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The transformation of the information stored in the working memory into the system of long-term memory depends on the physiological mechanism, long-term potential (LTP). In a large number of experimental studies, theta-burst stimulation (TBS) and high-frequency stimulation (HFS) are LTP induction protocols. However, they have not been adapted to the model related to memory. In this paper, the improved Camperi–Wang (C–W) model with Ca2+ subsystem-induced bi-stability was adopted, and TBS and HFS were simulated to act as the initial stimuli of this working memory model. Evaluating the influence of stimuli properties (cycle, amplitude, duty ration) on memory mechanism of the model, it is found that both TBS and HFS can be adopted to activate working memory model and produce long-term memory. Moreover, the different impacts of two types of stimuli on the formation of long-term memory were analyzed as well. Thus, the importance of this study lies firstly in describing the link and interaction between working memory and long-term memory from the quantitative view, which provides a theoretical basis for the study of neural dynamics mechanism of long-term memory formation in the future.
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INTRODUCTION

Memory is an advanced cognitive function of the brain as well as a basic step in human thinking, thus becoming an important research topic in neural information processing. Hermann Ebbinghaus, who first studied memory, indicated that stable memory can be achieved through the duplication of the memory object (Ebbinghaus, 1913). Afterwards, neuroscientists classified the memory according to the memory properties. There are three memory systems widely studied and these include long-term memory, short-term memory, and working memory.

Researchers from different perspectives have given different ideas on the relationship between short-term memory and working memory. Baddeley et al. supposed that working memory is a system with multiple components, which can store and process the information in short-term memory (Baddeley et al., 1975); Engle et al. proposed that working memory refers to attention-related parts of short-term memory (Engle, 2002). Many studies have focused on working memory (Daneman and Carpenter, 1980; Conway et al., 2001; Kane et al., 2001; Colliaux et al., 2009), because working memory has been found to correlate with intellectual aptitudes better than short-term memory as well as any other particular psychological process. For example: Daneman and Merikle found that combining the information stored and processed by working memory can predict language comprehension well (Cowan, 2008). Cowan believed that working memory has been defined in three different ways: as short-term memory applied to cognitive tasks, as a multi-component system that holds and manipulates information in short-term memory, and as the use of attention to manage short-term memory. That is to say, working memory includes short-term memory and other processing mechanisms that help to make use of short-term memory (Daneman and Merikle, 1996). Based on the perspectives of different researchers and the comparison of the functional characteristics of short-term memory and working memory, it is more helpful to study the mechanism of memory formation with working memory.

The differences between long-term memory and short-term memory are as follows: (1) short-term memory demonstrates temporal decay and chunk capacity limits (Tarnow, 2010); (2) long-term memory demonstrates memory time for more than a minute or even a lifetime without capacity limits (Daneman and Carpenter, 1980). Cowan pointed out the relationship between short-term memory and long-term memory. He considered that short-term memory is derived from a temporarily activated subset of information in long-term memory, and if the activated subset is not refreshed, it may decay over time (Cowan, 1988, 1995, 1999, 2001). In other words, if the information stored in short-term memory is further activated, it may form long-term memory (Tarnow, 2009).

Based on what have been discussed in relation to long-term memory, short-term memory and working memory, we consider that the information held in working memory can be transformed into long-term memory after rehearsal, coding, and linking to individual experience. The formation mechanism of long-term memory is long-term potentiation (LTP). Cooke et al. proposed that LTP and long-term memory have a lot in common. For example, both can be rapidly induced, both depend on the synthesis of new proteins and both can last for several months. Based on these factors, LTP can be the best candidate to study cell mechanism (Cooke and Bliss, 2006; Leleu and Aihara, 2012).

Stimuli with different properties possess different functions (Haab et al., 2011; Ishino and Sakurai, 2014). In so many experiments, theta-burst stimulation (TBS) and high-frequency stimulation (HFS) are LTP induction protocols (Otto et al., 1991; Yun et al., 2002; Sweet et al., 2014). TBS is a repeating pattern of short burst of pulses (e.g., 4 pulses at 100 Hz) with brief pauses (~200 ms) between bursts (Perez et al., 1999). HFS is a repeating pattern consisting of a 1 s train of pulses delivered at 100 Hz, which is often repeated with intervals up to several seconds long (Yun et al., 2002). Previous researches have shown that magnitude of LTP is affected by some factors such as frequency, number of pulses, and stimulus intensity. Hernandez et al. compared the impact of TBS and HBS with the same pulse number on LTP in the system, and studied the impact of the increase in pulse number on LTP (Hernandeza et al., 2005).

In this paper, our studies are based on C–W model with Ca2+ subsystem-induced bi-stability (Fall and Rinzel, 2006). The C–W model is proposed by Camperi and Wang (1998), aiming to model and simulate the working memory activity during memory-guided oculomotor delayed-response experiment by Funahashi et al. (1989). In C–W model, bi-stability is controlled by the current equation and parameters. After that, Fall and Rinzel replace the intrinsic conditional bi-stability in C–W model with an intracellular Ca2+ subsystem which is of physiological significance. The simulation results from C–W model with Ca2+ subsystem-induced bi-stability are found to be in good agreement with the experimental results from the study of working memory by Funahashi et al. Based on C–W model with Ca2+ subsystem-induced bi-stability, we adjusted the initial stimulus current in the model into the forms of TBS and HFS, and assessed the impacts of these two kinds of initial stimulus current on memory mechanism of the model by control variate method. Furthermore, TBS and HFS were applied to the model for inducing long-term memory, and the effects of long-term memory induced by the two kinds of stimuli protocols with the identical pulse number were compared. The research reveals how to form long-term memory with two kinds of LTP induction protocols on the basis of working memory, thus providing the basis for the study of the formation mechanisms of long-term memory.

MODELS AND METHODS

We adopted the use of C–W model with Ca2+ subsystem-induced bi-stability (Funahashi et al., 1989) and the improvements of firing-rate network proposed by Liang et al. (2010). Liang et al. substituted the linear function of the firing rate in traditional firing-rate network model for the non-linear cubic function of the firing rate, which simplified the model, maintaining the simulation effects. Therefore, this model was adopted to study the impacts of the characteristics of initial stimulus current on the memory mechanism of the model.

The network consists of N neurons, each labeled by its preferred cue location or memory field θi with range from −π to π. In this limit, the equation of the firing rate r(θi, t) is:
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where τr is the time constant. The function f(r) and g(I) stand for the intrinsic properties of the neuron. By setting dr/dt = 0, the steady state of this system can be obtained, thereby the neuronal input-output relation is r = g(I). The piece-wise linear function form of g(I) is as follows:
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The total input to each neuron I consists of an external input Iext for the transient cue and a recurrent synaptic input Isyn. Considering that Ca2+ release might increase the efficacy of synaptic input; therefore the input I is represented as:
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where NCa represents intracellular Ca2+ concentration. The external input Iext contains a constant bias input I0 and a cue stimulus:
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The variable θ0 represents the cue position and pcontrols the width of cue stimulus. Constant Icue was taken as 1 during 1–1.5 s, but as 0 in the rest of the time range in the previous work. Here, we define Icue as the forms of HFS and TBS, which are simulated with the cycle of the square signal. In this work, function “square” in Matlab was used to make the square signal with a specific frequency, amplitude, and duty ration. Specifically, the initial HFS was simulated as follows: The frequency of square signal was set as 130 Hz. The range of amplitude was 0–1; The duty ration was 20%; The sustaining 1-s-activity with the starting time at 1 s was defined as one cycle (consisting of 130 pulses). The initial TBS was simulated as follows: The frequency of square signal was set as 200 Hz; The range of the amplitude was 0–1 and the duty ration was 20%; It was sustained for 0.05 s with the starting time at 1 s (consisting of 10 pulses) and the interval period of 1.05–1.2 s (the signal value was 0 during interval period). The activity of 1–1.2 s was defined as a cycle and then repeated for five cycles (consisting of 50 pulses).

The synaptic input Isyn is given by convolution over the weights and firing rates:
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The static connectivity weight W between two neurons has an inhibition form which is given by:
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where constants WI and WE represent the strengths of the inhibitory and excitatory interactions, respectively. ΔW is the amendment of the synaptic weights. It is given by:

[image: image]

Here, τw is the time constant and k is the proportional coefficient.

The dynamic function of Ca2+ subsystem mainly depends on the level of the second messenger inositol 1,4,5 trisphosphate (IP3), in which NIP3 represents IP3 concentration. Thus, a balanced equation for the evolution of Ca2+ concentration includes release of Ca2+ concentration through the IP3R (IP3 sensitive Ca2+ channel) into the cytosol (JIP3R), removal of Ca2+ concentration induced by the reuptake of SERCA pumps from the cytosol (JSERPM), a leak flux concentration from the endoplasmic reticulum (ER) to the cytosol (JLeak) and an important contribution to Ca2+ influx concentration from network activity (Jsyn).
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where h represents the proportion of IP3R's not inactivated by NCa, and NCaER represents the Ca2+ concentration through ER. The gating relation m∞ is the fast activation and α is the proportional coefficient.

In this paper, we simulated the process of transformation from working memory to long-term memory using Matlab (R2011b) with a time step of 0.001 s. The number of neurons was 128. The parameter value, IP3 = 0.562, which ensured the bi-stability of Ca2+ subsystem was used. Unless otherwise indicated, other parameter values were identical to those used in the model by Liang et al. (2010), which are shown in Table 1.

Table 1. Model parameters.
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We investigated the effect of the properties (cycle, amplitude, and duty ration) of the two types of stimulus (TBS and HFS) on memory performance using control variate method, in which the duration of each pulse was proportional to duty ration of stimulus; stimulation time was proportional to cycle and stimulus intensity was proportional to amplitude. Moreover, the frequencies of these two kinds of stimulus were set to meet the form of TBS and HFS. Thus, the stimuli can be studied as potential mechanisms for the formation of long-term memory. We hoped to transform working memory into long-term memory in the model by adjusting the comprehensive effect of stimulus (TBS, HFS) properties, so as to further analyze the impact of the properties of the two kinds of stimuli on long-term memory and compare their differences.

RESULTS

The initial form of TBS studied in this paper is shown in Figure 1. It consisted of ten pulses at 200 Hz repeated with 200 ms inter-burst-intervals in which cycle was 5, amplitude was 1, and duty ration was 50%. Some parameters remained unchanged including: stimulus frequency 200 Hz; pulse number of each cycle 10; cycle interval 200 ms. However; cycle, amplitude, and duty ration were adjusted according to the control variate method, so as to evaluate the impact of these three stimuli properties on the memory model.


[image: image]

FIGURE 1. Initial form of TBS. TBS consisted of ten pulses at 200 Hz repeated with 200 ms inter-burst-intervals in which cycle was 5, amplitude was 1, and duty ration was 50%.



First, TBS was set as amplitude 1.8 and duty ration 50%. Comparing the differences in network activities under the circumstances of stimulus cycle 10 and 30, the impact of stimulus cycle on memory performance could be revealed. Three-dimensional maps of the network activity with memory field θ and time t are shown in Figures 2A,C, in which Figure 2A shows cycle 10 and Figure 2C shows cycle 30. The duration of network activities reflects memory maintaining time. It is shown that with the increase of stimulus cycle, the maximum firing rate of network activities grew and memory maintaining time delayed. In order to gain insight into the relation between the increase, decrease and sustained process of firing rate and the time, the projection of Figures 2A,C in the plane time-r are shown in Figures 2B,D. This clearly demonstrates that the maximum of neuron firing rate increased from 6 (Figure 2A) to 10 (Figure 2B), and the period of network activities with sustained high firing patterns extended to 6 s. In Figures 2–6, 8–12 mentioned in the later paper, the right figures (Figures 2B,D) are the projections of the left figures in the plane time-r, thus special instructions were not mentioned afterwards.
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FIGURE 2. Effect of TBS cycle on memory performance. (A) Space-time plots of the firing activity with amplitude 1.8, duty ration 50%, and cycle 10. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with amplitude 1.8, duty ration 50%, and cycle 30. (D) The projection of (C) in plane time-r.



Then, TBS was set as cycle 30, duty ration 50%. Comparing the differences in network activities under the circumstances of stimulus amplitude 1.6 (Figure 3A) and 1.8 (Figure 3C), the impact of stimulus amplitude on memory performance could be revealed. It is shown that with the increase of stimulus amplitude, the maximum firing rate of network activities grew and memory maintaining time delayed. The right side of Figure 3 shows that the maximum of neuron firing rate increased from 9 (Figure 3B) to 10 (Figure 3D), and the period of network activities with sustained high firing patterns extended from 21 to 22 s.
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FIGURE 3. Effect of TBS amplitude on memory performance. (A) Space-time plots of the firing activity with cycle 30, duty ration 50%, and amplitude 1.6. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with cycle 30, duty ration 50%, and amplitude 1.8. (D) The projection of (C) in plane time-r.



Lastly, TBS was set as cycle 30 and amplitude 1.4. Comparing the difference in network activities under the circumstances of stimulus duty ration 65% (Figure 4A) and 80% (Figure 4C) revealed the impacts of stimulus amplitude on memory performance. It is shown that the duty ration changed firing pattern of network activities for a short period. This occurred after network had reached the maximum firing rate, and memory maintaining time delayed. Figure 4D clearly shows that the peak of neuron firing rate exceeded 12 and sustained high firing rate for 2 s after reaching the peak; memory time exceeded 4 s compared to Figure 4B.
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FIGURE 4. Effect of TBS duty ration on memory performance. (A) Space-time plots of the firing activity with TBS properties of cycle 30 amplitude 1.4, and duty ration 65% (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with TBS properties of cycle 30, amplitude 1.4, and duty ration 80%. (D) The projection of (C) in plane time-r.



Study shows that adjusting the properties (cycle, amplitude, and duty ration) of TBS would change the network firing pattern, so as to impact to some extent on the memory time in the model. Therefore, adjusting the comprehensive effect of the three kinds of stimuli properties of TBS could transform working memory to long-term memory. Stimulus properties were first set as cycle 30, amplitude 1.8, and duty ration 50% to generate a network firing pattern (Figure 5A) and its corresponding projection in plane time-r (Figure 5B). The memory time was 21 s, indicating that it belongs to working memory. Then, setting stimulus properties as cycle 30, amplitude 1.9, and duty ration 50% generated network firing pattern (Figure 5C) and its corresponding projection in plane time-r (Figure 5D). The memory time was 70 s, and it met the requirements of long-term memory for time (more than 60 s). That is to say that, when the stimulus was set as cycle 30 and duty ration 50%, amplitude 1.9 was the critical value to produce long-term memory for the model. Therefore, analyzing the comprehensive effect of three properties of TBS on the model made the model transform from working memory to long-term memory.
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FIGURE 5. Critical value of TBS properties to produce long-term memory. (A) Space-time plots of the firing activity with TBS properties of cycle 30, amplitude 1.8, and duty ration 50%. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with TBS properties of cycle 30, amplitude 1.9, and duty ration 50%. (D) The projection of (C) in plane time-r.



The difference in stimulus properties between TBS and HFS during the process of long-term memory formation was compared further with the pulse number of TBS set to be in agreement with that of HFS in the following part, i.e., cycle 13 for TBS. Moreover, when the stimulus was set as amplitude 2 and duty ration 50%, long-term memory was produced (Figures 6C,D). However, when TBS was set as cycle 13 (130 pulses), amplitude 1.9, and duty ration 50%, long-term memory was not produced (Figures 6A,B). This means that when the stimulus was set as cycle 13 and duty ration 50%, amplitude 2 was the critical value to produce long-term memory for the model. In comparison with the results in Figures 5C,D, it could be deduced that using the same stimulus duty ration, with decreasing cycle requires higher amplitude to activate the working memory model so as to produce long-term memory.
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FIGURE 6. Critical value of TBS properties to produce long-term memory. (A) Space-time plots of the firing activity with TBS properties of cycle 13, amplitude 1.9, and duty ration 50%. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with TBS properties of cycle 13, amplitude 2, and duty ration 50%. (D) The projection of (C) in plane time-r.



The initial form of another stimulus HFS studied in this paper is shown in Figure 7. HFS consists of 1 s burst of equally spaced pulses at 130 Hz, in which cycle was 1. One second was defined as a cycle when amplitude was 1 and duty ration was 20%. The research process was similar to that of TBS and the unchanged parameters include: stimulus frequency 130 Hz and pulse number of each cycle 130. Cycle, amplitude, and duty ration should be adjusted so as to analyze the impact of these three stimuli properties on the memory model.
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FIGURE 7. Initial form of HFS. HFS consisted of 130 pulses at 130 Hz in which cycle was 1, amplitude was 1, and duty ration was 50%.



Firstly, HFS was set as amplitude 1.2 and duty ration 50%. Comparing the difference between network activities under the circumstances of stimulus cycle 1 (Figure 8A) and 2 (Figure 8C) revealed the impact of stimulus cycle on memory performance. It is shown that with increasing cycle, the maximum firing rate of network activities increased, and the memory time delayed. Figures 8B,D clearly shows that the maximum firing rate increased from 7 to 11, and memory time extended from 15 to 19s.
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FIGURE 8. Effect of HFS cycle on memory performance. (A) Space-time plots of the firing activity with HFS properties of amplitude 1.2, duty ration 50%, and cycle 1. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with HFS properties of amplitude 1.2, duty ration 50%, and cycle 2. (D) The projection of (C) in plane time-r.



Secondly, HFS was set as cycle 1 and duty ration 50%. Evaluating the difference of network activities under the circumstances of stimulus amplitude 1.2 (Figure 9A) and 1.5 (Figure 9C) revealed the impact of stimulus amplitude on memory performance. It is shown that the maximum firing rate of network activities grew with the increase of stimulus amplitude. Figures 9B,D clearly shows that the maximum firing rate increased from 7 to 9, and memory time extended from 15 to 16 s.
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FIGURE 9. Effect of HFS amplitude on memory performance. (A) Space-time plots of the firing activity with HFS properties of cycle 1, duty ration 50%, and amplitude 1.2. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with HFS properties of cycle 1, duty ration 50% and amplitude 1.5. (D) The projection of (C) in plane time-r.



Lastly, HFS was set as cycle 1 and amplitude 1.5. Comparing the difference in network activities under the circumstances of stimulus duty ration 50% (Figure 10A) and 70% (Figure 10C) revealed the impact of stimulus duty ration on memory performance. It is shown that the maximum firing rate of network activities increased. Figures 10B,D clearly shows that the maximum firing rate increased from 9 to 11, and memory time extended from 16 to 17 s.
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FIGURE 10. Effect of HFS duty ration on memory performance. (A) Space-time plots of the firing activity with HFS properties of cycle 1, amplitude 1.5, and duty ration 50%. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with HFS properties of cycle 1, amplitude 1.5, and duty ration 70%. (D) The projection of (C) in plane time-r.



From the study, it could be seen that adjusting the properties (cycle, amplitude, and duty ration) of HFS would change the network firing pattern, so as to impact to some extent on the memory time in the model. Therefore, adjusting the comprehensive effect of the three kinds of stimuli properties of HFS could transform working memory into long-term memory. First, stimulus properties were set as cycle 1, amplitude 1.7, and duty ration 50% to generate network firing pattern (Figure 11A) and its corresponding projection in plane time-r (Figure 11B). The memory time was 16 s, indicating that it belongs to the working memory. Then, the stimulus properties were set as cycle 1, amplitude 1.8, and duty ration 50%, to generate network firing pattern (Figure 11C) and its corresponding projection in plane time-r (Figure 11D). The memory time was 70 s and it met the requirements of long-term memory for time. That is to say that when the stimulus was set as cycle 1 and duty ration 50%, amplitude 1.8 was the critical value to produce long-term memory for the model. Therefore, analyzing the comprehensive effect of three properties of HFS on the model made the model transform from working memory to long-term memory.


[image: image]

FIGURE 11. HFS properties to produce long-term memory. (A) Space-time plots of the firing activity with HFS properties of cycle 1, amplitude 1.7, duty ration 50%. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with HFS properties of cycle 1, amplitude 1.8, and duty ration 50%. (D) The projection of (C) in plane time-r.



The findings showed that the appropriate TBS and HFS could activate the working memory model in order to produce the long-term memory. The following figure shows the critical values of stimuli properties that can induce long-term memory when TBS and HFS have the same pulse number. Figure 12A is a network firing pattern under TBS, in which stimulus cycle was 13 (pulses 130), amplitude 2, and duty ration 50%; Figure 12C is a network firing pattern under HFS, in which stimulus cycle was 1 (pulses 130), amplitude 1.8, and duty ration 50%. Comparing the projection patterns (Figures 12B,D) of the first 30 s network activities under the two types of stimuli showed the differences in neuronal responses caused by them. When HFS and TBS were of the identical pulse number and duty ration, HFS could activate the network to give higher firing rate with less time and smaller amplitude. This produced long-term memory in the model. During the process of long-term memory formation, HFS presumably had lower stimulation cost and induced long-term memory more easily when compared to TBS.
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FIGURE 12. Long-term memory induced by TBS and HFS with the identical pulse number. (A) Space-time plots of the firing activity with TBS properties of cycle 13, amplitude 2, duty ration 50%. (B) The projection of (A) in plane time-r. (C) Space-time plots of the firing activity with HFS properties of cycle 1, amplitude 1.8, and duty ration 50%. (D) The projection of (C) in plane time-r.



CONCLUSION

In this work, the specific stimuli were used in the working memory model to produce long-term memory. Improved C–W model with Ca2+ subsystem-induced bi-stability was adopted, and the changes in memory mode were studied under the adjustment of the properties (cycle, amplitude, and duty ration) of the two types of stimuli, TBS and HFS. It revealed the circumstances under which the working memory could evolve into long-term memory. The research shows that changing the network firing pattern has an impact to some extent on the memory maintaining time in the model. In other words, increasing the cycle, amplitude, and duty ration would increase the firing rate of network activities and make memory last longer.

The comprehensive effect of the three stimuli properties of TBS and HFS on memory performance was analyzed. And it showed that both stimuli (TBS, HFS) could activate the model to achieve the transformation from working memory to long-term memory. Specifically, TBS was set as cycle 13, duty ration 50%, and when amplitude increased to 2, working memory model was activated to produce long-term memory; HFS was set as cycle 1, duty ration 50%, and when amplitude increased to 1.8, the working memory model was induced to produce long-term memory. Comparing the critical values of stimuli properties for the two types of stimuli when they could induce long-term memory, it showed that the two types of stimuli were of the same pulse number and duty ration but the amplitude of HFS was smaller. As for the performance of inducing long-term memory, HFS had a lower stimulation cost. This means that it could more easily activate the working memory model to produce long-term memory. Two LTP induced protocols were adopted to successfully produce the long-term memory in the working memory model. They helped in understanding the relation between the working memory and the long-term memory. Furthermore, they provided theoretical basis for the study of neural dynamics mechanism of the long-term memory formation in the future and developing neural chips of long-term memory.

AUTHOR CONTRIBUTIONS

YZ make substantial contributions to the research design, modeling, simulation and article drafting; RW make important contributions to the research concept and final proofreading; YW make some contributions in data analysis.

ACKNOWLEDGMENTS

This work is supported by the National Natural Science Foundation of China (No. 11232005, 11472104) and The Ministry of Education Doctoral Foundation (No. 20120074110020).

REFERENCES

 Baddeley, A. D., Thomson, N., and Buchanan, M. (1975). Word length and the structure of short-term memory. J. Verbal Learn. Verbal Behav. 14, 575–589. doi: 10.1016/S0022-5371(75)80045-4

 Camperi, M., and Wang, X. J. (1998). A model of visuo-spatial working memory in prefrontal cortex: recurrent network and cellular bi-stability. J. Comput. Neurosci. 5, 383–405 doi: 10.1023/A:1008837311948

 Colliaux, D., Molter, C., and Yamaguchi, Y. (2009). Working memory dynamics and spontaneous activity in a flip-flop oscillations network model with a Milnor attractor. Cogn. Neurodyn. 3, 141–151. doi: 10.1007/s11571-009-9078-0

 Conway, A. R. A., Cowan, N., and Bunting, M. F. (2001). The cocktail party phenomenon revisited: the importance of working memory capacity. Psychon. Bull. Rev. 8, 331–335. doi: 10.3758/BF03196169

 Cooke, S. F., and Bliss, T. V. (2006). Plasticity in the human central nervous system. Brain 129(Pt 7), 1659–1673. doi: 10.1093/brain/awl082

 Cowan, N. (1988). Evolving conceptions of memory storage, selective attention, and their mutual constraints within the human information processing system. Psychol. Bull. 104, 163–191. doi: 10.1037/0033-2909.104.2.163

 Cowan, N. (1995). Attention and Memory: An Integrated Framework. New York, NY: Oxford University Press. Oxford Psychology Series No. 26.

 Cowan, N. (1999). “An embedded-processes model of working memory,” in Models of Working Memory: Mechanisms of Active Maintaining and Executive Control, eds A. Miyake and P. Shah (Cambridge: Cambridge University Press), 62–101.

 Cowan, N. (2001). The magical number 4 in short-term memory: a reconsideration of mental storage capacity. Behav. Brain Sci. 24, 87–185. doi: 10.1017/S0140525X01003922

 Cowan, N. (2008). What are the differences between long-term, short-term, and working memory? Prog. Brain Res. 169, 323–338. doi: 10.1016/S0079-6123(07)00020-9

 Daneman, M., and Carpenter, P. A. (1980). Individual differences in working memory and reading. J. Verbal Learn. Verbal Behav. 19, 450–466. doi: 10.1016/S0022-5371(80)90312-6

 Daneman, M., and Merikle, P. M. (1996). Working memory and language comprehension: a meta-analysis. Psychon. Bull. Rev. 3, 422–433. doi: 10.3758/BF03214546

 Ebbinghaus, H. (1913). Memory: A Contribution to Experimental Psychology. Teachers College, Columbia University Press.

 Engle, R. W. (2002). Working memory capacity as executive attention. Curr. Dir. Psychol. Sci. 11, 19–23. doi: 10.1111/1467-8721.00160

 Fall, C. P., and Rinzel, J. (2006). An intracellular Ca2+ subsystem as a biologically plausible source of intrinsic conditional bi-stability in a network model of working memory. J. Comput. Neurosci. 20, 97–107. doi: 10.1007/s10827-006-4791-8

 Funahashi, S., Bruce, C. J., and Goldman-Rakic, P. S. (1989). Mnemonic coding of visual space in the monkey's dorsolateral prefrontal cortex. J. Neurophysiol. 61, 331–349.

 Haab, L., Trenado, C., Mariam, M., and Strauss, D. J. (2011). Neurofunctional model of large-scale correlates of selective attention governed by stimulus-novelty. Cogn. Neurodyn. 5, 103–111. doi: 10.1007/s11571-010-9150-9

 Hernandeza, R. V., Navarroa, M. M., Rodriguezb, W. A., Martinez, J. L. Jr., and LeBarona, R. G. (2005). Differences in the magnitude of long-term potentiation produced by theta burst and high frequency stimulation protocols matched in stimulus number. Brain Res. Brain Res. Protoc. 15, 6–13. doi: 10.1016/j.brainresprot.2005.02.003

 Ishino, S., and Sakurai, Y. (2014). Recall of sequences based on the position of the first cue stimulus in rats. Cogn. Neurodyn. 8, 345–351. doi: 10.1007/s11571-014-9284-2

 Kane, M. J., Bleckley, M. K., Conway, A. R. A., and Engle, R. W. (2001). A controlled-attention view of working-memory capacity. J. Exp. Psychol. Gen. 130, 169–183. doi: 10.1037/0096-3445.130.2.169

 Leleu, T., and Aihara, K. (2012). Combined effects of LTP/LTD and synaptic scaling in formation of discrete and line attractors with persistent activity from non-trivial baseline. Cogn. Neurodyn. 6, 499–524. doi: 10.1007/s11571-012-9211-3

 Liang, L., Wang, R., and Zhang, Z. (2010). The modeling and simulation of visuospatial working memory. Cogn. Neurodyn. 4, 359–366. doi: 10.1007/s11571-010-9129-6

 Otto, T., Eichenbaum, H., Wiener, S. I., and Wible, C. G. (1991). Learning-related patterns of CA1 spike trains parallel stimulation parameters optimal for inducing hippocampal long-term potentiation. Hippocampus 1, 181–192. doi: 10.1002/hipo.450010206

 Perez, Y., Chapman, C. A., Woodhall, G., Robitaille, R., and Lacaille, J. C. (1999). Differential induction of long-lasting potentiation of inhibitory postsynaptic potentials by theta patterned stimulation versus 100-Hz tetanization in hippocampal pyramidal cells in vitro. Neuroscience 90, 747–757. doi: 10.1016/S0306-4522(98)00531-4

 Sweet, J. A., Eakin, K. C., Munyon, C. N., and Miller, J. P. (2014). Improved learning and memory with theta-burst stimulation of the fornix in rat model of traumatic brain injury. Hippocampus. 24, 1592–1600. doi: 10.1002/hipo.22338

 Tarnow, E. (2009). Short term memory may be the depletion of the readily releasable pool of presynaptic neurotransmitter vesicles of a metastable long term memory trace pattern. Cogn. Neurodyn. 3, 263–269. doi: 10.1007/s11571-009-9085-1

 Tarnow, E. (2010). Short term memory bowing effect is consistent with presentation rate dependent decay. Cogn. Neurodyn. 4, 367–376. doi: 10.1007/s11571-010-9131-z

 Yun, S. H., Mook-Jung, I., and Jung, M. W. (2002). Variation in effective stimulus patterns for induction of long-term potentiation across different layers of rat entorhinal cortex. J. Neurosci. 22:RC214.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Zhu, Wang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-10-00019-t001.jpg
C-W model Ca?* subsystem

Parameter Values Parameter Values

Integration time (r/) 04  ERCa2*+ concentration 11
(Ncagr)

Stimulus shape exponent (o) 1 IP3R Ca?* flux (Viear) 80

Weight shape exponent (q) 1 Ca?* leak flux (Vieak) 0.00032

Background activity (lp) 02 Ca?* pump flux (Vsgrem) 333

Inhibitory strength (W) 2 Ca?* pump sensitivity 04
(kserpn)

Excitatory strength (Wg) 2.8 IP3RIP3 sensitivity (kipg) 04

Cue position (4) 0 IP3RCa?* inhibition constant 1.4
(kinh)

Dynamic synaptic time 002 IP3R Ca?* activation constant 1.1

constants (rr) (Kact)

Dynamic synaptic 01 IP3R in act, time constant (r5) 01

roportional coefiicient
proport “ Coupling parameter (o) o7






OPS/images/fnhum-10-00019-g012.gif





OPS/images/math_2.gif
o I<o

02 osi<l

ul 5[-48 1=1<2
08I+362<1

@





OPS/images/math_1.gif
16 0 = {110, 0]+ 6116, 0]
St =r





OPS/images/fnhum-10-00019-g011.gif





OPS/images/fnhum-10-00019-g010.gif





OPS/images/cover.jpg
’ frontiers .
in Human Neuroscience

A Comparative Study of the
Impact of Theta-Burst
and High-Frequency Stimulation
on Memory Performance









OPS/images/crossmark.jpg
®

o fark





OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





OPS/images/fnhum-10-00019-g005.gif





OPS/images/fnhum-10-00019-g006.gif





OPS/images/fnhum-10-00019-g003.gif





OPS/images/fnhum-10-00019-g004.gif





OPS/images/fnhum-10-00019-g009.gif





OPS/images/fnhum-10-00019-g007.gif





OPS/images/fnhum-10-00019-g008.gif





OPS/images/fnhum-10-00019-g001.gif
1





OPS/images/math_7.gif
(&





OPS/images/fnhum-10-00019-g002.gif





OPS/images/math_9.gif
L(8.8) = 1,(8,6)+ 1, (8.8)  (8)





OPS/images/math_8.gif
AN
S = Jsw — Jsznew + sk + o

Jwse = Vipswmchs(Nears ~ Nea)

N2
Jserpy = Vserrir—C—r
Ren + Neo
Jiaak = VieakNeazn — Nea)
dh_he—h K
@ W Kamn+Nea
__Nm_ Na
"% = Nips + s Nea +
Jom = aglh)

1106 £) = Tog(B. ) + L6, ) ®)





OPS/images/math_4.gif
1Hcost®i By

Teaa (61, ) = To + laue- ~

@





OPS/images/math_3.gif
Ie;,






OPS/images/math_6.gif
©





OPS/images/math_5.gif
i
3 R WE—6)+ AW (9)






