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Single and complex spikes relay distinct frequency-dependent circuit 1 

information in the hippocampus  2 

 3 
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Gritton, Sanaya Shroff, Krishnakanth Kondabolu, Cyrus Cheung, Jerome Mertz, Michael E. Hasselmo, 5 
Xue Han   6 

Hippocampal neurons generate either single spikes or stereotyped bursts of spikes known as 7 

complex spikes. Although single and complex spikes co-occur in the same neuron, their 8 

contribution to information processing remains unclear. We analyzed hippocampal CA1 9 

neurons in awake mice and in behaving rats, combining cellular membrane voltage imaging 10 

with optogenetics and extracellular recordings. We found that network-driven subthreshold 11 

membrane rhythms in the theta versus gamma frequencies preferably entrained complex 12 

versus single spikes in individual neurons.  Optogenetic membrane perturbation revealed a 13 

causal link between subthreshold theta and gamma power and the initiation of complex 14 

versus single spikes. Further, single and complex spikes exhibited different place field 15 

properties and frequency-dependent coding during spatial navigation. Thus, individual 16 

hippocampal neurons do not integrate theta and gamma rhythms into a combined spike 17 

timing code, but instead, transmit frequency-specific information as distinct output modes 18 

of single versus complex spikes during spatial cognition.   19 
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Main 25 

Action potentials carry the information output of a neuron. Action potential initiation is determined by 26 
subthreshold membrane voltage (Vm) at the soma that reflects a spatiotemporal transformation of synaptic 27 
inputs shaped by intrinsic membrane ionic conductances1,2. Not only is the absolute Vm critical for action 28 
potential generation, but the temporal dynamics of Vm also impact the timing of action potentials, also 29 
known as spike timing3. Vm is shaped by coordinated circuit activity. One way to capture coordinated 30 
network activity is to record extracellular local field potentials (LFPs), in which synchronized synaptic 31 

inputs are reflected as LFP rhythms. In hippocampal CA1 circuits, LFPs have prominent theta4–8 and 32 

gamma rhythms9–13, especially during spatial navigation. CA1 receives two major synaptic input sources 33 

that originate from CA3 and the entorhinal cortex layer 3 (EC3). CA3 and EC3 inputs converge onto CA1 34 
pyramidal neurons in a theta phase coordinated manner10,11,14. Additionally, these inputs exhibit different 35 
gamma rhythms across the slow (30-50Hz), middle (60-100Hz) and fast (>100Hz) frequencies and are 36 
thought to drive layer-dependent CA1 gamma rhytms10,11.  37 
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Extracellular recordings in the brain have identified one prominent spike timing feature, spike bursts (SB)15, 38 
meaning that several spikes occur within a short period or with short inter-spike-intervals (ISIs). SB has 39 
been broadly observed in many types of neurons across cortical and subcortical brain regions, and 40 
implicated in a variety of neural circuit functions, including signal transmission16,17,  plasticity18–21, 41 
multiplex coding3,22–25  and integration of different input streams26–28.  42 

Extracellularly recorded SB in vivo has often been related to intracellularly recorded complex spikes (CS) 43 
in vitro, where high density spikes occur during strong and long-lasting Vm depolarization. Thus far, a 44 
limited number of intracellular studies confirm that CS is associated with sustained and strong Vm 45 
depolarization in the brain of living animals20,21,29–31. Theoretical studies and in vitro brain slice experiments 46 
suggest that sustained Vm depolarization underlies CS generation, leading to some important questions. 47 
Such as, how do the sustained Vm depolarizations arise during behavior? Do they relate to specific input 48 
dynamics captured by the LFPs? Critically, compared to single spikes (SS), does CS represent a unique 49 
neural circuit output modality, and does CS carry behaviorally or contextually different information?  50 

To understand how CS and SS are differentially regulated by subthreshold membrane voltage dynamics 51 
and network inputs, and whether CS represents a unique spiking output mode different from SS, we 52 
performed high-speed SomArchon voltage imaging from individual CA1 neurons, and compared 53 
intracellular voltage dynamics with simultaneously recorded LFPs in awake mice. To link CS and SB, we 54 
further compared our voltage imaging findings in mice to extracellular recordings obtained in rats during 55 
spatial navigation.  56 

High-speed voltage imaging of single spikes (SS) and complex spikes (CS) in individual CA1 57 
neurons. 58 

To perform single cell voltage imaging and optogenetics in dorsal hippocampal CA1, we surgically 59 
implanted an imaging window coupled with an infusion cannula and an LFP electrode, and infused AAV9-60 
Syn-SomArchon-p2A-CoChR-Kv2.1 through the infusion cannula into CA1. During recording, habituated 61 
animals were head-fixed under the microscope objective on a floating Styrofoam ball supported by air 62 
pressure (Fig. 1a). Voltage imaging of SomArchon expressing neurons was obtained with a high-speed 63 
sCMOS camera using a 40x water immersion objective. To examine how subthreshold membrane potential 64 
(Vm) influences spike timing, we removed identified spikes from SomArchon traces to obtain the Vm trace 65 
for each neuron (see Methods). We observed that many neurons exhibited both intermittent SS and bursts 66 
of spikes that are associated with substantial Vm depolarization corresponding to events known as CS. To 67 
better characterize the action potential features of SS and CS, we performed ultra-fast voltage imaging at 68 
5-10kHz (Fig. 1b). We quantified the full-width at half-maximum-amplitude (FWHM) of each action 69 
potential, and found that the first action potential within a CS had a similar FWHM as that of SS. However, 70 
the FWHM gradually widened for the subsequent action potentials within a CS (Fig. 1c-d), increasing from 71 
0.95ms (1st spike) to 2ms (5th spike or more). This increase in FWHM was accompanied with a decrease in 72 
spike amplitude (Fig. 1e), similar to prior observations, and thus confirmed that SomArchon voltage 73 
imaging has sufficient sensitivity to capture individual CS20.  74 

After confirming the basic features of action potentials within CS and SS using ultrafast 5-10kHz imaging, 75 
we imaged many more neurons at a lower speed of 828Hz for enhanced SomArchon signal quality32 (Fig.1f-76 
g, Extended data Fig.1) while capturing Vm depolarizations. Compared to a SS, the first spike within a 77 
CS was followed by a strong Vm after-spike depolarization (ADP), and the entire CS duration was 78 
accompanied with substantial Vm depolarization (Fig.1h-i). To separate SS and CS for subsequent analysis, 79 
we thus employed both Vm ADP and inter spike intervals (ISI) as criteria (Fig.1j-k). In vivo extracellular 80 
recording studies typically used ISI thresholds of 6-10ms and recent intracellular studies have shown that 81 
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ISIs between spikes within a CS can be considerably longer20, and thus we used a combination of ISI <14ms 82 
and an ADP of >15% (4SD of SS distribution) as thresholds to classify each spike as CS versus SS. Using 83 
these thresholds, we found that around 23% of all recorded spikes were CS (Fig.1l), and 82% of neurons 84 
had at least 10% CS spike probability (49% of neurons with >20% CS probability and 13% with >40%CS 85 
probability). 86 

CS and SS exhibit different relationships to Vm oscillations at theta versus gamma frequencies 87 

The long-lasting ADP associated with CS occurred on a time scale of multiple tens of milliseconds (Fig. 88 
1I), notably corresponding to the theta oscillation time scale. Thus, we next explored the relationship 89 
between CS ADP and Vm wavelet spectral power (Fig.2a).  We found that CS was associated with a strong 90 
increase in Vm power at theta frequencies (3-12Hz), whereas SS was weakly related to Vm theta power. 91 
Over the neural population, we detected significantly stronger Vm theta power around CS than around SS 92 
(Fig.2b). The selective association of CS with Vm theta oscillations was further confirmed using time-93 
domain analysis (Extended data Fig.2a), where we aligned theta frequency filtered Vm to the 1st CS spike 94 
or SS. These results demonstrate that CS is selectively associated with increased Vm theta power, due to 95 
the prominent theta-frequency time scale Vm depolarizations that are specific to CS.  96 

We then investigated how Vm theta oscillations organize the timing of spikes within SS and CS. We 97 
calculated spike-Vm phase-locking strength (PLS, see Methods), a measure of temporal consistency of 98 
spike occurrence at a specific phase of the Vm oscillation adjusted for spike number. Specifically, we 99 
compared the PLS of each individual spike within SS or CS relative to Vm theta oscillation phase in each 100 
neuron, and then averaged across all neurons (Fig.2c). We observed that CS exhibits significantly greater 101 
spike-Vm PLS at theta frequencies than SS, demonstrating that spikes within CS occur at a more consistent 102 
phase of the theta cycle than SS (Fig.2d-f). This result was also observed when considering the first CS 103 
spikes only (Extended data Fig.3). Further, CS with more spikes showed stronger spike-Vm PLS at theta 104 
frequencies (Extended data Fig.4). Thus, there is a preferential association of CS spikes with theta 105 
oscillations, and that the strength of phase locking depends on the number of spikes within a CS event. 106 

Interestingly, even though SS exhibited relatively weak PLSs to Vm at theta frequencies, SS showed strong 107 
PLSs at gamma frequencies (30-90 Hz) (Fig.2d-f). Spike-Vm PLS at gamma frequencies33 is also a 108 
common feature of the hippocampus. At gamma frequencies, SS showed significantly stronger PLS than 109 
CS. Spike-Vm PLS at gamma frequencies calculated with only the first CS spike was also weaker than that 110 
of SS (Extended data Fig.3). We further noted that CS exhibited stronger PLS in the high-gamma 111 
frequency range (100-150Hz), which likely arose from the short ISI between spikes within CS. Together, 112 
at the single cell level, CS exhibited a stronger phase relationship to Vm theta and high-gamma oscillations, 113 
whereas SS exhibited a more consistent phase relationship to gamma rhythms.   114 

CS and SS are temporally coordinated at the network level 115 

Theta and gamma rhythms are commonly observed in hippocampal LFPs and are linked to a variety of 116 
behaviors including working memory, novelty exploration, and memory recall. LFPs measure net 117 
extracellular transmembrane currents at the electrode recording site34, and LFP oscillations reflect 118 
coordinated currents. Because of the brief nature of action potentials, it has been suggested that 119 
synchronized slower synaptic currents are the main source for LFPs. Given that subthreshold Vm reflects 120 
the summation of soma-dendritic synaptic inputs, the distinct CS and SS relationship with Vm oscillations 121 
might reflect differential coordination with synchronized network inputs at different frequencies. We 122 
therefore examined how the timing of spikes within SS and CS in individual CA1 neurons relate to the 123 
phase of simultaneously recorded hippocampal LFPs (Fig.2g). We found that CS had stronger spike-LFP 124 
PLS at theta frequencies compared to SS (Fig.2h-j), and PLS was stronger for CS containing a greater 125 
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number of spikes (Extended data Fig.4), similar to that observed with spike-Vm theta phase-locking. In 126 
contrast, SS exhibited stronger spike-LFP PLS at gamma frequencies, also consistent with that observed 127 
with spike-Vm gamma phase-locking (Fig.2h-j). 128 

The distinct properties of CS and SS phase-locking to LFP theta versus gamma oscillations suggest that the 129 
two spike output modes might arise from differential coordination between the neuron and network inputs. 130 
Monopolar LFP, as used here, presumably reflects both local and distant current sources within a large 131 
tissue volume, and thus it is unclear whether it explicitly captures coordination within local CA1 neural 132 
assemblies. To examine how Vm of individual neurons relate to other nearby neurons, we imaged multiple 133 
CA1 neurons simultaneously using a patterned illumination system for larger-scale voltage imaging 32. To 134 
avoid Vm fluorescence signal cross-contamination, we only analyzed neuron pairs separated by at least 40 135 
microns, where Vm cross-contamination between simultaneously recorded neurons is negligible32. We 136 
aligned theta filtered (3-12Hz) Vm of a given neuron to SS or CS of nearby neurons and computed spike-137 
Vm PLS between neurons (Fig.2k). Across neuron pairs, we found that CS from one neuron exhibited 138 
stronger PLS with Vm theta oscillations of another neuron than SS, whereas SS exhibited stronger PLS in 139 
the gamma range than CS (Fig.2l-n). CS and SS are thus preferentially linked to distinct subthreshold 140 
membrane voltage dynamics at the single cell level measured by Vm, and to different network oscillations 141 
measured by LFPs. These observations further confirm that CS and SS are unique output patterns that are 142 
differentially coordinated by different rhythms at the network level.  143 

Distinct Vm dynamics causally determine CS versus SS spiking output patterns  144 

The distinct relationship of SS and CS to Vm and LFP theta versus gamma oscillations suggests that the 145 
two spiking modes are correlated with distinct input patterns. Since action potential initiation is dictated by 146 
Vm dynamics, we next directly tested the causal relationship between membrane input dynamics and the 147 
probability of CS or SS occurrence. We performed SomArchon voltage imaging while optogenetically 148 
depolarizing neurons that co-expressed CoChR either using continuous or rhythmic optogenetic 149 
stimulation.  150 

We first tested how non-rhythmic membrane depolarization alters Vm oscillations and spike modes using 151 
continuous 1.5-second-long blue light to activate CoChR (Fig.3a, Extended data Fig.5). Upon stimulation, 152 
we detected a transient increase in the population spike rates of both SS and CS (Fig.3c&d) that lasted for 153 
~200ms (Fig.3e), which was followed by a sustained (0.2-1.5s) increase in SS firing rate, but not CS firing 154 
rate (Fig.3f). In line with the prominent increase in SS firing rate, population Vm power increased in the 155 
wider gamma frequency range (>35Hz) with a peak centered at ~50-55Hz (Fig. 3g). Similarly, because CS 156 
firing rate did not consistently increase as a population, Vm power at theta frequencies (3-12Hz) remained 157 
constant (Fig. 3g). However, we observed considerable variability in optogenetically induced CS firing rate 158 
change across individual neurons, with some neurons having increased CS and others decreased CS. We 159 
therefore further explored the relationship between changes in Vm power and CS spike rate at the individual 160 
neuron level. We found that optogenetically induced changes in CS firing rate correlated with changes in 161 
Vm theta power (3-12Hz, Fig.3h-i), whereas optogenetically induced changes in SS firing rate correlated 162 
with changes in Vm gamma power (30-90Hz, Fig.3h-i). Together, dynamic switching between CS and SS 163 
firing modes closely reflects the underlying Vm frequency content. 164 

Next, to directly evaluate how rhythmic Vm depolarization influences CS and SS, we pulsed blue light at 165 
8Hz (Fig.3k) or 40Hz (Fig.3l). During 8Hz stimulation, only the firing rate of CS increased (Fig.3m), 166 
whereas during 40Hz stimulation, only the firing rate of SS increased (Fig. 3o). To further quantify the 167 
timing of CS and SS relative to stimulation pulses, we calculated the PLS of SS and CS to blue light 168 
stimulation pulses. We found that CS (all spikes considered) had a stronger spike PLS to 8Hz stimulation 169 
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pulses than SS (Fig.3N), whereas SS had a significantly greater PLS to 40Hz stimulation pulses than CS 170 
(all spikes considered) (Fig. 3p). Thus, optogenetic enhancement of Vm theta oscillations preferentially 171 
increased the probability of CS, and CS occur at a defined phase of Vm theta oscillations. In contrast, 172 
optogenetic enhancement of Vm gamma oscillations resulted in preferential spiking in SS mode, and SS 173 
occurrence was temporally aligned to stimulation pulses. These findings provide direct evidence that Vm 174 
dynamics determine SS and CS occurrence, and organize spike timing of SS and CS. The fact that the same 175 
neuron can dynamically switch between SS and CS according to rhythmic membrane currents further 176 
confirms that SS and CS are distinct output modes influenced by input rhythmicity features.  177 

CA1 spike bursts (SB) and single spikes (SS) are differentially associated with LFP theta and 178 
gamma oscillations during spatial navigation in rats  179 

Hippocampal CA1 is critical for spatial navigation and spatial memory35,36. Many CA1 neurons have place 180 
fields, specific regions of an environement where they spike, and CA1 spiking has been widely related to 181 
theta and gamma network rhythms that are dynamically modulated during learning and memory35,37.  Our 182 
voltage imaging and optogenetic results demonstrated that many CA1 neurons have intermingled CS and 183 
SS, and the dynamic switching between CS and SS depends on Vm and LFP rhythms. These results predict 184 
that CS and SS might code different spatial information by selectively coordinating theta versus gamma 185 
network rhythms during navigation behavior. To test this hypothesis, we performed extracellular tetrode 186 
recordings in the dorsal CA1 of rats trained to run bidirectionally, inbound and outbound relative to a home 187 
box, on a custom-built wooden linear track in a room with environmental cues (Fig.4a-b). Since there is no 188 
Vm available from extracellular recordings, we separated spike bursts (SB) from single spikes (SS) using 189 
a traditional ISI-based criterium of <10ms alone (Fig.4c). We called them SB instead of CS, to distinguish 190 
the difference in recording modalities. Using this threshold, we found that around 30.5% of all recorded 191 
spikes were SB. 192 

Similar to our intracellular voltage imaging results in mice, we observed that extracellularly recorded SB 193 
across the rat CA1 population exhibited several-fold stronger spike-LFP PLS at theta frequencies (5-12Hz) 194 
than SS (Fig.4e-g). Further, spike-LFP theta PLS increased for SB containing more spikes (Extended data 195 
fig. 4). In contrast, SS exhibited stronger spike-LFP PLS at gamma frequencies than SB (Fig.4 e-g), with a 196 
peak in the mid-gamma range (~70-100Hz) that has been associated with EC3 inputs11. SB thus exhibited 197 
preferential phase consistency with LFP theta oscillations, whereas SS were more strongly associated with 198 
LFP gamma phase.  199 

Our optogenetic studies demonstrated that rhythmic Vm inputs at theta versus gamma frequencies 200 
differentially promoted CS versus SS spike rate. Since LFP measures network dynamics that capture 201 
synchronized inputs, we reasoned that SB and SS between neurons would be coordinated by theta versus 202 
gamma oscillations respectively. To test this, we computed pairwise cross-correlograms between spike 203 
trains containing only SB or only SS from simultaneously recorded neurons. We found that SB spike train 204 
cross-correlograms had a stronger theta component (Extended data Fig.6), whereas SS spike train cross-205 
correlograms had a stronger gamma component (Extended data Fig.6). These results highlight that SB and 206 
SS spiking output modes are temporally coordinated by distinct network rhythms within local cell 207 
assemblies, in line with our multi-neuron SomArchon voltage imaging results (Fig. 2m, n).  208 

SB and SS represent distinct behavioral codes during spatial navigation  209 

CA1 theta and gamma oscillations have been linked to distinct generation mechanisms4,13, and thus these 210 
oscillations may carry different behavioral information as they are processed across hippocampal structures. 211 
The selective association of theta oscillations with SB and gamma oscillations with SS during spatial 212 
navigation predict that SB and SS would be differentially modulated by different input sources and thus 213 
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exhibit distinct spatial coding properties. To explore this, we first compared how SB and SS firing rates are 214 
modulated by spatial locations by calculating the ratio of peak firing rate to mean firing rate for each neuron 215 
(Fig. 4h-i). Because place field structures of CA1 neurons vary depending on whether the rats ran in the 216 
inbound or the outbound direction7, we used the firing rate of each place cell when rats ran in the direction 217 
that exhibited the strongest modulation of spike rate calculated using all spikes (see Methods). We found 218 
that SB firing rate modulation was significantly greater than SS as animals ran through the place fields (Fig. 219 
4i). To further quantify the spatial information coding ability of SB and SS, we computed the information 220 
theoretic measure to estimate the amount of information a spike contains about the animal’s position 221 
expressed as bits per spike (see Methods). We found that SB contained greater spatial information than SS 222 
(Fig.4j). Thus, not only are SB and SS firing rates differentially modulated by spatial locations, but these 223 
two spiking modes have varying spatial information coding ability. 224 

Another prominent phenomenon of CA1 spatial coding is that individual CA1 neuron’s spiking7 and Vm 225 
theta oscillations 29 show a systematic shift to earlier phases of LFP theta oscillations when animals traverse 226 
the place field of the neuron, a phenomenon known as phase precession4,8. Because our voltage imaging 227 
data showed that CS had stronger PLS to Vm and LFP theta oscillations than SS (Fig. 2f, j), we 228 
hypothesized that SB spikes would have stronger phase precession than SS. To directly examine this 229 
prediction, we calculated the preferred phase of SB (all SB spikes) and SS relative to LFP theta oscillations 230 
at each spatial location (Fig.4k), and computed the circular-linear correlation between the preferred spike-231 
LFP theta phase and animal’s spatial position. We found that the SB spike-LFP theta phase exhibited much 232 
stronger correlations with spatial location than SS (Fig.4l), suggesting that theta phase precession coding 233 
is more strongly driven by SB. 234 

Finally, to directly investigate the difference in SB and SS spatial coding properties, we separately 235 
calculated the firing rate of SB and SS at different locations. We found that SB often spiked earlier than SS 236 
for a given direction (Fig.4m). Direct comparison of this spatial difference between SB and SS firing rate 237 
using center of mass calculation revealed that SB firing was significantly earlier than SS by 22.3±8.7cm 238 
(mean ± standard error, Fig.4n), suggesting that SB were prevalent when an animal first entered the place 239 
field whereas SS were more prevalent when an animal was leaving the place field. Given SB and SS are 240 
preferentially linked to LFP theta and gamma oscillations respectively, we further examined whether spike-241 
LFP phase locking exhibits similar spatial difference. Indeed, we found that SB-LFP PLS at theta 242 
frequencies was stronger in the first half of the place field (Fig.4o&p), whereas SS-LFP PLS at gamma 243 
frequencies was stronger in the second half of the place field (Fig.4q&r). Thus, SB and SS contribute 244 
distinctively to neurons’ place field structures depending on network oscillation states. Together, these 245 
results demonstrate that SB, presumably corresponding to intracellularly recorded CS,  and SS code 246 
different spatial information by selectively transmitting theta versus gamma network rhythms during 247 
navigation behavior, and SB plays a dominant role in theta phase precession. 248 

Discussion 249 

Complex spikes (CS), and spike bursts (SB) more generally, have been widely documented in the 250 
hippocampus 1–5, various subcortical nuclei 6–8, the cerebellum 9–11 and neocortical circuits 12–15 across 251 
various species. Yet the role for CS in circuit processing and behavior remain largely elusive. Here, we 252 
studied the subthreshold membrane potentials (Vm) and spike output patterns from individual CA1 neurons 253 
in behaving mice using high-resolution SomArchon based cellular voltage imaging.  We found that CS and 254 
SS co-exist in the majority of neurons analyzed, presumably pyramidal cells, occurring intermittently and 255 
at variable rates. These results provide direct experimental support that CS and SS are a common feature 256 
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of CA1 neurons, consistent with previous in vivo CA1 patch clamp studies16–19 that have captured CS in a 257 
limited number of neurons in behaving animals. 258 

The biophysical mechanisms for CS generation are not fully understood, but likely involve activation of 259 
specific voltage-dependent membrane currents20  and dendritic plateau potentials 21–23. In addition, CS and 260 
SS might critically rely on the timing of inhibitory synaptic currents that originate from an interplay between 261 
interneurons that target the soma versus the dendrites23,24. It is highly plausible that rhythmic inputs at theta 262 
versus gamma frequencies selectively recruit ionic and synaptic currents leading to these two distinct spike 263 
output modes.  264 

Theta and gamma oscillations are prominent in the hippocampus during active behavior and are proposed 265 
to underlie network functions supporting memory and navigation25–27. Although LFP theta and gamma 266 
oscillations having been shown to be cross-frequency coupled28–31, our results demonstrate that theta and 267 
gamma oscillations are preferentially related to distinct spike outputs as CS and SS respectively.  It therefore 268 
challenges the notion that theta and gamma form a dual oscillator code29, in which spike timing is precisely 269 
shaped by theta and gamma rhythms simultaneously. Instead, our data supports the notion that theta- and 270 
gamma-mediated network inputs to individual neurons dynamically switch between these two spike output 271 
modes. However, although SS exhibited a much less precise phase relationship with theta oscillation than 272 
CS, our data showed that SS timing remained modulated by theta oscillations.  273 

CA1 neurons receive perisomatically targeted inputs from CA3 and apical dendritically targeted inputs 274 
from entorhinal cortex layer 3 (EC3). Theta rhythms are synchronized across different structures of the 275 
hippocampus, and CA3 and EC3 pathways activate CA1 neurons in a theta phase dependent manner21,25.  276 
Coordinated dendritic and somatic activation of CA1 neurons has been found to support CS generation21,23,32 277 
and might explain why CS are strongly theta-locked. In contrast, gamma rhythms have been found to be 278 
locally generated and occurring at variable frequencies across CA1 layers and throughout different 279 
structures of the hippocampus28. CA3 and EC3 pathways to CA1 have been associated with slow (30-50Hz) 280 
and middle (60-100Hz) gamma frequencies respectively28,33. Our observations show that gamma 281 
frequencies preferentially entrain SS, suggesting that pathway-specific gamma-band communication34–36 is 282 
primarily carried by SS.  Since CS is associated with strong dendritic and somatic membrane depolarization 283 
that leads to the ‘ballistic’ generation of high-frequency spikes (often >100Hz), the occurrence of CS likely 284 
prevents reliable entrainment of CS spike timing by gamma-rhythmic inputs.  285 

Theoretical and experimental studies have shown that CS is associated with enhanced and reliable 286 
transmission to downstream targets7,37,38. SS, however, has been assumed to be less effective in inducing 287 
reliable postsynaptic activity22 and plasticity21 and might even be potentially filtered out by postsynaptic 288 
neurons. However, our observation that SS is selectively entrained by gamma rhythms suggests that SS 289 
effectively influences downstream neurons by precise millisecond gamma-band spike coordination across 290 
neurons27,34,35,39.  291 

Place fields are a well-established property of CA1 neurons that support spatial navigation and memory. 292 
We found that CS firing rate carries more spatial information than SS40,41(but see3), and  CS and SS code 293 
unique spatial information with CS place fields shifted backwards relative to animal’s movement direction. 294 
Furthermore, we found that CS strongly relates to intracellular theta power and dynamics16, suggesting CS 295 
is a critical substrate for phase precession16,42, another important spatial coding mechanism. In accordance, 296 
we also found that CS contributed stronger to theta phase precession coding relative to LFP theta than SS.  297 

Our results provide direct experimental support that CS, and SB more generally, encode different circuit 298 
input features38,43–51. Differential roles of SS and SB in signal transmission have been found in the 299 
mammalian neocortex 13,32, thalamus6,7,46 and cerebellum9,11,52, the fly sensory system49–51 and 300 
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electrosensory system of  the electric fish44,47,48. The prevalence of SS and SB across species and structures 301 
suggest that these two distinct spike output codes are a general property of projecting neurons, which might 302 
have arisen from the need to enhance information transmission and computational power via multiplexing 303 
and parallel coding while constraining the number of neurons and axonal wiring43–45,52–54.  304 

 305 

Methods 306 

All animal experiments were performed in accordance with the National Institute of Health Guide for 307 

Laboratory Animals and approved by the Boston University Institutional Animal Care and Use and 308 

Biosafety Committees. 309 

Mouse preparation. 14 adult female C57BL/6 mice (Charles River Laboratories, Inc.), 8-12 weeks at the 310 

start of the study, were used for all experiments. Mouse preparation was as described previously64–311 
66.Custom recording apparatus consists an imaging window attached to an infusion cannula and a LFP 312 

electrode. The imaging window consists of a stainless steel cannula (OD: 3.17mm, ID: 2.36mm, 1.75mm 313 

height, AmazonSupply, B004TUE45E) with a circular coverslip (#0, OD: 3mm, Deckgläser Cover Glasses, 314 

Warner Instruments Inc., 64-0726 (CS-3R-0)) adhered to the bottom using a UV curable adhesive (Norland 315 

Products Inc., Norland Optical Adhesive 60, P/N 6001). We attached an infusion cannula (26G, PlasticsOne 316 

Inc., C135GS-4/SPC), and a stainless steel electrode steel wire for local field potential (LFP) recordings 317 

(Diameter: 130µm, PlasticsOne Inc., 005SW-30S, 7N003736501F) to the side of the imaging window using 318 

super glue (Henkel Corp., Loctite 414 and Loctite 713). The LFP electrode protruded from the bottom of 319 

the imaging window by 200µm, whereas the drug infusion cannula was level with the base of the imaging 320 

window.  321 

Recording apparatus was surgically implanted under 1-3% isoflurane anesthesia. Analgesia was provided 322 

with sustained release buprenorphine hydrochloride (0.03 mg/kg, i.m.; Reckitt Benckiser Healthcare) 323 

administered preoperative that provides continued analgesia for 72 hours. A craniotomy of ~3mm in 324 

diameter was made over the right dorsal CA1 (AP: -2mm, ML: +1.8mm). A small notch was made on the 325 

posterior edge of the craniotomy to accommodate the infusion cannula and the LFP recording electrode. 326 

The overlying cortex was gently aspirated using the corpus callosum as a landmark. The corpus callosum 327 

was then carefully thinned to expose the dorsal CA1. The imaging window was positioned in the 328 

craniotomy, and Kwik sil adhesive (World Precision Instruments LLC, KWIK-SIL) was applied around the 329 

edges of the imaging window to hold it in place. A small ground pin was inserted into the posterior part of 330 

the brain near the lambda suture as a ground reference for LFP recordings. Three small screws (J.I. Morris 331 

Co., F000CE094) were anchored into the skull, and dental cement was then gently applied to affix the 332 

imaging window, the ground pin, and an aluminum headbar posterior to the imaging window. See Fig. 1a 333 

for a diagram of recording apparatus placement.   334 

AAV virus was infused via an infusion cannula (33G, PlasticsOne Inc., C315IS-4/SPC) connected to a 335 

microinfusion pump (World Precision Instruments LLC, UltraMicroPump3–4), through the implanted 336 

cannula. Infusion cannula terminated about 200um below the imaging window. 500 or 1000nL of AAVs 337 

were infused at a rate of 50-100nL/min, and then the infusion cannula was left in place for another 10 338 

minutes to facilitate AAV spread. AAVs used were AAV9-Syn-SomArchon-GFP (titer: 5.9e12 genome 339 

copies (GC)/ml, UNC vector core), AAV9-Syn-SomArchon-GFP-p2A-CoChR (titer: 5.9e12 GC/ml, UNC 340 
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vector core) and AAV9-Syn-SomArchon-BFP-p2A-CoChR (titer: 1.53e13 GC/ml, Vigene Biosciences, 341 

Inc). 342 

Rat preparation. 4 male Long-Evans rats (Charles River Laboratories, Inc.), 350-500g, were used for all 343 

extracellular recording experiments. The surgical procedure was as described previously in detail67. Briefly, 344 

surgeries were performed under 1.5-3% isoflurane anesthesia (Webster Veterina Supply). Animals were 345 

injected with Buprenex (buprenorphine hydrochloride, 0.03 mg/kg, i.m.; Reckitt Benckiser Healthcare) and 346 

Cefazolin (330 mg/ml i.m.; West-Ward Pharmaceutical) preoperatively. Animals were implanted with 347 

custom unilateral microdrives containing 18-24 independently drivable tetrodes in the dorsal CA1 (AP: -348 

3.6mm, ML: +2.6mm, from bregma). Animals received postoperative Buprenex and Cefazolin two times a 349 

day for 3 days.  350 

Single neuron SomArchon voltage imaging. Habituated mice were head-fixed on a custom air-pressured 351 

spherical Styrofoam ball and free to run. Animals were recorded 3-4 weeks after surgery. All single cell 352 

SomArchon imaging was acquired via a customized widefield fluorescence microscope equipped with 353 

either a Hamamatsu ORCA Fusion Digital sCMOS camera (Hamamatsu Photonics K.K., C14440-20UP) 354 

for 828Hz voltage imaging, or an ultra-high-speed sCMOS camera (Kinetix, Teledyne) operating at 8bit 355 

mode for 5kHz and 10kHz voltage imaging. A 40x NA 0.8 water immersion objective (Nikon, CFI APO 356 

NIR) was used. A 140mW fiber-coupled 637 nm laser (Coherent Obis 637-140X) was coupled to a reverse 357 

2x beam expander (ThorLabs Inc., GBE02-E) to obtain a small illumination area of ~30-40 µm in diameter 358 

to minimize background fluorescence. A mechanical shutter (Newport corp., model 76995) was positioned 359 

in the laser path to control the timing of illumination via a NI DAQ board (USB-6259, National 360 

instruments). The laser beam was coupled through a 620/60nm excitation filter (Chroma technology corp.) 361 

and a 650nm dichroic mirror (Chroma technology corp.), and SomArchon fluorescence emission was 362 

filtered with a 706/95nm filter (Chroma technology corp.).  363 

GFP or BFP fused with SomArchon was used for localization of SomArchon expressing cells during each 364 

recording. GFP visualization was with a 470 nm LED (ThorLabs Inc., M470L3), an excitation 470/25 nm 365 

filter, a 495 nm dichroic mirror and a 525/50 nm bandpass emission filter. BFP was visualized with a 395nm 366 

LED (ThorLabs Inc., M395L4), a 390/18nm excitation filter, a 416nm dichroic mirror and a 460/60nm 367 

emission filter. SomArchon fluorescence was either acquired at 828 Hz (16 bits, 2x2 binning), 5kHz or 368 

10kHz, using HCImage Live (Hamamatsu Photonics). HC Image Live data were stored as DCAM image 369 

files (DCIMG) and analyzed offline with MATLAB (Mathworks Inc.). We did not detect notable 370 

differences for spike shape estimation for recordings performed at 5kHz versus 10kHz, and thus the imaging 371 

data were grouped together.  372 

Multi-neuron SomArchon voltage imaging with patterned illumination. To record multiple CA1 373 

neurons, a custom digital micromirror device based targeted illumination microscope was used was 374 

described previously in detail32. In short, the custom-built widefield imaging scope includes a 6W 637 nm 375 

fiber-coupled multi-mode laser (Ushio America Inc., Necsel Red-HP-FC-63x), a digital micromirror device 376 

(DMD, Vialux, V-7000 VIS) and a high-speed and large sensor sCMOS (Hamamatsu, ORCA-Lightning 377 

C14120-20P). The laser output was collimated (Thorlabs, F950SMA-A), expanded (Thorlabs, BE02M-A), 378 

and directed onto the DMD. The DMD was controlled using a custom Matlab script based on Vialux ALP-379 

4.2 API. SomArchon fluorescence was acquired at 500 Hz (12bit) with 1152 × 576 pixels (2x2 binning), 380 
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corresponding to a 360 × 180 µm2 field of view. A subset of the CA1 multi-neuron imaging dataset was 381 

previously published 32 and was re-analyzed here.  382 

Optogenetics. To excite CoChR we used a blue 470 nm LED (ThorLabs Inc., M470L3) coupled to the 383 

laser path via a 416nm dichroic mirror, and controlled by T-Cube LED driver (ThorLabs Inc., LEDD18, 384 

lowest gain) modulated with MA TLAB (Mathworks Inc.) via a NI DAQ board (USB-6259, National 385 

instruments). A neutral density filter (ThorLabs Inc., ND13A, optical density 1) was used to reduce LED 386 

illumination density. Further, we used a pinhole (Olympus BX3-URA8 fluorescence illuminator turret) to 387 

reduce the illumination to a circular area of 55µm radius under the 40x objective. For SomArchon-GFP-388 

p2A-CoChR recordings, we used a LED intensity range of 0.22-1.3mW/mm2. For SomArchon-BFP-p2A-389 

CoChR recordings, we used a higher LED intensity range of 2.6-8.4mW/mm2, because neural CoChR 390 

response was less sensitive to blue light stimulation likely to lower CoChR expression. Simultaneous 391 

SomArchon and optogenetic recording trials consists of 1 second period before blue light illumination, 1.5 392 

second blue light illumination period, followed by 0.5 second period without blue light illumination. The 393 

1.5-second-long blue light illumination was either continuous, or pulsed at 40Hz (8.3ms per pulse) or 8Hz 394 

(8.3ms per pulse or 42ms per pulse). Inter-trial intervals were 5 seconds. 395 

Local field potential (LFP) recording. LFPs were recorded using the Open Ephys platform (http://open-396 

ephys.org) at a 10 kHz sampling rate, filtered between 1Hz and 7.5kHz and then downsampled offline to 397 

1kHz. To synchronize voltage imaging and LFP recordings during offline data analysis, Open Ephys system 398 

also recorded the TTL pulses that were sent by the sCOMS camera at the onset of voltage imaging data 399 

acquisition as well as a TTL pulse at the onset of each image frame. Additionally, to align optogenetic 400 

stimulation timing with recordings, we also recorded with Open Ephys System the voltage that was used to 401 

control the blue LED driver during optogenetics.  402 

Extracellular tetrode recording and animal tracking. Extracellular recordings from custom tetrodes 403 

were recorded by a OmniPlex D Neural Acquisition System (Plexon). Each channel was amplified and 404 

bandpass filtered (154 Hz to 8.8 kHz) to obtain both single-unit spike activity and LFPs (1.5 Hz to 400 Hz). 405 

Spike channels were locally referenced to remove both movement-related noise and potential electrical 406 

noise. Spikes were detected via threshold crossing and digitized at 40 kHz. To isolate single-units, 407 

waveform clusters from all four electrodes within a tetrode were manually identified using the Offline 408 

Sorter v3 (Plexon).  Cineplex Studio (Plexon) was used for capturing animal location data via three infrared 409 

LEDs positioned atop the surgically implanted microdrive. Cineplex Editor (Plexon) was employed offline 410 

to enter event markers and to verify animal position data. 411 

Linear track environment. Rats were trained on a custom-built wooden linear track (223.5 cm long x 10.8 412 

cm wide) elevated at 96.5 cm above the ground, as detailed previously67. Both ends of the linear track had 413 

water ports positioned. One end had a moveable wooden box with a sliding wooden door to restrict the 414 

access of the animal to the track during the 10sec long inter-trial-interval period. The linear track was 415 

situated in the middle of the room and partially enclosed, so that rats can use local and distal room cues to 416 

orient on the linear track.  417 

Behavioral training. Rats were first trained to run along the linear track to retrieve rewards at both ends 418 

of the track67. Once sufficiently trained, exhibiting reliable and consistent track running behavior, meaning 419 

rats left the home box when the door was opened and returned to home box to receive the second water 420 

reward. Rats were then implanted with recording device. After surgery and recovery, animals had refresher 421 
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training sessions to assure reliable track running behavior. During behavioral experiments, the linear track 422 

length and the room lighting conditions were variable67. Here, we only analyzed data collected when rats 423 

ran on the longest track length with the room light on.  424 

Motion correction & neuron identification. SomArchon fluorescence images in DCMI format acquired 425 

by HCImage software were imported into Matlab. SomArchon fluorescence images were  first motion 426 

corrected using a pairwise rigid motion correction algorithm as described previously 68. In short, the 427 

displacement of each image is computed by identifying the max cross-correlation coefficient between each 428 

image and the reference image. Our recordings consisted of multiple multi-second trials. For single-cell 429 

voltage imaging, each video file corresponding to one trial was first concatenated into a multi-trial image 430 

data matrix, and then we applied the motion correction algorithm. Since the illumination area is about 30-431 

40µm in diameter, a rectangular window large enough to cover the entire neuron across all frames was 432 

selected manually for motion correction for single cell voltage imaging. The window selection was chosen 433 

to avoid large regions of dark parts of image and to include regions that had distinguishable contrasts that 434 

facilitate comparison with reference image. For multi-cell voltage imaging, due to image file size, we did 435 

not concatenate the data across trials. Each trial was first motion corrected individually. We then corrected 436 

motion offsets across trials by referencing all trials to the first trial. The motion-corrected image sequences 437 

were then used for subsequent manual ROI neuron identification using the drawPolygon function in Matlab. 438 

SomArchon fluorescence traces for each ROI were then extracted from the motion-corrected image 439 

sequences. Background fluorescence was estimated by averaging all pixels that are not part of the ROI. The 440 

traces were then detrended to correct for photobleaching by subtracting a low-pass filtered version of the 441 

trace (1.5sec rectangular smoothing kernel). The resulting fluorescence traces were then used for 442 

subsequent analysis. 443 

Spike detection, subthreshold Vm trace extraction and spike signal-to-baseline ratio (SBR) 444 
calculation. Spike detection was performed similar to that described previously in Xiao et al32. To estimate 445 
baseline, we first estimated baseline fluctuations by averaging the fluorescence trace using a moving 446 
window of ±100 frames to obtain the “Smoothed Trace” (ST).  We then removed potential spike 447 
contributions to the baseline line by replacing fluorescence values above ST with the corresponding values 448 
of ST resulting in a spike-removed trace including only the subthreshold baseline fluctuation. To identify 449 
spikes, SomArchon fluorescence traces were high-pass filtered (>120Hz), and then spikes were detected as 450 
a fluorescence change greater than 4 standard deviations of the baseline subthreshold fluctuations. 451 

To extract subthreshold membrane voltage (Vm) fluctuations, we removed three data points centered at the 452 
peak of each detected spike from non-filtered SomArchon dF/F trace and interpolated the missing data 453 
points with the surrounding data points. To calculate spike signal-to-baseline ratio (SBR), we first obtained 454 
the spike amplitude by calculating the difference between the peak spike fluorescence and the lowest 455 
fluorescence value within three data points prior to the spike. We then divided the spike amplitude by the 456 
standard deviation of the Vm across the entire recording duration. To assure signal quality, only neurons 457 
with an averaged SBR of at least 4 were included for analysis. 458 

Complex spike (CS) and single spike (SS) detection. A common way to identify bursting in 459 

extracellularly recorded single-unit data is to identify a cluster of spikes with short inter-spike intervals 460 

(ISIs). However, ISI distributions for individual neurons are often continuous, and thus it is difficult to 461 

determine a definitive ISI threshold, leading to variation in ISI threshold of ~6-14ms across studies. Recent 462 

intracellular studies demonstrated that individual spikes with CS can have ISIs of more than 10ms20. Thus, 463 

we used both ISI and Vm after-depolarization potential (ADP) to classify CS and SS. CS were detected as 464 
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follows: First, putative spike bursts were detected based on ISI 14ms criterion and we classified each spike 465 

within a putative burst in terms of their order (1st spike, 2nd spike, …). ADP was calculated by the difference 466 

in the mean Vm during the 5-25ms period after the 1st burst spike and the mean Vm during the 5-25ms 467 

before the 1st burst spike, normalized by the averaged spike amplitude across the entire recording duration. 468 

If a putative burst had an ADP of more than 15%, it was considered as CS and all spikes of the burst was 469 

classified as CS spikes. Spikes that are not identified as CS were considered SS. SS could hence have ISI 470 

smaller than 14ms but are conceptualized here as high firing rate but regular spiking events.  471 

Spectral decomposition. Spectral decomposition of SomArchon Vm or LFP was performed with FieldTrip 472 

Matlab toolbox69 (https://www.fieldtriptoolbox.org/), using wavelet morlets functions (5 cycles).  The 473 

complex wavelets coefficients, from which we extracted the phase or power, were used to compute spike-474 

LFP/Vm phase locking values, and to estimate of the spectral power. 475 

Phase locking strength (PLS). To obtain a quantification of how consistent spikes occur relative to the 476 

phase of an oscillation we calculated the phase-locking value (PLV70) defined as: 477 

 478 

where f is frequency and N being the total number of spikes. The phase ϕ was obtained from the complex 479 
wavelet spectrum.   480 

Since PLV is not independent of the number of spikes considered and tends to inflate with low spike 481 

numbers. We only included neurons that had at least 10 spikes for spike-PLV analysis. Further, we adjusted 482 

the PLV value using the following equation71,72 (mathematically equivalent to pairwise phase consistency) 483 

to account for any potential difference in the number of CS and SS detected in a neuron, which we term 484 

here as phase locking strength (PLS): 485 

 486 

 487 
 488 

 489 
where N is the number of spike occurrences and f is frequency.  490 

Finally, to further reduce any residual spike influence on PLV estimates from spike-removed SomArchon 491 

Vm traces, we shifted the spike train and the corresponding Vm trace by 8.2ms (7 frames at 828Hz sampling 492 

rate) to each other, which reduced the PLS inflation in the higher frequency range (>100Hz) due to spike 493 

number.  494 

Extracellular tetrode recordings 495 

Spike burst (SB) detection. Given that we did not have access to membrane potentials for extracellular 496 

tetrode recordings, we identify SBs as periods of high frequency spiking with ISI less than 10ms. We chose 497 

a more conservative (smaller ISI) criterion for identifying SB than for identifying CS from voltage imaging 498 

recordings, because we do not have ADP-based criterion. Spikes not considered being part of any SB were 499 

defined as single spikes. We only included neurons with mean firing rates below 20Hz estimated over the 500 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 9, 2022. ; https://doi.org/10.1101/2022.04.06.487256doi: bioRxiv preprint 

https://www.fieldtriptoolbox.org/
https://doi.org/10.1101/2022.04.06.487256
http://creativecommons.org/licenses/by/4.0/


13 
 

whole recording, because there was distinct subset of neurons, presumably fast-spiking interneurons, that 501 

exhibited very high tonic firing rates (small ISI) and thereby difficult to classify with a ISI-based criterion 502 

alone.  503 

CA1 place fields. We followed an approach as proposed by Skaggs7. We did not attempt to separate the 504 

CA1 neural population into place cells and non-place cells, but we characterized the amount of spatial 505 

information using information theoretical measures for each neuron and as a function of spike bursts and 506 

single spikes.  507 

Spatial information and sparsity index. 508 

The amount of information a neuron had about the animal’s position was defined as7,73: 509 

 510 

Where pi is the position bin occupancy defined as pi= ti/Σti (summed over i) and where f is the mean firing 511 

rate defined as f=Σpifi. 512 

 513 

Where fi is firing rate of the neuron at the ith position bin. 514 

Center of mass (COM) calculation 515 

 516 

where xi is the ith position bin on the linear track and fi is firing rate of the neuron at the ith position bin. 517 

Quantifying the relationship between Spike-LFP theta phase and position on linear track. For the 518 

place field theta spike phase analysis, we filtered the LFP signal in the theta (3-12Hz) frequency range using 519 

a butterworth filter kernel. To obtain the instantaneous phase, we used the analytical signal of the Hilbert 520 

transform. To quantify the relationship between a neuron’s preferred spike-LFP theta phase and animal’s 521 

position, we applied circular-linear correlation74 that estimates a coefficient of multiple correlation 522 

(analogues to the coefficient of determination, which is the square of the correlation value) ranging from 0 523 

to 1 with 1 meaning all the variance is shared and 0 meaning no variation is shared.  524 

 525 
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 710 

Fig.1: High-speed voltage imaging characterization of CA1 single spikes (SS) and complex spikes 711 
(CS) in awake head fixed mice.  712 

(a). Illustration of SomArchon voltage imaging and animal preparation. (b). An example SomArchon fluorescence 713 
recording at 10kHz from a CA1 neuron. Top, average SomArchon fluorescence at spike peak for the recorded neuron. 714 
Scale bar, 25µm. Bottom, SomArchon fluorescence trace, and Zoom-in view of the period highlighted by the dashed 715 

box. (c). SomArchon fluorescence aligned to the peak of APs within CS recorded at 5-10KHz. The colors correspond 716 

to the sequence of APs, with blue being the 1st AP; light blue, 2nd; green 3rd; yellow 4th; orange 5th or more.  (d). 717 
Quantification of full width at half maximum (FWHM) for APs within SS and CS. FWHM increased as a function of 718 

CS spike number (linear regression slope, p=1e-20, n=101 spikes). (e). Quantification of spike amplitude calculated 719 
as maximum SomArchon fluorescence change (dF/dt) around each AP within SS and CS. Spike amplitude decreased 720 

as a function of CS spike number (linear regression slope, p=0.0056, n=101). (f). An example 3-second-long 721 
SomArchon recording at 828Hz from a CA1 neuron. Left, average SomArchon fluorescence at spike peak for the 722 

neuron recorded. Scale bar, 15µm. Dashed lines represent zoom-ins shown in g. (g). Zoom-in of the example trace 723 

segments indicated in f. (h-i). Spike-triggered SomArchon traces, either triggered to the peak of single spikes (SS) 724 

shown in (h) or to the peak of the 1st spikes of CS (i). The black line corresponds the spike-triggered averaged raw 725 
SomArchon fluorescence trace. The blue or red line with the shaded area corresponds to SomArchon trace with spikes 726 

removed (Vm). (j). Quantification Vm after-spike depolarization potential (ADP), after SS or CS (5ms-25ms after 727 
spike peak). Shown are ADP normalized to pre-spike period (25ms to 5ms before spike peak). ADP was stronger in 728 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 9, 2022. ; https://doi.org/10.1101/2022.04.06.487256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487256
http://creativecommons.org/licenses/by/4.0/


20 
 

CS than SS (paired t-test, p<1e-20, df=66). (k). The inter spike interval (ISI) distribution of all spikes (gray) including 729 

CS (red). (l). Overall percentage of spikes classified as CS or SS (n=67 neurons). 730 

 731 

Fig.2: SS and CS exhibit distinct relationship to Vm and LFP oscillations at theta and gamma 732 
frequencies. 733 

 (a). An example SomArchon trace of a CA1 neuron with the corresponding Vm wavelet power spectrum on top. Left, 734 

Average SomArchon fluorescence intensity at spike peak in the neuron recorded. Scale bar, 15µm.  (b). Vm spectral 735 
power aligned to SS (blue) and the 1st spikes within CS (red).  Vm theta power is greater for CS than SS (paired t-test, 736 

p= 9.13e-8, df=43). (c-f). Spike timing relative to Vm phase for SS and CS. (c). Example SomArchon trace of a CA1 737 

neuron with both SS (blue) and CS (red). Yellow is the theta-frequency filtered Vm trace. (d). Phase-locking strength 738 

(PLS) of spikes to Vm across frequencies for CS (red) and SS (blue) for an example neuron. (e). Mean PLS of spikes 739 

to Vm across frequencies for the population of recorded neurons (n=49). (f). PLS of spikes to Vm theta (3-12Hz) and 740 
gamma oscillations (30-90Hz) for CS (red) and SS (blue). Spike-Vm theta PLS for CS is greater than for SS (paired t-741 

test, p=1e-20, df=48). Spike-Vm gamma PLS for SS is greater than CS (paired t-test, p=1.4e-7, df=48). (g-j). same as 742 

c-f, but for spike timing relative to simultaneously recorded LFPs. (j). Spike-LFP theta PLS for CS is greater than for 743 
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SS (paired t-test, p=0.0047, df=48). Spike-LFP gamma PLS for SS is greater than CS (paired t-test, p=8.33e-5, df=48) 744 

(k-n). Multi-neuron SomArchon recordings using patterned illumination voltage imaging. (k). Example field of view 745 
showing GFP fluorescence from 5 simultaneously recorded neurons expressing SomArchon-GFP. Scale bar 30µm 746 

(l). Example SomArchon traces from a pair of neurons 1 and 2 shown in k. Spike-Vm phase coordination between 747 
CA1 neurons was considered between SS (blue) or CS (red) of one neuron and Vm (yellow trace) of the other neuron 748 

(m). Similar as in e, PLS of SS or CS spikes from one neuron to Vm of another simultaneously recorded neuron, 749 

instead of Vm of the same neuron as in e. (n). Spike-Vm PLS in theta range (3-12Hz) and gamma range (30-90Hz). 750 
CS spikes show stronger PLS to other neurons’ Vm theta oscillations than SS (independent t-test, p <1.97e-4, df=48, 751 
only CS and SS with >10spikes were included). SS in contrast exhibits stronger PLS to another neuron’s Vm gamma 752 
oscillations (independent t-test, p= 0.006, df=79). 753 

 754 

Fig.3: SS and CS respond differently to varying optogenetic stimulation patterns.  755 

(a). An example SomArchon trace from a CA1 neuron expressing both SomArchon and CoChR, before, during and 756 
after 1.5-second-long continuous focal blue light illumination. CS and SS are marked with red and blue lines 757 
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respectively. (b). Population trial-averaged (n=25) wavelet power spectrogram of Vm. Vm Power is normalized to 758 

the 0.5 second baseline period before optogenetic stimulation onset. (c, d). Population CS (c) and SS (d) firing rate 759 

probability upon continuous optogenetic stimulation. (e). Transient change in population firing rate for CS and SS 760 
within 200ms of optogenetic stimulation onset. Both CS (paired t-test, p=0.007, df=23) and SS (paired t-test, p=1.9e-761 
4, df=24) showed an increased in firing rate relative to the 0.5 second baseline period before stimulation onset.  (f). 762 
Sustained change in population firing rate for CS and SS during the 0.2-1.5 second time window after stimulation 763 
onset. SS (paired t-test, p=0.003, df=24), but not CS (paired t-test, p=0.96, df=23), showed a significant increase in 764 

firing rate.  (g). Optogenetic stimulation induced population Vm power change relative to 0.5-second long baseline 765 

before stimulation onset ((Vm(stimulation)-Vm(baseline))/(Vm(stimulation)+Vm(baseline)), n=26 neurons). (h).  The 766 
coefficient of determination (R square) obtained from linear regression between optogenetic-evoked spike rate change 767 

of CS (red) or SS (blue) for a given neuron and the optogenetic-evoked change of Vm power across frequencies. (i). 768 
Scatter plot of optogenetic-evoked CS firing rate change and Vm theta power change (5-12Hz) per neuron. There was 769 
a significant positive correlation (linear regression, r2=0.45, p=0.0009, n= 22). When using SS firing rate, the 770 

relationship was not significant (linear regression, r2= 0.02, p=0.57, n=22). j, Scatter plot of optogenetic-evoked SS 771 
firing rate change and Vm gamma power change (30-70Hz). There was a significant positive correlation (linear 772 
regression, r2=0.49, p=0.0003, n=22). When using CS firing rate, the relationship was not significant (linear 773 

regression, r2=0.12, p=0.13, n=22). (k, l) SomArchon trace from an example neuron upon 8Hz (k) and 40Hz (l) 774 

pulsed optogenetic stimulation. CS and SS are marked with red and blue lines respectively. (m). Quantification of 775 

firing rate for CS (red) and SS (blue) before (base) and after each stimulation light pulse (stim) delivered at 8Hz. (n). 776 
Quantification of spike PLS to stimulation pulse patterns at 8Hz for CS (red) and SS (blue). PLS for CS is significantly 777 

higher than for SS (paired t-test, p=0.0091, df=10). (o). Same as m but for light pulse delivered at 40Hz. Firing rate 778 
for SS is significantly higher after each stimulation pulse compared to the baseline before each light pulse (paired t –779 

test, p=0.027, df=10). (p). Quantification of Spike-Vm PLS to stimulation pulse pattern at 40Hz. PLS for SS is 780 
significantly stronger than for CS (paired t-test, SS, p=0.0056, df=7). 781 
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 782 

Fig.4: Distinct spatial coding and phase precession properties of CA1 single spikes (SS) and spike 783 
bursts (SB) during spatial navigation in rat.  784 
 (a). Schematic of the behavioral setup, in which rats were trained to run through a linear track in an outbound (left) 785 

and inbound (right) direction from the home box.  (b). Schematic of the extracellular tetrodes placed in the dorsal 786 
CA1. (c). Inter-spike interval (ISI) distribution histogram across all spikes recorded in all CA1 neurons. ISIs 787 
correspond to spikes within single spikes (SS) versus spike bursts (SB) are depicted as gray and red respectively. (d-788 

g). Analysis of spike phase relative to LFP oscillations. (d) Left, an example LFP trace and simultaneously recorded 789 
spike train from an individual place cell. Every spike of the spike train (black) is classified as either SB (red) or SS 790 
(blue). The theta filtered LFP trace (5-12Hz) is in gold. Right, spike phase locking strength (PLS) to LFP theta 791 
oscillations plotted as polar histograms for SB (top) and SS (bottom). (e). PLS of SS (blue) and SB (red) to LFP 792 

oscillations across frequencies for an example neuron. (f). Population averaged PLS of spikes to LFP oscillations 793 
across frequencies (n=147 neurons) (g). Quantification of PLS for SS and SB relative to LFP theta (5-12Hz) and 794 
gamma (30-100Hz) oscillations. SB PLS to LFP theta oscillations is significantly higher than SS (paired t-test, p<1e-795 
20, df=146). SS PLS to LFP gamma oscillations is significantly higher than SB (paired t-test, p = 1.3e-15, df=146). 796 
(h). Normalized z-scored firing rate (all spikes) of individual place cells as a function of animal position on the linear 797 
track. Neurons are sorted based on the timing of their peak firing rate respectively. (i). The ratio of the peak firing 798 
rate relative to the mean firing rate for SB and SS. SB firing rate modulation was significantly stronger than SS (paired 799 
t-test, p=3.55e-8, df=146) (j). SB and SS spatial information metric, calculated as bits per spike. (k). An example 800 
CA1 neuron’s spike timing relative to LFP theta oscillation phase over animal’s spatial location for SB (red) and SS 801 
(blue). Each dot of the raster plot indicates a spike. (l). Circular-linear correlation values between spike phase 802 
relative to LFP theta oscillations (5-12Hz) and animal’s spatial location. SB shows stronger correlations with spatial 803 
location than SS (paired t-test, p=1.77e-13, df=130).  (m). Example neuron’s spike rate plotted over spatial location, 804 
calculated using SB alone (red), SS alone (blue) or all spikes (black). (n). The difference between neurons’ place 805 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 9, 2022. ; https://doi.org/10.1101/2022.04.06.487256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487256
http://creativecommons.org/licenses/by/4.0/


24 
 

field centers calculated using SB and all spikes (red), or between SS and all spikes (blue).  The relative place field 806 
center of mass between SB and SS was significantly different (paired t-test, p=3.25e-5, df=146). (o). population 807 
averaged spike PLS to LFP theta oscillations aligned to the SB place field center of each neuron (PF). (p). Mean 808 
spike-LFP theta PLS during the 1st half of the place field (PF) as animals approach the PF center, and the 2nd halve 809 
of the PF as animals leave the PF center. Spike-LFP theta PLS is significantly higher for the 1st halve of the PF than 810 
the 2nd halve of the PF (paired t-test, p=0.007, df=62). (q-r). Same as o and p, but for spike PLS to LFP oscillations 811 
in the gamma range). Spike-LFP gamma PLS is significantly lower for the 1st halve of the PF than the 2nd halve of the 812 
PF (paired t-test, p=0.0396, df=62).  813 
 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 

Extended data figures 830 
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 831 

Extended data Fig. 1: CA1 SomArchon membrane voltage trace examples.  832 

(a). A neuron with no spike bursts (b). A neuron with few short bursts (c). A neuron with frequent short bursts and 833 
membrane depolarization (d). A neuron with large bursts and steep membrane depolarization. (e). A neuron with 834 
particularly long bursts and large membrane depolarization.  835 

 836 
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 837 

Extended data Fig.2: Theta frequency (3-12Hz) filtered Vm aligned to spikes of individual neurons 838 
recorded under different imaging conditions.  839 

(a) Single neuron SomArchon imaging condition. Theta frequency (3-12Hz) filtered Vm aligned to spikes for either 840 
SS (blue) or CS (red). The first CS spike was used as reference spike. The spike-triggered windows were then averaged. 841 

(b). Same as a, but for multiple neuron SomArchon imaging condition. Only neurons that were at least 40microns 842 
apart were included in this analysis.  843 
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 845 

Extended data Fig.3: Comparison of spike PLV to Vm and LFP between SS and 1st CS recorded in 846 
mouse CA1 (a-d) and 1st SB recorded in rat CA1 (e-f).  847 
(a). PLS of spikes to Vm across frequencies for the population of recorded neurons (b). PLS of spikes relative to Vm 848 
theta (3-12Hz) and gamma oscillations (30-90Hz) for CS (red) and SS (blue). Spike-Vm theta PLS for CS is greater 849 
than for SS (paired t-test, p=5.8e-9, df=37). Spike-Vm gamma PLS for SS is greater than CS (paired t-test, p=0.017, 850 
df=37). (c). PLS of spikes to LFP across frequencies for the population of recorded neurons (d). PLS of spikes relative 851 
to Vm theta (3-12Hz) and gamma oscillations (30-90Hz) for CS (red) and SS (blue). Spike-Vm theta PLS for CS is 852 
greater than for SS (paired t-test, p=1.86e-4, df=37). Spike-Vm gamma PLS for SS is greater than CS (paired t-test, 853 
p=0.01, df=37). (e). PLS of spikes to LFP across frequencies for the population of recorded neurons (f). PLS of 854 
spikes relative to Vm theta (5-12Hz) and gamma oscillations (40-100Hz) for CS (red) and SS (blue). Spike-Vm theta 855 
PLS for CS is greater than for SS (paired t-test, p= 5.41e-13, df=164). Spike-Vm gamma PLS for SS is greater than CS 856 
(paired t-test, p=1.6e-4, df=164). 857 
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 859 

 860 

Extended data Fig.4: Effect of burst length on theta phase locking. 861 

 (a-d) Mouse CA1 recordings. (e-f) Rat CA1 recordings. (a). Spike-Vm PLS for CS containing 2, 3, 4 or >4spikes 862 

(colored from darker to lighter color). (b). Quantification of Spike-Vm theta PLS for SS and CS containing increasing 863 
spike numbers shown in a. Spike-Vm theta PLS is increase for CS with more spikes (linear regression, r2=0.36, p=1e-864 
20, n=156). (c). Spike-LFP PLS for CS containing 2, 3, 4 or >4spikes (colored from darker to lighter color). (d). 865 
Spike-LFP theta PLS is significantly higher for CS with more spikes (linear regression, r2=0.36, p=0.0369, n=156). 866 

(e). PLS of SB relative to LFP across frequencies versus the number of spikes within a SB. Blue is SS. Dark to lighter 867 

red colors reflect SB containing 2, 3 4, and >4 spikes. (f). Quantification of PLS relative to LFP theta frequencies 868 
for SB with varying number of spikes (linear regression slope, p<1e-20, n=66). 869 
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 871 

 872 

 873 

Extended data Fig.5: An example CA1 neuron recording showing SomArchon fluorescence traces 874 
upon 1.5 second continuous optogenetic stimulation of CoChR.  875 

(a). SomArchon fluorescence traces across 40 trials. Optogenetic stimulation period is illustrated by the blue light 876 
on the top. In this particular neuron, there was an increase in SS and CS spike rate upon CoChR stimulation. (b). 877 
Zoom in view of an example trial, the trial colored in green in a.  878 
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 882 

Extended data Fig.6: Power spectrum component of spike train cross-correlograms for SS and SB 883 
recorded in rats.  884 

(a). Schematic representation of the extracellular recording setup containing between 18-24 tetrodes in the rat dorsal 885 

CA1. (b-c). The mean population averaged spike cross-correlogram for SB (b, red) and SS (c, blue) between 886 
simultaneously recorded neuron pairs (n=1608). Inset is a zoom-in on the central peak of the cross-correlogram (-50 887 

to +50ms) (d). Quantification of the spike cross-correlation peak between SB and SS (paired t-test, p=0.1, df=1607).   888 

(e). The FFT amplitude spectrum of the spike cross-correlograms (red=SB, blue=SS). (f). Quantification of the FFT 889 
amplitude of the cross-correlogram in the theta-band (paired t-test, p = <1.e-20, df=1607) and gamma-band (paired 890 
t-test, p = <1.e-20, df=1607). 891 
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