
Response to Journal Club article by Young and Jackson reviewing Zhang et al. 

Hao Zhang, Shih-Chieh Lin and Miguel A.L. Nicolelis  

We sincerely thank the authors for choosing our paper for critical review, and for the 

enthusiastic assessment of the significance of our study. We would like to take this 

opportunity to extend the discussion and clarify some of our view points. 

The central finding of our study was the demonstration of in vivo temporal coupling 

between phasic acetylcholine (ACh) release and theta oscillations on a time scale of tens 

of seconds: much finer than was previously known. As such, our study provided an 

entirely new perspective on the decades-long line of research on ACh–theta interaction, 

most of which traditionally focused on how ACh contributes to theta generation. 

Nevertheless, we did touch upon the latter topic by showing that the slow rise of choline 

signal, representing a slow-rise in phasic ACh release, lags behind the fast initiation of 

theta oscillations by tens of seconds (our Fig. 4). Reconciling this result with those of 

previous studies, Young and Jackson correctly pointed out that this observation should 

not lead to the conclusion that ACh is not required for theta generation. The authors, 

however, were incorrect to characterize our position, because we carefully made the 

distinction between phasic and tonic ACh, concluding that “theta initiation clearly does 

not require these phasic ACh releases.” We instead provided a more parsimonious 

interpretation, that only the baseline tonic level of ACh may be required for theta 

generation. 

Based on our Fig. 5, Young and Jackson suggested that transient firing of low-firing-rate, 

slow-rising medial septal neurons (putatively cholinergic) may result in a transient ACh 

release that escaped observation, due to factors hindering endogenous ACh hydrolysis. 

While this is a viable hypothesis, we caution that the exact neurochemical nature of these 

neurons has yet to be firmly established, before making subsequent speculations. 

Despite similar interpretations, we disagree with the authors’ conclusion “it is clear that 

the choline concentration in CA1 is decoupled from theta power recorded from the same 

region,” the same idea put forth in their title. Theta generation (including initiation and 

duration) and modulation of theta power are two different concepts, with potentially 

different underlying mechanisms. A large part of theta generation is the pacing of theta 

rhythm, which is not the responsibility of the cholinergic neurons (Hangya et al., 2009; 

Simon et al., 2006). However, theta power is modulated at least by the tonic level of 

ACh, as shown by lesion studies (Bassant et al., 1995; Lee et al., 1994). The observation 

in our results that a slow-rising choline signal (ACh release) parallels decaying theta 

power does not necessarily suggest that phasic ACh release is decoupled from theta 

power: one alternative possibility is that theta power could decay faster without phasic 

ACh. Therefore, as we discussed in our paper, our data cannot directly address the issue 

of whether phasic ACh release modulates theta power, because theta power in our study 

was confounded by anesthesia level. For the same reason, we did not try to make any 

conclusion between the “termination of theta” and ACh release like the authors 

suggested. These important issues need to be investigated systematically in future studies. 



In summary, the important finding of our study, as Young and Jackson pointed out, was 

to demonstrate for the first time, that phasic ACh release and the occurrence of theta 

oscillations are coupled on behaviorally relevant time scales. The slowly-peaking ACh 

release is decoupled from theta initiation. However, it would be premature to conclude 

from our results whether theta power and/or duration is modulated by, or decoupled from, 

phasic ACh release. Its functions warrant further investigation. 
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