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Introduction 
 

 The hippocampus plays a pivotal role in the formation and maintenance of 

declarative memory traces and in spatial navigation. Mnemonic functions of the 

hippocampus critically rely on its interaction with subcortical regions, particularly on 

reciprocal connections with the medial septum (MS). Information transmission between 

the MS and the hippocampus was assumed to be fundamentally different during the two 

major hippocampal activity patterns, the 4 to 10 Hz theta rhythm (associated to 

exploration, orientation and rapid eye movement sleep) and the large amplitude 

irregular activity. A large body of experimental and modeling data points to the critical 

role of the MS in synchronizing the hippocampal network during theta oscillation. In 

this process, septal neurons expressing parvalbumin (PV) were proposed to play a 

fundamental role. However, the hippocampo-septal back-projection has recently been 

proved to be essential for coordinating the medial septal and hippocampal circuits and a 

direct evidence for septal pacing of hippocampal theta is still lacking. Furthermore, the 

classical view of medial septal theta formation has recently been debated based on an in 

vitro study suggesting intrahippocampal theta genesis. 
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Aims 
 

Here we set out to uncover if the sequence of events during theta formation and 

the direction of information transmission supports the classical view of septal drive or 

the challenging theory of hippocampal pacing of theta. Also, we aimed to reveal 

whether medial septal neurons expressing parvalbumin and/or the putative pacemaker 

channel HCN (hyperpolarization-activated, cyclic nucleotide-gated non-selective cation 

channel) play a role in the theta-frequency synchronization of the septo-hippocampal 

system. We asked the following questions: 

 

Do the firing characteristics of PV- and/or HCN-expressing cells support their 

hypothesized role in theta genesis? 

 

Does the timing of events in the septo-hippocampal system suggest a septal or a 

hippocampal lead on the course of theta synchronization? 

 

Is there any asymmetry in the bidirectional information transfer between the MS 

and the hippocampus? 

 3



Materials and Methods 
 

Animal handling 

 Male Wistar rats of 200-400 g body weight were used in the present study. 

Experiments were performed according to the guidelines of the Institutional Ethical 

Codex and the Hungarian Act of Animal Care and Experimentation (1998, XXVIII, 

section 243/1998), which conforms to the regulation of animal experiments by the 

European Union. 

 

Contributions 

 Dr. Viktor Varga performed all surgery and data recording except a part of 

hippocampal unit recordings that were accomplished by Dr. Balázs Hangya. All 

anatomical procedures in identification of juxtacellularly labeled neurons by 

immunohistochemistry methods are the work of Dr. Zsolt Borhegyi. Dr. Balázs Hangya 

performed all data analysis reported in this study except firing pattern analysis of HCN-

immunopositive neurons, which was the joint work of Dr. Balázs Hangya and Dr. 

Viktor Varga. 

 

Data recording 

 Rats were urethane-anesthetized. Wide band (0.3 Hz and 2 or 5kHz) 

hippocampal local field potential (LFP) was recorded monopolarly from the CA1 

pyramidal layer and digitized at 10 kHz. Medial septal or hippocampal unit activity was 

recorded concurrently with hippocampal LFP by the juxtacellular technique. Single cell 

activity was amplified, filtered (0.1 and 5 kHz) and then digitized at 10 kHz. 

Hippocampal theta was elicited by sensory stimulation (tail-pinch) and/or occurred 

spontaneously. The recording period was followed by juxtacellular biocytin or 

neurobiotin labeling of the neuron. 

 

Identification of juxtacellularly labeled neurons 

 After data recording, labeling, and a survival period of 10 to 120 minutes, the 

animals were perfused transcardially. Brains were removed and the block containing the 
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septum was cut and postfixed overnight. Coronal sections of 60 μm thick were cut on a 

vibratome from the tissue blocks. After washes in phosphaste buffer, the sections were 

incubated with streptavidin-conjugated Alexa 488 for 2 hours to identify the biocytin- 

or Neurobiotin-labeled neuron by fluorescent microscopy. The section containing the 

labeled cell was incubated in PV and HCN1 (kind gift from prof. Ryuichi Shigemoto) 

primaries overnight at room temperature, followed by a secondary antibody for 2 hours. 

The sections were mounted on slides, coverslipped and examined by fluorescent 

microscopy. The result was documented by digital camera. 

 

Data analysis 

 Wavelet spectrum. Our signals recorded in time-domain were decomposed in 

time-frequency domain using Continuous Wavelet Transform (CWT). 

 Selection of analyzed segments. For the analysis of firing behavior of HCN-

expressing septal neurons, theta segments were distinguished based on the ratio of 

wavelet power in the theta (2.5 to 6 Hz) and in the delta (0.5 to 2.5 Hz) frequency band 

(threshold: mean + 0.5 SD). For the analysis of temporal delays and information theory 

measures, a stricter definition of theta segments was applied as follows. Maximum 

location of wavelet power spectrum along scales was calculated for each time point. 

Time segments where the above defined point-wise maxima fell consecutively in the 

theta band were considered as theta segments. Sharp waves were detected using a 

standard thresholding algorithm and segments of large amplitude irregular activity were 

defined as non-theta non-sharp wave segments. 

 Identification of theta-bursting medial septal neurons. In order to separate septal 

neurons showing bursting activity pattern with frequency of bursts falling in the theta 

range (i.e. theta-bursting neurons), we applied a Ward’s cluster analysis algorithm on 

the interspike intervals. Hippocampal interneurons were differentiated from principal 

cells based on the following assumptions: interneurons fire at higher rate, produce 

narrower spikes and did not fire complex. 

Phase calculations. For the phase analysis of medial septal HCN-

immunoreactive (HCN-IR) neurons, instantaneous phase values of the crosswavelet 

spectrum of the unit and the LFP were calculated. For each neuron, the phase histogram 

was determined and tested against the null hypothesis of circular uniformity by Rao’s 
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spacing test and Watson’s test for uniformity. Then, the circular mean and the mean 

vector length were determined. Phase preference of anatomical groups was analyzed by 

the same statistical tests as the individual neurons. The phase distributions of anatomical 

classes were compared using Watson’s test for homogeneity. 

 Z - shift methods. Phase values for medial septal action potentials as correlated 

to hippocampal LFP were defined using the Hilbert transform. Time delay between MS 

unit and hippocampal LFP was determined by the phase locking analysis of time-shift 

signals. Briefly, LFP was fixed and unit was shifted compared to the LFP by different τ 

(time) values (-1 sec. < τ < 1 sec.) Subsequently, Rayleigh’s Z-statistics, proportional to 

degree of phase-locking, was calculated for all shifts. Z-shift was defined as the value 

by which shifting unit compared to LFP resulted the maximum degree of phase-locking 

(the highest value of the Z-statistics). 

 Information theoretical approach. After calculating wavelet spectra of both 

signals, wavelet power matrices were cut into 1-second-long segments for scales from 

2.5 to 6 Hz in order to get time-frequency windows. Distribution of wavelet power 

values falling into a specified window was estimated with a histogram. Mutual 

information (MI) for the corresponding unit and LFP wavelet power histograms was 

calculated using Shannon’s traditional formulation and adjusted using the Panzeri-

Treves bias-correction method. For each recording, an artificial unit generated by a 

random Poisson process was used as control. Transfer entropy (TE) and preferred 

direction of flow (DF) were calculated using the formulation of Gourevitch and 

Eggermont. Entropy and mutual information values computed during the calculation of 

TE and derivatives were corrected using the Panzeri-Treves bias correction algorithm. 

An interspike interval-shuffling method of control generation was applied. 

 Statistical tests. All comparisons except circular statistical problems were 

performed by Mann-Whitney U test or Wilcoxon signed rank test, as appropriate. 

Significance was judged at the level of p = 0.05, or p = 0.01 in the cases of real to 

control comparisons. Data analysis was implemented in Matlab development 

environment using self-developed and built-in functions. Freely available wavelet 

program of Christopher Torrence and Gilbert P. Compo (University of Colorado) was 

utilized for wavelet analysis. 
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Results 
 

HCN-IR neurons fire in highly regular theta-burst mode 

Almost every HCN-immunoreactive (HCN-IR) neuron investigated in this study 

showed theta-bursting firing pattern (24 of 25, 96%) during hippocampal theta 

oscillation; the remaining neuron was theta-modulated without clearly separable bursts. 

Eleven of the above 24 neurons fired theta-frequency bursts even during non-theta 

segments of the hippocampal LFP; however, burst firing was often more regular in 

hippocampal theta state. The other 13 cells showed irregular firing pattern in case no 

theta in the hippocampus was present. On the contrary, only 4 of 12 (25%) non-HCN 

neuron fired in theta-burst mode during hippocampal theta, one neuron showed low-

frequency bursts, while the remaining neurons were characterized by irregular spiking. 

None of the non-HCN neurons fired in theta-burst mode associated to hippocampal non-

theta episodes. Thus, the presence of HCN channels and theta-bursting firing pattern 

were highly significantly interdependent (p <0.0001 by χ2-test, n = 37). 

 

HCN-IR neurons are strongly phase-locked to hippocampal theta oscillation 

 Theta-bursting medial septal neurons are usually related to the ongoing 

hippocampal theta oscillation if present. We examined this relationship by calculating 

the phase of each action potential relative to hippocampal theta rhythm. All theta-

bursting neurons showed unimodal phase value distribution and strong phase-coupling 

to the hippocampal theta oscillation, irrespective of anatomical identity.  

Importantly, phase preference of HCN+/PV+ and HCN+/PV- neurons was 

strikingly different at the population level. PV-immunoreactive (PV-IR) group showed a 

bimodal distribution with two clearly separable peaks at the trough and on the rising 

segment of hippocampal theta wave. In a sharp contrast, non-PV HCN-IR group 

exhibited a multimodal distribution spanning the entire unit circle without showing a 

group level phase preference. 
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Time delay between medial septal PV/HCN-immunoreactive neurons and 

hippocampal LFP suggests septal lead 

In synchronously operating interconnected neuronal networks, changes in the 

activity of one network could appear as the perturbation of the other network after a 

time delay. Temporal difference between correlated alterations of activity may provide 

new insight into the functional architecture and hierarchy of the septo-hippocampal 

connection. Thus, we implemented the recently documented circular statistical Z-shift 

method to unravel the temporal order in the septo-hippocampal system during theta 

activity. Z-shift expresses the time difference by which alterations of hippocampal field 

oscillation (e.g. minor perturbations) follow (Z-shift > 0) or precede (Z-shift < 0) the 

corresponding minor changes of septal unit activity. 

 Most of the time lags calculated for MS neurons (117 of 189, 61.9%; median for 

all 189 neurons: 58 ms; interquartile range: -1.75 to 129.75 ms) fell between 0 and 200 

ms. This finding implies that events during theta oscillations in the activity of septal 

neurons precede those of the hippocampal field with a median of 58 ms. 

 PV-immunoreactive neurons (25 of 189; 12 of 25 immunoreactive for HCN) 

showed a median delay of 79 ms, which was significantly different from zero and from 

the delay characterizing PV-immunoneagtive MS cells. Median delay of PV-

immunonegative neurons (16 of 189) was 11.5 ms, which was not significantly different 

from zero. Thus, only the MS cells containing PV preceded hippocampal LFP. Alike 

PV-IR neurons, HCN-immunoreactive cells (20 of 189; 12 of 20 immunoreactive for 

PV) were characterized by a longer delay with a median identical to that of PV-IR cells 

as opposed to HCN-immunonegative MS neurons (7 of 189) (HCN-IR median: 79 ms, 

HCN-immunonegative median: -78 ms). Both medians were significantly different from 

zero. Thus, HCN-IR neurons preceded, whereas HCN-immunonegative cells followed 

hippocampal LFP. 

In order to compare the relationship of medial septal neurons and hippocampal 

interneurons to hippocampal local field oscillation, Z-shift was calculated for 27 

putative hippocampal interneurons (5 of 27 theta-bursting). These cells preceded 

hippocampal theta oscillation by a median of 47. Thus, the delay between hippocampal 

interneurons and LFP was 32 ms smaller than the time lag between PV- or HCN-IR MS 
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cells and hippocampal LFP. This finding points to an MS - hippocampus direction of 

influence during theta activity. 

 

Synchronization of PV- and HCN-IR medial septal neurons to hippocampal theta 

oscillation 

 Common information content (MI: mutual information) between MS unit and 

hippocampal LFP in the theta band reflects the strength of theta band synchrony 

between the two signals. To unravel whether putative pacemaker neurons shown to 

precede hippocampal theta share different amounts of information with hippocampal 

LFP compared to immunonegative cells, MI during the longest theta segments of 

recorded cells from these anatomical groups was calculated. 

We demonstrated that PV-IR cells shared a significantly higher amount of 

information with hippocampal LFP than non-PV neurons during theta episodes (n = 15 

PV-IR vs. 9 non-PV). Similarly, identified HCN-IR cells were proved to be 

significantly more synchronous to hippocampal LFP than HCN-immunonegative 

neurons (n = 13 HCN-IR vs. 3 non-HCN). MI values from the anatomically 

heterogeneous population of unidentified MS neurons were distributed over a wide 

range with a median between that of PV (HCN)-IR cells and PV (HCN)-

immunonegative neurons. 

 

Analysis of the direction of information transmission reveals theta-associated 

septal dominance 

 In order to (1) directly test the hypothesis of theta-associated septo-hippocampal 

dominance of information transmission and to (2) decompose the information shared by 

the MS neurons and the hippocampal LFP to a septo-hippocampal and a hippocampo-

septal component, we calculated normalized transfer entropy (NTE) and preferred 

direction of flow (DF) between septal cells and hippocampal LFP. Normalized transfer 

entropy from MS unit to hippocampal LFP gives the normalized amount of information 

that the past of the unit tells about the future of the LFP when the past of the LFP is 

already known; NTE in the opposite direction can be interpreted in a similar way. Using 

NTE, a normalized index taking its values between -1 and 1 called preferred direction of 
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flow (DF) can be calculated. Negative values of DF correspond to septal lead over the 

hippocampus, whereas positive values indicate hippocampo-septal dominance. 

 The investigation of DF values uncovered a theta-associated septal dominance 

(median DF: -0.108; DF < 0 in 27 of 36 cells), which turns to the opposite direction 

during non-theta epochs (median DF: 0.178; DF > 0 in 10 of 12 cells). We next 

analyzed NTE to reveal whether the above dominances originate from unidirectional 

information transmission or from a composition of a driver and a feedback influence. 

During hippocampal theta episodes, the septo-hippocampal direction of interaction was 

accompanied by a significantly smaller but still substantial hippocampo-septal 

component (median of septo-hippocampal NTE: 0.379 median of hippocampo-septal 

NTE: 0.292). Analysis of non-theta segments of the same neurons also revealed a two-

component process with a dominant hippocampo-septal direction in parallel with a less 

pronounced septo-hippocampal influence (median of septo-hippocampal NTE: 0.119 

median of hippocampo-septal NTE: 0.145). 

 Next, we investigated whether the strength of directional dominance during 

hippocampal theta segments are different between anatomically identified groups of 

cells. PV-containing MS neurons (n = 12) showed a marked asymmetry of interaction 

manifested in a dominant septo-hippocampal component (median DF: -0.186). Non-PV 

neurons (n = 10) also exhibited medial septal directional dominance with a lower 

absolute median DF (-0.076). However, the difference between PV-expressing and PV-

immunonegative neurons was not significant, showing a marginal p value of p = 0.067. 

Medial septal neurons immunopositive for HCN (n = 12) also belonged to the septal 

leading group (median DF: -0.140). Surprisingly, this was not the case for HCN-

immunonegative cells (n = 3), which showed a positive median DF (0.046), indicating a 

hippocampo-septal dominance of communication. 

  

The amount of transmitted information correlates with the temporal delay 

As the last step, we tested whether the results of Z-shift analysis is correlated 

with that of the information theory approach, that is, are the neurons that precede 

hippocampal theta the same as the ones that show septo-hippocampal directional 

dominance of information flow?  
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When including all neurons irrespective of anatomical identity (n = 56), a 

moderate but significant correlation between Z-shift and DF was observed (R = -0.35, p 

= 0.038, F test). Importantly, a strong Z-shift-DF correlation could be detected in the 

HCN-IR group (n = 12; R = -0.78, p = 0.038, F test). In the case of PV-IR cells, the 

correlation between Z-shift and DF values was not significant at p = 0.05 with a 

marginal p value of p = 0.052 (F test; R = -0.88). The negative R values indicate that 

positive Z-shift (septal antecedence) was accompanied by negative DF values (septo-

hippocampal directional dominance). 
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Discussion 
 

Our data demonstrate that HCN-immunoreactivity in the medial septum strongly 

correlates with theta-rhythmic firing. All medial septal neurons containing the 

pacemaker channel HCN exhibit a dominant theta-component in their firing pattern, 

whereas only a minority of non-HCN neurons shows theta-rhytmicity. Additionally, 

HCN-IR neurons are precisely phase-locked to the ongoing theta oscillation at the 

individual level, whereas preferred phases of the population of HCN-containing neurons 

cover the entire theta cycle. By applying a circular statistical method, we show that the 

activity of the medial septal neurons containing parvalbumin and/or HCN precedes 

corresponding hippocampal field events. Importantly, this temporal antecedence is still 

clearly detectable when these putative pacemaker neurons are compared to hippocampal 

interneurons: the activity of the latter group also precedes LFP changes, but by a 32 ms 

shorter period compared with the PV/HCN-IR neurons, implying a PV/HCN-IR MS 

neuron - hippocampal interneuron - pyramidal neuron sequence of influence during 

theta formation. Moreover, the above neurons were found to share a high amount of 

information with the ongoing hippocampal field oscillation during theta rhythm, 

reflecting the central role of these cells in the theta-associated septo-hippocampal 

synchronization process. We used a recently documented approach of information 

theory to uncover the asymmetry of reciprocal interaction between the medial septum 

and the hippocampus. We were able to conclusively demonstrate that the medial septum 

dominates septo-hippocampal interactions during theta activity, but a significant 

hippocampo-septal component could also be observed. 
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