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Abstract

Understanding how excitatory (E) and inhibitory (I) inputs are integrated by neurons requires 

monitoring their subthreshold behavior. We probed the subthreshold dynamics using optogenetic 

depolarizing pulses in hippocampal neuronal assemblies in freely moving mice. Excitability 

decreased during sharp-wave ripples coupled with increased I. In contrast to this “negative gain,” 

optogenetic probing showed increased within-field excitability in place cells by weakening I 

and unmasked stable place fields in initially non–place cells. Neuronal assemblies active during 

sharp-wave ripples in the home cage predicted spatial overlap and sequences of place fields of 

both place cells and unmasked preexisting place fields of non–place cells during track running. 

Thus, indirect probing of subthreshold dynamics in neuronal populations permits the disclosing of 

preexisting assemblies and modes of neuronal operations.

Understanding how neurons integrate excitatory (E) and inhibitory (I) inputs requires 

access to the neuron’s subthreshold dynamics (1–4). Because intracellular monitoring of 
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cell assemblies in behaving animals is currently unrealistic, different single-cell modes of 

operations (or “models”) have been proposed to explain firing characteristics in various 

circumstances (Fig. 1, A and B, and fig. S1) (1). In the “tuned excitation” (“blanket” 

inhibition) (1, 5) and “balanced network” models (I activity tracks E changes) (6–8), both 

membrane polarization (Vm) and firing rate response decrease at more depolarized Vm (Fig. 

1, A and B) (9–11). By contrast, in the “reciprocal network” model, reduction of I is coupled 

to Vm depolarization and increased firing rate (Fig. 1, A and B) (12–14). Thus, by varying 

Vm experimentally and observing the changes in firing rates, one can gain access to the 

subthreshold behavior of neurons (fig. S1). Adding active conductances to the model neuron 

affected its quantitative features but did not change these predictions qualitatively (figs. S2 

and S3).

We probed Vm with short optogenetic pulses. Using micro–light-emitting diode (μLED) 

probes (four shanks with three μLEDs on each shank) (15), we recorded and probed large 

numbers of CA1 pyramidal neurons simultaneously in freely moving calcium/calmodulin–

dependent protein kinase II alpha (CamKIIα) -Cre::Ai32 mice (Fig. 1, C and D, and fig. S4; 

n = 822 pyramidal neurons in four mice; 43.3 ± 8.37 pyramidal neurons per session). μLEDs 

were activated (0.02 to 0.1 μW, 20 ms duration) with randomly variable (20 to 40 ms) offsets 

so that stimulation of each site reccurred at ~0.3- to 0.6-s intervals Fig. 1C and fig. S5). 

Random intervals (20 ms) between the light pulses served as control epochs for comparison 

(materials and methods). Of 822 neurons, 611 responded unequally to the three neighboring 

μLEDs, owing to their different distances from the recorded neurons (Fig. 1, D and E, and 

figs. S4 and S5), and these responses were used as a proxy for estimating relative changes of 

Vm and E/I dynamics. The evoked spike responses varied as a function of brains state (fig. 

S6) but did not perturb the firing features of the neurons (fig. S7). No changes were observed 

in nonresponsive neurons, safeguarding against local network-induced effects (fig. S8).

During sharp-wave ripples (SPW-Rs), excitatory neurons increased their firing rates more 

than inhibitory neurons (fig. S9) (6). In contrast to this population gain of excitation, light-

induced spike responses in individual pyramidal cells decreased during SPW-Rs (ΔRate; 

Fig. 1, F to I). Increasing Vm depolarization decreased the light-induced response during 

SPW-Rs (Fig. 1J), resembling the balanced mode of operation (Fig. 1A). This conclusion 

was further supported by the negative correlation between firing-rate change during SPW-R 

and baseline firing rates of neurons (ρ = −0.19, P <10−7; fig. S10) and more directly 

by intracellular experiments, in which Vm was systematically varied (Fig. 1, K to M), 

reproducing the effect seen with optogenetic Vm depolarization (Fig. 1I) and favoring the 

balanced E/I model.

Next, we examined the subthreshold E/I dynamics of place cells. During track running, 

three blocks of 10 baseline runs on a linear track were interleaved with two blocks of 40 

to 50 stimulation runs (fig. S7D). We observed a gain at the trough of the theta cycle, the 

phase corresponding to the strongest synchrony of pyramidal neurons (Fig. 2A) (16). We 

then compared neuronal excitability within and outside the place fields of place cells (17). 

With a standard definition of “place field” (materials and methods) (18), more than half 

of the pyramidal neurons were classified as place cells [73% and 71% of light-responsive 

and nonresponsive neurons, respectively; P = 0.90, χ2 test; (17–19); fig. S11]. The induced 
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spike responses varied within and outside the place field (Fig. 2, C and D). The induced rate 

increase was higher within than outside the place field (Fig. 2E and fig. S12). Increasing 

depolarization of Vm by stronger light intensity increased the in-field gain several-fold (Fig. 

2F). This in-field gain was positively correlated with both the out-of-field firing rate and the 

home-cage firing rate of the neuron (ρ = 0.17, P <10−5 and ρ = 0.25, P <10−7, respectively; 

fig S12). No rate changes were observed in nonresponsive pyramidal neurons (fig. S8). 

These results support the reciprocal mode of operation.

Light responses in place cells, tested in the home cage before the track, were significantly 

stronger than in non–place cells, and these results cannot be explained by differences in 

firing rate (Fig. 3A and fig. S13), suggesting that neurons with higher excitability more 

likely express place fields. In support of this hypothesis, optogenetic depolarization revealed 

place fields in the majority of non–place cells (Fig. 3, B and C; 69.3%, 289 of 417; materials 

and methods), although the in-field gain was less for the induced place fields than for 

real place fields (Fig. 3D and fig. S13). We found a robust correlation between the spatial 

location of induced place field spikes and the sparse spikes of non–place cells in the absence 

of stimulation (Fig. 3, C and E; “ghost fields”).

Features of the optogenetically unmasked place fields were similar to those of real place 

fields (Fig. 3, F and G, and fig. S12). To anchor neuronal firing to behavior, we examined 

the precision by which the animal’s position on the track can be predicted by active neurons 

(19). The root mean squared error of the decoded position was highest for the sparse non–

place cell spikes and lowest for light-boosted spikes of place cells. The induced spikes of 

non–place cells more accurately predicted the mouse’s position on the track than those of 

“bona fide” place cells (Fig. 3H and fig. S11).

We found a reliable correlation between spatial correlations of place cell pairs on the track 

and firing rate correlations of the same pairs during SPW-Rs in the home cage (Fig. 4, A 

to C). (20). No such relationship was present for non–place cell pairs (Fig. 4C). However, 

during optogenetic stimulation, the relationship between cofiring during SPW-Rs and spatial 

overlap was revealed for unmasked place fields of non–place field pairs (Fig. 4C). To study 

the population consequence of the pairwise effects, we performed independent component 

analysis (ICA) on the Z-scored spike matrix of pyramidal neurons (21) to extract patterns of 

higher-order cofiring in the home cage (Fig. 4D). Assembly members of place cells, but not 

of mixtures of place and non–place cells, showed higher spatial correlation than chance (Fig. 

4E). However, when spikes of unmasked place fields were considered, they expressed spatial 

correlation at the level of real place cells (Fig. 4F and fig. S14). Sequential firing of place 

cells was correlated with spike sequences during SPW-Rs (Fig. 4G) (22, 23). The fraction 

of SPW-R events with significant virtual track trajectories increased when unmasked place 

fields were also included for the construction of the place field sequence template (Fig. 4H).

Optogenetic depolarization of neurons increased the within-field firing rate gain in 

hippocampal place cells and unmasked place fields in non–place cells (1,24–26), implying 

that almost any pyramidal cell can express a place field and that the entire CA1 population 

contributes to forming specific attractors or trajectories in any given situation (1, 24, 26, 27). 

In these preconfigured attractors (23, 28, 29), neurons with the highest excitability form a 
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scaffold map and emit high-enough spike rates to be classified as place cells (17). Place cells 

are not continuously “driven” by outside cues (30, 31) but emerge by transient disinhibition, 

perhaps coupled with excitation, as predicted by the reciprocal mode of operation and 

further supported by the position-dependent firing rates of inhibitory interneurons as well as 

the decreased inhibition of place cells within their fields (fig. S15). Our results challenge the 

current notion of spatially uniform inhibition underlying place cell properties and reconcile 

several models of place field emergence (1, 25, 26, 29, 32).

Optogenetic perturbation during the theta cycles and SPW-Rs revealed opposite excitability 

rules, and the SPW-R data were best fitted by a balanced network model (33–35). Even 

though SPW-R represents the highest excitability state of the CA1 network, the contributing 

individual neurons decrease their excitability. This negative gain enables larger rate changes 

of slow firing, compared to fast firing, neurons during SPW-R. By contrast, the reciprocal 

mode of operation during exploration allows for larger in-field gain for faster-firing, 

compared to slow-firing, neurons. Brain state–dependent shifts between the reciprocal and 

balanced E/I modes of operations may be brought about by the altered temporal relationship 

between interneuron and pyramidal cell spiking and the consequent Vm (36), perhaps set 

by subcortical neuromodulators. SPW-R is a natural Vm changer (37) during which more 

neurons fire than can be accounted for by place cells active during waking experience 

(37–39). These spikes are emitted by those neurons whose sparse spiking activity also 

contributes to the same hippocampal map.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Decreased single-neuron excitability during SPW-Rs.
(A) Different relationships of the excitatory and inhibitory conductances (top row) lead to 

specific membrane potential (middle row) and firing rate (bottom row). (B) Rate predictions 

as a function of the holding Vm. (C) CA1 neurons in CamKIIα-Cre::Ai32 mice respond 

to 20-ms random pulses. (D) Probe shank locations. (E) Peristimulus time histogram 

(PSTH) from a pyramidal cell responding to three mLEDs on the same shank but not 

one to nine μLEDs on different shanks. (F) (Top left) Histograms showing responses to 

light pulses (red) and control rate (black dashed line) during SPW-Rs (30 bins of 50 ms). 

(Bottom) Response displayed for the same single neuron. (Right) Two other example cells. 
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(G) Z-scored control rate (left), optogenetic responses (center), and rate change (ΔRate = 

μLED responses – control; right) during SPW-Rs for all light-responding cells ranked by 

lightresponse amplitude. (H) Group control firing rate (black), light response rate (red) 

[mean ± confidence interval at 95%(CI95), bottom], and rate difference (gold; mean ± 

CI95). (I) Optogenetic responses decreased during SPW-Rs (ΔRate; n = 485 neurons; P 
< 10−55,Wilcoxon paired signed-rank test) (J) (Top) Difference between in-SPW-R versus 

outside SPW-R firing rates as a function of three light intensities in three neurons. (Bottom) 

Population average (mean ± CI95 ρ = − 0.55, P < 10−57; P < 10−9 for all comparisons, 

Friedman test). (K) Pyramidal neuron filled with biocytin from a head-fixed waking mouse 

experiment. (Bottom) Responses of the filled neuron at different Vm (three traces are 

highlighted in black) during SPW-Rs (top gray line, average ripple). (L) Relationship 

between the holding Vm and Vm change (left) and firing-rate change (right) for all SPW-R in 

(K). (M) Group results for five cells from five anesthetized rats (green) and five cells from 

four head-fixed mice (pink). (Right) Decreased gain during SPW-Rs (P = 0.002; Wilcoxon 

paired signed-rank test). **P < 0.01 and ***P < 0.001.
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Fig. 2. Increased excitability during theta oscillations and within place fields.
(A) Thin line, theta phase. Red and black lines, phase histograms of spikes during 

optostimulation and control pulses, respectively (mean ± CI95). (B) Rate gain at the trough 

of the theta cycle (P < 10−6, Wilcoxon test). (C) (Top) Light-induced spike histograms 

(red line) and control rate (black line). (Bottom) for the same single neuron. (D) Control, 

light responses and difference (resp–con) for all light-responsive neurons, ranked by the 

control rate peak position. (E) Responses were larger inside than outside the place field (n 
= 553 place fields; P < 10−115; Wilcoxon test). (F) (Top) Difference between in-field and 
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out-of-field firing rates (gain), as a function of three light intensities in three neurons (top) 

and group average (bottom; ρ = 0.24, P < 10−6; P < 10−8, Friedman test). ***P < 0.001.
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Fig. 3. Unmasking subthreshold place fields.
(A) Evoked responses in home cage sessions in place cells and non–place cells [P < 

10−4, Kruskal–Wallis (KW) test]. (B) Light responses (red) and control (black) spikes for 

two example non–place neurons. (C) Light-induced place fields, control spike rate, and 

rate gain during light stimulation for all light-responding non–place cells ranked by the 

light responses. (D) Difference between in-field and out-of-field firing rates at three light 

intensities (P < 10−56, Wilcoxon paired test; ρ = 0.38, P < 10−5 for all comparisons, 

Friedman test). For comparison, the slope from place cells (Fig. 2F) is superimposed. (E) 

Correlation between peak location in control epochs and light responses for place fields of 

place cells (top, P < 10−40, χ2 test against 500 shuffles) and unmasked place fields of non–

place cells (bottom; P < 10−10, χ2 test). (F) Spike activity for an example non–place cell 

during baseline (no stimulation) runs (1 to 10, 61 to 70, 121 to 130) and stimulation runs. 

Spike activity during light stimulation (20-ms pulses; right panel) and between stimulation 

(control) epochs (left panel). Correlation between first and second halves (trials 11 to 60 and 

71 to 120) of the session was used to compute place field stability. (Bottom) Place fields 

during light stimulation were more stable for both true place fields and unmasked place 

fields [P < 10−9 and P < 10−19, respectively; two-ways analysis of variance (ANOVA)] than 

during control epochs. (G) Correlation of spatial information (Bits/spike) between control 

and light-stimulated epochs (P < 10−62 and P < 10−58, respectively; KW test). Black line 
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shows an exponential fit. Light-boosted effect was stronger for unmasked place fields of 

non–place cells than for place cell place fields (P < 10−15; KW test). (H) Spatial decoding 

accuracy of the mouse’s position on the track increased during light-stimulation epochs 

of both non–place cells and place cells (P < 10−8 and P < 10−27 for control and light 

epochs, respectively; two-way ANOVA). Note lower mean squared error (MSE) during light 

stimulation of non–place cells compared to control spiking of place cells (P = 0.001, Tukey 

test). **P < 0.01 and ***P < 0.001.
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Fig. 4. Uncovering spatial overlap of preexisting cell ensembles.
(A) Neural sequence of place cells and non–place cells during a SPW-R. (B) Similarity 

matrices show cofiring of 47 pyramidal neurons in an example session during SPW-R in 

the home cage and spatial correlations of the same pairs (Spearman’s ρ) during control 

and light-stimulation epochs on the track. (C) SPW-R cofiring was positively correlated 

with spatial overlap in place cell pairs (P < 10−27, Spearman correlation) but not in pairs 

with place and non–place cell (non-PC) partners (P = 0.11). (D) Same as (C), but for 

light-induced responses (P < 10−5, Spearman correlation; P < 10−29 for place cell pairs; 

P = 0.002 between control and light stimulation after correcting by the spatial cofiring; 

repeated-measures ANOVA). (E) Cell assemblies (21) in home cage recordings. Relative 

weights of neuron in an example assembly. Neurons with > 2 SDs (dashed gray line) of the 

weight distribution were classified as members of the assembly. (F) Spatial overlap on the 

track (ρ) was higher among assemblies consisting of only–place cells than for assemblies of 

mixed place cells and non–place cells (P = 0.006, P = 0.31, and P = 0.02 for assemblies, 

light stimulation, and their interaction, respectively; two-way ANOVA). (G) Forward replay 

sequence during home cage recording. Bayesian decoding (22). (H) The fraction of SPW-R 

events with significant trajectories (against 500 shuffles) increased (P < 10−4, Friedman test) 

when unmasked place fields of non–place cells (P <10−4, Tukey test) and when spikes from 

both stimulated place fields and unmasked place fields (P <10−3) were included for the 

construction of the place field sequence template. *P < 0.05, **P < 0.01 and ***P < 0.001.
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