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A B S T R A C T

Focal limbic seizures often impair consciousness/awareness with major negative impact on quality of life. Recent work has shown that limbic seizures depress
brainstem arousal systems, including reduced action potential firing in a key node: cholinergic neurons of the pedunculopontine tegmental nucleus (PPT). In vivo
whole-cell recordings have not previously been achieved in PPT, but are used here with the goal of elucidating the mechanisms of reduced PPT cholinergic neuronal
activity. An established model of focal limbic seizures was used in rats following brief hippocampal stimulation under light anesthesia. Whole-cell in vivo recordings
were obtained from PPT neurons using custom-fabricated 9–10 mm tapered patch pipettes, and cholinergic neurons were identified histologically. Average mem-
brane potential, input resistance, membrane potential fluctuations and variance were analyzed during seizures. A subset of PPT neurons exhibited reduced firing and
hyperpolarization during seizures and stained positive for choline acetyltransferase. These PPT neurons showed a mean membrane potential hyperpolarization of
−3.82 mV ( ± 0.81 SEM, P < .05) during seizures, and also showed significantly increased input resistance, fewer excitatory post-synaptic potential (EPSP)-like
events (P < .05), and reduced membrane potential variance (P < .01). The combination of increased input resistance, decreased EPSP-like events and decreased
variance weigh against active ictal inhibition and support withdrawal of excitatory input as the dominant mechanism of decreased activity of cholinergic neurons in
the PPT. Further identifying synaptic mechanisms of depressed arousal during seizures may lead to new treatments to improve ictal and postictal cognition.

1. Introduction

The mechanisms by which subcortical activating networks regulate
states of arousal have long been a subject of debate and experimenta-
tion, with evidence pointing to the pedunculopontine tegmental nu-
cleus (PPT) as a crucial node in this far-reaching system (Mena-Segovia
and Bolam, 2017; Mena-Segovia et al., 2008; Moruzzi and Magoun,
1949; Steriade et al., 1990). The association of lesions in the brainstem
tegmentum with the most extreme disturbance of arousal, coma, illus-
trates the critical role of brainstem structures in the regulation and
maintenance of arousal (Parvizi and Damasio, 2003). Early scientific
probes into the location of brainstem arousal structures studied the
effects of sequential brainstem transections on wakefulness, and iso-
lated the mesopontine area as one crucial to maintaining an awake state
(Moruzzi and Magoun, 1949), with subsequent work identifying an
important component of this system as cholinergic neurons in the PPT
(Mesulam et al., 1983). A dominant target of PPT axonal fibers are
thalamic nuclei (Mena-Segovia and Bolam, 2017) known to play a
central role in transitions between states of conscious arousal and their
electrophysiological correlates (McCormick and Bal, 1997; Steriade
et al., 1993). Of particular interest is the intralaminar central lateral

nucleus of the thalamus, which has been shown to have decreased firing
during focal limbic seizures (Feng et al., 2017). The strong thalamic
projections of cholinergic neurons in the PPT and their increased ac-
tivity preceding transitions from sleep to wake and rapid-eye-move-
ment (REM) sleep, suggest a causal relationship between cholinergic
PPT tone and transition to higher states of arousal (Steriade et al.,
1990). Stimulation of intralaminar thalamic nuclei that are downstream
targets of the ascending reticular activating system has even been
shown to reverse electrophysiological and behavioral measures of de-
creased arousal in animal seizure models (Gummadavelli et al., 2015b;
Kundishora et al., 2017).

Temporal lobe seizures are commonly associated with loss of con-
sciousness despite the temporal lobes not being regarded as part of the
canonical consciousness system (Blumenfeld, 2012). It is not im-
mediately clear why persons with focal temporal lobe seizures should
lose consciousness (Escueta et al., 1977), while patient HM, for ex-
ample, was able to maintain consciousness after bilateral medial tem-
poral resections (Escueta et al., 1977; Scoville and Milner, 1957). Evi-
dence is now growing in support of a network inhibition hypothesis to
explain these seeming disparities, proposing that the loss of con-
sciousness accompanying focal epilepsies is mediated through
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suppression of subcortical arousal circuits (Blumenfeld, 2012; Norden
and Blumenfeld, 2002).

The present study approaches a neuronal system associated with
impaired consciousness/arousal in epilepsy, as opposed to conscious-
ness itself, which can only be evaluated by behavioral testing. Recent
work has shown that cholinergic PPT neuronal activity is decreased in
an established model of focal temporal lobe seizures with decreased
cortical arousal and that optogenetic stimulation of these neurons can
reverse electrophysiological correlates of decreased arousal and in-
crease gamma frequency cortical activity (Furman et al., 2015;
Motelow et al., 2015). The afferent signaling regulating PPT activity
and the mechanisms by which PPT neurons are modulated have yet to
be clearly elucidated (Mena-Segovia and Bolam, 2017). On a brain-wide
scale, prior work has dissected out areas of inhibitory and excitatory
activity during focal limbic seizures (Blumenfeld et al., 2004; Englot
et al., 2008; Englot et al., 2009; Englot et al., 2010). At the cellular
level, single-unit recordings have revealed that neurons of specific nu-
clei exhibit reduced neuronal firing during seizures (Motelow et al.,
2015; Zhan et al., 2016). In the present study, we delve into the in-
tracellular membrane potential (Vm) level using in vivo whole-cell re-
cordings from areas deep in the pedunculopontine brainstem to eluci-
date the synaptic mechanisms underlying ictal changes in neuronal
activity of the PPT.

A subset of PPT neurons, identified as cholinergic, exhibit reduced
firing during focal limbic seizures (Motelow et al., 2015), but the me-
chanism of reduced firing is unknown. The activity of these neurons is
likely modified by contributions of both excitatory and inhibitory input
(Higley and Contreras, 2006; Isaacson and Scanziani, 2011; Wehr and
Zador, 2003), however, the afferent synaptic changes resulting in de-
creased firing can be conceptually dichotomized into either an increase
in inhibitory input, or a withdrawal of excitatory input.

Tight-seal whole-cell intracellular recording is a powerful tool for
investigating membrane properties and synaptic input on individual
neurons (Neher and Sakmann, 1976; Sakmann, 2006). The targeting of
deep brain structures in vivo, however, has been limited by technical
complications of their access, with prior reports removing large sections
of brain tissue (e.g. cerebellectomy) to patch brainstem neurons
(Martins and Froemke, 2015; Sugiyama et al., 2012). The network of
brain circuitry involved in seizures likely extends far beyond areas of
canonical seizure activity (Blumenfeld, 2012; Englot et al., 2008;
Motelow et al., 2015; Zhan et al., 2016), thus techniques such as slice
preparations or in vivo studies that involve removal of large swaths of
brain are less likely to produce meaningful data regarding distant sei-
zure networks.

In the present study, a minimally invasive technique was used to
access deep brainstem nuclei of the rat midbrain tegmentum, with
negligible disturbance of brain architecture. In brief, borosilicate patch
pipettes were fabricated with a 9–10 mm taper and passed through
~300 μm diameter craniotomies to the PPT. Using this technique, we
attained stable, in vivo whole-cell recordings from neurons in the PPT
while triggering focal limbic seizures.

The contributions of excitatory versus inhibitory input as regulators
of neuronal activity are integral to answering questions regarding me-
chanisms by which neurons process information (Holt and Koch, 1997;
Isaacson and Scanziani, 2011; Mitchell and Silver, 2003; Wehr and
Zador, 2003). We identified a subset of reduced-firing hyperpolarizing
(RfHp) neurons in the PPT, putatively cholinergic by histology. In ad-
dition to the RfHP phenotype, these PPT neurons exhibit a rise of input
resistance (Rin) during seizures as well as a reduction in ictal membrane
potential variance (σ2) and reduced frequency of EPSP-like events. The
technical challenges associated with blind-patch recording from in-
dividual neurons and attaining whole cell configurations using a pipette
embedded in 7 mm of living neural tissue resulted in a low sample-size
of neurons in this study. As such, firm conclusions from these data may
be premature. The pattern of characteristics described here, however,
could be explained by a mechanism of reduced excitatory synaptic

input on cholinergic neurons in the PPT during seizures.

2. Methods

For complete methods, see Supplementary Methods online.

2.1. Experimental design

2.1.1. Animal preparation and surgery
All procedures were conducted in compliance with approved in-

stitutional animal care and use protocols. A total of 54 female Sprague
Dawley rats (Charles River Laboratories) age 6–10 weeks, weighing 180
– 275 g were used in these experiments. Female rats were used because
seizures have been shown less likely to secondarily generalize in female
rats compared to males.(Janszky et al., 2004; Mejıás-Aponte et al.,
2002) All surgeries were performed as previously described (see also
Supplementary Methods) (Englot et al., 2008; Motelow et al., 2015).

2.1.2. LFP and MUA electrophysiology
Local field potential (LFP) and multiunit activity (MUA) from lateral

orbitofrontal cortex (Ctx LFP & Ctx MUA), as well as LFP from hippo-
campi (Hc) were acquired and amplified as previously described
(Motelow et al., 2015; Zhan et al., 2016). Continuous recordings were
made using Spike2 v8.06 (CED) software.

2.1.3. Seizure induction
Seizures were induced during a lightly anesthetized state as de-

scribed previously (see also Supplementary Methods) (Englot et al.,
2008; Motelow et al., 2015). Bipolar stimulating-recording electrodes
were placed in the Hc bilaterally. Hc was stimulated, using a 2 s, 60 Hz
square biphasic wave (1 ms per phase) train. Hc stimulus current am-
plitude was titrated to produce focal hippocampal seizure activity based
on polyspike discharges without propagation to frontal cortex. Propo-
gation of polyspike activity to the orbitofrontal electrode was con-
sidered secondary generalization and such seizures were excluded from
analyses. Because the reduced-firing hyperpolarizing phenotype (Fig. 1)
was observed in comparatively short seizures as well as longer ones, no
lower threshold on duration of seizures was stipulated for inclusion in
analyses (range of duration for included seizures was 6 to 72 s).

2.1.4. Whole-cell recordings
For whole-cell recordings from PPT, procedures used previously for

more superficial targets were modified (See also Supplementary
Methods) (McGinley et al., 2015). The PPT was targeted at coordinates
(relative to bregma) AP – 7.8; ML ± 1.8; Depth 7.0 mm. A potassium-
gluconate-based intracellular solution with 0.5% Biocytin, the same as
is used for in vitro whole cell recordings (Neske et al., 2015), was used
for micropipettes. Borosilicate glass pipettes (1B150F-4, World Preci-
sion instruments) were fabricated using a multi-line program to have a
long 9–10 mm taper to allow recordings deep below the cortical sur-
face, and a resistance of 3.5–6 MΩ, using a Sutter Instruments P-1000
micropipette puller.

Recordings were made using a Multiclamp 700B (Axon) amplifier
and digitized at 25 kHz using a Micro1401 (CED) and Spike2 v8.06
(CED) software. The neuron-searching step of acquiring whole cell re-
cordings was undertaken in voltage-clamp mode, with current response
visualized in real-time both in Spike2 software and on an external os-
cilloscope for blind-patching. The initial access resistance of most cells
was between 20 and 40 MΩ.

2.1.5. Histology
Brains were fixed with 4% paraformaldehyde and cut in 60 μm slices

for histology. Brains were then stained for biocytin cy3-streptavidin
construct and co-stained using an antibody to Choline-acetyltransferase
(ChAT; goat-α-choline acetyltransferase, Millipore, 1:500, #AB144P) as
previously described(Motelow et al., 2015) (see also Supplementary
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Methods). To confirm locations of neurons, slices containing labelled
neurons were compared to anatomical diagrams of rat brains (Paxinos
and Watson, 1998) (Supplementary Fig. S2).

2.2. Statistical analyses

Data analysis was performed using Spike2 (CED, v5.20a), and in-
house software written on MATLAB (R2009a, Mathworks). Analysis

epoch were defined as follows: 1. Baseline: 20–0 s before stimulus; 2.
Ictal: the first 20 s of hippocampal seizure activity (or the entire period
of seizure activity where indicated), based on large amplitude, poly-
spike activity in the hippocampal LFP recordings; 3. Postictal: 0–20 s
after seizure; 4. Recovery: 20 s following the postictal period. All in-
cluded neurons had RC charging curve compatible with transition to
intracellular recordings, exhibited reproducible action potentials, and
stable resting potential (see Supplementary Methods for details).

Fig. 1. Reduced-firing hyperpolarizing
(RfHp) neuron in the pedunculopontine
tegmental nucleus (PPT) during a focal
limbic seizure. (A) Whole-cell current
clamp recording of membrane potential
(Vm) in PPT neuron shows reduced firing
and hyperpolarization (see inset) during a
focal seizure induced in the hippocampus
by a 2 s, 60 Hz stimulus (gray bar).
Concomitant recording of local field poten-
tial (LFP) shows polyspike seizure activity
in the hippocampus (Hc). Orbital frontal
cortex (Ctx) LFP exhibit slow-waves and
multiunit activity (MUA) recordings show
Up/Down state firing at seizure onset
lasting into the postictal period. (B)
Histology demonstrates co-localization of
biocytin (from intracellular electrode solu-
tion) staining and ChAT im-
munohistochemistry for neuron recorded in
A. Scale bar is 20 μm.

Fig. 2. Reduced action potential firing in RfHp neurons during seizures. (A) Raster plots (five cells from five animals) show decreased firing during the Ictal
period compared with Baseline. Boxes in ictal panel indicate duration of seizures up to the first 20 s. (B) Histograms of firing rate in 1 s bins across neurons. Mean
reduction in firing rate of Ictal compared to Baseline epochs was −51.6% (SEM 12.8%, * p < .05, paired t-test). Baseline is defined as the 20 s preceding seizure
onset. Ictal is defined as up to the first 20 s following seizure onset. Postictal is the first 20 s following seizure end. Recovery is the 20 s following the Postictal period.

J.P. Andrews et al. Experimental Neurology 314 (2019) 74–81

76



Fig. 3. Increased input resistance and reduced membrane potential fluctuations in RfHp neurons during seizures.
(A) Example of response to continuous 10 Hz 30pA square current pulses in an RfHp neuron (top trace, Voltage; bottom trace, Current). Action potentials are
truncated. The trace shows reduced firing and hyperpolarization in the ictal period (blue), as well as a larger magnitude of Vm response to constant current steps,
indicating an increase in ictal input resistance. Inset on right shows expanded view of baseline (black) and ictal (blue) Vm responses to current pulses, with resting
potentials aligned vertically to enable differences in response amplitude to be compared more easily.
(B) Mean time course of absolute change in mean input resistance (Rin) during seizures reveal that the increase in mean Rin for RfHp neurons (blue) was significant
during the ictal period (P < .05, two-tailed t-test). Seizure onset was at time 0, and ends of seizure epochs are indicated by vertical dashed lines for RfHp (blue,
n= 3) and non-RfHp (red, n= 4) neurons. Traces show mean change in Rin (Rin – baseline Rin) from baseline with standard error of mean (SEM).
(C) Mean time course of change in mean Vm from baseline (Vm – baseline Vm) for the same neurons in (B) and over the same time course, showing significant
hyperpolarization during the ictal period (P < .05, two-tailed t-test).
(D, E) Changes in input resistance (Rin) for individual RfHp and non-RfHp neurons. RfHp neurons (D) show consistent increases in Rin during the ictal period
compared to baseline. (* P < .05, paired, two-tailed t-test, Holm-Bonferroni corrected). None of the non-RfHp neurons (E) show significant increase in Rin during
seizures. For (D) and (E) mean and SEM are shown across each neuron that received current pulses, with SEMs obtained across current pulses for each period.
(F) Examples of EPSP-like events defined as positive fluctuations in membrane potential of > 0.4 mV with a rise-time of < 2 ms (Koch, 2004; Mason et al., 1991). Top
(black) trace shows the baseline Vm of an RfHp neuron, while the lower (blue) trace shows ictal Vm of the same RfHp neuron. Orange markings overly EPSP-like
events, with each event also marked as a black (baseline) or blue (ictal) tick-mark for easier comparison of relative frequency. In group analysis, frequency of EPSP-
like events was significantly decreased during the ictal periods of RfHp neurons compared to baseline (see text).
(G,H) Average membrane potential histograms for RfHp neurons (n = 4) (G) and non-RfHp neurons (n= 10) (H) in the Baseline, Ictal and Recovery periods,
presented side-by-side with bar graphs quantifying variance. Mean histogram for RfHp neurons was narrower for the ictal period (blue), and the corresponding
membrane potential variance of RfHp neurons was significantly decreased during seizures compared to baseline (* P < .05, paired two-tailed t-test, Holm-Bon-
ferroni corrected) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Statistical significance threshold for Student's two-tailed t-test was
p < .05, with Holm-Bonferroni correction for multiple comparisons
where appropriate.

2.2.1. Neuronal spiking rate analysis
Spike sorting on the whole cell recordings was performed in Spike 2

using template-matching based on waveform shapes to identify single
units. Raster plots of neuronal firing were generated for each neuron,
and then histograms of mean firing rate were calculated across neurons
in 1 s non-overlapping bins for each epoch (Figs. 2 and Supplementary
Fig. S3).

2.2.2. Vm hyperpolarization during seizures vs. baseline
Membrane potential in baseline and ictal epochs were averaged in

3 s bins after excluding the 20 ms period surrounding each action po-
tential (5 ms prior, 15 ms following). The bin just prior to seizure sti-
mulation (within the baseline period) was compared to the bin of most
negative membrane potential during the ictal period to determine the
amplitude of ictal hyperpolarization. Time course graphs of mean
change in membrane potential, Vm (mV) were constructed using 3 s bins
of Vm data (Fig. 3 C). Absolute change from baseline Vm was calculated
by taking the mean baseline Vm for the 20s prior to seizure onset, and
subtracting that mean baseline Vm from all plotted 3 s Vm bins. Baseline
bins were compared to ictal bins using a two-tailed t-test, α = 0.05.

2.2.3. Input resistance (Rin)
Input resistance was measured by delivering repeated hyperpolar-

izing square current pulses and measuring the change in membrane
potential for each step, as resistance (R) is related to change in voltage
(∆V) and current (∆I) through Ohm's law R = ∆V/∆I. Square hy-
perpolarizing pulses were delivered at a constant frequency and am-
plitude during the recording of each neuron (Fig. 3 A). Time course
graphs of mean absolute ictal changes in Rin (MΩ) were constructed
using 3 s bins of Rin data (Fig. 3 B). Absolute change from baseline Rin

was calculated by taking the mean baseline Rin for the 20s prior to
seizure onset, and subtracting that mean baseline Rin from all plotted 3 s
Rin bins. Baseline bins were compared to ictal bins using a two-tailed t-
test, α = 0.05.

2.2.4. Analysis of EPSP-like events and voltage histograms
EPSP-like events were identified in MATLAB as positive fluctuations

in membrane potential of > 0.4 mV with a rise-time of < 2 ms (Koch,
2004; Mason et al., 1991), excluding the time periods from 5 ms before
to 15 ms after any action potentials (Fig. 3 F). Constraints of the model
did not allow for full validation of these as canonical EPSPs (see Dis-
cussion), so the descriptive term “EPSP-like events” is used instead.

As an additional measure of synaptic activity, we investigated the
variance of voltage before, during and after seizures. Variance in these
epochs was compared using paired two-tailed t-tests. To graphically
depict membrane potential distribution, we created voltage histograms
centered to the mean of a fitted Gaussian. Histogram values were di-
vided by the total number of samples in each histogram to obtain
fractional time per mV for each bin, and averaged bin by bin across
neurons with equal weight (Fig. 3 G, H).

3. Results

3.1. Reduced-firing, hyperpolarizing neurons of the PPT

Our goal was to find the mechanism for reduced firing of cholinergic
neurons in PPT during focal limbic seizures. To this end, whole-cell
configuration was attained from 36 neurons in the stereotactic area of
the PPT, after a total of 295 pipette passes into the brains of 54 rats. 5
neurons showed a distinct electrophysiological phenotype of reduced
firing and hyperpolarization (RfHp), as seen in Fig. 1 A, and are the
focus of this study. Electrophysiologic definition of RfHp as used in this

paper is as follows: 1. a reduction in ictal rate of firing, and 2. a mean
membrane potential hyperpolarized > 1.0 mV relative to baseline
during the last half of ictus; both compared to the 20s preceding seizure
stimulation. Following hippocampal stimulation, seizure activity is seen
localized to the hippocampus and there is a sharp transition in cortical
LFP from fast activity with sparse slow waves to synchronized cortical
slow waves and MUA Up/Down firing states (Fig. 1 A) similar to slow
wave sleep (Englot et al., 2008; Motelow et al., 2015). During the sei-
zure, the PPT neuron's firing tapers off and is silenced for the majority
of the ictal period, while the membrane potential shows hyperpolar-
ization (Fig. 1A, inset). Co-staining with biocytin (from the whole-cell
pipette) and ChAT was used to identify recovered RfHp neurons as
cholinergic (Fig. 1B).

Most neurons that were recorded did not show the RfHp phenotype
and are therefore referred to in this study as non-RfHp neurons
(Supplementary Fig. S1). The locations of all histologically recovered
neurons are shown in Supplementary Fig. S2. Among the 5 neurons
observed to show the RfHp phenotype on electrophysiology and in-
cluded in firing rate analysis (Fig. 2), 4 were recovered histologically.
All (4 of 4) recovered RfHp neurons expressed ChAT positivity (Sup-
plementary Fig. S2), whereas none of the recovered non-RfHp neurons
(0 of 12) were ChAT positive (P < .001, Fisher's exact test).

The action potential firing of RfHp neurons before, during and after
focal seizures is depicted in the raster plots in Fig. 2A. Histograms in
Fig. 2B present the average firing rate in 1 s bins over the course of each
20s epoch. Baseline rate of firing varied among neurons, but there was a
consistent reduction in firing rate of RfHP neurons during the ictal
period relative to baseline (mean decrease −51.6%, SEM 12.8%,
P < .05). For the purposes of directly comparing seizures of differing
lengths, only up to the first 20s of the ictal epoch are depicted in Fig. 2
and used in statistical analysis. In neurons whose seizures lasted longer
than 20s (raster plots at the top of Fig. 2A) firing continues to decrease
during the later portions of the seizure outside the epoch depicted in the
plots. All non-RfHp, ChAT-negative neurons showed either increases or
no change in rate of firing during seizures, with one exception that
showed a small decrease in firing (Supplementary Fig. S3). No neurons
in the non-RfHp group showed mean ictal hyperpolarization > 1.0 mV
during the latter half of seizures, nor did any show mean ictal hy-
perpolarization > 0.5 mV during the entire seizure. Similarly, previous
extracellular recordings (without membrane potential measurements)
of ChAT-negative neurons in the area of the PPT showed either in-
creases, no change or less commonly decreases in firing rate (Motelow
et al., 2015). Because the PPT contains neurons of at least 3 different
neurotransmitter subtypes (Mena-Segovia and Bolam, 2017), ChAT-
negative neurons likely represent subpopulations of GABAergic or
glutamatergic neurons (Mena-Segovia and Bolam, 2017; Motelow et al.,
2015).

All RfHp neurons exhibited an ictal hyperpolarization relative to
baseline pre-ictal membrane voltages. The mean membrane potential of
RfHp neurons during the 20s baseline prior to seizure onset ranged from
−53.73 mV to −64.67 mV (SEM ± 2.13), adjusted for junction po-
tential. The average amplitude of maximal ictal hyperpolarization for
RfHp neurons was −3.82 mV (n= 4, SEM ± 0.81, P < .05) relative
to the pre-ictal baseline membrane potential. In contrast, for non-RfHp
neurons, the most hyperpolarized ictal Vm during seizures was on
average no different than baseline: +0.85 mV (SEM ± 0.43, n= 10,
P= .097).

3.2. Input resistance and voltage fluctuation during seizures

Dichotomizing the mechanistic options underlying a phenotype of
reduced firing and hyperpolarization offers two simplified extremes:
active inhibition versus a withdrawal of baseline excitatory input.
Active inhibition is expected to decrease neuronal input impedance and
to increase spontaneous membrane potential fluctuations, whereas
withdrawal of excitation should have the opposite effects. Because the
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RfHp neurons were electrophysiologically identified by properties
measurable in current-clamp mode, experiments were continued in
current-clamp with the addition of low-amplitude, continuous, square
current-steps to measure moment-to-moment input resistance. 3 RfHp
neurons and 4 non-RfHp neurons were recorded with these repeated
brief current pulses to quantify input resistance before, during and after
seizures. Fig. 3A shows an RfHp ChAT-positive neuron while 30 pA
50 ms current pulses are delivered at a rate of 10 Hz. Spikes seen in the
baseline (black) trace of Fig. 3A are truncated to allow an expanded
view of the Vm response to current steps (and action potentials were
excluded from analysis; see Methods). The ictal trace (blue) shows re-
duced firing and hyperpolarization characteristic of the RfHp neurons.
The ictal period of RfHp neurons is accompanied by an increase in
magnitude of voltage response to constant current pulses, indicating an
increase in input resistance.

The mean time-course of input resistance change during seizures is
shown for RfHp vs non-RfHp neurons in Fig. 3B, and corresponding
changes in Vm are depicted in Fig. 3C. The increases in mean Rin for
RfHp neurons (blue) from baseline to ictal periods (15.6 ± SEM
4.3 MΩ) were statistically significant (P < .05, two-tailed t-test). These
increases in Rin were on the same time-scale as the Vm hyperpolariza-
tion of RfHp neurons (blue). This is depicted in the time-course graph of
Vm (Fig. 3C) for the same neurons during the same time periods,
showing a significant hyperpolarization relative to baseline during ictus
(−1.5 ± SEM 0.3 mV; P < .05, two-tailed t-test).

Mean ictal input resistance changes for individual RfHp and non-
RfHp neurons are shown in Fig. 3D, E. 3 of 3 RfHp neurons showed a
significant (P < .0001, P < .0001, P < .05; neuron 1, 2 & 3 respec-
tively, baseline vs ictal Rin; paired, two-tailed t-test) increase in mean
input resistance during the ictal phase, whereas 0 of 4 non-RfHp neu-
rons exhibited significant ictal increases in input resistance (P < .05,
Fisher's exact test). Input resistance measurements were repeated in 2 of
the RfHp neurons in non-ictal periods (one prior to seizure onset, one
following seizure end) in which the membrane potential was hy-
perpolarized by current injection to reach the same voltage measured
during the ictal period. This was done to determine if membrane po-
tential hyperpolarization alone was responsible for the changes in input
resistance. In both instances of hyperpolarization alone (without sei-
zures), ictal input resistance was still significantly higher than these
non-ictal periods with comparable hyperpolarization (data not shown:
neuron 2 post-seizure hyperpolarized 87.5 MΩ ± SEM 2.1, vs ictal
99.0 MΩ ± SEM 3.1, P < .01; neuron 3 pre-ictal hyperpolarized
72.4 MΩ ± SEM 1.8, vs ictal 83.2 MΩ ± SEM 1.7, P < .01). This
suggests that the change in input resistance observed ictally is not fully
explained by closure of voltage-gated ion channels with hyperpolar-
ization.

Identifying EPSPs in the absence of voltage-gated channel blockers
and without a known timed afferent stimulus—i.e., on voltage mor-
phology alone—is insufficient for unequivocal categorization as an
excitatory post-synaptic potential. For the purposes of this study,
morphological characteristics of positive deflection amplitude and rise-
times were chosen based on descriptions of well-characterized EPSP's in
the literature (Koch, 2004; Mason et al., 1991). The events meeting
these less stringent criteria are referred to in this study as EPSP-like-
events. We examined the membrane potential for discrete EPSP-like
events by detecting positive deflections of > 0.4 mV in a time-frame
of < 2 ms (Koch, 2004; Mason et al., 1991) (Fig. 3F). The frequency of
EPSP-like events was significantly decreased during the ictal periods of
RfHp neurons compared to baseline (mean baseline frequency:
97.6 Hz, ± SEM 20.7; mean ictal frequency: 88.7 Hz, ± SEM 19.0;
n= 4; P < .05 paired, two-tailed t-test). Mean amplitude of EPSP-like
events in RfHp neurons was not significantly different between baseline
and ictal periods (mean Baseline amplitude: 0.59 mV, SEM ± 0.07;
mean Ictal amplitude 0.55 mV, SEM ± 0.04; n = 4; P= .113 paired,
two-tailed t-test). Non-RfHp neurons showed no consistent or sig-
nificant differences between frequency or amplitude of EPSP-like events

in the ictal period compared to baseline (data not shown).
The distribution of membrane potential fluctuations was also

plotted comparing baseline to ictal periods (Fig. 3G, H). The mean
membrane potential variance of RfHp neurons decreased during sei-
zures (mean σ2 = 1.72 mV2, SEM ± 0.43) compared to baseline (mean
σ2 = 2.78 mV2, SEM ± 0.47, n = 4; P < .01 paired, two-tailed t-test).
In contrast, the membrane potential variance in non-RfHp neurons
trended toward increasing during seizures (mean σ2 = 4.01 mV2,
SEM ± 1.27) compared to baseline (mean σ2 = 3.70 mV2, SEM ±
1.37) but was not statistically significant (n= 10; P= .582). These
changes in membrane potential fluctuations and EPSP-like events,
along with increased input resistance suggest that synaptic input may
be reduced to RfHp neurons during seizures.

4. Discussion

Evidence continues to build suggesting that impaired consciousness
accompanying focal seizures is not simply a function of acute over-ac-
tivation of cortical neurons, but rather involves far-reaching effects of
seizures on subcortical arousal systems (Blumenfeld, 2012; Blumenfeld
et al., 2004; Englot and Blumenfeld, 2009; Englot et al., 2008, 2009,
2010; Feng et al., 2017; Furman et al., 2015; Kundishora et al., 2017;
Motelow et al., 2015). In this study, we overcame the technical chal-
lenges of deep brain surface-to-target whole cell recordings to attain the
first in vivo whole cell recordings of neurons in the PPT. These re-
cordings reveal membrane property changes in this key arousal nucleus
during focal seizures and provide mechanistic insight into cholinergic
neurons with reduced firing during seizures (Motelow et al., 2015).
Membrane potential hyperpolarization was accompanied by increased
input resistance, decreased spontaneous membrane potential fluctua-
tions and reduced EPSP-like events during seizures. These results sug-
gest that reduced firing in putative cholinergic (RfHp) PPT neurons
arises mainly from decreased excitatory synaptic input during seizures.
The focus of this study was a subset of neurons within a single brain-
stem nucleus, therefore its generalizability to higher level questions of
consciousness systems should be tempered. However, while the present
study taken in isolation is limited in scope with regards to mechanisms
of consciousness, it builds on prior work showing a consistent link be-
tween states of conscious arousal and acetylcholine, the PPT and pos-
sible thalamic targets of the PPT (Feng et al., 2017; Furman et al., 2015;
Li et al., 2015; Motelow et al., 2015).

Postsynaptic hyperpolarization of a neuron could be caused by ac-
tive inhibition, such as through GABAergic input opening chloride
channels. If the dominant input causing this hyperpolarization was in-
creased GABAergic input, one would anticipate a decrease in Rin to
accompany the opening of channels (Steriade, 2004). The consistent
increase in Rin observed accompanying the hyperpolarization of RfHp
neurons during seizures argues against direct GABAergic input on these
neurons as the dominant mechanism of reduced activity. However, the
contribution of changes in inhibitory tone on these neurons has not
been entirely ruled out with the present experiments, and should be
investigated further under depolarized conditions or in voltage clamp to
definitively study inhibitory currents.

Another possible mechanism for hyperpolarization is a sudden de-
crease in baseline excitatory synaptic input. Neurons in vivo are bom-
barded by synaptic activity that is integrated into that neuron's rate of
firing (Chance et al., 2002; Destexhe and Paré, 1999). Because one
explanation for the increase in Rin observed during seizures is a re-
duction in excitatory synaptic input, it follows that measures of synaptic
input on RfHp neurons might show a decrease during seizures. When
studying postsynaptic potentials (PSPs), excitatory postsynaptic po-
tentials (EPSPs) or mini-EPSPs (mEPSPs), distinguishing these events in
current-clamp recordings can be made clearer by the uses of voltage-
gated channel blockers to reduce the contamination of data by action
potentials, as well as having a known stimulus—e.g. an external input or
an action potential from a nearby neuron—after which to focus data
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analysis (Deweese and Zador, 2004; Mason et al., 1991). While we did
not have these advantages, EPSP and mEPSP morphology has been
described in detail and is the centerpiece of many PSP analyses of
current-clamp data (DeWeese and Zador, 2006; Koch, 2004; Mason
et al., 1991). A positive deflection of ≥0.4 mV in ≤2 ms was chosen as
criteria for EPSP-like events based on rise-times and amplitudes of
EPSPs reported in the literature (Koch, 2004; Magee and Cook, 2000;
Mason et al., 1991). Advantages of such morphological analyses of
discrete positive Vm fluctuations include protection from biases from
slower non-synaptic changes in membrane potential, which could be
difficult to eliminate from broader analyses of membrane potential
variance. The finding of decreased EPSP-like events during the ictal
period of RfHp neurons provides additional evidence in favor of re-
duced excitatory input underlying the increased Rin and concomitant
reduction in both membrane potential and neuronal firing observed in
RfHp neurons during seizures. It should be noted that the contributions
of reduced excitatory input detailed here do not in-and-of-themselves
rule out contributions from inhibitory tone or neuromodulation. Mul-
tiple mechanisms may indeed contribute to the electrophysiologic
changes observed, and more work is necessary for their proper eluci-
dation. Such experiments should include voltage clamp to characterize
currents and experiments at depolarized membrane potentials to study
inhibitory drive.

Neurons of the PPT are the major source of cholinergic input to the
thalamus (Mesulam et al., 1989, 1983) and have been shown to play a
role in cortical transitions between slow-wave, low-arousal states to a
higher arousal state (Mena-Segovia and Bolam, 2017; Steriade et al.,
1990), as well as the opposite direction, from cortical fast-to-slow ac-
tivity associated with acute depression in arousal in a seizure model
(Motelow et al., 2015). Prior work demonstrates the importance of
depressed PPT and forebrain cholinergic neuronal activity during sei-
zures, and shows decreased firing of these cholinergic neurons with a
larger sample size than the present investigation (Furman et al., 2015;
Motelow et al., 2015). This study provides a synaptic mechanism to
explain such reduced firing in cholinergic neurons in the PPT during
limbic seizures.

The PPT receives afferents from many areas, including the tha-
lamus, basal ganglia, limbic system and cortex (Benarroch, 2013;
Mesulam et al., 1989; Pahapill and Lozano, 2000). Theorizing as to
which of these specifically underlie the ictal withdrawal of excitatory
tone would be premature. However, these findings fit with prior work
suggesting that network inhibition during focal limbic seizures arises
from a polysynaptic mechanism, based on the latencies observed be-
tween activation of inhibitory lateral septal regions and initiation of
slow waves in the cortex (Englot et al., 2009).

The technically challenging experimental approach of the present
study provides a novel look into neurons of deep brainstem structures
during limbic seizures, but also has limitations that should be addressed
with future work. Specifically, the technical challenges of in vivo whole
cell recordings deep below the brain's surface resulted in relatively low
sample sizes for some of the measurements, and necessitated use of
anesthetic agents to achieve stable recordings. Because seizures must be
spaced out in time to avoid inducing a refractory state in the hippo-
campus, neurons often were lost or had increased access resistance
while waiting for the hippocampus to recover to trigger a second sei-
zure. With only a single seizure available to analyze the phenotype of a
neuron, compounded by a search for comparatively sparse cholinergic
neurons in a heterogenous nucleus (Mena-Segovia and Bolam, 2017)
using a low-yield, time-intensive technique, emphasis was placed on
current-clamp recordings for the ability to characterize the neuronal
membrane properties. Estimates of the fraction of neurons expressing
choline-acetyltransferase in the PPT range from 20 to 27% (Mena-
Segovia and Bolam, 2017; Wang and Morales, 2009). While our data
was not collected in a manner sufficient for estimating the actual fre-
quency of cholinergic neurons in PPT, the high ratio of non-ChAT to
ChAT neurons recorded here is consistent with prior studies

documenting ChAT neurons being in the minority in the PPT. A lim-
itation of measuring changes in input resistance is a lack of specificity.
However, Rin does become useful in the presence of other physiological
data to provide clues as to the source and effect of these changes in
resistance—namely changes in membrane potential and firing profiles.
Moreover, direct measurements of input resistance can also give clues
as to possible contributions of shunting inhibition (Holt and Koch,
1997; Mitchell and Silver, 2003), which, as evidenced by the increase in
Rin, does not appear to be the mechanism of inhibition in this case. The
relatively low sample size of RfHp neurons recorded is a function of the
time-intensive, low-yield experiments that follow from combining an
acute in vivo model of limbic seizures with performing whole cell re-
cordings deep below the brain's surface. More neurons are presumably
always better, but in the presence of strong prior work with which to
correlate functional neuronal characteristics and clear trends in firing
activity and Rin, the authors believe that the present results are
nevertheless of value to the field.

Another potential concern is the use of “light” ketamine/xylazine
anesthesia which was necessary to obtain mechanical stability for the
recordings (see Supplementary Methods). This affects the interpretation
of this work both on the level of neuronal physiology as well as gen-
eralizability to consciousness/arousal. Regarding the latter, the rats in
the experiment are under an artificially suppressed state of arousal from
the ketamine-xylazine anesthesia. Thus, the added insult of a seizure is
really an impairment of an already dampened system of arousal. Such a
state leaves open opportunities for confounding effects of altering sys-
tems that have already been perturbed. On the subject of neuronal
physiology, different anesthetics have been shown to achieve different
patterns of cortical activity on EEG (Mahon et al., 2001). Ketamine,
used in this study, is known to alter cellular physiology (Lydic and
Baghdoyan, 2002; Mahon et al., 2001; Saponjic et al., 2006). We at-
tempted to mitigate these effects by using as low a dose of anesthetic as
possible, and by comparing results under identical anesthetic condi-
tions before and during seizures, nevertheless ideally the present ex-
periments should be repeated in awake animals. Because the actual
feasibility of whole cell recordings in deep brainstem neurons without
removal of surrounding architecture had not been demonstrated prior
to this study, one may hope that the example of the present study will
allow reasonable criticisms of the current model to be addressed in
work to come. These studies also lay the groundwork for additional
important future investigations, utilizing a combination of techniques
including selective genetic modulation and imaging of individual neu-
rons and pathways to more fully elucidate the network mechanisms of
depressed subcortical arousal in focal seizures.

In summary, the present work demonstrates that putative choli-
nergic neurons of the PPT show a pattern of reduced firing and hy-
perpolarization, accompanied by increased input resistance, reduced
Vm variance and reduced EPSP-like activity during seizures. As men-
tioned previously, the electrophysiologic patterns described in this
paper are based on a relatively low number of neurons and more work
is needed to draw firm conclusions about neuronal mechanisms influ-
encing activity of PPT neurons. By demonstrating the possibility of such
deep whole cell recordings, it is our hope that subcortical neuronal
physiology will continue to be uncovered by expanding on these tech-
niques. The initial properties of RfHp neurons in the present work
support a mechanism of decreased excitatory input as the basis for
decreased subcortical arousal originating in PPT. These results provide
an example where ictal alterations of neurophysiology may occur
through reductions in synaptic activity. This is an early step toward
understanding the afferent drive of the PPT and its contribution to PPT
activity (Mena-Segovia and Bolam, 2017). As clinical advances in
treatment of neurophysiologic disorders to rely more on neuromodu-
lation (Gummadavelli et al., 2015a; Gummadavelli et al., 2015b;
Kundishora et al., 2017; Theodore and Fisher, 2004), studies of the
basic neuronal mechanisms of functional pathology become less eso-
tericisms and closer to clinical targets for disease-modifying therapies.
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Supplementary data to this article can be found online at https://
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