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Abstract

Focal limbic seizures can cause loss of consciousness. Previous work suggests that hippocampal
seizures can increase activity in the lateral septum (LS) and decrease cholinergic output from the
basal forebrain (BF), leading to deficits in conscious arousal. The mechanism by which LS and
BF interact is unclear. In this study, we used anterograde and retrograde tracing to investigate
anatomical pathways connecting LS and BF. We found that LS projects directly to BF and
indirectly to BF via the thalamic paratenial nucleus (PT). Acute electrophysiology experiments
during electrically induced focal limbic seizures showed that multiunit activity decreased in PT
during the ictal period and was associated with increased cortical slow wave activity. These
results suggest that LS could functionally inhibit BF during a seizure directly, or could indirectly
decrease excitatory output to BF through PT. Further work investigating such parallel inhibitory
and excitatory pathways to subcortical arousal may ultimately lead to new treatment targets for
consciousness-impairing limbic seizures.
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1| INTRODUCTION

Limbic seizures with loss of consciousness result in reduced quality of life.1 The
network inhibition hypothesis posits that focal limbic seizures impair consciousness by
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activating subcortical circuits that inhibit arousal systems including cholinergic neurons
in the basal forebrain (BF). The resultant functional disassociation between cortex and
subcortical arousal is evidenced by low-frequency cortical oscillations and impairment
of consciousness.2 The lateral septum (LS), a subcortical midline structure strongly
connected with the hippocampus,® appears to play an important inhibitory role in this
circuit.® Hippocampal seizures rapidly propagate to LS, resulting in increased LS activity,’
and stimulating LS induces low-frequency oscillations and decreased choline signal in
the cortex.8 Although the anatomical connections of LS and BF have been described,5°
their functional relationship is less clear. Here, we aimed to define the importance of the
projections between LS and BF by using neuronal tracers and electrophysiology in an
established rat model of focal limbic seizures. Elucidating this network would help us
understand mechanisms whereby limbic seizures may impair consciousness.

MATERIALS AND METHODS

Animals

All experiments were approved by Yale University’s Animal Care and Use Committee.
Adult Long Evans or Sprague Dawley rats weighing 200-280 g were used as in our previous
studies.2~ For anterograde tracing, we used rats expressing Cre recombinase under the
choline-acetyltransferase promoter (ChAT-Cre; Deisseroth laboratory)1? in anticipation of
performing optogenetic experiments in the future.

Tracer injection

Stereotaxic coordinates are in millimeters relative to bregma.11 Animals were deeply
anesthetized with ketamine/xylazine (90/15 mg/kg, intramuscular). For anterograde tracing
(Figure 1A), we used a recombinant adeno-associated virus (rAAV5) vector with strong
affinity for neurons.12 The vector carried archaerhodopsin (ArchT) conjugated with
tdTomato under the CAG promoter (AAV-CAG-ArchT-tdTomato; #29778, Addgene)s; 0.8
ul was injected into the left LS (anteroposterior [AP], +0.6; mediolateral [ML], +0.7;
superior-inferior [SI], —5.0) at 0.04 ul/min using a Quintessential Stereotaxic Injector (53
311, Stoelting) via a pulled glass micropipette (21-175B, Fisher Scientific), held in place
for 10 minutes wait time after injection. After 2 weeks,3 animals were perfused with 4%
paraformaldehyde and the brain was removed.

For retrograde tracing (Figure 1A), identical procedures were utilized, with minor
modifications. We used cholera toxin B (CTB) conjugated with Alexa Fluor 488 (C34775,
Thermo Fisher Scientific)13; 1 pl was injected into BF (AP, -1; ML, +2.7; SI, -6.7) at 0.04
pl/min followed by a 5-minute wait time, and the brain was harvested after 1 week.13

Immunohistochemistry and microscopy

Brains were sliced into 60-pm sections incubated overnight in 5% donkey serum and

0.3% Triton X-100 in phosphate-buffered saline with primary antibody. Slices labeled

with anterograde tracer were costained with anti-ChAT (1:250; AB144P, Millipore) and
anti-red fluorescent protein (RFP; 1:500). Retrograde tracers were enhanced by anti—green
fluorescent protein conjugated with Alexa Fluor 488 (1:1000). Sections were incubated for 2
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hours in secondary antibody, Alexa Fluor 488 for anti-ChAT (1:250, Life Technologies)
and 594 for anti-RFP (1:1000), and viewed with a Leica DM6B microscope at x20
magnification, using the 594-nm channel for ArchT and 488-nm channel for CTB and
ChAT. Brain section images were overlaid on a standard rat brain atlas to manually
determine the location of projections and cell bodies, as performed by others.11.14

Electrophysiology

Multiunit activity (MUA) and local field potential (LFP) recordings were obtained as
described previously.#1° Briefly, deep anesthesia was induced as above, and the skull was
exposed for electrode placement (Figure 2A). A stainless-steel bipolar LFP electrode (50- to
100-kQ resistance; E363/2-2TW, Plastics One), with tips separated by 1 mm and insulation
shaved from the distal 0.3 mm, was placed unilaterally in the dorsal hippocampus (AP, -3.8;
ML, +2.5; Sl, —3.2), with tips in the coronal plane. An MUA/LFP microelectrode (3- to
4-MQ resistance; part #UEWMGGSEDNNM, FHC) was placed unilaterally in the lateral
orbitofrontal cortex (LOFC) at a 20° angle from vertical (target coordinates: AP, +4.2; ML,
+2.2; Sl, -4.2). Another MUA/LFP electrode was vertically placed in the thalamic paratenial
nucleus (PT; AP, —=1.0; ML, £0.5; SI, —6.0). A stainless-steel skull screw (0-80 x 3/32,
Plastics One) just caudal to the hippocampal electrode served as ground and reference.

After animals recovered to light anesthesia, defined by <3 slow waves per 10 seconds in

the LOFC tracing and unresponsive to toe pinch,2-# a focal seizure was electrically induced
in the hippocampus with a 2-second, 60-Hz train of square biphasic pulses (Model 2100,
A-M Systems), with a pulse width of 1 millisecond per phase.” Current was titrated to the
minimum required to induce a seizure of >15-second duration, with amplitudes ranging from
30 to 300 pA. Secondarily generalized seizures characterized by propagation of polyspike
activity to LOFC were excluded.

Hippocampal signals were amplified (x1000) and filtered (1-500 Hz; Model 1800, A-M
Systems). LOFC and PT signals were amplified (x1000) and filtered (0.1 Hz-10 kHz),
followed by further analog filtering (unity gain; Model 3364, Krohn-Hite) to obtain LFP
(0.1-100 Hz) and MUA (0.4-10 kHz). Signals were digitized at 1 kHz for LFP and 20 kHz
for MUA (Power 1401 and Spike2 v8 software, CED).

After each experiment, histology was performed with Cresyl violet to confirm electrode
placement using a standard atlas as done previously.*11

Data analysis

Analysis epochs were as follows: baseline = 15 seconds preceding seizure; ictal = first 15
seconds of seizure (polyspike discharges in hippocampus); recovery = 15 seconds following
disappearance of postictal cortical slow waves (Figure 2C,D). LFP delta power (0-4 Hz)
and MUA root-mean-square voltage (Vrms) were analyzed in Spike-2 (v8, CED). Vrms
was calculated in overlapping 1-second windows. LFP delta power was calculated using
fast Fourier transform with 1-second overlapping windows. Group averages yielded similar
results when taken across seizures (n = number of seizures) or by first pooling using
within-animal means (n = number of animals), so we presented the latter more conservative
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results. Signals are reported as mean + standard error of the mean and were analyzed by
two-tailed paired ¢test with significance threshold P < .05.

3| RESULTS

3.1| LS has direct connections to cholinergic BF nuclei, and indirect connections
through the PT

ArchT was injected into the LS unilaterally in five ChAT-Cre rats to delineate output
projections (Figure 1A,C). In all five animals, dense axonal projections were found in the
PT, BF, and peduncular part of the hypothalamus ipsilateral to the injection site (Figure
1D,E). Anterogradely stained axons were seen interfacing with ChAT-positive neurons in
BF (Figure 1E inset). Projections were also seen in the anterior hypothalamus, horizontal
limb of the diagonal band, bed nucleus of the stria terminalis, and amygdala. Three of five
animals had projections to the contralateral peduncular hypothalamus (Figure 1D); however,
in all three cases there was off-target tracer uptake in the contralateral dorsal LS.

For retrograde tracing, we injected CTB into BF of five wild-type rats (Figure

1F). Cell bodies were seen centered on PT and LS in all five rats (Figure 1G,H),
confirming our anterograde staining findings. Cell bodies were also seen in the nearby
paracentral, interanterodorsal, anterior paraventricular, and central medial thalamic nuclei.
In combination, these anterograde and retrograde staining patterns suggest the anatomical
connectivity between LS and BF includes a direct pathway from LS to BF, and a parallel
indirect pathway from LS to BF via the thalamic PT (Figure 1B), consistent with other
rodent tracing experiments.16

3.2| MUA in PT decreases during focal hippocampal seizures in association with
increase in cortical LFP delta power

To assess the functional importance of the indirect pathway between LS and BF through
PT in focal seizures, we measured PT activity during electrically induced limbic seizures
(Figure 2A,C). Ten seizures were recorded in six rats (Figure 2B). MUA Vrms in PT
decreased by 15.16 + 9.13% in the ictal period compared to baseline (P=.02) and returned
to baseline during the recovery period (P =.21; Figure 2D,E). Meanwhile, LFP delta (0-4
Hz) power in LOFC increased by 213.42 + 86.90% during the ictal period (£=.02) and
returned to baseline during the recovery period (P= .43; Figure 2D,G), consistent with
previous findings of ictal slow waves and decreased MUA representing depressed cortical
function.2*7 PT LFP delta power showed a nonsignificant increasing trend during the ictal
period (P=.058; Figure 2D,F), suggesting reduced activity. Taken together with the above
histological findings (Figure 1), these results suggest that decreased activity in PT during
focal limbic seizures could contribute to decreased arousal from BF to cortex.

4| DISCUSSION

Previous work suggested that limbic seizures can cause cortical low-frequency oscillations
by inhibiting cholinergic arousal systems in the forebrain,2~*7 although the pathway was
unclear. Here, we used anterograde tracing in LS and retrograde tracing in BF to show
parallel direct and indirect connectivity between these two nuclei. We further demonstrated
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that PT may contribute functionally via this pathway, as hippocampal seizures that resulted
in cortical slow waves were associated with decreased PT firing, possibly due to inhibitory
input from LS. Although the hippocampus has direct connections to PT in the rodent
brain,16 hippocampal seizures resulted in decreased PT activity and not seizure propagation.
These results suggest that LS could inhibit BF directly as well as indirectly via PT (Figure
1B).

The inhibitory role of LS in hippocampal seizures is supported by prior LS recording,
disconnection, stimulation, and neurotransmitter experiments.24.7:8.15 |_S innervates PT, as
well as the interanteromedial, paraventricular, and reuniens thalamic nuclei,® and prior
work also shows depressed activity in the thalamic intralaminar central lateral nucleus.1®
These previous studies suggest that depressed cortical activity may occur through multiple
thalamic pathways. We chose to investigate PT further, as it was the most consistently
labeled area in our experiments, and because prior work had shown projections from PT to
the ventral prefrontal cortex and BF cholinergic regions.1# The present retrograde tracing
studies further support the connections from PT to BF. Depressed subcortical cholinergic
activity in focal limbic seizures has been confirmed by direct recordings from both BF

and brainstem cholinergic neurons.*17 Reduced cholinergic neuronal firing could arise from
either increased inhibitory or reduced excitatory inputs. Reduced excitatory synaptic input
was demonstrated in brainstem cholinergic neurons in focal limbic seizures, supporting the
possible role of decreased excitation as well as increased inhibition in depressed subcortical
arousal.1’

Our results support parallel pathways from LS to BF with direct inhibitory and indirect
reduced excitatory function. These findings add to a growing body of work investigating
mechanisms of decreased subcortical arousal in focal limbic seizures.2-47.8.15.17.18
Importantly, the proposed parallel pathways with converging function investigated

here likely represent only one such example. The possible modulatory role of

PT and BF in arousal adds to potential targets for therapeutic intervention, such

as thalamic stimulation (https://braininitiative.nih.gov/funded-awards/thalamic-stimulation-
prevent-impaired-consciousness-epilepsy), in an effort to restore conscious arousal in
refractory limbic seizures.318 The impact of modulating these pathways is clinically relevant
and may offer new treatments for people with epilepsy.
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FIGURE 1.
Immunofluorescent histology from anterograde and retrograde tracing suggests a direct

anatomical pathway from lateral septum to basal forebrain and an indirect pathway via the
paratenial nucleus of the thalamus. A, Schematic showing anterograde tracer targeting the
lateral septum (LS) and retrograde tracer targeting the basal forebrain (BF). Cx, cortex.

B, Schematic circuit diagram suggested by our tracing and electrophysiology experimental
results. A limbic seizure originating in the hippocampus (HC) activates LS, which can either
directly inhibit BF or indirectly do so by reducing excitatory output from the thalamic
paratenial nucleus (PT). Both pathways result in decreased acetylcholine (Ach) arousal to
the Cx. C, Summary showing the sites of anterograde tracer injections in LS. D, Summary
showing areas (red) where axon fibers were found. Projections were seen in PT and various
areas of the BF (see text for details). Red density color bar key for C and D indicates

the number of animals (1-5) for which staining was found in each region. E, Example

of anterograde projections in a choline acetyltransferase (ChAT)-Cre rat coronal section at
approximately anteroposterior (AP) —1.32 mm. Insets show dense fibers in PT, as well as
fibers interfacing with a ChAT-positive neuron in BF. White scale bar indicates 1 mm in
large section, 0.2 mm in the PT inset, and 20 um in the ChAT inset. ArchT, archaerhodopsin.
F, Sites of retrograde cholera toxin B (CTB) tracer injections targeting BF. Green density
color bar key indicates the number of animals (1-5) for which staining was found in

each region. G, Schematic showing cell bodies centered on PT and LS superimposed for

all five animals. Each green point represents one neuron body. H, Histology examples
showing retrograde CTB-stained neuronal cell bodies in PT (approximately AP, -1.32

mm) and LS (approximately AP, +0.6 mm). All projections and cell bodies were detected
manually. White scale bars indicate 0.1 mm. Coronal section schematics are presented in AP
coordinates relative to bregma from a rat atlas.1! Brain atlas sections in C, D, F, and G are
reproduced with permission from G. Paxinos and C. Watson, The Rat Brain in Stereotaxic
Coordinates, 6th Edition, Academic Press, 2007
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FIGURE 2.
Decreased multiunit activity in the thalamic paratenial nucleus (PT) and increased delta

power in the cortex during focal limbic seizures. A, Schematic showing placement of
monopolar recording electrodes in the lateral orbitofrontal cortex (LOFC) and PT, and a
bipolar recording/stimulating electrode in the hippocampus (HC). B, Schematic showing
electrode tip locations in PT (red; n = 6) to record multiunit activity (MUA) on a coronal
section of a rat brain atlas.1 Number on bottom right is anteroposterior coordinates in mm
relative to bregma. C, Seizure induced by 2-second stimulation of HC (black rectangular
segments) results in polyspike activity in HC local field potential (LFP). PT exhibits
decreased MUA, and LOFC shows low-frequency oscillations. D, Magnified segments of
data from the baseline, ictal, and recovery periods in C. E, Time course of average MUA
root-mean-square voltage (Vrms) in PT shows decreased activity in the ictal period followed
by a return back to baseline during the recovery period. F, Time course of average delta band
power (0-4 Hz) in PT LFP shows a nonsignificant trend toward increased power during the
ictal period. G, Time course of average delta band power (0-4 Hz) in LOFC LFP shows
increase in delta power during the ictal period followed by a return to baseline during the
recovery period. Time courses in E, F and G are plotted in 1s overlapping bins for the 15s
immediately before the seizure (Baseline), the first 15 s after seizure onset (Ictal), and the
15s after seizure offset and disappearance of cortical slow waves (Recovery). Traces in E-G
are mean + standard error of the mean of n = 6 rats, 10 seizures. LS, lateral septum. The
brain atlas section in B is reproduced with permission from G. Paxinos and C. Watson, 7he
Rat Brain in Stereotaxic Coordinates, 6th Edition, Academic Press, 2007

Epilepsia. Author manuscript; available in PMC 2021 October 05.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Tracer injection
	Immunohistochemistry and microscopy
	Electrophysiology
	Data analysis

	RESULTS
	LS has direct connections to cholinergic BF nuclei, and indirect connections through the PT
	MUA in PT decreases during focal hippocampal seizures in association with increase in cortical LFP delta power

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2

