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Abstract

Background—Caortical networks undergo large-scale switching between states of increased or
decreased activity in normal sleep and cognition as well as in pathological conditions such as
epilepsy. We previously found that focal hippocampal seizures in rats induce increased neuronal
firing and cerebral blood flow in subcortical structures including the lateral septal area, along with
frontal cortical slow oscillations resembling slow wave sleep. In addition, stimulation of the lateral
septum in the absence of a seizure resulted in cortical deactivation with slow oscillations.

Hypothesis—We hypothesized that lateral septal activation might cause neocortical deactivation
indirectly, possibly through impaired subcortical arousal. But how does subcortical stimulation
cause slow wave activity in frontal cortex? How do arousal neurotransmitter levels (e.g.
acetylcholine) change in cortex during the excitation of inhibitory projection nuclei?

Methods and Results—In the current study, we used simultaneous electrophysiology and
enzyme- based amperometry in a rat model, and found a decrease in choline, along with slow
wave activity in orbital frontal cortex during lateral septal stimulation in the absence of seizures.
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In contrast, the choline signal and local field potential in frontal cortex had no significant changes
when stimulating the hippocampus, but showed increased choline and decreased slow wave
activity with an arousal stimulus produced by toe pinch.

Conclusions—These findings indicate that the activation of subcortical inhibitory structures
(such as lateral septum) can depress subcortical cholinergic arousal. This mechanism may play an
important role in large-scale transitions of cortical activity in focal seizures, as well as in normal
cortical function.

Acetylcholine; Deactivation; Slow Oscillations; Lateral Septum; Default Mode Network

Introduction

Cortical networks undergo large-scale transitions in activity during normal cognition and
sleep as well as in brain disorders. Investigation of the mechanisms of large-scale network
switching in the brain is an important emerging area of neuroscience research [1-3]. Prior
work has shown that the transition to slow-wave sleep involves massive changes in cortical
network activity accompanied by a decrease in neurotransmitters such as acetylcholine
arising from subcortical arousal systems [4]. We have recently found similarities between
onset of slow-waves in deep sleep and cortical slow wave activity observed during partial
limbic seizures [5-8]. The switching mechanism for these transitions is not well understood
and still requires further investigation.

Circuits controlling subcortical arousal may play a critical role in regulating large-scale
cortical transitions. Based on our findings in limbic seizures we proposed the “network
inhibition hypothesis” [3, 9] in which increased activity in one region such as the
hippocampus (HC) turns on inhibitory neurons in subcortical structures. GABAergic
neurons in turn inhibit subcortical arousal leading to cortical slow-waves and decreased
level of consciousness [10, 11]. We found using high-field functional magnetic resonance
imaging (fMRI) that the lateral septal nuclei were strongly activated during hippocampal
seizures, and that electrical stimulation of the lateral septal nuclei at 1-10 Hz produced a
transition to cortical slow wave activity and behavioral arrest [7, 8]. Slow wave activity was
prominent in multiple cortical areas including orbital frontal cortex (OFC).

But how does lateral septal activation cause cortical deactivation? Septal activation could
contribute either via direct inhibition of neocortex or through diminished subcortical arousal.
A long latency was detected from single septal stimuli to cortical Down states [8], consistent
with a polysynaptic mechanism [12, 13]. In addition, the lateral septum (LS) does not have
known direct projections to frontal cortex [14, 15]. The lateral septal nuclei receive their
major inputs from the hippocampal formation, and then project to the medial septum, as well
as to various hypothalamic areas, the mammillary complex, the ventral tegmental area, and
other regions in the basal forebrain [14-17]. Therefore, GABAergic neurons in the lateral
septum are poised to produce inhibitory projections to subcortical arousal regions including
the nucleus basalis, which in turn provides the major cholinergic supply to the cortex
[17-19]. Hence, we propose that lateral septal activation can cause neocortical deactivation
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indirectly, through decreased subcortical arousal. Therefore, a crucial question is whether
septal activation and the transition to cortical slow waves are associated with decreased
cortical cholinergic activity.

To investigate this question we used simultaneous electrophysiology and high time-
resolution amperometry to measure cortical choline levels as a marker of cholinergic
neurotransmission during lateral septal stimulation. We found that the transition to cortical
slow waves during septal stimulation was accompanied by a marked decrease in cortical
choline. These findings support the network inhibition hypothesis, with increased lateral
septal activity and reduced cholinergic neurotransmission as possible mechanisms for
switching cortical networks to a state of decreased arousal.

Materials and Methods

Animal preparation, surgery and histology

All procedures were in full compliance with approved institutional animal care and use
protocols. A total of 18 adult female Sprague Dawley rats (Charles River Laboratories)
weighting 230-300 g were used in the experiments. All surgeries were performed under
anesthesia with ketamine (90 mg/kg) and xylazine (15 mg/kg, i.m.). Responsiveness was
checked every 15 minutes by toe pinch. After surgery, animals were switched to a low-dose,
“light-anesthesia” ketamine/xylazine (40/7 mg/kg) in preparation for stimulus initiation, as
described previously [7].

At the end of experiments, animals were euthanized with Euthasol injection (Virbac, i.p.),
and brains were harvested, and all electrode and amperometry probe assembly placements
were verified based on histology. Brains were rapidly removed and transferred to 4%
phosphate buffered paraformaldehyde, pH 7.4. After 1 week of fixation brains were
transferred to 30% sucrose solution for at least 2 d until they sank. Brains were then sliced to
100 pm sections, transferred onto gelatin-coated glass slides, and stained with cresyl violet,
and images were taken to ensure correct position of recording probes in the brain. Locations
of the electrodes were mapped on coronal brain sections from a standard atlas [20]. All
nonconfirmed experiments were discarded from the analysis.

Electrophysiology recordings

The recording configuration for simultaneous electrophysiological recordings, stimulation,
and choline amperometry is shown in Fig. 1A. To enable performance of simultaneous
electrophysiology and amperometry, we used relatively low impedance bipolar local field
potential (LFP) recording electrodes without a separate electrophysiological ground to avoid
shunting amperometry signals. Before recordings, a bipolar Teflon-coated stainless steel
electrode (50-100 k<2 resistance, PlasticsOne, E363/2-2TW) was stereotactically placed in
the left dorsal hippocampus [anteroposterior (AP),-3.8; mediolateral (ML), -2.5; superior—
inferior (SI), —2.6] targeting CAL. A second bipolar electrode was implanted in the left OFC
(AP, +4.2; ML, -2.2; SI, —2.4). Acrylic dental cement (Lang Dental Mfg. Co., Inc, USA)
was used to affix the electrodes to a steel screw (0-80 x 3/32, PlasticsOne) implanted just
caudal to the burr holes. These two electrodes were implanted with the tips lying in the
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coronal plane. A third bipolar electrode was placed in the sagittal plane in the septal area,
targeting the intermediate part of the lateral septal nuclei (AP, +0.2; ML, +0.5; Sl, -5.0) on
the right side. The two tips of the electrodes were separated by approximately 0.5 mm and
approximately 0.5 mm of insulation was shaved off. For choline recordings, a choline
microelectrode (described below) was implanted using an angled approach at 20° to the
midline, targeting the right OFC (AP, +4.2; ML, +2.2; Sl, —2.4). All stereotactic coordinates
were taken from Paxinos and Watson [20] and were measured in millimeters relative to
bregma.

LFP recordings were acquired using a Microelectrode AC Amplifier (model 1800; A-M
Systems) and broad-band filtered from 0.1 Hz to 500 Hz (x1000 gain). Signals were
digitized and recorded using a CED Power 1401 and Spike2 software (CED). Signals from
bipolar electrodes were digitized at 1,000 Hz.

Regional stimulation and toe pinch

After electrode placement for electrophysiology and choline measurements, the animals
were initially in a state of relatively deep anesthesia. Toe pinches were administered to
activate cortical arousal [21, 22] with toe pinch administered for 1 minute, released for 2
minutes, then administered a second time for 1 minute. Animals were then allowed to reach
a light anesthesia state using ketamine/xylazine (40/7 mg/kg) as described previously [7],
with the frequency of large, positively deflected delta oscillations on frontal cortex LFPs
decreased to less than three per 10 s of recordings, compared with a frequency of ~12-15
delta waves per 10 s under deep anesthesia. Regional stimulations were performed from this
light anesthesia state via the bipolar electrode implanted in the lateral septal nuclei or dorsal
hippocampus (described above) using a 60 second, 3 Hz, 1 millisecond each phase biphasic
pulse stimulation (50-100 pA). Stimulus intensity for lateral septal stimulation was increased
until slow oscillations were induced in OFC, keeping the stimulus < 100 pA. Any stimuli in
which epileptiform discharges were seen in HC, OFC or LS electrodes were excluded from
the analysis. Stimulus frequencies of lateral septum above 3 Hz (e.g. 10 Hz) had been used
in prior studies [8] but were more prone to induce epileptiform activity so were not used
here. Once slow activity was induced by the lateral septal stimulus, the same current was
then given to the hippocampal area to detect the LFP and choline changes in OFC.

Analysis of delta frequency LFP power in the OFC

LFP data were analyzed by defining “baseline” (last 60 s of recordings before the stimulus
or toe pinch), and “stimulation” (the whole 60 s recordings of the stimulus or toe pinch).
LFP signals were subjected to fast Fourier transform (FFT) analysis in Spike2 to generate
power spectra. Delta-range (1-4 Hz) LFP activity changes during the stimulation periods
were used for the analysis as compared to baseline. Results were presented as percent
change by calculation of 100 x (stimulation — baseline)/baseline.

Amperometry recordings

Choline-oxidase enzyme coated amperometric biosensors (Quanteon) were used to perform
the choline measurements on a FAST system (FAST16- mkl, Quanteon), and this kind of
enzyme-based amperometry allowed us to measure choline levels as a proxy for
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extracellular acetylcholine with sub-second timing [23]. Ceramic-based microelectrodes,
with 4 rectangular (15 x 333 um) platinum recording sites in side-by-side pairs, were
purchased uncoated (Quanteon, S2) and prepared with choline oxidase enzyme coating in-
house following the manufacturer’s instructions. Electrode preparation has been described
elsewhere [23]. In brief, we used a cross-linked mesh of choline oxidase (Sigma-Aldrich,
C5896-100UN), gluteraldehyde (Sigma-Aldrich, G5882 —10x1ML), and bovine serum
albumin (Sigma-Aldrich, A3059-10g) to coat the lower two (“coated”) electrodes while the
upper two (“sentinel”) electrodes were coated with the same mixture without choline
oxidase. The electrodes were kept for 3-7 days at 4°C.

The microelectrodes were then coated with metaphenylenediamine (m-PD) (78450, Sigma-
Aldrich) via electropolymerization in order to block electroactive interferents other than
choline, such as ascorbic acid (AA) or dopamine (DA). After m-PD coating, calibrations
were performed in vitro with fixed potential amperometry both before and after the
experiment. A constant voltage of —0.7 V was applied versus Ag/AgCl reference electrode
in a beaker containing 40 ml of 0.05 M PBS. Amperometric currents were digitized at 5 Hz.
Following a stable baseline of current signal, aliquots of AA, choline, DA, and peroxide
were added to achieve final concentrations of 250uM AA,; 20, 40, and 60 uM choline, 2 uM
DA, and 8.8 uM peroxide. Only electrodes passing the following criteria were included: > 4
pA/UM sensitivity for detecting choline on the coated electrodes; limit of detection (LOD) <
350 nM choline; ratio of selectivity for choline and AA, >180:1; linearity for detection of
increasing analyte concentrations (20-60 uM) on coated electrodes, Pearson’s correlation
(R?) > 0.99.

The microelectrode was slowly lowered targeting the right OFC (AP, +4.2; ML, +2.2; Sl,
-2.4) to find the choline signal. When the choline signal dramatically increased after
lowering, we kept the electrode fixed. When the signal returned to baseline, toe pinches
were administered under deep anesthesia. Electrical stimulations were then initiated when
the animals came to light anesthesia. At least 10 minutes were allowed for recovery between
successive stimuli. All electrode positions were confirmed by histology after completion of
experiments.

Choline analysis

Coated electrodes were used for recordings in vivo by the in vitro calibration inclusion
criteria (mentioned above). Sentinel electrodes were only excluded if they badly
malfunctioned during the transfer between in vitro calibration and in vivo recordings. All the
signals were first smoothed with a subtraction of a 10-point moving average. Choline signals
were calculated as the difference between coated and sentinel electrodes. The last 5 seconds
prior to electrical stimulation and the first 10 seconds of stimulation were removed for both
display and statistical purposes in order to eliminate large artifacts generated by initiation of
the stimulus. The choline data were analyzed by defining “baseline” (60 s), “stimulation”
(50 s), and “recovery” (first 60 s following the end of stimulation). The recovery period of
one animal was excluded from the hippocampal stimulation group because of an unusual
artifact during the recovery period. For the toe pinch data, we defined “baseline” (last 60 s
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before toe pinch), “stimulation” (whole 60 s of toe pinch), and “recovery” (first 60 s after
toe pinch off).

Statistical analysis

Results

All LFP and choline data during electrical stimulation (or toe pinch) were compared with
that in baseline, using a two-tailed one sample t test, and significance was assessed at P <
0.05 with Bonferroni correction. Results are reported as mean £ SEM. For most
experiments, one recording was obtained per animal, but in any instances in which more
than one sample was obtained, these were first pooled by averaging within animal and then
subjected to group statistics across animals.

Lateral septal stimulation and toe pinch cause reciprocal changes in cortical delta power

We stimulated the lateral septum and hippocampus in lightly anesthetized rats for 60 s using
3 Hz stimulus trains below seizure threshold. We observed that lateral septal stimulation
could induce large-amplitude neocortical slow waves (Figure 1B). The slow wave activity
had maximal power at about 1 Hz, which was not synchronous with the stimulus frequency
(3 Hz). On average, stimulation of the lateral septum produced a significant elevation in
cortical delta frequency LFP power compared to baseline (see Figure 3A, 11 animals, 139.4
+ 26.6%, two-tailed one sample t test Bonferroni corrected, P < 0.05). In contrast, no
obvious changes could be seen in frontal cortical activity during identical stimulation of
hippocampus (Figure 1C), and the delta frequency LFP power in the OFC during
hippocampal stimulation also had no statistical difference compared with that in baseline
(Figure 3A, 6 animals, 4.2 + 6.5%, two-tailed one sample t test Bonferroni corrected, P >
0.05).

In contrast, toe pinch stimuli under deep anesthesia elicited a decrease in cortical delta
power (Figure 1D). On average, toe pinch elicited a significant decrease of delta frequency
LFP power as compared with baseline (Figure 3A, 14 animals, -24.5 + 6.0%, two-tailed one
sample t test Bonferroni corrected, P < 0.05).

Changes in cortical delta power are accompanied by reciprocal changes in cortical choline

To explore the relationship between cholinergic neurotransmission and neocortical
physiological arousal during lateral septal stimulation and toe pinch, we measured choline
levels using high-temporal resolution amperometry [23]. Our findings revealed that choline
had a significant decrease in the OFC during lateral septal stimulations (Figure 2A, 3B; 11
animals, —0.102 + 0.035 uM, two-tailed one sample t test Bonferroni corrected, P < 0.05).
The choline signal declined during the stimulations and then gradually returned to baseline
levels as the animals recovered (Figure 2A). Simultaneous recordings of the hippocampal
and cortical LFP showed cortical slow oscillations without a hippocampal seizure during the
lateral septal stimulation followed by normal cortical fast activity after recovery (Fig. 1B).
For comparison, we also detected cholinergic transmission in the same area during
stimulations in hippocampus with the same stimuli used for lateral septum. In contrast to
lateral septal stimulations, the choline signal did not show any significant changes during the
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hippocampal stimulations as compared with baseline (Figure 2B, 3B; 6 animals, —0.003 =
0.049 puM, two-tailed one sample t test Bonferroni corrected, P > 0.05).

Toe pinch is known to increase cortical arousal [21], and was therefore performed to
evaluate the cholinergic transmission in OFC. When the animals were in deep anesthesia,
toe pinch was administered for 60 seconds, and the choline signal had a large increase
followed by a decrease after toe pinch ended (Figure 2C). On average, the increase of
choline levels in OFC was significant during toe pinch as compared with baseline (Figure
3B; 13 animals, +0.225 + 0.062 uM, two-tailed one sample t test Bonferroni corrected, P <
0.05).

Discussion

In the present study, we investigated choline signals in frontal cortex during lateral septal
electrical stimulation in rats. We report, for the first time, a significant choline decrease
along with synchronized slow oscillations in frontal cortex during lateral septal stimulation.
These slow waves have been shown previously to include up and down states of neuronal
firing similar to those seen in other states of depressed cortical function such as deep sleep,
coma or limbic seizures [5-8, 24, 25]. The present findings suggest that septal activation is
capable of switching the cortex into a state of decreased function and reduced cholinergic
arousal. Based on our current findings and previous work [8]this pathway may play an
important role in cortical network switching during the transition to impaired consciousness
in limbic seizures. Similar mechanisms may also operate under normal conditions such as
the transition to slow wave sleep or even during normal cognition. Indeed, previous work
has shown that pharmacological blockade of cholinergic activity is capable of reducing
cortical activation [26-30]; the main novel finding of the present work is to demonstrate that
increased septal activity is capable of reducing cholinergic neurotransmission in conjunction
with decreased cortical physiological arousal.

The network inhibition hypothesis posits that activation in one brain region, such as limbic
hippocampal circuits, is capable of reducing activity in another region such as the fronto-
parietal association cortex through activation of subcortical inhibitory structures which
selectively inhibit subcortical arousal [3, 6, 9]. Briefly, the activation in the hippocampus
could propagate (via fimbria-fornix and other pathways) to increase activity in inhibitory
and sleep-promoting regions such as the anterior hypothalamus and lateral septum; as a
consequence, subcortical arousal systems including the thalamus, basal forebrain,
pedunculopontine tegmental nucleus, and other regions could show depressed activity, thus
leading to deactivation and slow waves in the frontal cortex [11]. Interestingly, there is
regional selectivity to the slow wave activity and depressed cortical metabolism observed in
both limbic seizures and normal slow wave sleep, with the strongest changes occurring in
the default mode network [31, 32]. We can thus speculate that in addition to promoting
cortical slow waves during seizures or deep sleep, a milder level of septal activation and
regional cholinergic withdrawal might contribute to switching of anti-correlated task-
positive and default mode networks under normal conditions [1, 33].
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As is known, the hippocampus and septum are intimately connected anatomically and
functionally, and hippocampal seizures or stimulations can “propagate” to the LS [6-8].
However, in our current study, we applied a milder level of stimulation (< 100pA) to either
HC or LS, and no obvious propagation between these structures was seen. Nevertheless,
stimulation of LS (but not HC), produced robust slow oscillations in OFC (Figure 1B, C),
suggesting the effect of LS stimulation is not via the HC.

Aside from the lateral septal nuclei, other subcortical inhibitory nuclei could potentially also
contribute to network switching through modulation of subcortical arousal. For example, the
anterior hypothalamus and ventrolateral pre-optic area are known to have GABAergic
neurons projecting widely to subcortical arousal structures [34] and the thalamic reticular
nucleus likewise has projections to midbrain arousal circuits [35]. In addition to
acetylcholine, multiple other parallel neurotransmitter systems contribute to subcortical
arousal and could play a role in network switching [34]. It has also been shown that
stimulation of several other subcortical sites can produce cortical slow waves [36] although
the results described here and previously suggest some regional selectivity since slow waves
were elicited by stimulation of the lateral septum but not by identical stimuli to the
hippocampus or mediodorsal thalamus [8]. Moreover, although cholinergic systems play an
important role in arousal, it is likely that not only the cholinergic arousal system is
modulated but other neuromodulatory systems as well, since there are several potential
parallel pathways of cortical and subcortical excitation [34, 37]. Hence, much further work
is needed to more fully identify and characterize the subcortical network mechanisms
potentially contributing to normal and abnormal cortical network switching.

In conclusion, we found a decrease of choline levels in the cortex, along with cortical slow
oscillations during lateral septal electrical stimulations. Together these findings suggest that
subcortical cholinergic arousal is suppressed during lateral septal stimulation, which might
play a critical role in the cortical deactivation including cortical slow oscillations and
reduced cortical function. If confirmed through further studies, this could suggest a new
mechanism underlying the initiation of cortical slow wave activity as well as normal long-
range switching between anti- correlated cortical networks.
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Figure 1.
Recording setup and examples of delta power changes in OFC. (A) Schematic diagram of

animal preparation for experiments. Bipolar electrodes for stimulating and/or recording local
field potential (LFP) were placed in hippocampus (HC) and in the orbital frontal cortex
(OFC) on the left side, as well as in the lateral septum (LS) on the right side (left and right
sides are not indicated on the diagram). In addition, a choline microelectrode was implanted
into the OFC on the right side (homologous coordinates to left OFC LFP electrodes). (B) An
example of LFP recordings during lateral septal stimulation under light anesthesia. LFP
signals from LS, HC and OFC are shown. Electrical stimulation of LS at 3 Hz causes slow
oscillations in the OFC, followed by return to fast activity during the recovery period. (C)
An example of LFP recordings during hippocampal stimulation under light anesthesia. LFP
signals from LS, HC and OFC are presented. Electrical stimulation of HC at 3 Hz causes no
obvious changes in either LS or OFC. (D) Example of LFP recordings in LS, HC and OFC
during toe pinch. Animal is under deep anesthesia with slow wave activity in OFC at
baseline. Toe pinch causes a decrease in slow wave activity in OFC which then returns
during recovery.
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Figure 2.

Baseline Stimulus Recovery Baseline  Toe pinch Recovery
60s 50 60s 60s 60s

Septal stimulation and toe pinch cause opposite changes in cortical choline signals. (A)
Choline recordings decrease in the OFC during lateral septal stimulation, with gradual
recovery to baseline during the recovery period. (B) Choline signals have no obvious change
when stimulating the hippocampus. (C) Choline signals during toe pinch have a large
increase followed by recovery towards baseline. Data are presented as mean (+ SEM).
Number of animals = 11 (A), 6 (B), 13 (C).
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Figure 3.
Reciprocal changes in delta power and choline signals with septal stimulation and toe pinch.

Group data for orbital frontal cortical changes in LFP delta power and choline levels during
electrical stimulation of lateral septum (LS) and hippocampus (HC) or during toe pinch. (A)
LFP delta power changes in OFC during electrical stimulation in LS and HC or toe pinch
compared to baseline. Stimulation of LS produced a statistically significant increase in
cortical delta frequency LFP power, whereas stimulation of hippocampus caused no change
in delta frequency LFP power. In addition, the delta frequency LFP power in OFC decreased
significantly during toe pinch. Number of animals = 11 (LS stimulation); 6 (HC
stimulation); 14 (toe pinch). (B) Mean ictal changes of choline levels in OFC relative to 60 s
baseline are shown during LS or HC stimulation along with mean changes during toe pinch.
Choline has a statistically significant decrease in OFC during lateral septal stimulation,
whereas no significant difference can be detected during stimulation of HC. Toe pinch
elicited a significant choline increase in OFC. Number of animals = 11 (LS stimulation); 6
(HC stimulation); 13 (toe pinch). Results are presented as mean (+/- SEM), two-tailed one
sample t test Bonferroni corrected, *P < 0.05.
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