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SUMMARY

Impaired consciousness in temporal lobe seizures has a major negative impact on quality of life.
The prevailing view holds that this disorder impairs consciousness by seizure spread to the
bilateral temporal lobes. We propose instead that seizures invade subcortical regions and depress
arousal, causing impairment through decreases rather than through increases in activity. Using
functional magnetic resonance imaging in a rodent model, we found increased activity in regions
known to depress cortical function including lateral septum and anterior hypothalamus.
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Importantly, we found suppression of intralaminar thalamic and brainstem arousal systems and
suppression of the cortex. At a cellular level, we found reduced firing of identified cholinergic
neurons in the brainstem pedunculopontine tegmental nucleus and basal forebrain. Finally, we
used enzyme-based amperometry to demonstrate reduced cholinergic neurotransmission in both
cortex and thalamus. Decreased subcortical arousal is a novel mechanism for loss of
consciousness in focal temporal lobe seizures.
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INTRODUCTION

Why do patients lose consciousness during temporal lobe seizures? The temporal lobes are
not traditionally a part of the consciousness system (Blumenfeld, 2012; Saper et al., 2005);
patient HM was conscious without both hippocampi (Scoville and Milner, 1957). Yet in
focal temporal lobe seizures, patients often become unresponsive and demonstrate
automaton-like behavior (Escueta et al., 1977; Penfield, 1952). During temporal lobe
seizures, the cerebral cortex exhibits widespread slow-wave activity interpreted by some as
seizure propagation (Lieb et al., 1991). Instead, we propose that these cortical slow
oscillations and the coincident reduction in cerebral blood flow represent depressed cortical
activity (Blumenfeld et al., 2004a; Blumenfeld et al., 2004b; Englot et al., 2008; Englot et
al., 2009; Englot et al., 2010). If true, the subcortical arousal systems should be depressed
(Blumenfeld, 2012; Norden and Blumenfeld, 2002) as in other states of unconsciousness
such as deep sleep (Steriade et al., 1993b) or coma (Young, 2000).

Reframing impaired consciousness in temporal lobe seizures as a deficit in subcortical
arousal leads to several predictions (Figure 1). Increased activity is expected in limbic
archicortical structures such as the hippocampus but also in connected subcortical inhibitory
regions such as the lateral septal nuclei and anterior hypothalamus, known to project to the
subcortical arousal systems (McGinty and Szymusiak, 2001; Mesulam and Mufson, 1984;
Varoqueaux and Poulain, 1999). Key subcortical arousal regions, such as the brainstem
pedunculopontine tegmental nucleus (PPT), thalamic intralaminar nuclei (Glenn and
Steriade, 1982; Heckers et al., 1992) and the basal forebrain cholinergic nuclei (Mesulam et
al., 1983Db) are expected to show reduced activity. In addition the release of modulatory
arousal neurotransmitters such as acetylcholine should decrease in both cortex (Marrosu et
al., 1995) and thalamus (Williams et al., 1994). We previously developed a rodent model
which resembles human temporal lobe seizures in terms of electrophysiology and behavioral
deficits (Englot et al., 2008; Englot et al., 2009). However to our knowledge, decreased
subcortical arousal has not been previously investigated as a mechanism of impairment in

epilepsy.

In the present study, we use a combination of high field blood oxygen-level dependent
(BOLD) functional magnetic resonance imaging (fMRI), direct electrophysiological
recordings, and amperometry-based neurotransmitter measurements to investigate the
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modulation of subcortical arousal during limbic seizures on multiple levels. We found that
depressed cortical function—evidenced by cortical slow oscillations and decreased fMRI
signals—is accompanied by increased activity in the hippocampus, anterior hypothalamus
and lateral septum. fMRI signals were decreased in the intralaminar thalamus and midbrain
tegmentum, guiding us to perform juxtacellular recordings from the mesopontine cholinergic
nuclei, which provide cholinergic excitation of the thalamus (McCormick, 1992; Mesulam et
al., 1983b). We found suppressed firing in PPT cholinergic neurons. Further exploring the
cholinergic arousal system, we investigated neurons in the cholinergic basal forebrain,
which innervate the neocortex (Mesulam et al., 1983a; Rye et al., 1984), and found them
suppressed as well. Finally, we showed that choline, as a proxy for acetylcholine, is
decreased in both the cortex and thalamus during limbic seizures. Decreased acetylcholine
has long been associated with cortical slow oscillations, an inhibited thalamus, and a
suppressed basal forebrain in slow-wave sleep (Marrosu et al., 1995; Williams et al., 1994).
These data provide direct evidence, for the first time, of seizure activity suppressing
subcortical arousal as a mechanism of depressed corticothalamic network function.

High field BOLD fMRI revealed a network of cortical and subcortical changes consistent
with decreased subcortical arousal in limbic seizures. We conducted fMRI measurements
during partial limbic seizures (10 animals, 34 seizures, mean duration £ SEM 70.72 + 4.01
seconds), induced by brief hippocampal stimulation (Englot et al., 2008; Englot et al., 2009).
A quadrature coil design (Hyde et al., 1987) improved the detection power of our fMRI
recordings in critical ventral subcortical areas not visualized previously during seizures
(Englot et al., 2008; Englot et al., 2009).

We found decreased cortical fMRI activity paired with both subcortical increases and
decreases during partial limbic seizures (Figures 2 and 3). BOLD increases were found in
the hippocampus, hypothalamus, and septum while decreases were seen in the cortex,
intralaminar thalamus, and midbrain tegmentum. Guided by the fMRI t-map results (Figure
2), we targeted six regions of interest (ROI) (Figure 3A) to investigate changes over time.
Three of the ROIs, namely hippocampus (HC), septum, and anterior hypothalamus (Ant
Hyp), showed prominent BOLD fMRI increases followed by postictal decline and
eventually a return to baseline (Figure 3B). These regions all show increased multiunit
activity ictally with rapid decrease postictally (Figure S1) suggesting that the slow decay of
the BOLD signal in these regions postictally may represent perfusion decreasing more
slowly than neural activity (Hyder et al., 2010). All three regions showed significant
increases during seizures compared to baseline (Figure 3C) (comparing seizure to baseline:
HC +3.63% = 0.40%, Septum +3.04% + 0.53%; Ant Hyp +2.06% =+ 0.28%; 1-sample t-tests
Holm-Bonferroni corrected, P < 0.05). The hypothalamus plays a key role in promoting
slow-wave sleep (Saper et al., 2005), and stimulation of both the lateral septum (Englot et
al., 2009) and anterior hypothalamus (Sterman and Clemente, 1962) causes cortical slow
oscillations resembling deep sleep. These changes are therefore consistent with a model in
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which loss of consciousness during partial seizures is caused by increased activity in
inhibitory projection areas (Figure 1).

Three ROIs were chosen to investigate BOLD decreases (Figure 3A). We have previously
reported BOLD decreases in the lateral orbital frontal cortex (LO), which is consistent with
decreased metabolic activity associated with ictal neocortical slow activity (Blumenfeld et
al., 2004a; Englot et al., 2008; Englot et al., 2009; Englot et al., 2010). In addition, two
major subcortical arousal areas were chosen, the intralaminar central lateral thalamus (CL)
and midbrain tegmentum (MT). The BOLD signal in these three ROIs decreased during
partial seizures, remained suppressed postictally, and then gradually returned to baseline
(Figure 3B). The orbital frontal cortex, intralaminar thalamus, and midbrain tegmentum all
showed significant fMRI decreases during seizures compared to baseline (Figure 3C)
(comparing seizure to baseline: LO -3.65% * 0.61%; CL -0.93% + 0.30%; MT -1.07% +
-0.27%; 1-sample t-tests Holm-Bonferroni corrected, P < 0.05). The brainstem tegmentum is
comprised of arousal nuclei including the major source of cholinergic input for the
intralaminar thalamus (Hallanger et al., 1987; Mesulam et al., 1983b). This circuit is vital for
promoting the excitatory actions of the thalamus on cortex and for maintaining thalamic
neurons in their regular firing mode (Glenn and Steriade, 1982; McCormick, 1992). The
thalamus and midbrain tegmentum have long been implicated in arousal, working both
cooperatively and independently (Glenn and Steriade, 1982; Hallanger et al., 1987;

Mesulam et al., 1983b; Moruzzi and Magoun, 1949; Poulet et al., 2012; Steriade et al.,
1993a).

PPT Juxtacellular recordings

Our BOLD data showed decreased signal across both the midbrain tegmentum and
intralaminar thalamus (Figures 2 and 3). The arousal-promoting brainstem cholinergic
system located in the brainstem tegmentum, centered in the PPT, provides a physiological
bridge between the two anatomical regions (Steriade et al., 1993a). Acetylcholine
originating from the brainstem has a profound direct effect on the thalamus (McCormick,
1992) and therefore serves as an indirect vehicle of cortical arousal (Moruzzi and Magoun,
1949; Steriade et al., 1993a). The PPT is a heterogeneous nucleus although the non-
cholinergic neurons also have a putative arousal role via the forebrain cholinergic system
(Steriade et al., 1993a). To determine whether the brainstem cholinergic system is truly
suppressed during limbic seizures, we conducted juxtacellular recordings in the PPT.
Locations of all identified neurons recorded in the PPT and peri-PPT region are in Figure
S2.

A representative recording from a cholinergic neuron is shown (Figure 4). The neuron fired
regularly prior to seizure initiation (Figure 4A, Baseline). During the seizure in the
hippocampus (Figure 4A, Seizure), the cortical multiunit activity (MUA) converted to Up
and Down states (Steriade et al., 1993b) of alternating firing and quiescence while the
cortical local field potential (LFP) converted to prominent slow oscillations as described
previously (Englot et al., 2008). At the same time, the cholinergic neuron markedly
decreased its firing almost immediately after the seizure begins. In the postictal period
(Figure 4A, Postictal), the cortical LFP was still dominated by low-frequency oscillations,
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and the cholinergic neuron remained depressed, but its firing rate later began to recover.
After a few minutes, the animal recovered back to baseline (Figure 4A, Recovery). The
cortical LFP was again dominated by higher frequency activity resembling wakefulness, and
the cholinergic neuron again fired regularly. The neuron recorded here, which co-stained for
choline acetyltransferase, can be seen in Figure 4B.

Identified cholinergic neurons as a group displayed a consistent and dramatic decrease in
firing during seizures (see Figures 6A and 6B) (8 neurons from 8 animals; mean seizure
duration: 60.34 seconds * 6.22 seconds; comparing seizure to baseline: mean change in
firing rate -2.31 Hz + 0.71 Hz; paired t-test Holm-Bonferroni corrected, P < 0.05). Although
they possessed variable firing rates at baseline, all cholinergic neurons decreased their firing
rates during seizures. The firing rates slowly recovered during the post ictal period and
resumed normal firing after a variable interval. All cholinergic neurons fired tonically and
relatively slowly. None exhibited burst firing.

The non-cholinergic neurons in the PPT region are predominately glutamatergic and
GABAergic (Wang and Morales, 2009). The putative arousal-promoting role of the
glutamatergic neurons entails exciting the cholinergic basal forebrain (Steriade et al.,
1993a). We did not distinguish between the two cell types in this study but found that unlike
cholinergic neurons, which consistently decreased their firing during seizures, non-
cholinergic neurons showed mixed behaviors including decreased, increased or no change in
firing rates. An example recording from a non-cholinergic PPT neuron is shown in Figure
S3, with no appreciable change in firing during a partial seizure. Overall, the mixture of
increased, decreased or no change in firing rate of noncholinergic neurons during the seizure
period led to no significant change from baseline on average (see Figures 6E and 6F) (21
neurons from 19 animals; mean seizure duration:; 62.19 seconds + 5.42 seconds; comparing
seizure to baseline: mean change in firing rate +1.04 Hz + 3.45 Hz; paired t-test, P = 0.76).
We observed that some noncholinergic neurons began firing in bursts during seizures
(Figure S4), which accounts for the apparent rise in mean firing rate in the late ictal period
(Figure 6F). The non-bursting neurons trended towards decreased firing (Figures S4AD and
SAE) ( (13 cells; mean seizure duration 61.11 seconds + 7.06 seconds; comparing seizure to
baseline: mean change in firing rate -2.44 Hz + 1.17 Hz; paired t-test, P = 0.06) while the
bursting neurons trended towards increased firing (Figures S4F and S4G) ((8 cells; mean
seizure duration 63.93 seconds * 9.00 seconds; comparing seizure to baseline: mean change
in firing rate +6.71 Hz + 8.84 Hz; paired t-test, P = 0.47).

In order to get a more complete picture of the overall regional activity within and around the
pedunculopontine tegmental nucleus, we also analyzed the single cell juxtacellular
recordings in the population of neurons in which the electrode tract approached the PPT but
the specific recorded cell could not be recovered histologically. The change in firing of these
neurons during seizures was significantly decreased (Figures S4H and S41)(33 neurons from
19 animals: mean seizure duration 54.73 seconds + 6.22 seconds; comparing seizure to
baseline: mean change in firing rate -3.44 Hz £ 0.72 Hz; paired t-test Holm-Bonferroni
corrected, P < 0.05). The overall decrease in firing rate of cells in this region was consistent
with decreased BOLD signal (Figure 2) in the brainstem tegmentum during seizures.
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Basal forebrain juxtacellular recordings

While the cholinergic neurons in PPT indirectly activate the cortex, the cholinergic neurons
of the basal forebrain project directly to neocortex (Mesulam et al., 1983a; Rye et al., 1984),
and acetylcholine has a profound effect on state changes in the cortex (Kalmbach et al.,
2012; Metherate and Ashe, 1991; Metherate et al., 1992). Like PPT, the cholinergic neurons
in the basal forebrain are intermingled with noncholinergic cells although these neurons may
have arousal promoting effects as well (Freund and Meskenaite, 1992). Given the
suppression of the brainstem cholinergic system, the presence of cortical slow-waves, and
the increased activity in slow-wave sleep-promoting regions on fMRI (Figure 2), we
extended our juxtacellular recordings to the basal forebrain. Locations of all identified
neurons recorded in the basal forebrain are in Figure S5.

A representative recording from a cholinergic neuron in basal forebrain is shown (Figure 5).
The neuron fires tonically at baseline (Figure 5A, Baseline), decreases during the seizure
(Figure 5B, Seizure), remains suppressed postictally (Figure 5A, Postictal), and eventually
returns to baseline (Figure 5A, Recovery). As in the example shown for the PPT neuron
(Figure 4), the cortical LFP shows high-frequency low-voltage activity associated with
MUA tonic firing at baseline (Figure 5A, Baseline). During the seizure, the cortical LFP
converts to low-frequency high-voltage oscillations associated with Up and Down states in
MUA (Figure 5A, Seizure). The depressed cortical state persists postictally (Figure 5A,
Postictal) and then returns to its baseline state (Figure 5A, Recovery). The neuron recorded
here, which co-stained for choline acetyltransferase, can be seen in Figure 5B.

Identified cholinergic neurons in basal forebrain consistently decreased their firing during
seizures (Figure 6C and 6D) (7 neurons from 6 animals; mean seizure duration: 77.21
seconds + 16.17 seconds; comparing seizure to baseline: mean change in firing rate -4.36 Hz
+ 1.01 Hz; paired t-test Holm-Bonferroni corrected, P < 0.05). All cholinergic neurons
decreased firing during seizures.

As in PPT, non-cholinergic neurons in the basal forebrain are predominantly glutamatergic
and parvalbumin- and neuropeptide Y-containing GABA neurons (Brashear et al., 1986;
Duque et al., 2007). The GABAergic neurons may promote arousal by inhibiting cortical
interneurons (Freund and Meskenaite, 1992) although both GABAergic and glutamatergic
neurons have varied relationships to the cortical EEG and to sleep-wake cycles; some
neurons are correlated with wakefulness and dysnchronous EEG and some are not (Hassani
et al., 2009). As we did with PPT non-cholinergic neurons, we did not distinguish between
the two cell types in the basal forebrain. Unlike basal forebrain cholinergic neurons, which
consistently decreased their firing during seizures, non-cholinergic neurons showed mixed
behaviors during seizures. An example recording from a non-cholinergic basal forebrain
neuron, which increases its firing rate, is shown in Figure S6. Overall, the mixture of
increased, decreased, or no change in firing rate of non-cholinergic neurons during the
seizure period, led to a non-significant decrease in firing during seizures (Figures 6G and
6H) (18 neurons from 12 animals; mean seizure duration: 86.61 seconds + 10.16 seconds;
comparing seizure to baseline: mean change in firing rate -1.97 Hz + 1.71 Hz; paired t-test,
uncorrected P = 0.4).

Neuron. Author manuscript; available in PMC 2016 February 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Motelow et al.

Page 7

The temporal relationship between single neuron firing and low-frequency oscillations in the
cortex is displayed in Figure S7. Cortical LFP 1-4 Hz power increases during seizures and
decreases slowly postictally (Figure S7A). In contrast, cholinergic neurons in PPT (Figure
S7B) and basal forebrain (Figure S7C) decrease firing during seizures and rise back to
baseline postictally. Non-cholinergic neurons in the PPT (Figure S7D) and basal forebrain
(Figure S7E) had inconsistent relationship to cortical LFP.

Choline recordings

To study the relationship between acetylcholinergic neurotransmission and ictal neocortical
slowing, we measured choline levels using high-temporal resolution amperometry (Parikh et
al., 2004). Traditional methods of measuring neurotransmitters such as microdialysis suffer
from low temporal resolution, making detection of transient changes during seizures
challenging (Marrosu et al., 1995; Parikh et al., 2004). Enzyme-based amperometry allowed
us to measure choline levels as a proxy for extracellular acetylcholine with sub-second
timing (Burmeister and Gerhardt, 2003; Parikh et al., 2004). Cortical acetylcholine
originates primarily from the basal forebrain (Rye et al., 1984) while thalamic acetylcholine
originates from the brainstem cholinergic nuclei (Hallanger et al., 1987).

We have already demonstrated direct evidence of suppressed firing in brainstem and basal
forebrain cholinergic neurons (Figures 4, 5, 6A, 6B, 6E, and 6F). To confirm that
acetylcholine levels were in fact suppressed in arousal-related target areas of these nuclei,
we measured cortical and thalamic levels of choline. An example choline recording from the
orbital frontal cortex is shown (Figure 7A). Choline recordings in the orbital frontal cortex
during limbic seizures revealed choline decreases during seizures that persisted postictally
and eventually returned to baseline (Figure 7A). After a stimulus artifact, which caused
increased signal in all 4 electrodes, the choline oxidase-coated electrodes showed decreased
signal during the seizure. At the same time, the sentinel electrodes returned to baseline
following the stimulus artifact. Subtraction of these recordings provided the self-referenced
choline signal, which reveals decreased choline during the seizure and gradual recovery
back to baseline postictally. Simultaneous recordings of the hippocampal and cortical LFP
showed cortical slow oscillations during the seizure and postictal period followed by normal
cortical fast activity after recovery (Figure 7B and lower insets).

On a group level, choline decreased significantly in the cortex during partial seizures
(Figures 8A and 8C) (10 seizures from 6 animals; mean seizure duration 68.21 seconds +
6.26 seconds, comparing seizure to baseline: mean choline concentration change -0.086 M
+ 0.032 pM; paired t-test Holm-Bonferroni corrected, P < 0.05). A similar picture was seen
in CL, an important target of brainstem cholinergic neurons in the intralaminar thalamus.
The thalamic choline signal decreased during partial seizures (Figures 8B and 8C) (7
seizures from 5 animals; mean seizure duration 53.11 seconds + 5.51 seconds, comparing
seizure to baseline: mean choline concentration change -0.031 pM £ 0.009 pM; paired t-test
Holm-Bonferroni corrected, P < 0.05). The signal declined during the seizures and then
began to return to baseline levels as the animals recovered in both cortex (Figure 8A) and
thalamus (Figure 8B). This reflects suppression of the cholinergic neurotransmission arising
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from basal forebrain (Figures 5, 6C and 6D) and pedunculopontine tegmental nucleus
(Figures 4, 6A, and 6B), respectively.

To further confirm the validity of our measurements, cholinergic transmission was also
evaluated using a stimulus known to produce increased (rather than decreased) physiological
arousal. At the end of the recording session, the animals were put back into deep anesthesia
and toe pinch was administered to evaluate the cholinergic response. Toe pinch is known to
increase firing in cholinergic PPT neurons as well as activate cortex (Mena-Segovia et al.,
2008). Toe pinch caused significant choline increases in both cortex (9 animals; comparing
seizure to baseline: mean choline concentration change +0.122 uM + 0.032 puM; paired t-test
Holm-Bonferroni corrected, P < 0.05) and thalamus (8 animals; comparing seizure to
baseline: mean choline concentration change +0.040 uM + 0.014 uM; paired t-test Holm-
Bonferroni corrected, P < 0.05) (Figure 8C).

DISCUSSION

The prevailing view holds that deficits during seizures are caused by sudden abnormal or
excessive activation of cortical circuits. Our data present a very different mechanism for
impaired cortical function, demonstrating that subcortical arousal circuits show markedly
decreased activity in limbic seizures associated with a depressed cortex resembling deep
sleep or coma. Our data identify, for the first time, suppression of subcortical arousal
systems during partial limbic seizures. Suppressed cholinergic and other subcortical arousal
is a mechanism consistent with the “network inhibition hypothesis” (Figure 1) for loss of
consciousness during complex partial temporal lobe seizures (Blumenfeld, 2012; Norden
and Blumenfeld, 2002). We have presented data in which a partial seizure drives a transition
from an “aroused” state characterized by “fast” cortical LFP into a “depressed” state marked
by cortical slow-waves and decreased fMRI signals in the cortex, thalamus, and brainstem
(Figures 2 and 3). Given the role of cholinergic neurons in providing excitatory input to the
intralaminar thalamus and cortex (Steriade, 2004), we recorded from identified neurons in
the brainstem and basal forebrain. In agreement with our hypothesis, firing of cholinergic
neurons in both nuclei was consistently suppressed (Figures 4, 5 and 6). To study effects on
cholinergic output to cortex and thalamus we measured choline levels and found decreases
in both the intralaminar thalamus and cortex during partial seizures (Figures 7 and 8).
Overall these coordinated changes provide strong evidence for reduced subcortical arousal
during partial seizures.

Our data reveal a mechanism underlying loss of consciousness during partial seizures that
mimics elements of slow-wave sleep. The ictal slow oscillation has similar properties to the
slow oscillation of slow-wave sleep and is likely precipitated by similar factors. In both
slow-wave sleep and ictal slow oscillations, low-frequency activity dominates the EEG, and
Up and Down states are seen in the MUA. In slow-wave sleep, this is thought to be
facilitated by decreased firing of subcortical arousal neurons and decreased arousal
neuromodulators such as acetylcholine in the cortex and thalamus (Marrosu et al., 1995;
McCormick and Bal, 1997), and our data revealed a similar mechanism in partial seizures.
Finally, slow-wave sleep is also marked by decreased acetylcholine in the thalamus
(Williams et al., 1994), which also occurred in partial seizures. Activity changes in cortex,
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thalamus, and brainstem are prominent during anesthesia (Langsjo et al., 2012) and slow-
wave sleep (Braun et al., 1997) induction. Consistent with a broad suppression of the arousal
system, patients with temporal lobe and other partial seizures demonstrate a bimodal
distribution with respect to impairment of consciousness (Cunningham et al., 2014). In most
patients, consciousness is either fully impaired or fully intact, which suggests an overall
decrease in the level of consciousness rather than impairment of selected contents of
consciousness (Posner et al., 2007). These observations provide a human behavioral
correlate for the present findings of depressed arousal mechanisms during seizures.

The arousal system is complex, consisting of at least seven potential parallel pathways of
cortical and subcortical excitation (Saper et al., 2005). Our experiments demonstrate a strong
correlation between cortical depression and a depressed cholinergic system during partial
seizures. The current experiments do not determine whether the decrease in cholinergic
transmission causes cortical depression. However, optogenetic stimulation of cholinergic
PPT neurons decreases cortical slow-wave activity during partial seizures (Furman M, et al.,
“Optogenetic stimulation of cholinergic mesopontine neurons for preventing cortical
dysfunction during seizures” Society for Neuroscience 2013, Poster #53.19/U12), and
electrical stimulation of cholinergic targets in the intralaminar thalamic CL reduces seizure-
associated cortical slowing and promotes behavioral arousal (Gummadavelli et al., In press).
Although cholinergic systems play an important role in arousal, it is likely that suppression
of other subcortical arousal systems also participate in loss of consciousness during seizures.
Future studies are needed to determine the role of other candidates such as noradrenergic
neurons in the locus coeruleus, serotonergic neurons in the raphe and orexin neurons in the
lateral hypothalamus.

Additional work is needed to explore the mechanism behind the suppressed neuronal
activity in the subcortical arousal systems during seizures. It is possible that excitatory input
to these systems has been removed or that inhibitory input has been increased. Initial
evidence suggests that increased inhibitory inputs to subcortical arousal systems may play a
role, including the following: 1) lateral septum and anterior hypothalamus show large BOLD
increases (Figures 2 and 3) during seizures. These regions are known to contain GABAergic
neurons with inhibitory projections to subcortical arousal systems (McGinty and Szymusiak,
2001; Mesulam and Mufson, 1984; Saper et al., 2005; Semba and Fibiger, 1992;
Varogueaux and Poulain, 1999). 2) Disconnection of excitatory inputs to these inhibitory
structures by cutting the fornix prevents ictal cortical slow activity and prevents behavioral
arrest (Englot et al., 2009). 3) Electrical stimulation of the lateral septal nuclei or anterior
hypothalamus reproduces cortical slow-wave activity and behavioral arrest (Englot et al.,
2009; Sterman and Clemente, 1962). Future studies are needed to investigate the potential
role of descending inhibition in decreased subcortical arousal during and following partial
seizures.

Low-frequency oscillations persist postictally (Figure 4A and 5A, Postictal) as they do in
epilepsy patients (Blumenfeld et al., 2004b; Englot et al., 2010), but the mechanism causing
a “depressed” state in the cortex is likely different from the mechanism during the ictal
period. We have hypothesized that arousal systems are suppressed during partial seizures
because seizure activity leads to increased inhibition in the subcortical arousal systems.
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Support for this hypothesis has come from fornix transection that prevents ictal slow-waves,
and lateral septal stimulation that can reproduce slow-waves (Englot et al., 2009). However,
postictal firing in the hippocampus, lateral septum, and anterior hypothalamus are
suppressed rather than hyperactive (Figure S1) suggesting a different mechanism for
postictal slow-waves. The BOLD signal in these regions does remain elevated in the initial
postictal period (Figure 3B, Postictal) despite suppressed MUA activity (Figure S1), but this
is likely related to a slower decay in perfusion relative to neural activity. Because we have
observed gradual recovery of cholinergic firing in parallel with decreasing slow-waves in
the postictal period (Figure S7A, S7B and S7C) we can speculate that persistent depression
of subcortical arousal may still contribute. However, future studies will be needed to fully
determine the mechanisms of depressed arousal and low-frequency oscillations in the
postictal period.

Impaired consciousness in partial seizures has a major negative impact on quality of life in
people with epilepsy, causing unsafe driving, impaired work and school performance, and
social stigmatization (Sperling, 2004). In addition, impaired arousal in the postictal could
contribute to difficulty in protecting the airway in patients found with their face blocked by a
pillow causing sudden unexpected death in epilepsy (SUDEP) (Kloster and Engelskjon,
1999). Although stopping seizures is the best way to prevent these negative consequences,
converting focal seizures with impaired consciousness to focal seizures without impaired
consciousness would greatly benefit patients with refractory epilepsy. The findings
presented here point to new potential therapeutic avenues to increase subcortical arousal
during and following seizures, including electrical and optogenetic deep brain stimulation
and targeted pharmacological interventions to improve level of consciousness.

Large-scale network switching in the brain is an important emerging area of neuroscience
research. Understanding the mechanisms underlying network switching in seizures may
have implications for understanding normal transitions seen in sleep (Saper et al., 2010) and
in reciprocal task-positive and default-mode networks (Fox et al., 2005). We have found
converging evidence based on fMRI mapping, juxtacellular recordings from brainstem
neurons, and electrochemical transmitter measurements that partial limbic seizures lead to
depressed subcortical cholinergic arousal, which may play a critical role in loss of
consciousness. We propose a paradigm shift for studying and treating partial seizures in
which loss of consciousness is understood as a decrease in subcortical arousal and a sudden
transition into a state resembling slow-wave sleep.

EXPERIMENTAL PROCEDURES

For full details of experimental procedures see Supplemental Experimental Procedures
online.

Animal preparation and surgery

All procedures were conducted in full compliance with approved institutional animal care
and use protocols. A total of 138 adult female Sprague Dawley rats (Charles River
Laboratories) weighing 202-365 gram were used in these experiments. All surgeries were
performed under deep anesthesia with ketamine (90 mg/kg) and xylazine (15 mg/kg). After
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surgery animals used in fMRI experiments were allowed at least 6 days of recovery prior to
imaging (see below) whereas animals for juxtacellular and neurotransmitter experiments
were switched to a low-dose, “light-anesthesia” ketamine (40 mg/kg) and xylazine (7
mg/kg) for immediate recordings as described previously (Englot et al., 2008). All
stereotactic coordinates were taken from Paxinos and Watson (Paxinos and Watson, 1998)
and were measured in millimeters relative to bregma. Following experiments, animals were
sacrificed with Euthasol (Virbac), and brains were harvested for histological analysis and to
verify electrode locations.

fMRI experiments

Our implant and imaging methods have been described previously (Englot et al., 2008). In
brief, at least 6 days before fMRI recordings, animals were implanted stereotactically with
an MRI-compatible bipolar tungsten electrode in the right dorsal hippocampus. To record
scalp electroencephalogram (EEG) simultaneously with fMRI, a pair of carbon fiber
electrodes were placed bilaterally over the cortex between the scalp and the skull on the day
of the experiment. After surgery and preparation for fMRI experiments, animals were
switched to a low-dose ketamine/xylazine and maintained under this light anesthesia
regimen during seizure induction as described previously (Englot et al., 2008; Englot et al.,
2009). fMRI recordings were acquired on a modified 9.4 T system with Varian spectrometer
using a custom-built 2 x 1 H surface quadrature coil for transmitting and receiving radio
frequency pulses (Hyde et al., 1987). High spatial resolution anatomical images were
acquired with 10 slices in the coronal plane using gradient-echo or spin-echo contrast. For
fMRI, a single shot spin echo-planar imaging (SE-EPI) sequence was used: TR, 1000 ms;
TE, 25 ms; FOV, 25 x 25 mm; matrix, 64 x 64; in-plane resolution, 390 x 390 um;
contiguous slices of 1 mm, with 10 slices obtained in the same planes as anatomical images.
The fMRI images were obtained with 1 s acquisition followed by 2 s delay to enable EEG
and LFP signals to be readily interpreted during imaging (Englot et al., 2008; Mishra et al.,
2011; Schridde et al., 2008). 200 acquisitions (150 acquisitions in one animal) were acquired
per 600-second experiment. Partial seizures were induced approximately 1 minute following
the beginning of BOLD acquisitions.

Partial seizures were induced approximately 1 minute following the beginning of BOLD
acquisitions as described previously (Englot et al., 2008; Englot et al., 2009) witha 2 s
stimulus train delivered between the bipolar hippocampal contacts consisting of square wave
biphasic (1 ms per phase) pulses at 60 Hz..

fMRI analysis

Group t-map—Image analysis was completed using statistical parametric mapping
(SPMB, http://www.fil.ion.ucl.ac.uk/spm/) and in-house software written in Matlab (R2009a,
MathWorks, Inc.). Baseline was defined by the mean of 10 images just prior to each seizure.
For each seizure, mean ictal percent change images were calculated using all images from
the seizure compared to baseline. If an animal had more than one seizure, a mean ictal
percent change image was calculated for that animal by taking the mean image across
seizures. A 1-sample t-test was then performed on the co-registered percent-change maps
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using SPM8. A false discovery rate (FDR) corrected P-value of 0.05 was used for
thresholding.

Time courses—For each animal, regions of interest (ROI) were drawn on its high-
resolution anatomical image using a rat-brain atlas(Paxinos and Watson, 1998). Signals were
obtained using bilateral ROIs except for in the case of the hippocampus and intralaminar
thalamic CL in which only the left side (contralateral to the electrode) was used due to
hippocampal electrode imaging artifact in the right ROI (e.g., Figures 2 AP slices -3.4 mm
and -4.4 mm and 3A). BOLD signal changes in each ROI were computed as a percent
change of the ROI’s baseline values. Baseline data included 30 seconds prior to seizure
onset. Seizure data included the entire timecourse of the seizure scaled to mean seizure
duration to allow for averaging across animals. Postictal data were aligned to seizure offset
without scaling (Figure 3B). A 1-sample two-tailed t-test was computed for each ROI using
the mean ROI percent change during the ictal acquisitions. Significance threshold was P <
0.05 with Holm-Bonferroni correction.

Acute LFP, MUA, juxtacellular and choline animal preparation

A bipolar electrode for stimulating/recording LFP was stereotactically placed in the left
dorsal hippocampus. In juxtacellular recordings, a high impedance monopolar electrode for
recording local field potential (LFP) and multiunit activity (MUA) was implanted into the
right lateral orbital frontal cortex (LO) (AP, +4.2; ML, 2.2; Sl, 2.4). In choline recordings to
avoid shunting amperomety signals via the ground, instead of a high impedance MUA/LFP
electrode we used a bipolar LFP electrode for recordings from LO.

Juxtacellular recordings

Data acquisition—Extracellular single unit recordings were acquired using the
juxtacellular method (Pinault, 1996). 1.5 mm glass capillaries were filled with 4%
Neurobiotin (Vector Laboratories, SP-1120) in saline. The pedunculopontine tegmental
nucleus was targeted at coordinates (AP, -7.8; ML, 2.0; S, 7.0) and basal forebrain
recordings were targeted at coordinates (AP, 0.7; ML, 2.8; Sl, 7) using a micromanipulator
(Sutter Instruments). Juxtacellular recordings were acquired on an Axoclamp-2B amplifier.
Seizures were induced as described above for fMRI experiments. Once seizure activity was
recorded and the animal returned to baseline, neurons were labeled as described previously
(Ros et al., 2009).

Juxtacellular analysis—Spike sorting on the juxtacellular recordings was performed
using Spike2 (CED, v5.20a) and recordings were analyzed using in-house software written
on Matlab. Firing rate analyses for each group (cholinergic, non-cholinergic, unrecovered)
were performed using paired two-tailed t-tests comparing the firing rate for 30 seconds prior
to seizure initiation with the firing rate during the seizure. Significance threshold was P <
0.05 Holm-Bonferroni corrected. Mean changes in firing rates are graphed and reported +
SEM. “Bursting cells” are those which have >= 1 burst during the recording session. A burst
is defined as >= 1 interspike interval <= 10 ms (Ushimaru et al., 2012).
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Immunohistochemistry

Tissue preparation

Microscopy

Following juxtacellular recordings, rats were perfused with heparinized saline followed by
4% paraformaldehyde and brains were post-fixed for 24-48 hours. The brainstem was cut
using a Leica Vibratome (Leica, Inc. VT1000S), and slices were incubated in cyanine 3-
conjugated to streptavidin. Slices were inspected for Neurobiotin filled cells. The slices
containing the cell bodies were incubated overnight in goat-a-choline acetyltransferase
(Millipore, 1:500) and then for 1 hour in secondary (Alexa Fluor 647, donkey a-goat).

Slices were “wet mounted” in order to locate the individual slice containing the labeled cell.
These cells were visualized on a Zeiss Axiophot microscope with AxioCam HRc and
AxioVision software. Confocal images were taken on a Zeiss LSM 710 Duo NLO/
multiphoton microscope using a C-Apochromat 63x/1.2 W Corr objective. Additional
microscopy was performed on a DM5500 from Leica Microsystems.

Amperometry recordings Data acquisition

Choline measurements were performed using choline-oxidase enzyme coated amperometric
biosensors (Quanteon) on a FAST system (FAST16- mkl, Quanteon). Electrodes were
ceramic-based microelectrodes with 4 rectangular (15x333 um) platinum recording sites in
side-by-side pairs (S2, Quanteon). Electrodes were purchased uncoated and prepared with
choline oxidase enzyme coating in-house per the manufacturer’s instructions. Electrode
preparation is described in greater detail elsewhere (Parikh et al., 2004).

After m-PD plating, electrodes were calibrated in vitro (Figure S8) before the experiment
using fixed potential amperometry. After a stable baseline was achieved (~30 minutes),
aliquots of AA, choline, and DA were added to achieve final concentrations of 250uM AA;
20, 40, and 60 uM choline, and 2 pM (DA). Only electrodes passing the following inclusion
criteria were included: sensitivity for detecting choline on the coated electrodes, > 5 pA/uM;
limit of detection (LOD) for choline, < 350 nM; ratio of selectivity for choline and AA,
>180:1; linearity of coated electrodes response to increasing analyte concentrations (20-60
M), Pearson’s correlation coefficient (R?) > 0.99.

Once the electrodes were placed a few hundred ums above the target in the left orbital
frontal cortex or thalamic intralaminar CL (AP, -2.5; ML, 1.5; Sl, 4.7), the electrodes were
lowered to locate “pockets” of fluctuations in choline signal suggesting the presence of
cholinergic terminals in the cortex or thalamus. If the choline signal increased after
lowering, the signal was allowed to return to baseline before seizures were initiated, using
the same methods as in juxtacellular experiments. At the conclusion of the experiment,
animals were deeply anesthetized and toe pinches were administered to activate cholinergic
arousal (Mena-Segovia et al., 2008; Zhang et al., 2009).

Choline data analysis—In vitro calibration criteria above were used to determine which

coated electrodes were used for recordings. Sentinel electrodes were excluded if they
malfunctioned during the transfer between in vitro beaker calibration and in vivo recordings.
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All signals were first smoothed by subtracting a 10-point moving average. Low-frequency
“drift” was removed by subtracting a 400-point moving average. Large artifacts (such as the
occasional artifact generated by electrical stimulus to the hippocampus) were removed from
the signal to prevent unwanted effects to the drift removal. The first 12.5 seconds of seizure
activity were removed for both display and statistical purposes to remove artifact generated
by the 2-second hippocampal stimulus. Statistical analyses were performed for each group
(partial seizures and toe pinch). The mean choline concentration during 30 seconds of
baseline were compared to the mean choline concentration during seizures (after discarding
the first 12.5 seconds) or toe pinch (after discarding the first 25 seconds to allow for steady
state). A paired two-tailed t-test was performed for each group to determine change from
baseline. Holm-Bonferonni correction was used to account for multiple comparisons first for
the seizure groups and then separately for the toe pinch groups, with corrected significance
threshold P < 0.05. Mean changes in concentrations are graphed and reported + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Network inhibition hypothesis and predictions.

Prediction 1: Seizure activity in the hippocampus (HC) propagates (via fimbria-fornix, FF
and other pathways) to increase activity in inhibitory and sleep-promoting regions such as
the anterior hypothalamus (Hypothal) and lateral septum (LS); as a consequence, subcortical
arousal systems including the thalamus, basal forebrain, pedunculopontine tegmental
nucleus (PPT), and other subcortical arousal systems show depressed activity. Prediction 2:
Firing of identified arousal neurons, such as cholinergic neurons in PPT and basal forebrain,
decreases during seizures. Prediction 3: Release of arousal neurotransmitters including
acetylcholine (ACh) is decreased in both thalamus and cortex (Ctx). This in turn leads to
decreased cortical arousal and slow-waves in the cortex.
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Figure 2.
Hippocampal, cortical and subcortical BOLD fMRI changes during limbic seizures.

T-map of ictal changes during partial seizures (from 30s pre-seizure baseline) reveals
complicated network of changes. Widespread cortical decreases are accompanied by mixed
subcortical increases and decreases. Increases are seen in known areas of seizure
propagation such as the hippocampus (HC) and lateral septum as well as in sleep promoting
regions such as the anterior hypothalamus (Ant Hyp). Decreases are seen in the cortex, most
prominently in lateral and ventral orbital frontal cortex (LO/VO) and in medial regions
including cingulate and retrosplenial cortex. Decreases are also seen in arousal promoting
regions such as the thalamic intralaminar nuclei including centrolateral nucleus (CL), as well
as in the midbrain tegmentum (MT). The arrowheads at AP -3.4 mm signify the
hippocampal electrode artifact. Warm colors represent fMRI increases, and cool colors
decreases, superimposed on coronal anatomical images from the template animal. AP
coordinates in millimeters relative to bregma (Paxinos and Watson, 1998). 10 animals, with
FDR corrected threshold P < 0.05. See also Figure S1
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Figure 3.
BOLD region of interest (ROI) time courses reveal increases and decreases during seizures

and eventual return to baseline.

(A) Example regions of interest on anatomical brain images.

(B) Mean ROI time courses (+SEM) for data 30 seconds prior to seizure onset, seizure
timecourse scaled to mean seizure duration, and unscaled postictal timecourse aligned to
seizure end.

(C) Mean ictal BOLD change is increased in limbic and sleep promoting regions and
decreased in cortical and arousal regions. Error bars are SEM. All changes during seizures
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were significantly different from baseline (1-sample t-tests Holm-Bonferroni corrected, P <
0.05). Data are from same animals and seizures as in Figure 2. Ant Hyp, anterior
hypothalamus; HC, hippocampus; LO, lateral orbital frontal cortex; CL, central lateral
(intralaminar) thalamus; MT, midbrain tegmentum; Septum, lateral septal nuclei. See also
Figure S1
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Figure 4.
Brainstem cholinergic neuron ceases firing during partial seizure.

(A) Cholinergic neuron in PPT dramatically decreases firing during seizure activity.
Expanded segments of baseline, seizure, and postictal recordings from the boxed regions in
(A) as well as a recovery period 7 minutes after the stimulus.

(B) Labeled cholinergic cell recorded in (A) stained for Neurobiotin in left panel, choline
acetyltransferase (ChAT) in middle panel, and merge in right panel. Scale bars are 20
micrometers. HC, hippocampus; PPT, pedunculopontine tegmental nucleus; LO, lateral
orbitofrontal cortex; LFP, local field potential; SUA, single unit (juxtacellular) activity;
MUA, multiunit activity. See also Figures S2
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Figure 5.
Basal forebrain cholinergic neuron decreases firing during partial seizure.

(A) Cholinergic neuron in basal forebrain dramatically decreases firing during seizure
activity. Expanded segments of baseline, seizure, and postictal recordings from the boxed
regions in (A) as well as a recovery period 4.5 minutes after the stimulus.

(B) Labeled cholinergic cell recorded in (A) stained for Neurobiotin in left panel, choline
acetyltransferase (ChAT) in middle panel, and merge in right panel. Scale bars are 20
micrometers. HC, hippocampus; BF, basal forebrain; LO, lateral orbitofrontal cortex; LFP,
local field potential; SUA, single unit (juxtacellular) activity; MUA, multiunit activity. See
also Figure S5
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Figure 6.

Cholinergic neurons in PPT and basal forebrain decrease firing during partial seizures while
firing of non-cholinergic nearby neurons is mixed.

(A and B) Partial seizures suppressed firing in PPT cholinergic neurons during seizures.

(A) Raster plot (8 cells from 8 animals) and (B) mean firing rate histogram data.

(C and D) PPT non-cholinergic neurons have a variable firing rate during seizures. Mean
firing rate during seizures. (C) Raster (21 cells from 19 animals) and (D) mean firing rate
histogram data.

(E and F) Partial seizures suppressed firing in basal forebrain cholinergic neurons during
seizures. (E) Raster (7 cells from 6 animals) and (F) mean firing rate histogram data.

(G and H) BF non-cholinergic neurons have a variable firing rate during seizures. (G) Raster
(18 cells from 12 animals) and (H) mean firing rate histogram data. Although selected 30
second segments are displayed here, the entire timecourses of mean firing are shown in
Figure S7. Statistics were performed on the entire seizure period vs. baseline for all
experiments. Baseline is 30 seconds prior to seizure onset. Seizure is the first 30 seconds
following seizure onset. Postictal is the first 30 seconds following seizure end. Recovery is
the last 30 seconds before either the animal was re-anesthetized or the neuron was labeled by
the juxtacellular method. Neurons in raster plots (A, C, E, and G) are ordered based on
baseline firing rate for visualization. Firing rates (B, D, F, H) are binned by 1 second. See
also Figures S2, S3, S4, S5, S6, and S7.
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Figure 7.

Seizure Postictal Recovery

Decreased cortical choline accompanies cortical slow-waves during partial limbic seizure.
(A) Amperometric choline recordings in the cortex during partial seizure. Cyan represents
the choline signal obtained by subtracting mean signal from two sentinel electrodes (Green
1,2) from mean of the two choline oxidase-coated electrodes (Red, Ch-Ox 1,2). Current is
on left axis, and choline concentration on right axis obtained by in vitro choline calibration
for each electrode (see also Figure S8).

(B) Simultaneous recording of partial seizure. Local field potential (LFP) signals from both
hippocampus (HC) and lateral orbital frontal cortex (LO) are shown. Hippocampal seizures
elicit slow oscillations in the cortex that persist postictally before recovering back to

baseline (lower insets).
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Figure 8.
Choline signal decreases in the cortex and the thalamus during partial seizures.

(A) In the cortex, choline recordings decrease during partial seizures with gradual recovery
during the postictal and recovery periods.

(B) The pattern is the same in the thalamus. Choline recordings decrease during partial
seizures.

(C) Mean ictal changes in the cortex and the thalamus relative to 30 s baseline are shown
along with mean changes during toe pinch to provide a common physiological change for
comparison. Choline decreases in partial seizures were all statistically significant (paired t-
tests Holm-Bonferroni corrected, P < 0.05). Toe pinch also elicited significant choline
increases in cortex and thalamus (paired t-tests Holm-Bonferroni corrected, P < 0.05). Error
bars in A-C are SEM. Mean timecourses in A and B are data 30 seconds prior to seizure
onset, seizure timecourse scaled to mean seizure duration, and unscaled postictal timecourse
aligned to seizure end. LO, lateral orbitofrontal cortex; Thal, intralaminar thalamus.
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