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The hippocampal circuitry undergoes attentional modulation by the cholinergic medial
septum. However, it is unclear how septal activation regulates the spatial properties
of hippocampal neurons. We investigated here what is the functional effect of
selective-cholinergic and non-selective septal stimulation on septo-hippocampal system.
We show for the first time selective activation of cholinergic cells and their differential
network effect in medial septum of freely-behaving transgenic rats. Our data show that
depolarization of cholinergic septal neurons evokes frequency-dependent response from
the non-cholinergic septal neurons and hippocampal interneurons. Our findings provide
vital evidence that cholinergic effect on septo-hippocampal axis is behavior-dependent.
During the active behavioral state the activation of septal cholinergic projections is
insufficient to evoke significant change in the spiking of the hippocampal neurons. The
efficiency of septo-hippocampal processing during active exploration relates to the firing
patterns of the non-cholinergic theta-bursting cells. Non-selective septal theta-burst
stimulation resets the spiking of hippocampal theta cells, increases theta synchronization,
entrains the spiking of hippocampal place cells, and tunes the spatial properties in
a timing-dependent manner. The spatial properties are augmented only when the
stimulation is applied in the periphery of the place field or 400-650ms before the
animals approached the center of the field. In summary, our data show that selective
cholinergic activation triggers a robust network effect in the septo-hippocampal system
during inactive behavioral state, whereas the non-cholinergic septal activation regulates
hippocampal functional properties during explorative behavior. Together, our findings
uncover fast septal modulation on hippocampal network and reveal how septal inputs
up-regulate and down-regulate the encoding of spatial representation.

Keywords: hippocampus, medial septum, optogenetics, theta rhythm, transgenic rat

Introduction

The projections from the medial septum to the hippocampus are proposed to have important
roles in cognition by modulating the activity of episodic memory circuits (Winson, 1978; Oddie
et al., 1996). Beyond its role as a pacemaker for hippocampal rhythmic oscillations (Dragoi
et al., 1999), the function of the septal network remains underexplored. The precise spatial and
temporal effect of septal activation on hippocampal neurons remains unclear making it difficult to
define specific roles for septal activity in hippocampus-dependent behaviors. Hippocampal place
cells encode the spatial representation (O’keefe, 1976) and their spiking is entrained by theta
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rhythm (O’keefe and Recce, 1993). The septo-hippocampal
oscillatory regulation of the neuronal activity allows the precise
timing and synchronization of the postsynaptic potentials
arriving at hippocampal pyramidal cells (Freund and Gulyas,
1997). If medial septum exerts precise temporal control of
hippocampal function then it is crucial to understand how medial
septum shapes the hippocampal spatial representation.

Lesions of medial septum impair hippocampal theta and
rhythmic discharge of hippocampal interneurons (Rawlins et al.,
1979; Buzsaki et al., 1983). Concurrently, septal inactivation
decreases the spiking of hippocampal pyramidal neurons
and reduces their ability to fire in trains (Leutgeb and
Mizumori, 1999; Koenig et al., 2011). Selective cholinergic septo-
hippocampal lesions are also known to attenuate hippocampal
theta (Lee et al., 1994; Yoder and Pang, 2005). Although the
pharmacological effects of exogenous application of cholinergic
agonists have been extensively studied in hippocampal neurons,
much less is known about the system effects of septal cholinergic
activation on septo-hippocampal circuitry. We investigated, here,
if stimulation of the cholinergic septal neurons will trigger
a network effect in medial septum or if the response will
be restricted to the hippocampal formation. Another possible
outcome would be concurrent stimulation-induced changes in
the septal network and the hippocampal network. We applied
novel approach including optogenetic stimulation in the medial
septum of choline acetyltransferase (Chat)::Cre rat line (Witten
et al.,, 2011). This method allowed us to evaluate for the first
time the functional network connectivity in medial septum.
The current understanding of intra-septal connectivity between
medial septal cholinergic and non-cholinergic neurons is based
on anatomical (Leranth et al., 1992; Brauer et al., 1998)
electrophysiological recordings in vitro (Sotty et al., 2003; Huh
et al., 2010) and under anesthesia (Bassant et al., 2005; Simon
et al., 2006). We investigated here if cholinergic neurons exert
strong intra-septal network effect on septal bursting cells. We
explored how the septal cholinergic activation modulates the
hippocampal and septal networks.

Septal cholinergic neuromodulation is crucially involved in
the shifting of behavioral states (Lee and Dan, 2012) but there
is scarce information about the role of cholinergic processing
during navigation. Novel findings have demonstrated that the
selective septal cholinergic effect on hippocampal theta activity
is stronger during recordings from mice under anesthesia
compared to recordings from awake animals (Vandecasteele
et al., 2014). However, it remains unclear if this result was not
related to the anesthetic effect on the neuronal activity (Kaifosh
et al., 2013). Therefore, we also included the behavioral state of
the rats as a factor in our investigation of the septo-hippocampal
dialog. We aimed to examine if selective activation of the septal
cholinergic projections are sufficient enough to evoke changes
in the neuronal spiking and oscillatory patterns of hippocampal
formation during exploratory behavior. We hypothesized that
if the selective cholinergic activation is not able to trigger a
potent network response during active behavior then a non-
selective stimulation of septo-hippocampal projections should
reveal the effect of septal activity on hippocampal place fields.
Our findings show that the spiking of hippocampal place cells and

their spatial representation is up-regulated or down-regulated,
depending on the precise timing of non-selective septal
activation.

Materials and Methods

Surgical Implantation of Electrodes

The surgical implantation and the single-unit recordings were
performed as previously described (Tsanov et al, 2011a).
Eight tetrodes were implanted in medial septum (4-0.5 AP,
1.1 ML, angle 10° medially and 55mm dorsoventral to
dura) or hippocampus (—3.8 AP, 2.3 ML, and 1.8mm
dorsoventral to dura) of four male (250-350¢g) Lister-Hooded
rats (Harlan, UK) and seven male (250-350g) Lister-Hooded
Chat::Cre rats (Rat Resource & Research Center P400D011062,
US). For simultaneous LFP recordings, in parallel with
the tetrodes implantation, a single electrode was implanted
in the medial septum or hippocampus. Experiments were
conducted in accordance with European Community directive,
86/609/EC, and Cruelty to Animals Act, 1876, and followed
Bioresources Ethics Committee, Trinity College Dublin, Ireland,
and international guidelines of good practice.

Recording Techniques

Subjects were connected, via a 32 channel headstage (Axona
Ltd.), to a recording system, which also allowed for animal
position tracking. The recordings took place in rectangle-shaped
linear track (80 x 80 x 9.5cm and wide) situated in the
center of a room with multiple background cues available.
Signals were amplified (x 10,000-30,000) and band-pass filtered
between 380 Hz and 6 kHz for single-unit detection. To maximize
cell separation, only waveforms of sufficient amplitude (at
least three times noise threshold) were acquired. Candidate
waveforms were discriminated off-line using graphical cluster-
cutting software (Axona Ltd.), which allows waveform separation
based on multiple features including spike amplitude, spike
duration, maximum and minimum spike voltage, and the
time of occurrence of maximum and minimum spike voltages.
Autocorrelation histograms were calculated for each unit, and
the unit was removed from further analysis if the histogram
presented spiking within the first 2ms (refractory period),
inconsistent with good unit isolation.

Recording Sessions

For the inactive (immobile) recording session pellets were
positioned in the middle of the square arena where the rats
consumed the pellets throughout the recordings session. For
the active (mobile) recording session the rats were placed
in the open field and 20mg food pellets (TestDiet, Formula
5TUL) were thrown in every 20s to random locations within
the open field (pellet-chasing task); in this way, animals
locomoted continuously, allowing for complete sampling of the
environment. A recording session was considered as inactive if
the animal locomoted less than 14 m per 12 min (with average
velocity of <2cm/s) and active if the animal locomoted more
than 72 m per 12 min (average velocity of >10 cm/s). The chosen
duration of 12 min allowed the rats to explore evenly the arena in
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two subsequent recordings (baseline and stimulation sessions).
Baseline recordings >15min result in insufficient exploration
of the subsequent TBS session, while recordings < 10min
reduced the sampling of the explored environment. The rats were
habituated to the square arena before the recordings.

Hippocampal Units Identification and Spatial
Firing Analysis

Single hippocampal pyramidal cells and interneurons were
identified using spike shape and firing frequency characteristics
(Wilson and Mcnaughton, 1993; Csicsvari et al., 1999). Firing rate
maps allow for visual inspection of neurons preferred areas of
firing (i.e., place fields). They were constructed by normalizing
the number of spikes which occurred in specific pixel coordinates
by the total trial time the animal spent in that coordinate.
This produced maps depicting the place fields of each cell and
quantified in Hertz. The pixel map is converted into a 32 x 32
array of square bins 2 cm on a side. We computed place field size
as the region of the arena in which the firing rate of the place
cell was 20% or greater of the maximum firing frequency (Hollup
etal,,2001; Brun et al., 2002). We used multiple indices to analyze
the spatial properties of the hippocampal place cell firing (i.e.,
place field size, spatial selectivity, spatial coherence and spatial
specificity information content). The spatial information of firing
field (ratio of maximal signal to noise) was calculated by dividing
the firing rate of the cell in the bin with the maximum average
rate by its mean firing over the entire apparatus (Skaggs et al.,
1996). Spatial coherence consists of a spatial autocorrelation
of the place field map and measures the extent to which the
firing rate in a particular bin is predicted by the average rate of
the eight surrounding bins. Thus, high positive values result if
the rate for each bin could be better predicted given the firing
frequency of the neighboring location (Muller and Kubie, 1989;
Quirk et al., 1990; Sharp and Green, 1994). With each spatial
autocorrelation performed on the place field map, a p-value is
calculated, indicating whether the correlation is significant or
not. Place field activity is not considered to be spatially coherent if
the p-value is greater than 0.001. The spatial information content
(or spatial specificity) is expressed in bits per spike (Skaggs et al.,
1993) and is calculated as follows:

I="P;(1i/3) logy(xi/)

Where 1; is the mean firing rate in bin i, A is the overall mean
firing rate and P; is the occupancy probability of bin i. The spatial
specificity index is a measure of the amount of information
relative to the location of the animal conveyed by a single action
potential emitted by a single place cell.

Measurement of Local Field Activity

The local field potential (LFP) recordings were performed as
previously described (Tsanov et al., 2011b). The LFP was sampled
at 250 Hz and stored for off-line analysis. LFP signal frequency
analysis was implemented with MATLAB’s Signal Processing
Toolbox (MATLAB, Natick, MA) where the power was calculated
using the short-time Fourier transform of the signal (Hanning

window of 2s, with overlap of 1s) and interpolated into color-
coded power spectrograms. Information was displayed as the
magnitude of the time-dependent Fourier transform vs. time in
a color gradient graph with the maximum corresponding to 0 dB.
Theta rhythm parameters were evaluated by oft-line band-pass
filtering of the signal in the range of 5-12 Hz.

Phase-Locking Value

To evaluate the effect of optogenetic septal stimulation
we compared the hippocampal local field oscillations of a
single electrode between multiple trials. Phase-locking statistics
allow investigation of the phase covariance between separate
signals and allows direct quantification of frequency-specific
synchronization (i.e., transient phase-locking) between local
field potentials (Lachaux et al., 1999). The phase-locking value
employed the amplitude of the first circular moment of the
measured phase difference between two phases (Lachaux et al.,
1999; Canolty et al, 2010). The phase-locking value ranges
between 0 and 1; 0 signifying purely random rise and fall, whereas
a value of 1 signifies that one signal perfectly follows the other.
To distinguish between noise-related fluctuations of the phase-
locking values we compared the observed data with shuffled data
(Tsanov et al., 2014).

Virus Construction and Optical Activation

We used a Cre-inducible ChR2 viral construct designed for
optogenetic purposes (Tsai et al., 2009; Witten et al., 2011).
PAAV-Efla-DIO-hChR2(E123T/T159C)-EYFP-WPRE-pA  was
serotyped with AAV5 coat proteins and packaged by Vector Core
at the University of North Carolina. Viral titers ranged from
1.5 to 8 x 10'2 particles per mL (Witten et al., 2011). Control
viral vector bearing only the YFP reporter confirmed no effect of
laser light on the recorded septal neurons (Witten et al., 2011).
The virus injection was applied in the medial septum (40.5 AP,
1.1 ML, angle 10° medially), with volume of 2 ul injected on
two levels: 1l at 5.0 and 1l at 6.0 mm dorsoventral to dura.
Simultaneous optical stimulation and extracellular recording
were performed in freely-behaving rats. The optical fiber
(200 wm core diameter, Thorlabs, Inc.) was inserted inside the
microdrive cannula (Axona, Ltd.) of the recording tetrodes, with
the tip of the tetrodes projecting beyond the fiber by 500 pum,
and the optical fiber was coupled to a 473 nm laser (Thorlabs,
Inc.). The light power was controlled to be 10-20 mW at the
fiber tip. Square pulse with duration of 5-10 ms was delivered at
frequency of 8-10 or 40-50 Hz.

Theta-Burst Stimulation

Due to the optogenetic channelrhodopsin kinetics, requiring
pulse duration of >5ms for efficient activation and recovery
period of ~10ms (Nagel et al, 2003; Boyden et al, 2005;
Yizhar et al, 2011) we used electrode-mediated stimulation.
Theta-burst stimulation (TBS) was delivered through electrodes
(SNEX-300, Kopf Instruments) implanted together with the
tetrodes in medial septum. TBS protocol was generated by
a constant current bipolar stimulus isolator (A365D, World
Precision Instruments, Inc.), which was controlled through TTL
input from the recording system. TBS consisted of four bursts,
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with each burst containing 3 pulses at 10 ms (100 Hz), with
an inter-train interval of 125ms (8 Hz). The stimulus isolator
was synchronized with the video-tracking and with the recoding
system (Axona Ltd). The electric current stimulation allowed
application of pulses with very short pulse duration (0.2 ms) for
fast frequency protocols (Tsao et al., 2013). TBS intensities were
in the range of 50-200 pA (Dragoi et al., 2003; Tsao et al., 2013)
and were fine-tuned individually with respect to the amplitude of
the test-pulse stimulus artifact.

Spatially-Tuned TBS Protocol

The rectangular-shaped linear track was pixelated and
customized scripts were developed to trigger TBS of amplitude-
controlled pulses to medial septum efferents every time the rat
entered the place field of chosen place cell. The stimulation
and the subsequent off-line analyses investigated separately the
place field properties clockwise and counter-clockwise directions
for the bidirectional place cells. To reduce the distortion effect
of very small and very large place fields on the intra-field
analysis we have excluded place cells with directional place
filed diameter >30 and <10cm. The environment was divided
and each pixel was a square or rectangle with 1.5cm width.
After the baseline session the coordinates of a chosen place
field were identified and customized scripts were developed to
trigger pulses when the animal enters these coordinates. During
the TBS session the recording system identified on-line the
change of the spatial positioning of the animal and the stimulus
isolator triggered TBS when the animal crossed the identified
pixels.

Histology

At the end of the study, brains were removed for histological
verification of electrode localization. Rats were deeply
anesthetized with sodium pentobarbital (390 mg/kg) and
perfused transcardially with ice-cold 0.9% saline followed by
4% paraformaldehyde (see Materials and Methods). Brains were
removed, post-fixed in paraformaldehyde for up to 24h and
cryoprotected in 25% sucrose for >48 h. Brains were sectioned
coronally at 40pum on a freezing microtome. Primary antibody
incubations were performed overnight at 4°C in PBS with BSA
and Triton X-100 (each 0.2%). The concentration for primary
antibodies was anti-ChAT 1:200 (Millipore). Sections were
then washed and incubated in PBS for 10 min and secondary
antibodies were added (1:200) conjugated to Alexa Fluor 594 dye
(Invitrogen) for 2h at room temperature. For visualization, the
sections were mounted onto microscope slides in phosphate-
buffered water and cover-slipped with Vectashield mounting
medium (Fisher Scientific). The YFP fluorescence was evaluated
within a selected region that was placed below the fiber tip in
area of 1.5 x 1.5mm. Fluorescence was quantified based on the
average pixel intensity within the selected region (Witten et al.,
2011). The stained sections were examined with Olympus BX51
fluorescence microscope at 594nm for Alexa Fluor secondary
antibody and 488 nm for ChR2-YFP. ChAT-positive neurons
were identified based on expression of red fluorescence, whereas
ChR2-positive neurons were identified by expression of green
fluorescence. Co-localization of Alexa Fluor 594 and YFP was

determined manually using Image] software (Image Processing
and Analysis in Java).

Statistical Analyses

All data were analyzed using Prism software (GraphPad Software,
Inc., La Jolla, CA). Statistical significance was estimated by using
two-tailed t-test, Wilcoxon signed rank rest for paired data,
Mann-Whitney test for unpaired data and two-way analysis of
variance (ANOVA) paired with post-hoc Newman-Keuls test.
The probability level interpreted as significant was p < 0.05. All
data points are plotted + sem.

Results

Septal Network Response to Optogenetic
Activation of Cholinergic Neurons

To distinguish the selective effect of septal cholinergic neurons
on septo-hippocampal circuitry (Figure 1A) we used choline
acetyltransferase (ChAT)::Cre rat line (Witten et al, 2011).
Injection of a Cre-dependent adeno-associated virus in Chat::Cre
rat lines resulted in highly specific expression of light-activated
channelrhodopsin-2 tagged with a fluorescent protein (ChR2-
YFP) in cholinergic neurons (Figure 1B, Supplementary Figure
1G). 90 + 5% of neurons that expressed YFP also expressed
ChAT, while 45 £ 5% of neurons that expressed ChAT also
expressed YFP (n = 7 rats, n = 85 cells). We applied
laser stimulation of septal cholinergic neurons in the animals
implanted with optic fiber and recording tetrodes and evaluated
the local network effect in medial septum. Trains of square
pulses of blue light were applied continuously every 6s. From
215 cells recorded in medial septum (n = 7 rats) we identified
70 cells that changed their firing frequency as a result of the
stimulation (Figures 2A,B). Twelve cells (17% of the affected
cells) responded with immediate robust increase of the firing
frequency. The responsive neurons reliably followed trains of
pulses and such light-entraining defines this group as putative
ChAT neurons (Figure2C, Supplementary Figure 1A). The
relatively low number of recorded ChAT neurons reflects their
population sparsity in medial septum (Witten et al., 2011). Thirty
five cells (50%) responded with robust inhibition of the firing
frequency (Figures 2D,E, Supplementary Figures 1C,E); the fast-
spiking neurons from this group responded with instant firing
suppression, followed by rebound post-stimulation facilitation
(Figures 2EE). Twelve cells (17%) responded with potentiation
of the firing frequency that was following the stimulation
onset with 4-14 ms (Figure 2G, Supplementary Figure 1B). Six
cells (9%) responded with brief initial potentiation, followed
by rebound inhibition (Figure 2H, Supplementary Figure 1D).
Finally, five cells (7%) responded with rebound potentiation
that was initiated after the stimulation protocol (Figure 21,
Supplementary Figure 1F). The last four groups, which comprise
83% (n = 58) of the affected cells, are defined as non-cholinergic
neurons. The ChAT neurons group is characterized with tonic,
regular slow-frequency firing 3.7 & 1.4 Hz (Figure 2E). Based on
their bursting firing patterns and high discharge rates >24 Hz
(Bassant et al, 2005), we suggest that the non-cholinergic
neurons from the potentiation and the fast-spiking inhibition
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FIGURE 1 | ChR2-YFP expression in the medial septum of ChAT::Cre
rats. (A) Atlas schematic of our experimental setup investigating the
functional relation of septal activity to the hippocampal formation (MS, medial
septum; HIP, hippocampus). The medial septum of ChAT::Cre rats was
injected with cre-inducible ChR2-EYFP. Chronically-implanted headstage
with optic fiber and microdrive allowed parallel application of blue laser light
and measurement of single unit activity in medial septum. Additionally, the
implantation of bipolar concentric electrode allowed electric stimulation.

Concurrently, recording tetrodes were implanted in hippocampal area CA1 to
measure neuronal and local field activity. Coronal atlas schematic (below) and
histological section (right) show where optic fiber and eight tetrodes were
implanted and subsequently lowered in medial septum. The black arrow
indicates the location of tetrodes tip. (B) Colocalization of ChAT staining and
ChR2-YFP expression in the medial septum. High-magnification views of
ChR2-YFP expression in ChAT-positive septal cell bodies after injection of
cre-dependent virus in the medial septum of ChAT::Cre rats.
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FIGURE 2 | Physiology of multiunit optical responses in medial
septum of ChAT::Cre rats. (A) Sample scatterplot, showing all signals
recorded on a given tetrode. Right: sample waveforms of septal units,
corresponding to neurons from the ChAT, inhibition (slow-spiking), inhibition
(fast-spiking), potentiation, re-inhibition and re-potentiation groups. (B)
Sample size of the main groups of neurons, which responded to optogenetic
activation of septal cholinergic neurons. (C) Raster plot from 40 repetitions
(above) and spike count of 120 repetitions (below) of optically evoked
time-locked responses of ChAT cell. Time 0 indicates the delivery of the first
train of the stimulation protocol (50 Hz, 5ms pulse duration, 12 pulses,

o 12
Rebound inhibition
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473nm). (D) Raster plot from 40 repetitions (above) and spike count of 120
repetitions (below) of slow-spiking unit from the inhibition group. (E)
Comparison of the firing rate (spikes/s) 250 ms before, 250 ms after and

500 ms after the stimulation protocol for ChAT, slow-spiking inhibition,
fast-spiking inhibition, potentiated, re-inhibition and re-potentiation neurons.
Error bars represent &+ sem, Wilcoxon signed-rank test; *P < 0.05,

**P < 0.01, *™P < 0.001. Multiunit activity in response to optical activation of
septal cholinergic neurons: sample raster (above) and spike count (below)
plots recordings of fast-spiking inhibition (F), potentiation (G), re-inhibition
(H), and re-potentiation (I) units.
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groups are GABA-ergic cells. These data illustrate that selective
cholinergic activation of septal cells triggers a wide intra-septal
network effect expressed as differential responses from the
non-cholinergic neurons. Thus, the hippocampal response to
optogenetic ChAT-stimulation involves the indirect activation of
large number of non-cholinergic septo-hippocampal projections.

Stimulation Frequency Effect on the Neuronal
Responsiveness in Medial Septum

Our next goal was to find the most efficient stimulation protocol
that exerts the most powerful effect on septal neurons. First, we
have established the light output power of 18 mW at the optic
fiber tip as evoking maximal excitation response compared to
lower intensities (Supplementary Figure 2A). We also established
that the most optimal pulse duration is in the range of 5-10 ms
(Supplementary Figure 2B). The next parameter of investigation
was the stimulation frequency. We compared low (8-10 Hz) vs.
high (40-50 Hz) stimulation frequency (Supplementary Figures
2C-E). The spiking of ChAT neurons was triggered consistently
by both low and high frequency stimulation protocols. However,
high frequency stimulation evokes greater response in the first
20ms of the optogenetic stimulation (Supplementary Figure
2F), which include the first two pulses of 50 Hz protocol. The
maximal spiking increase as percent of baseline was 2849.7
£ 508% in response to 50 Hz, compared to 1809.5 £+ 169%
during 10Hz (n = 120 trials, p < 0.01, ¢-test, Supplementary
Figure 2C). The non-ChAT neurons from the potentiation group
(Supplementary Figure 2G) also expressed the higher degree of
augmentation as a result of 50Hz (181.8 & 13.2%) compared
to 10 Hz stimulation protocol (149.1 £ 8.9%; n = 120 trials,
p < 0.05, t-test, Supplementary Figure 2D). Similarly, the
neurons from the inhibitory group followed the tendency of
more expressed spike suppression after 50 Hz protocol (18.8 £+
6.5%; Supplementary Figure 2H), compared to 10Hz (36.9 £+
9.7%; Supplementary Figure 2E). While, the group with rebound
potentiation (Supplementary Figure 2I) showed significantly
higher response after high-frequency stimulation (168.5 & 8.8%
for 50Hz and 147.6 £ 4.7% for 10Hz; n = 120 trials, p <
0.05, t-test; Supplementary Figure 2D), the group with rebound
inhibition did not show preference for the stimulation frequency
(43.5 £ 7.6% for 50 Hz and 45.7 & 9.7% for 10 Hz; Supplementary
Figure 2E). These data illustrate the stimulation frequency plays a
role in the ChAT-mediated network activation of septal neurons
where higher frequency results in more potent network effect.

Behavioral State Dependence of the Septal
Network Responses

The activity of cholinergic neurons in medial septum depends
on the behavioral state of the animal (Marrosu et al., 1995;
Jones, 2005). Thus, we explored next if the behavioral state
exerts an effect on the septal network response to optogenetic
ChAT stimulation. We compared the stimulation effect during
active sessions (with average velocity of > 10 cm/s) vs. inactive
or immobile sessions (with average velocity of < 2cm/s).
The neurons from the ChAT group expressed higher degree
of activation during the inactive behavioral state (41.9 =+
1.4 Hz; Figure 3A, left) compared to the optogenetic response

during pellet-chasing task (28.3 £ 1.3 Hz; Figure 3A, right).
Concurrently, the background spiking activity of the ChAT
neurons is lower during the inactive (3.4 & 0.3 Hz), compared
to active behavioral state (4.7 £+ 0.3 Hz; Figures 3E,G). The
fast-spiking neurons from the inhibition group showed more
expressed suppression after stimulation during the inactive (15.8
=+ 3.4 Hz, Figure 3C left) compared to the active states (19.7 £
3.6 Hz; Figure 3C right, Figures 3E,G). The spiking frequency
of the potentiation group of non-ChAT neurons underwent
higher augmentation as a result of the stimulation protocol
during inactive (37.3 + 4.7 Hz, Figure 3B left), compared to
the active behavioral state (21.8 £ 3.9Hz, Figure 3B right).
However, the baseline spiking from the inactive (25.11 £ 4.5 Hz)
behavioral state also decreased during the active state (17.31 £
3.8 Hz), thus, following similar ratio increase as the stimulation-
evoked rate (Figure 3G). The most apparent dependence of
the behavioral state was expressed by the non-ChAT neurons
from the group responding with initial potentiation, followed
by rebound inhibition (Figure 3D). Their background firing
rate decreased during the active (10.5 £ 1.2Hz) compared to
inactive state (12.4 =+ 1.1 Hz). However, the stimulation-induced
potentiation was higher during active (21.0 & 1.5 Hz) vs. inactive
state (16.8 + 1.7Hz; Figure 3G). Furthermore, their spiking
frequency showed preference for rebound decrease only during
the inactive state (Figure 3D, left). The non-Chat neurons that
respond with rebound potentiation did not express significant
difference between the behavioral states (9.9 &= 2.7 Hz for inactive;
9.2 + 2.8 Hz for inactive Figure 3G). Our data show that the
behavioral state influences the efficiency of optogenetic-induced
activation of the ChAT neurons. These findings support the
idea that cholinergic neurons are already highly-activated during
active exploration and, thus, additional activation of septal ChAT
neurons has reduced hippocampal effect (Vandecasteele et al.,
2014).

Medial Septum Stimulation Results in Differential
Effect of Hippocampal Interneurons

Our next goal was to examine how hippocampal function
responds to septal activation. We evaluated the effect of
behavioral state and stimulation frequency variables on (1)
the spiking of hippocampal neurons and (2) theta band (5-
12 Hz) of hippocampal local field oscillations. The optic fiber
was located in medial septum, while the recording tetrodes
were located in dorsal hippocampal CAl area (see Figure 1A).
We have chosen the stimulation locus to be in the medial
septum but not in hippocampus to avoid the photoelectric effect
on the hippocampal local field potential (Cardin et al., 2010).
In the hippocampal recording site we identified cholinergic
septal efferents expressing ChR2-YFP (Figure 4A). Therefore,
the evoked hippocampal response involves direct activation of
ChAT projections together with indirect activation of non-
ChAT septal neurons. We first analyzed how septal cholinergic
activation alters the spiking of hippocampal interneurons. From
68 fast-spiking cells recorded in the dorsal hippocampus of three
rats we observed stimulation-induced change of the spiking of 17
neurons. Of these 17 neurons, 11 neurons responded with initial
inhibition and rebound potentiation (Figure 4B), four neurons
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FIGURE 3 | Dependence of the septal network response on the
behavioral state. (A) Raster plot and spike count of representative ChAT
cell during inactive (left) and active (right) behavioral state after 10Hz
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potentiation cell during inactive (left) and active (right) behavioral state
after 50 Hz stimulation protocol. (C) Raster plot and spike count of
representative inhibition cell during inactive (left) and active (right)
behavioral state after 10Hz stimulation protocol. (D) Raster plot and spike
count of representative re-inhibition cell during inactive (left) and active
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(right) behavioral state after 50 Hz stimulation protocol. (E) Ratio of the
spiking firing rate for inactive over active behavioral state for the ChAT
unit shown in (A). (F) Ratio of the spiking firing rate for inactive over
active behavioral state for the inhibition unit shown in (C). (G) Ratios of
the spiking firing rate for inactive over active behavioral state for baseline
background activity (left) and stimulation-induced spiking (right) for ChAT,
inhibition, potentiation, re-inhibition, and re-potentiation groups. Error bars
represent + sem, paired t-test; *P < 0.05, *P < 0.01, **P < 0.001. The
horizontal red dotted line indicates the ratio level of 1.

responded with inhibition (Figure4D) and two responded
with potentiation followed by rebound inhibition (Figure 4E).
We compared low (10Hz) vs. high (50Hz) stimulation and
active vs. inactive behavioral state. This approach results in
four configurations: (1) low frequency x active, (2) low
frequency X inactive, (3) high frequency x active, (4) high
frequency x inactive. The spiking of hippocampal neurons
was significantly increased only by 50Hz septal stimulation
(Figure 4C, Supplementary Figure 3A). Concurrently, inactive
behavioral state showed higher spiking increase (131 + 5.6%,
n = 120 trials, p < 0.01, Wilcoxon signed-rank test, Figure 4C,
Supplementary Figures 3A,B) compared to active behavioral state
(118 £ 4.6%, n = 120 trials, p < 0.05, Wilcoxon signed-
rank test, Figure 4C, Supplementary Figures 3C,D). The spiking
of hippocampal interneurons was increased during the active
state and this is represented by the low levels of inactive/active
spiking ratio (0.48 £ 0.11). The stimulation protocol induced
augmentation of inactive/active spiking ratio (0.72 % 0.09),
although the values remained below 1 (Figure 4F). We also

examined the spiking of the complex-spike cells expressing
spatial properties during the active state (n = 6 cells). The
firing frequency of the place cells was significantly affected only
for the inactive state, where the stimulation/baseline spiking
ratio decreased during the 50 Hz stimulation, compared to the
ratio after the stimulation protocol (n = 120 trials, p <
0.05, t-test, Figure 4G). These data reveal a differential response
of the hippocampal neurons to the septal stimulation, and
this response is frequency-dependent. Additionally, the selective
septal cholinergic activation is insufficient to trigger robust effect
on hippocampal neurons during the active behavioral state.

Cholinergic Septal Activation Evokes
Frequency-dependent and Behavioral
State-dependent Effect of Hippocampal
Oscillations

Similarly to the septal neuronal response the behavioral state
modified the effect of septal optogenetic stimulation on the
hippocampal theta oscillations. Theta increase was significantly
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FIGURE 4 | Hippocampal neuronal responses after septal ChAT
stimulation. (A) High-magnification views of septal axons expressing
ChR2-YFP in hippocampal CA1 area after injection of cre-dependent
virus in the medial septum of ChAT::Cre rats. (B) Raster plot from and
spike count of optically evoked responses from hippocampal
re-potentiation unit. Time O indicates the delivery of the first train of the
stimulation protocol (560Hz, 5ms pulse duration, 12 pulses, 473nm). (C)
Average values of the stimulation-evoked firing rate increase (as percent
of the baseline firing rate) for the potentiation and re-potentiation
hippocampal units for stimulation frequency vs. behavioral state: 50Hz
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inactive, 50Hz active, 10Hz inactive and 10Hz active, respectively. Error
bars represent + sem, Wilcoxon signed-rank test; *P < 0.05, **P < 0.01,
***P < 0.001. Raster plots from and spike count of optically evoked
responses from hippocampal inhibition (D) and potentiation (E) units. (F)
Ratio of the firing rate for inactive over active behavioral state for
baseline background activity (left) and stimulation-induced spiking (right)
for hippocampal interneurons. (G) Ratio of the firing rate for stimulation
over baseline for 250ms (left) and 500ms (right) after septal stimulation
for hippocampal place cells. Error bars represent + sem, paired t-test;
*P < 0.05.

higher during inactive (Figures5A,B left panels), compared
to active recording sessions (Figures 5A,B right panels). The
most potent effect on hippocampal theta was observed after
low-frequency stimulation protocol (8-10 Hz). For better trace
visualization we averaged multiple trials to generate event related
potentials and remove uncorrelated activity (Figure 5A). We
also evaluated the effect of optogenetic stimulation on the
synchronization of the local field potential across the stimulation
trials (n = 120) in four rats. We used the phase-locking value
(see Materials and Methods), which measures the degree of
local field synchrony between all stimulation epochs in the theta
frequency range. We analyzed the values for the first 100 ms
of the stimulation protocols. The phase-locking values were
higher for 10Hz (0.44 £ 0.02; Figure 5C top, left) compared
to 50Hz (0.32 £ 0.01; Figure 5C top, right) during inactive
states (n = 120 trials, p < 0.05, t-test, Figure 5D). Similarly,
the value was higher for 10 Hz (0.30 £ 0.04; Figure 5C below,
left) compared to 50 Hz (0.21 £ 0.02; Figure 5C below, right)
during the active states (n = 120 trials, p < 0.05, t-test,
Figure 5D). The increase of theta amplitude was significantly

higher after 10 Hz stimulation, compared to 50 Hz stimulation
(n = 120 trials, p < 0.05, Newman-Keuls test) for both inactive
(Figure 5E) and active states (Figure 5F). We did not analyze
the correlation values between the laser-induced septal and
hippocampal theta oscillations because of the interference of the
photoelectric effect in the local field potentials (Supplementary
Figure 4). These data confirm the relevance of the behavioral state
for the cholinergic septo-hippocampal processing. Unlike the
neuronal response in medial septum and hippocampus to high
frequency stimulation, the hippocampal theta synchronization
was preferentially altered after low frequency protocol. Our
findings suggest that the most efficient synchronization of
hippocampal theta rhythms requires septal stimulation pattern
with inter-stimulation intervals of <10 Hz.

Non-selective Theta-burst Stimulation of Medial
Septum Evokes Concurrent Neuronal and Theta
Response during Active Exploration

While the local field response is favored by low frequency, the
neuronal response in hippocampus is more effectively triggered
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FIGURE 5 | Hippocampal local field responses after septal ChAT (C) Representative samples of phase-locking value for 10Hz inactive (top,
stimulation. (A) Sample event related potentials (ERP) recorded in dorsal left), 50Hz inactive (top, right), 10Hz active (below, left), and 50 Hz active
CA1 after 10Hz septal optogenetic stimulation during inactive (left) and (below, right) state. Blue traces show the observed data, while the green
active (right) behavioral state. Upper red traces show ERP from medial values represent shuffled data. (D) Average values of the phase-locking
septum, middle green traces represent ERP from hippocampus value for the same groups. Error bars represent + sem, two-tailed t-test;
band-pass filtered (4-15Hz) and lower blue traces represent the same *P < 0.05, *P < 0.01. (E) Frequency histogram of band-passed local field
hippocampal ERP after low-pass filtered (0-15Hz). Time O indicates the potential for 10Hz (red), 50Hz (blue) and baseline epoch counts (green)
delivery of the first train of 10Hz stimulation protocol to medial septum. during inactive behavioral states. (F) Frequency histogram of band-passed
(B) Color-coded power spectrograms of hippocampal low-frequency local field potential for 10Hz, 50Hz and baseline epoch counts during
oscillations after 10Hz septal stimulation protocol during inactive (left) and active behavioral states. Error bars represent & sem, Newman—-Keuls test,
active (right) behavioral state. Vertical dotted black line indicates time O. *P < 0.05.

by high frequency (see Figure 4). To combine both frequency
modes into one stimulation protocol we next stimulated septal
afferents with electric current via bipolar concentric electrode.
This approach allowed us to apply theta-burst stimulation
protocol with short pulse duration (0.2ms), high intra-burst
frequency (100Hz) in parallel with low inter-burst frequency
(8 Hz, see Materials and Methods). Theta-burst stimulation
(TBS) protocol mimics most closely the spiking pattern of
septal theta-bursting cells (Fking et al., 1998; Tsanov et al,
2014). Theta-burst spiking is a feature of GABA-ergic cells in
the medial septum (Bassant et al.,, 2005). The stimulation was
delivered to the animals (n 4 rats) in active behavioral
state during pellet-chasing task. Similarly to the optogenetic
septal stimulation we observed three types of responses from the
hippocampal interneurons: (1) group of neurons that responded
with initial inhibition, followed by subsequent potentiation (n =
11 cells, Figure 6A); (2) group of neurons that responded with

potentiation (n = 6 cells, Supplementary Figures 5A,B); and
(3) group of inhibited neurons (n 5 cells, Supplementary
Figures 5C,D). The majority cells from the re-potentiation group
are spiking with theta-bursting patterns (n = 9, theta cells;
Figure 6B). Application of TBS entrained the spiking of the theta
cells, leading to synchronization of their spiking that continued
for 600-900ms after TBS (Figure 6C). The high-frequency
stimulation pattern induced intra-burst suppression of the theta
cells spiking (12.5 £+ 3.5Hz) and inter-burst augmentation
(82.6 + 11.4Hz), compared to baseline levels (40.6 £+ 5.2 Hz;
Figure 6D, Supplementary Figures 5E,F). The potentiation group
of neurons showed significant response only to the intra-burst
period of TBS (80.1 £ 14.7 Hz) compared to the pre-stimulation
rate (42.4 + 11.4Hz, Mann-Whitney, n 120 trials, p <
0.05; Figure 6D, Supplementary Figures 5G,H). The temporal
overlap of the spiking changes for re-potentiation (theta) and
potentiation groups (Supplementary Figures 5E,G) suggests a
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functional connection between them. Finally, the inhibition
group of cells undergo suppression throughout the stimulation
protocol (Figure 6D, Supplementary Figure 5I), which was
more expressed during the intra-burst periods (Supplementary
Figure 5K). Concurrently, the electrical stimulation of medial
septum also increased hippocampal theta power (Figure 6E).
TBS resulted in a parallel increase in hippocampal theta power
(Figure 6F, Two-Way ANOVA, F(; .5 = 1.730, n = 120
trials p < 0.05), which occurred at the end of TBS protocol
and shortly after TBS (Figure 6E), following similar timing
with the post-TBS synchronization of re-potentiation group of
cells (Figure 6C). These findings demonstrate that electrical TBS
protocol efficiently entrains the hippocampal neuronal activity
during pellet-chasing task with the same differential neuronal
responses as septal optogenetic ChAT-stimulation but with better
temporal resolution. Our data show that TBS evokes potent
hippocampal response, where theta oscillations are closely-
linked to the intrinsic synchronization of the hippocampal theta
cells.

Theta-Burst Stimulation Exerts
Timing-Dependent Effect on the Hippocampal
Place Fields

Our final goal was to investigate the effect of septal activation
on the hippocampal pyramidal neurons and their place field
properties. For this purpose we conducted two subsequent
recordings in rectangular-shaped linear track (Figure 7A); the
first recording was baseline session and the subsequent one was
TBS session. During the TBS session we applied the stimulation
protocol every time the animal approached the place field of
a chosen cell (see Materials and Methods). TBS evoked no
change in the behavior or in the velocity of the animals (15.1 &
3.7 cm/s for baseline session and 14.8 & 3.2 cm/s for TBS session).
We compared effect of TBS protocol applied at the periphery
of the place fields, n 35 cells (9 to 6cm prior the place
field center, Figure 7B; —9 to —6cm in Figure 7D), to the
effect of the protocol when applied at the center of the place
fields, n 23 cells (3 to 0cm prior the place field center,
Figure 7C; —3 to 0 cm in Figure 7D). In the cases where TBS
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FIGURE 7 | Septal TBS effect on hippocampal place cells. (A)
Sample place field maps of CA1 pyramidal neurons after exploration of
rectangular-shaped linear track. The non-stimulated place cells (blue,
purple, and green) are denoted as controls, while the target place cell
(yellow) is stimulated with septal TBS (red). TBS pulses are positioned
on each side of the field depending on the direction (clockwise and
counter-clockwise) of the animal in the track. Bottom: spike waveforms
and spike clusters of the same place cells. (B) Sample of
periphery-stimulated place cell (cell #1); Left: map of animal trajectory
with spikes (green) and TBS pulses (red). Firing rate maps during
baseline (middle) and TBS session (right). Below: sample recording of
the place cell spikes (green) and the preceding TBS pulses (red). (C)
Sample of center-stimulated place cell (cell #2); map of animal trajectory
with spikes (green) and TBS pulses (red). Note that the TBS pulses
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targeted the center of the place field in the course of clockwise
direction. Firing rate maps during baseline (middle) and TBS session
(right). Below: sample recording of the place cell spikes (green) and
TBS pulses (red). (D) Scheme of place field binning for clockwise
direction. (E) Comparison of the place field properties between TBS
applied in the center of the place field (—3 to 0), in the periphery of the
place field (-9 to —6), or intermediately (—6 to —3). Center rate, mean
firing frequency, place field size and centroid difference (E), and spatial
coherence and spatial information content (F) are represented as ratios
of the measured values from baseline session over the values of the
TBS session. (G) Average intra-field firing rate per 3cm bins during
baseline (left) and TBS (right) sessions, for periphery-stimulated (green)
and center-stimulated (blue) place fields. Error bars represent + sem,
Newman-Keuls test; *P < 0.05, **P < 0.01.
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was applied intermediately (6 to 3cm prior the place field
center; —6 to —3 cm in Figure 7D) were defined as a separate
group (n = 20 cells). We also analyzed the firing properties
of the targeted unit with the firing properties of the units with
place fields in a distal location (controls). We investigated the
mean and center firing rate, the spatial coherence, the spatial
specificity (or spatial information content), field size and centroid
difference between clockwise and counter-clockwise directions.
We represented the CA1 place field properties as ratios of the
measured values from baseline session over the values of the
TBS session. Our data show significant difference of the place
field center rate between the periphery-stimulated fields and the
center-stimulated fields (Wilcoxon signed-rank test, n = 4 rats,
p < 0.01; Figure 7E; Supplementary Figure 6). While the firing
rate of periphery-stimulated field increases the same parameter
decreases for the center-stimulated fields. The intermediate-
stimulated group shows baseline/TBS ratio close to 1. Mean firing
frequency of the stimulated place cells shows non-significant
tendency, while the place field size and centroid difference show
no significant change between both groups (Figure 7E). The
spatial coherence and the spatial information increase for the
periphery-stimulated fields, while these parameters decrease for
the center-stimulated fields (Wilcoxon signed-rank test, n = 4
rats, p < 0.05; Figure 7F). The control place cells show ratios
close to 1 for all parameters with no significant change between
sessions. One-dimensional binning analysis of the stimulated
place fields reveals that the difference between the periphery-
stimulated and center-stimulated fields is in the bin of 0 to
3cm post place field center (Newman-Keuls, n 4 rats,
p < 0.05; Figure7G). Considering the average velocity of
our rats during the pellet-chasing task of 14.8 cm/s, this bin
represents the end of TBS protocol and the onset of the post-
TBS period for periphery-stimulated fields, while for center-
stimulated fields it corresponds to the onset of TBS protocol.
For the duration of TBS protocol (405 ms) the animals passed
on average 5.9 cm. These data demonstrate that septal activity is
able to control the spiking of hippocampal place cells and up-
regulate or down-regulate the spatial representation, depending
on the temporal proximity between septal activity and place field
center.

Discussion

We show here that optogenetic septal ChAT stimulation
evokes a differential cholinergic and non-cholinergic neuronal
response in medial septum of behaving transgenic Chat:Cre
rats. This activation exerts frequency- and behavior-dependent
effect on hippocampal formation. We provide evidence that
the selective cholinergic activation is not sufficient to regulate
the hippocampal function during active behavioral state. Non-
selective septal theta-burst stimulation entrains the hippocampal
neurons and regulates timing-dependently the place field spatial
properties during active exploration. Our findings provide crucial
evidence that medial septum is able to regulate hippocampal
function on spatiotemporal scales much finer than previously
known.

Network Effect of Septal Cholinergic Stimulation

Here, we used recently-developed genetically-validated
recombinase-driver rat line to target cholinergic septal cell
types (Witten et al., 2011). This technique allowed us to combine
ChAT-triggered perturbation of septo-hippocampal neural
populations together with differing behavioral states with
sufficient spatial sampling of the explored environment. The
expression of light-activated channelrhodopsin-2 (ChR2-YFP)
in ChAT neurons is reliable with 90% specificity in cholinergic
neurons of the medial septum in Chat::Cre rats (Witten et al.,
2011). The development of novel transgenic rat line is essential
methodological advance for investigation of spatial navigation
in rodents. However, Witten et al did not show optogenetic
activation of the septal ChAT neurons in behaving rats. They
reported in vitro current-clamp recording of light-evoked
action potentials of ChAT cells and indirect effect in vivo
expressed by inhibitory response (Witten et al., 2011). Here,
we show for the first time the selective entrainment of ChAT
neurons by blue light in behavioral context, revealing the
practical value of this transgenic rat line. Furthermore, our
data demonstrate that activation of septal cholinergic neurons
evokes potent network effect in medial septum expressed in
dissimilar response of the affected non-cholinergic neurons. The
ChAT-triggered network effect is expressed predominantly by
inhibition (35/50%). Smaller population of neurons responded
with ChAT-evoked potentiation (12/17%). The reciprocal
network effect is completed by rebound inhibition (6/9%) and
rebound potentiation (5/7%). Only slow-firing neurons <4 Hz
were entrained by the selective optogenetic protocol suggesting
that the expression of the cre-promoted hChR2-YFP virus was
restricted to cells with cholinergic profile (Simon et al., 2006).
This was confirmed by the labeling of ChAT-positive cells in our
histology. The fast-spiking potentiation units were not entrained
by the optogenetic pulses, showing that the recorded signal was
not result of non-specific viral expression. Furthermore, the
delayed response of >4 ms for the potentiation cells suggests
polysynaptic latency. There are limited data about intra-septal
communication suggesting reciprocal connections between
medial septal cholinergic and GABA-ergic neurons (Leranth
etal., 1992; Manseau et al., 2005). Our findings provide evidence
for intra-septal functional connectivity where at least 52% of
the affected neurons (36 cells from the potentiation and the
fast-spiking inhibition groups) share the firing patterns of
GABA-ergic neurons (Bassant et al., 2005). The strong network
effect of the optogenetic stimulation (83% of the affected cells,
are defined as non-cholinergic neurons) suggests that the
optogenetic ChAT activation evokes complex hippocampal
response, which is triggered by cholinergic and non-cholinergic
(inhibitory and probably glutamatergic) projections. This
observation is confirmed by our finding that both selective
optogenetic and non-selective electrical protocols lead to
similar responses of hippocampal interneurons, including
re-potentiation, potentiation and inhibition. Some of the non-
cholinergic neurons affected by the optic activation of cholinergic
neurons in the medial septum are very likely to be glutamatergic.
Neurons, using vesicular glutamate transporter 2 (VGLUT2),
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are estimated to constitute 25% of the medial septum-diagonal
band of Broca population (Colom et al., 2005). Fast-firing
VGLUT2-positive neurons with spontaneous spiking up to
16 Hz in vitro also display rhythmic firing properties in theta
range (Huh et al., 2010). The complexity of septo-hippocampal
processing is complemented by the co-synthesis of glutamate in
cholinergic and GABAergic neurons (Manns et al., 2001; Gritti
et al., 2006).

Behavior and Stimulation Frequency Determine
the Efficiency of Septal Optogenetic Effect

It is well-established that cholinergic transmission in the limbic
system undergoes state-dependent variation. Acetylcholine
release during active waking is increased by approximately
75% compared to quiet waking (Marrosu et al, 1995). To
identify the behavioral effect on optogenetic activation we have
applied the stimulation protocol during active (active waking)
and inactive (quiet waking) behavioral states. We found that
cholinergic activation in septo-hippocampal networks is activity-
dependent with stronger response during the inactive behavioral
states. The ratio of the stimulation-induced effect during the
inactive state was augmented for majority of the recorded cells,
including the ChAT group. The spontaneous firing frequency
of the ChAT neurons in our recordings was 3.4Hz during
inactive state and 4.7 Hz during active behavioral state, consistent
with previous data about the low-firing patterns of septal
cholinergic neurons (Simon et al., 2006; Zhang et al.,, 2011).
Altogether these results provide key evidence that the cholinergic
neurotransmission has already reached high levels of muscarinic
receptors activation during an active state and, therefore, the
additional optogenetic stimulation of septal ChAT neurons had
reduced impact. Such hypothesis was suggested in a recent
study showing that, in waking, exploring mice the impact of
optogenetic cholinergic stimulation on theta oscillations was
less expressed compared to the same protocol in urethane-
anaesthetized mouse (Vandecasteele et al., 2014). Our data also
show that the optogenetic stimulation of medial septum did
not exert a consistent effect on locomotion velocity and motor
behavior. This is in agreement with previous observations (Bland
et al., 2006; Vandecasteele et al., 2014). In addition, we explored
which stimulation frequency is able to evoke the most efficient
cholinergic response and network effect in medial septum. We
established that both high and low frequencies evoked reliable
response in septal neurons. However, the maximal firing rate of
the ChAT neurons as well as the neurons from the potentiation
and re-potentiation groups was higher for the 50 Hz compared
to 10 Hz stimulation. Concurrently, the hippocampal neurons
responded with significant change of their firing rates after
50 Hz but not after 10 Hz optogenetic septal stimulation. Medial
septum, however, is not strictly related to switching behavioral
states and theta states are characterized by increased release
of acetylcholine that varies in a task-dependent manner on
the time scale of seconds (Parikh et al., 2007; Zhang et al,
2010). Cholinergic septal cells activate interneurons under a fear
condition, leading to inhibition of pyramidal distal dendrites
at a very fast time scale (Lovett-Barron et al., 2014; Lovett-
Barron and Losonczy, 2014). Thus, it is important to understand

if cholinergic activation follows the fast GABA-ergic septo-
hippocampal signaling during active behavior (Kaifosh et al,
2013).

Septal Stimulation Effect on Hippocampal Single

Unit and Local Field Activity

Our goal here was to investigate the effect of septal activation
on hippocampus on a systems level; how the activation of septal
network alters hippocampal neuronal, oscillatory and spatial
properties. Considering the complexity of septo-hippocampal
transmission—wide range of receptor classes and subtypes
and their localization at both pre- and postsynaptic sites on
both pyramidal cells and interneurons (Teles-Grilo Ruivo
and Mellor, 2013), the exploration of the individual receptor-
mediated contribution is more suitable for in vitro studies.
Data from hippocampal intracellular recordings showed
that cholinergic afferent stimulation elicits atropine-sensitive
differential synaptic responses in CAl interneurons (Widmer
et al., 2006). The main responses were shown to include slow
depolarization, slow hyperpolarization and biphasic membrane
potential change in which an initial slow hyperpolarization
subsequently transforms into a slow depolarization. Our findings
demonstrated similar segregation of hippocampal neuronal
responses to selective septal optogenetic as well as to the non-
selective electric stimulation. Here, we have identified neurons
responding with potentiation, inhibition and biphasic response,
including initial inhibition and subsequent potentiation.
Neuromodulatory cholinergic inputs from the medial septum
regulate septo-hippocampal synchronization in response to
behavioral states, by exercising control over the amplitude of
theta rhythm in the limbic circuitry (Vinogradova, 1995; Vertes
and Kocsis, 1997). We show here that selective ChAT septal
stimulation affects hippocampal oscillations in theta range
in a behavior-dependent manner. Similarly, the optogenetic
stimulation-induced spiking of hippocampal neurons was
behavior-dependent with significant change predominantly
during the inactive sessions. Only fast non-selective septal
stimulation resulted in resetting the bursting of hippocampal
theta cells during active behavior, in parallel with increase of
the phase-locking value that represents the degree of local field
synchronization. Our data complement previous reports that
electrical fornix stimulation may reset the hippocampal theta
rhythm (Williams and Givens, 2003; Scarlett et al., 2004; Bland
et al., 2006).

Theta-Burst Stimulation of Septo-Hippocampal
Projections

We show here also frequency-dependent effect of septal
stimulation on hippocampal theta rhythm. This finding provides
a key evidence that the timing of inter-stimulation periods
is essential parameter for the septo-hippocampal dynamics of
theta generation. The local field synchronization expressed a
preference for low-frequency stimulation protocol, whereas the
hippocampal neuronal response showed significant increase
after 50 Hz but not after 10 Hz optogenetic septal stimulation.
Such dissimilar rate preferences suggest two components in
the septo-hippocampal dialog. While slow-spiking septal ChAT
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neurons are linked to the amplitude of theta rhythm (Lee
et al, 1994) by tonically depolarizing pyramidal cells and
basket interneurons (Chapman and Lacaille, 1999), the fast-
spiking septal GABA-ergic cells are linked to the frequency
of theta rhythm by periodically hyperpolarizing hippocampal
basket cells and rhythmically disinhibiting the pyramidal cells
(Toth et al., 1997). Our findings suggest that the most optimal
septal stimulation protocol should mimic the slow ChAT
and the fast GABA-ergic firing patterns, thus, including both
low- and high-frequency ranges. The ability to mimic in vivo
patterns of septal theta-bursting neurons is critical for identifying
and dissecting the physiological effects of medial septum on
hippocampal function. Based on the discharge rates of the
septal theta-bursting cells (Tsanov et al, 2014), we timed
the inter-stimulation periods with the average duration of a
theta cycle (8 Hz), together with high intra-burst stimulation
frequency (100 Hz). Although optogenetic tools allow selective
cholinergic stimulation, their frequency application currently is
restricted due to the channelrhodopsin kinetics, which require
pulse duration of >5ms for efficient activation and recovery
period of ~10ms (Nagel et al, 2003; Boyden et al, 2005;
Yizhar et al., 2011). While the selective optogenetic stimulation
allowed us to identify the frequency- and behavioral effect of
cholinergic component on the network responses in medial
septum and hippocampus, the non-selective electric stimulation
permitted the application of pulses with high frequency and
precise temporal resolution during active exploration. Here,
we used the two complementary approaches to examine
the septal effect on hippocampal circuitry. We have shown
that cholinergic stimulation during active behavioral state has
insufficient effect on the hippocampal neuronal and local field
potential, compared to the inactive state. TBS depolarized
larger population of non-cholinergic septal projections, allowing
us to entrain the spiking of hippocampal neurons during
active exploration. TBS protocol successfully reset the bursting
of hippocampal theta cells together with synchronization of
local field potentials. This effect continued for 600-900 ms
after TBS and this period was paralleled by increase of theta
power.

Theta-Burst Stimulation Regulates the
Hippocampal Spatial Properties

Our methodological approach allowed us to stimulate
hippocampal place cells depending on the spatial location
of the animals. This allowed us to study the alteration in
spike pattern of place cells as a result of septal stimulation
in a particular pixel of the explored environment. Our data
show that the effect of TBS on hippocampal place fields
depends on the timing of the applied protocol. When TBS
is applied 6-9cm prior the center of the place field or 400-
650ms prior to the peak (periphery-stimulated fields), the
center firing frequency increases. Importantly, the timing of
increased place cell spiking coincides with intrinsically-entrained
synchronization of hippocampal theta cells and concurrent
theta power increase. The center-stimulated fields reflect
spiking decrease that parallels the timing of extrinsically-
induced entrainment of septo-hippocampal circuitry. This result

suggests that stimulation of the medial septum activates the
hippocampal neural circuitry involved in the generation of
theta field activity in a non-physiological manner, dissociated
from the normal behavioral correlates (Bland et al., 2006). We
demonstrate that the spatial coherence and spatial information
content increase for periphery-stimulated fields, while these
parameters decrease for the center-stimulated fields. Spatial
information and spatial coherence reflect the signal to noise
relation of the place cells activity and are precise indicators for
the encoding of hippocampal spatial representation (Poucet
et al., 1991; Calton et al., 2003; Hok et al., 2013). Place field size
and centroid location showed no significant change for both
groups, demonstrating that that the septal stimulation is not
able to remap the hippocampal place fields. Therefore, septo-
hoppocampal signal processing do not alter the fundamental
encoding properties of spatial representation. Hippocampal
place fields that are formed internally as a result of network
interactions during wheel running (Pastalkova et al., 2008)
are abolished by the suppression of septal activity (Wang
et al,, 2015). Similarly the grid cells are not sustained during
septal inactivation (Brandon et al., 2011; Koenig et al., 2011).
However, this might not be the case with sensory-generated
place fields which are formed in new environment during
septal inactivation (Brandon et al., 2014). This line of research
suggests that theta sequences are vital for the internally-
generated firing fields and that theta sequences may mediate
the formation of memory traces (Robbe and Buzsaki, 2009).
Our results reveal several insights on the functions and
mechanisms into the septo-hippocampal network regulation
and provide a foundation for investigations into the circuit
mechanisms of septal contributions to spatial navigation and
memory.

Conclusion

Our data show that the modulatory role of septal cholinergic
control over the hippcampal place field representation is
mediated by the rhythmic entrainment of hippocampal
neurons and the ability of septo-hippocampal circuits to
resonate in theta frequency. We used specific optogenetic
stimulation of the septo-hippocampal cholinergic neurons
in transgenic rats and non-specific theta-burst stimulation
protocols to demonstrate that medial septum is a major
player not only in the transition between behavioral states
but also enables rapid regulation of the hippocampal spatial
encoding.
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