notion of S1 as being a key 

node in the S1–M1, S1–S2, and S1–mPFC neural network related to decision-making. 

S1 is reciprocally connected with M1 through feed-forward projections from S1 to 

M1118-120 as well as feedback projections from M1 to S1.119,121 This elaborate S1–M1 

loop involves the dynamic processing of sensorimotor integration in whisker-

dependent perceptual learning, such as in the object localization task.10,117,122-124 S1 

also communicates with S2 through a non-canonical feedback pathway.8,9 S1–S2 

communication plays a crucial role in whisker-dependent perceptual decision-

making.19,125-127 In addition, when the prelimbic (PL) area of mPFC is involved in the 

regulation of the decision-making process, neural activity in the PL shows coherence 

with neural oscillation in S1.128 Overall, S1 may mediate decision-making ability by 

intimately communicating with perceptual learning-related areas such as M1, S2, and 

mPFC.  

As I mentioned introduction, the part 3 aimed to mend shortcomings of the 

part 2. First, the poor performance of the sham group may be due to the training time 

for each day and total number of training days for the animals.18,23 To overcome this, 

I trained the animals more intensively by increasing the number of trials so that it is 

still possible that sham mice could learned the task with a longer training time. To 

test this possibility, I augmented training intensity by increasing the number of 

training trials per day. As shown in Figure 26, sham mice did succeed to learn the 

texture discrimination task effectively, consistent with the previous reports.23,75 

Second, it was questionable that the air puff could stimulate sensitive 

whiskers of the IO mice due to the TC synaptic reactivation. They may have 

discriminated non-target stimuli from the target stimuli better than sham mice. To 

exclude the influence of the air-puff on the whisker-used somatosensory perception, I 

change the air puff strategy to time-out based one for punishment against false-alarm 
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performance during the texture discrimination task because the time-out based 

punishment does not affect whisker performance physically .  

Third, I compared that how long this perceptual very long-term memory 

which was established during the texture discrimination task can be maintained in 

both mice. To address this question, I focused on the role of synaptic plasticity on 

perceptual very long-term memory by observing mice for 2 months. IO mice retained 

perceptual memory much longer than sham mice (Figure 29). The stable and long-

lasting perceptual memory of the IO mice may be related with the TC synaptic 

plasticity reactivation.  
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Ⅴ. GENERAL DISCUSSION 

 

When I focused on the relationship between the TC input and the perceptual 

decision-making ability, the TC synaptic GABA/AMPA ratio and the TC synaptic 

potency were intimately related to the perceptual decision-making. More specifically, 

using behavioral study techniques, my research has provided clear evidence on the 

critical role of the TC input during the learning dynamics of perceptual decision-

making. When the TC input malfunctioned by pathological sequelae in IVH model, 

perceptual decision-making ability decreased. However, when the TC input was 

restored by MSC transplantation, perceptual decision-making ability was recovered. 

In addition, when the TC synaptic efficacy was improved by the reactivation of the 

TC synaptic plasticity in IO model, perceptual learning ability, perceptual 

discrimination ability, and perceptual very long-term memory retention ability were 

increased. Altogether, the current studies provide solid evidence that cognitive 

function could be controllable through the modulation of the primary sensory 

plasticity in IO or IVH animal model which is a classical Hebbian or a pathological 

homeostatic plasticity model. 
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Ⅵ. CONCLUSION 

 

 In part 1, I have provided direct scientific evidence that the suppression in 

the TC FFI plays a crucial role in cognitive dysfunction by IVH via a detailed 

analysis of the GABA/AMPA ratios at the TC inputs and learning behaviors through 

sensory-guided decision making using the O-maze. Furthermore, the synaptic 

alterations of the TC inputs by IVH may be due to the suppression of Hebbian TC 

plasticity by TNFα over-expression during the critical period, which can effectively 

be reversed by the transplantation of MSCs in neonatal IVH rats.  

In part 2 and 3, I identified the direct relationship between the primary 

sensory input and the perceptual decision-making by combining electrophysiological 

measurements and behavioral assessments. The primary TC synaptic strength 

affected perceptual learnability as well as perceptual discrimination ability and 

perceptual very long-term memory retention ability, which can lead to optimal 

decision-making. In addition, the perceptual decision-making capacity was closely 

correlated with the TC synaptic efficacy. Overall, this study may provide theoretical 

evidence that the primary TC input determines the perceptual decision-making during 

adulthood. 
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ABSTRACT (IN KOREAN) 

 

시상피질 입력의 장기 시냅스 가소성이 지각적 의사결정에 미치는 

영향 

 

<지도교수 정승수> 

 

연세대학교 대학원 의과학과 

 

지혜수 

 

 

최적의 의사결정은 감각 정보의 효과적인 처리에 필수적인 역할을 

하는 일차감각피질에 의존한다. 하지만, 감각 입력과 지각적 의사결정 

사이의 관계를 설명하는 상세한 시냅스 메커니즘에 대한 연구는 아직 

부족하다. 왜냐하면 적절한 동물 모델이 확립되지 않았기 때문이다. 

따라서, 본 연구에서는 시상피질(thalamocortical, TC) 시냅스 기능이 

저하된 신경병증 동물 모델과 TC 시냅스 효능이 강화된 동물 모델에서 

TC 시냅스 가소성이 지각적 의사결정에 미치는 영향을 규명하고자 

하였다. 

첫 번째 연구에서는 TC 시냅스 기능이 저하된 동물 모델인 

신생아 뇌실내 출혈(intraventricular hemorrhage, IVH) 동물 모델에서 

인지기능 저하에 대한 TC 시냅스 기능 장애의 관련성과 중간엽 

줄기세포(mesenchymal stem cell, MSC) 이식을 통한 TC 시냅스 

가소성의 회복 효과를 규명했다. 심각한 IVH 동물 모델은 후유증으로 
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인지 장애와 같은 장기적인 신경학적 결손을 유발하는 것으로 알려져 

있다. 최근 뇌실 내 MSC 이식이 중증 IVH 를 치료할 수 있는 잠재적 

치료법으로 주목받고 있다. 그러나, 그 병리학적 시냅스 메커니즘은 

여전히 파악하기 어렵다. 따라서, 뇌 절편 패치 클램프 기술을 사용하여 

IVH 모델의 TC 시냅스 메커니즘을 규명했다. 그 결과, TC 입력에서 feed 

forward inhibition (FFI) 회로를 억제함으로써 체성감각 정보의 통합이 

크게 왜곡되어 있었다. 이것은 임계 기간 동안 종양 괴사 인자-α (tumor 

necrosis factor-α, TNF-α) 발현의 증가를 통한 헤비안 가소성(Hebbian 

plasticity)의 억제에 의해 유도되며, MSC 이식에 의해 효과적으로 

회복되었다. 또한, 수염을 이용한 질감 식별 과제(texture discrimination 

task)에서 MSC 를 이식한 IVH 모델이 인지 기능이 효과적으로 

회복되었다. 

두 번째 연구에서는 TC 시냅스 효능이 강화된 동물 모델에서 

지각적 의사결정에 대한 TC 시냅스 가소성의 영향을 규명했다. 최근 우리 

연구실에서 임계 기간 이후에도 TC 시냅스 효능을 조절할 수 있는 

모델인 안와하 신경 절개(infraorbital nerve denervation, IO) 동물 모델을 

개발했다. 이 IO 마우스 모델을 사용하여 일차체성감각피질의 TC 시냅스 

효능과 지각적 의사결정 간의 직접적인 관계를 규명했다. 수염을 이용한 

질감 식별 과제에서 IO 마우스는 표적 자극에 대한 지각적 

민감도(perceptual sensitivity)와 비표적 자극에 대한 지각적 

특이성(perceptual specificity)을 개선함으로써 향상된 지각적 의사결정 

능력을 나타냈다. 뇌 슬라이스 패치 실험 결과, 이러한 지각적 의사결정 

능력은 TC 시냅스 효능과 밀접한 상관관계가 있었다. 

세 번째 연구는 두 번째 연구의 부족한 점을 보완하기 위해 

수행되었다. 첫째, sham 마우스가 학습 능력이 낮은 이유는 훈련 양이 

부족했기 때문일 수 있다. 둘째, 공기분사는 IO 마우스의 민감해진 수염에 
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영향을 줄 수 있다. 셋째, IO 마우스의 지각적 기억 유지 능력에 대한 

연구가 추가적으로 필요했다. 따라서, 세 번째 연구에서는 일일 훈련 양을 

늘려 더욱 집중적으로 동물을 훈련시켰고, 공기분사 대신 타임아웃을 

적용하였으며, 기억 파지(retention) 검사를 수행했다. Sham 집단은 IO 

집단에 비하면 여전히 느리긴 하지만 집중 훈련을 통해 지각적 의사결정 

학습에 성공했다. 또한, 타임아웃을 사용하여 훈련시켰을 때도 공기분사를 

사용했을 때와 마찬가지로 IO 마우스가 sham 마우스보다 더 나은 

수행능력을 보였다. 마지막으로, IO 마우스는 sham 마우스에 비해 매우 

오랜 기간 동안 지각적 기억을 유지했다. 위의 연구들을 종합해 보았을 때, 

TC 입력은 지각적 의사결정에 있어서 매우 중요한 역할을 수행한다. 
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