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Neurons embedded in a network are correlated, and can produce synchronous spiking activities 

with millisecond precision. It is likely that the correlated activity organizes dynamically during 

behavior and cognition, and this may be independent from spike rates of individual neurons. 

Consequently current analysis tools must be extended so that they can directly estimate time-

varying neural interactions. The log-linear model is known to be useful for analysis of the 

correlated spiking activity but is limited to stationary data. In our approach, we developed a 

‘state-space log-linear model’ that can estimate time-varying neural interactions. This method is 

an extension of the familiar Kalman filter which can track system’s parameters as used in, e.g., 

automotive navigation systems. We applied this method to three neurons recorded from the 

primary motor cortex of a monkey engaged in a delayed motor task (data from Riehle et al., 

Science 1997). We found that depending on the behavioral demands of the task these neurons 

dynamically organized into a group which was characterized by the presence of higher-order 

(triple-wise) interaction. There was, however, no noticeable change in their firing rates. These 

results demonstrate that time-varying higher-order analysis allows us to detect subsets of 

correlated neurons that may belong to a larger set of neurons comprising a cell assembly.
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Collective spiking activity of neurons is the basis of information processing in the brain. Sparse 

neuronal activity in a population of neurons limits possible spiking patterns and, thereby, 

influences the information content conveyed by each pattern. However, because of the 

combinatorial explosion of the number of parameters required to describe higher-order 

interactions (HOIs), the characterization of neuronal interactions has been mostly limited to 

lower-order interactions, such as pairwise interactions. Here, we propose a new model that 

characterizes population-spiking activity by adding a single parameter to the previously proposed 

pairwise interaction model. This parameter describes the fraction of time a group of neurons is 

simultaneously silent, which can be alternatively expressed as a specific combination of HOIs. 

We apply our model to groups of neighboring neurons that are simultaneously recorded from 

spontaneously active slice cultures from the hippocampal CA3 area. Most groups of neurons that 

are not adequately explained by the pairwise interaction model exhibit significantly longer 

periods of simultaneous silence than the chance level expected from firing rates and pairwise 

correlations, demonstrating that the simultaneous silence is a common property coded by HOIs. 

To confirm that the simultaneous silence is also a major property, we systematically obtained a 

one-dimensional data-driven HOI term that is asymptotically optimal when added to a pairwise-

interaction model. This analysis exhibited the structured HOIs expected from the simultaneous 

silence of neurons. These results suggest that seemingly complex HOIs can be explained by 

simultaneous silence of multiple neurons. We discuss the implication of simultaneous silence for 

the underlying circuit architecture and information coding.


