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Abstract

Brain states and cognitive-behavioral functions are precisely controlled by subcortical neuromodulatory net-
works. Manipulating key components of the ascending arousal system (AAS), via deep-brain stimulation,
may help facilitate global arousal in anesthetized animals. Here we test the hypothesis that electrical stimulation
of the oral part of the pontine reticular nucleus (PnO) under light isoflurane anesthesia, associated with loss of
consciousness, leads to cortical desynchronization and specific changes in blood-oxygenation-level-dependent
(BOLD) functional connectivity (FC) of the brain. BOLD signals were acquired simultaneously with frontal epi-
dural electroencephalogram before and after PnO stimulation. Whole-brain FC was mapped using correlation
analysis with seeds in major centers of the AAS. PnO stimulation produced cortical desynchronization, a de-
crease in d- and h-band power, and an increase in approximate entropy. Significant increases in FC after PnO
stimulation occurred between the left nucleus Basalis of Meynert (NBM) as seed and numerous regions of
the paralimbic network. Smaller increases in FC were present between the central medial thalamic nucleus
and retrosplenium seeds and the left caudate putamen and NBM. The results suggest that, during light anesthesia,
PnO stimulation preferentially modulates basal forebrain-paralimbic networks. We speculate that this may be a
reflection of disconnected awareness.
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Introduction

Communication among discrete neural regions and
networks is fundamental to conscious perception, behav-

ior, learning, memory, and cognition (Bressler and Menon,
2010; Sporns, 2014). The flow of information among remote
brain regions is under the control of elaborate subcortical cir-
cuits whose core is the ascending arousal system (AAS)
(Lee and Dan, 2012). Arising from essential centers in the
brainstem, the AAS gives rise to diffuse projections to the
thalamus, basal forebrain, basal ganglia, hypothalamus, and
neocortex (Holstege and Kuypers, 1987; Jones and Yang,
1985) that regulate both physiological and cognitive functions,
including cortical arousal, states of vigilance, sleep-wake cy-
cles, and consciousness (Brown et al., 2011; Flint et al., 2010;
Franks, 2008; Jones, 2003; Lee and Dan, 2012; Lydic and
Baghdoyan, 2005; Reinoso-Suarez et al., 2011; Xi et al.,
1999, 2004).

The neuroscientific and clinical significance of AAS-
dependent state regulation is substantial. Pharmacological

stimulation of the central thalamus of the AAS has been
found to restore consciousness in a minimally conscious pa-
tient (Schiff et al., 2007). Likewise, experiments in animals
have been successful in reversing the anesthetic state by ex-
ogenous stimulation that acts via medial thalamic, basal fore-
brain, and brainstem components of the AAS (Alkire et al.,
2007; Chemali et al., 2012; Fenik et al., 2005; Pillay et al.,
2011; Solt et al., 2014). Thus, experimental modulation of
the AAS has potential to provide important insight into the
regulation of the state of consciousness.

Deep-brain stimulation (DBS) is a powerful clinical ther-
apeutic tool of neuromodulation that has recently emerged as
a new focus of functional neuroimaging investigations
(Kahan et al., 2014; van Hartevelt et al., 2014). Neuroimag-
ing studies with DBS in animals have focused on neuro-
logical conditions, such as epilepsy (Canals et al., 2008;
Dunn et al., 2009; Jupp et al., 2006) and Parkinson’s disease
(Albaugh and Shih, 2014; Lai et al., 2014). Neuroimaging
studies of the AAS have been scarce (Edlow et al., 2012;
Langsjo et al., 2012) and have not explored the effect of
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DBS to-date. Thus, it is unclear how activation of the AAS
using DBS may alter large-scale networks of the brain, in par-
ticular, its functional connectivity (FC) (Lu and Stein, 2013).

To fill this gap of knowledge, in this work, we examined
the effect of DBS of the brainstem, a vital region of the
AAS, on electrocortical activity and FC. Specifically, we
chose to stimulate the oral part of the pontine reticular nu-
cleus (PnO) because it is a central hub for the majority of
neurons in the AAS reticular formation with both ascending
and descending projections ( Jones, 2003; Jones and Yang,
1985; Moruzzi and Magoun, 1949; Watson et al., 2008).
We hypothesized that the effect of brainstem stimulation in
our model would exert selective effects that primarily in-
volve intrinsic networks associated with the AAS. We
chose stimulation parameters that would produce electrocort-
ical desynchronization but no behavioral response at a mod-
erate depth of anesthesia associated with unconsciousness.
As we show, PnO stimulation produced cortical desynchro-
nization and an increase in FC within components of the par-
alimbic circuitry. These results highlight the significance
of intrinsic paralimbic FC in states of cortical arousal and
help better understand the neuronal mechanism underlying
the anesthetic modulation of the state of consciousness and
its potential reversibility by DBS in neurological patients
(Brown et al., 2010; Schiff, 2012).

Materials and Methods

Animals

All experimental procedures and protocols were approved
by the Institutional Animal Care and Use Committee of the
Medical College of Wisconsin (Milwaukee, WI). All proce-
dures conformed to the Guiding Principles in the Care and
Use of Animals of the American Physiologic Society and
were in accordance with the Guide for the Care and Use of
Laboratory Animals (National Academy Press, Washington,
DC, 1996).

Experiments were performed on nine, naive, adult (280–
350 g), male Sprague–Dawley rats (Harlan Laboratories).
All animals were housed in a reverse light-dark cycle, in
order to eliminate the confounding effects of increased sleep
pressure during the experiment, room for at least 10 days
prior to surgical implantation. Food and water access was
ad libitum.

Surgical preparation

The surgical protocol was performed on the day of each
experiment. Isoflurane (1.9% – 0.2%)—distributed via a gas
anesthesia mask (Model 929-B Rat Gas Anesthesia Head
Holder; David Kopf Instruments, Tujunga, CA), vaporized
into a mixture of 30% O2 and 70% N2, and delivered at a
flow rate of 5 L/min—was used for maintenance during sur-
gery. Core body temperature was rectally monitored (model
73A; YSI, Yellow Springs, OH) and maintained at 37�C with
a thermostat-controlled, electric (TC-1000; CWE, Inc., Ard-
more, PA) heating pad.

For electrode implantation, sterile, 0.5% bupivacaine was
administered subcutaneously for local anesthesia, and the
cranium was revealed by laterally reflecting skin and con-
nective tissue. To maintain adequate MR-image quality, hy-
drogen peroxide and/or a cautery were used to minimize

bleeding. To verify the depth of anesthesia, commercially
available MR-compatible, Teflon-coated, bipolar platinum-
iridium electrodes (Plastics One, Inc., Roanoke, VA), whose
tips (*1 mm) were stripped of any Teflon insulation and
bent at a 45�, were implanted through burr holes, created
using an electric drill, in the cranium. All electrodes were
manually inserted over the left frontal cortex (AP = + 4.0
and 6.1, L =�2.34) such that each wire ‘‘hooked’’ under-
neath the cranium and rested on the surface of the dura. To
secure the wires in place, commercially available cyano-
acrylate adhesive (Krazy Glue, Columbus, OH), used due
to preliminary experiments that indicated minimal adhe-
sive-induced artifact, was applied around the electrode and
burr hole. Electroencephalogram (EEG) signal was verified
prior to permanently affixing, with orthodontic resin, the re-
cording electrode in place.

In addition to the recording electrode, a homemade, high-
impedance, carbon fiber electrode was used to stimulate the
PnO (AP =�8.00, L =�1.3, angle = 15�, and lowered to a
depth such that the middle of the two poles resided at �8.60)
as illustrated in Figure 1A and B. Another burr hole, for
the placement of a nylon screw (to further anchor the elec-
trode assembly to the cranium), was made *3-mm anterior
to the stimulating electrode site. Orthodontic resin (DENTS-
PLY Caulk, Milford, DE) was then applied on the left cra-
nium to create one unit (recording electrodes, nylon screw,
and stimulating electrode). To minimize the gradient-
induced artifact on the EEG, the remaining portion of the
platinum recording electrode wires was further insulated
using methyl-methacrylate-based orthodontic resin to mini-
mize the circuit loop area through which noise induced by
time-varying magnetic fields could be introduced, to provide
greater rigidity in order to reduce vibrations in the lead
wires (Vasios et al., 2006), and due to its dielectric properties
(Breschi et al., 2012; Park et al., 2007; Sword et al., 2008;
Tomar et al., 2012; Van Landuyt et al., 2007). The platinum
electrodes were then subsequently bent 90� such that the
pedestal lay parallel to the dorsal surface of the head. Cya-
noacrylate adhesive was then used to seal the surgical site.
The recording and stimulating electrode locations are
depicted in Figure 1A.

The animal was then transferred to a heated surgical table.
The right femoral artery was cannulated with PE-50 polyeth-
ylene tubing (Becton-Dickinson, Sparks, MD), flushed previ-
ously with heparinized saline, for arterial blood pressure
monitoring.

Glass-coated carbon fiber electrode construction

Using of the platinum-iridium electrodes to stimulate the
PnO was not feasible because of the significant artifacts
due to a mismatch between the magnetic susceptibility of
brain tissue and the electrodes. Therefore, we used novel,
homemade, MR-compatible, carbon fiber electrodes to stim-
ulate the PnO that did not disturb image quality to the same
degree as platinum-iridium electrodes. Bipolar carbon fiber
electrodes were constructed from 20 to 50 individual carbon
fibers (8-lm diameter) densely packed to a bundle of 0.1–
0.4-mm diameter. Each bundle was carefully inserted into
a 15-cm, standard, single-barrel borosilicate capillary glass
(devoid of a microfilament) with outer and inner diameters of
1.5 and 0.86 mm, respectively. Using a standard laboratory
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Bunsen burner, the carbon fiber–borosilicate glass pairing
was pulled, resulting in a single structure between 0.2 and
0.6 mm in diameter. The electrode rod was bent, at two loca-
tions, at approximately a 90-degree angle with a tapered
neck. The tapered neck was necessary to ensure that the
final electrode assembly resided flush with the skull surface
after insertion. This was important because the gap between
the rat’s head and the coil needed to be minimized. Two elec-
trodes were attached using cyanoacrylic adhesive. The elec-
trode assembly was then turned upside down such that the
neck rested on the surface of a rectangular segment of Teflon.
Then, a layer of dental acrylic was applied to the neck of the
electrodes to prevent damage to the carbon fiber bundle. The

glass beyond the neck of the electrode was gently broken off
to reveal the carbon fiber bundle. The exposed bundle was
then attached, via silver print adhesive, to an insulated cop-
per wire. The continuity of connection was verified at the
end of this attachment process. The placement of the stimu-
lating electrode was verified via high-resolution anatomical
images.

Magnetic resonance imaging hardware preparation
and physiological monitoring

All functional magnetic resonance imaging (fMRI)
data were acquired on a Bruker 9.4T (AVANCE; Bruker,

FIG. 1. Schematic of electrode placement and timeline of pontine reticular nucleus (PnO) stimulation. (A) Electrode place-
ment overlaid on sagittal and coronal views of the rat brain from the Paxinos rat brain atlas (Paxinos and Watson, 2007). Pairs
of platinum-iridium electroencephalogram (EEG) electrodes were placed over the left frontal cortex (AP = + 4.0 mm and 6.1
mm, L =�2.34 mm) such that each wire ‘‘hooked’’ between the cranium and the dura. Carbon fiber stimulating electrode was
placed in the PnO (AP =�8.00 mm, L =�1.3 mm, angle = 15�, V =�8.60 mm below bregma at the midpoint of the electrode
contacts). A nylon screw was used to anchor the electrode assembly in place. Electrode location was confirmed by examining
sagittal and coronal anatomical images. Histology was also used to confirm electrode location in five rats; blue closed circles
indicate the locations of the electrode tip. (B) Experiment timeline with three scans: baseline, electrical stimulation, and re-
covery from stimulation. Electrical stimulation of PnO commenced after an initial 30-sec delay, and followed a block design
of 3 sec on and 57 sec off. (C) Example EEG trace during image acquisition, before and after PnO stimulation. Gradient-
induced artifact was absent (extended EEG trace left). PnO-stimulus-related artifact was transient (extended EEG trace
right). The PnO stimulus marker indicates the timing of the stimulation pulses delivered to the electrode.
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Billerica, MA) scanner using a Bruker linear transmit coil
(T10325) and rodent surface-receiving coil (T9208). After sur-
gical preparation, the animal was transferred to a recirculating-
water-pump-outfitted, G-10 fiberglass MR imaging cra-
dle (Meditherm-III; Gaymar Industries, Orchard Park,
New York). Rats continued to receive isoflurane via spon-
taneous breathing of a 70/30 N2/O2 gas mixture. The isoflur-
ane gas mixture (assessed by monitoring the inspired and
end-tidal O2, CO2, and isoflurane) was adjusted according
to the physiology of each animal.

The rats’ core temperature was monitored, with a rectal
thermometer, and maintained at 37�C – 0.5�C by a water-
pump-driven temperature regulator (Meditherm III; Gaymar
Industries). A small animal monitoring system (Model 1025;
SA Instruments, Stony Brook, NY) was used to monitor blood
pressure, core temperature, and respiratory rate. Pulse oxime-
try (8600 V; Nonin Medical, Plymouth, MN), inspired/expired
O2 and CO2 (POET IQ2; Criticare Systems, Waukesha, WI),
and heart rate were also acquired. All physiological variables
were kept close to normative levels throughout the duration
of the experiment protocol, and acquired using WINDAQ
software (DATAQ Instruments, Akron, OH).

fMRI protocol

All rats retained the ability to breathe spontaneously
throughout the experiment. Of interest was the isoflurane
concentration around which loss of consciousness (LOC)
was achieved. From previous work it was determined that
rats lost their righting reflex between 0.7% and 1.2% isoflur-
ane (Imas et al., 2005). The point at which the loss of righting
reflex (LORR), a surrogate measure of unconsciousness in
rats, is achieved typically coincides with the presence of
slow, delta-dominated EEG waveforms (Franks, 2008).
Therefore, the isoflurane concentration was adjusted for each
rat so that testing was done at or near LORR, as determined
by the presence of slow-wave activity on the recorded EEG
(Brown et al., 2010; John and Prichep, 2005). Rats were
kept between 1.2% and 1.3% isoflurane throughout the ex-
perimental protocol. Figure 1B summarizes the timeline of
the fMRI study.

Image acquisition began once the rat reached steady state
(as confirmed using the EEG signal) at the desired isoflurane
concentration. After a localization scan with the FLASH se-
quence, a relaxation enhancement rapid acquisition (RARE)
pulse sequence was applied to acquire the high-resolution
anatomical scan as 15 contiguous coronal slices (center of
the eighth slice in alignment with animal midline) with the
following acquisition parameters: repetition time (TR) of
2500 msec, echo time (TE) of 8 msec, number of aver-
ages = 2, RARE factor of 8, field of view of 35 · 35 mm2, ma-
trix size of 256 · 256, and slice thickness of 1 mm. After the
high-resolution anatomical scan, a series of functional scans
were taken with a single-shot echo-planar imaging sequence.
Using the same geometry as that of the anatomy, the scan pa-
rameters of each functional resting session were as follows:
TR of 2000 msec, TE of 19 msec, single average, 300 repeti-
tions, and matrix size of 96 · 96. There were three scans
total: baseline, stimulation, and recovery from stimulation.

Electrical stimulation was computer controlled and trig-
gered by an initial pulse from the scanner and delivered
using a block design of 3 sec on and 57 sec off. Electrical

stimulation of the PnO commenced after an initial 30-sec
delay from the onset of image acquisition. Electrical stimu-
lation of the PnO consisted of square pulses delivered at
300 Hz, 5–7 V (depending on when EEG desynchronization
was elicited), 0.1 msec width, for 10 cycles (S88; Grass Tele-
factor, Warrick, RI). In a separate group of rats, outside of
the scanner, these stimulation parameters induced EEG
desynchronization, but no behavioral responses.

EEG acquisition

The MR-compatible, two-channel connector cable was
threaded over the electrode pedestal and fed into a standard
stimulate/record switching unit (SRS unit; Grass Technolo-
gies, West Warwick, RI). The male output cable from this
unit was terminated, via another shielded input cable (CAB-
21572; Grass Technologies), on a Grass QP511 Quad AC
Amplifier (Grass Technologies). The signal was amplified
at 20,000 times, analog band-pass filtered at 1–300 Hz, ana-
log notch filtered at 60 Hz, and digitally sampled at 500 Hz
using WINDAQ. EEG signal was acquired continuously
throughout the experiment and served as a guide when deter-
mining whether steady state isoflurane was achieved prior to
functional image acquisition.

Histological verification

In addition to using high-resolution anatomical images
(n = 9), histology (n = 5) was also used to confirm the correct
placement of the carbon fiber electrode. The rats were cardio-
perfused with 300 mL of 0.9% saline, followed by 250 mL of
4% paraformaldehyde solution, through the heart ventricle.
The brains were harvested and stored in the paraformaldehyde
solution for 24 h, and subsequently transferred to 0.01 M phos-
phate-buffered saline (pH 7.4). The 200-lm-thick coronal
brain sections were cut by a vibratome (Vibratome Series
1000; Ted Pella, Inc., Redding, CA). Brain slices were
stained with cresyl violet Nissl and imaged, using a Nikon
Eclipse E600 (Nikon, Inc, Melville, NY) microscope, to vi-
sualize the location of the electrode site.

Data analysis and statistics: EEG

The gradient-induced artifacts in the EEG signal (Logo-
thetis et al., 2001; Niazy et al., 2005; Schmid et al., 2006),
caused by the rapidly changing magnetic field, were miti-
gated by insulation of MR-compatible platinum-iridium
electrode wires with dental acrylic and by laying the wires
parallel to the rat’s body. Insulation of the electrode led to
minimal-to-no gradient–induced artifact on the recorded
EEG signal (Fig. 1D). PnO electrical stimulation did cause
a large, easily identifiable artifact in the recorded EEG.
Data during the 3-sec stimulus on period were excluded
from analyses. Therefore, EEG analyses were carried out
on segments of data immediately before (�14 sec) and after
( + 14 sec) PnO stimulation. Specifically, in the pre-stim con-
dition, the 14 sec immediately preceding each stimulation
was used. In the post-stim condition, the 14 sec immediately
after each stimulation was used. During the baseline and re-
covery from stimulation recordings, the EEG signal was seg-
mented in a similar manner as those from the stimulation
condition (10 total segments with each being 14 sec in
length). This resulted in a total of 140 sec of data per
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condition for each rat. The EEG data were chosen at a con-
sistent time-point across all animals. Power spectra were cal-
culated from segments of EEG data using Welch’s spectral
estimation method with a 250-point window and 90% over-
lap. To reduce the impact of spectral leakage, a Hanning
window was used. Band powers (d = 1–4 Hz, h = 5–7 Hz,
a = 8–12 Hz, b = 13–30 Hz, low-gamma L-c = 30–50 Hz, and
high-gamma H-c = 70–140 Hz) were obtained from the spectra
by averaging signal power in the respective frequency ranges.
Individual band powers were normalized for each rat at
every condition; band power at each condition was divided
by the power of the respective band across all conditions
for each rat. This was then multiplied by the overall power
in each respective band. The global average at each power
was then used for the ensuing analyses.

Approximate entropy (ApEn) was also calculated, as de-
tailed in other studies (Bruhn et al., 2000; Pincus, 1991), to
further characterize the effect of PnO stimulation on cortical
EEG. ApEn is a nonlinear measure of the degree of regularity
of a signal. Specifically, a highly regular pattern will produce
a low ApEn value, and the opposite holds true for irregular
signals. It was computed for the same segments used for
the power spectra analyses. Our input parameters (m = 2
and r = 0.25) were similar to those used previously (Bruhn
et al., 2000).

The effect of PnO stimulation on EEG band powers
was tested with repeated-measures ANOVA, with conditions
(baseline, pre-stim, post-stim, and recovery from stimula-
tion) as independent variables, rat as the subject variable,
and band powers as response variables.

The effect of PnO stimulation on ApEn was tested with
repeated-measures ANOVA, with conditions (pre-stim and
post-stim) as independent variables, rat as the subject vari-
able, and ApEn as the response variable.

All EEG data were analyzed using custom scripts in MAT-
LAB version 7.3.0 (MathWorks, Inc., Natick, MA). Statisti-
cal analyses were performed using NCSS 2007 (NCSS,
Kaysville, UT). The data were tested for normality using
the Shapiro-Wilk test, which yielded no reason to reject the
normality assumption. All analyses were two-tailed and a
p < 0.05 served as the criterion for statistical significance.
All data are presented as – standard deviation from the mean.

Data analysis and statistics: fMRI

The Analysis of Functional NeuroImages (AFNI) software
package (NIH, Baltimore, MD) was used for data analyses.
The anatomical image set of one rat was chosen as a refer-
ence template. The registration tool FLIRT within the FSL
software package was used to register all rats’ fMRI images
onto the reference template.

PnO stimulation led to EEG desynchronization that lasted
up to 30 sec. For FC analysis, blood-oxygenation-level depen-
dent (BOLD) time series data obtained during the spontaneous
and stimulation scans were segmented into ten 30-sec time
series and then concatenated (5 min total). Specifically, the
30-sec segments for the post-stim condition were chosen im-
mediately after each stimulation. All fMRI data were slice
time difference corrected, detrended, and frequency filtered
(0.08 Hz low-pass) before the FC computation.

FC was assessed using seed-based analysis. All animals
were registered to the template brain, and seeds were drawn

on this template brain. Specifically, each seed was drawn
to the anatomical shape of the structures. Eleven seed re-
gions were manually delineated according to the Paxinos
rat brain atlas to represent components of major neuro-
functional systems. The mesencephalic reticular formation
(mRt), nucleus Basalis of Meynert (NBM), and the central
medial thalamic nucleus (CM) were chosen as major compo-
nents of the AAS for their putative role in modulating corti-
cal arousal and state of consciousness (Alkire et al., 2008;
Jones, 2003; Laureys, 2005; Laureys et al., 2005). The ante-
rior cingulate (AC), prefrontal cortex (PFC), retrosplenium
(Retro), hippocampus (HI), amygdala (Amyg), and caudate
putamen (CPu) were chosen for their roles in information
maintenance and integration, learning and memory, and
self-referential processing (Ma et al., 2002; Raichle et al.,
2001; Vincent et al., 2008). The third group of regions con-
sisted of primary motor cortex (M1) and primary sensory
cortex (S1) (Alkire et al., 2008; Dean, 1990; Erchova
et al., 2002). Most seeds spanned multiple slices, and all, ex-
cept CM, were bilateral.

To obtain FC values, the averaged preprocessed BOLD
signal time course from each seed region was used as refer-
ence, and then cross-correlated (Pearson’s r) with each voxel
preprocessed time course across the whole brain and repre-
sented as FC (r-value) maps for individual animals. All
r-values in the individual subject map were transformed to
Fisher’s Z scores that resulted in data that were approxima-
tely normally distributed. All z maps were clustered with
minimum cluster size of 56 voxels (clusterwise p < 0.05, sim-
ulated result with AlphaSim command in AFNI). Group FC
maps were generated using a one-sample t-test to examine
both negative and positive values. Significantly correlated
FC was identified using a threshold of p < 0.05. Finally, a
two-sample t-test was used to compare the baseline and stim-
ulation conditions.

Results

Physiological variables

Systemic physiology was carefully monitored throughout
the course of the experiment. Mean arterial blood pressure,
heart rate, and peripheral arterial oxygen saturation were
within the normal physiological range during the spontane-
ous and recovery from stimulation conditions (Table 1).
The suggested minor alterations in mean arterial blood pres-
sure and heart rate within 3 min after PnO electrical stimula-
tion were not statistically significant.

Table 1. Physiological Variables Before

and After PnO Electrical Stimulation

Time
BP

(mmHg)
HR

(bpm)
SPO2

(%)
Temperature

(�C)

Pre-PnO stim 115 – 14 315 – 28 91 – 5 37.2 – 0.2
1 min post 135 – 13 350 – 26 88 – 3 37.4 – 0.5
3 min post 122 – 15 361 – 21 89 – 5 37.5 – 0.4
5 min post 120 – 17 322 – 29 92 – 4 37.3 – 0.3
10 min post 123 – 20 327 – 31 91 – 6 37.3 – 0.2

Mean – SD.
BP, blood pressure; HR, heart rate; PnO, oral part of the pontine

reticular nucleus; SPO2, blood oxygen saturation.
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Electrocortical activity before and after PnO stimulation

Figure 1C shows an example of the recorded EEG trace
during intermittent PnO stimulation in one rat. The baseline
EEG under isoflurane anesthesia was typical to moderate
depth of anesthesia; similar to slow-wave sleep, it was dom-
inated by d and h waves. This pattern is common in the
unconscious sedated condition—a relatively light state com-
pared with surgical anesthesia. As illustrated in the figure,
the EEG pattern recorded during image acquisition was
essentially free from artifacts. Typically, gradient-induced
artifacts can saturate the EEG signal due to the switching gra-
dients; however, our EEG signals were minimally affected
presumably because of the rigidity (minimized vibration in
the lead wires), insulation, and circuit-loop area reduction
provided by encapsulating the electrode wires with a methyl-
methacrylate-based orthodontic component resin (Breschi
et al., 2012; Khaii et al., 2007; Sword et al., 2008; Van Land-
uyt et al., 2007; Vasios et al., 2006). PnO stimulation pro-
duced a transient artifact in the EEG that typically lasted
for 2–3 sec. Once the EEG artifact diminished, a marked
shift from slow-wave to low-amplitude and high-frequency
(i.e., desynchronized) activity was evident in all rats after
PnO stimulation. The desynchronization response to PnO
stimulation usually persisted for 10–30 sec (Fig. 2A).

To quantify the effect of PnO stimulation on electrocortical ac-
tivity, we performed power spectral analysis of the EEG before
and after stimulation (Fig. 2B). A condition main effect was
found for the d-band F(3, 156) = 17.48, p < 0.0001, and the h-
band F(3, 156) = 8.93, p < 0.0001. PnO stimulation reduced
d-band power from 0.050 – 0.012 lv2 to 0.036 – 0.011 lv2.
A similar suppression of h-band power from 0.0477 –
0.014 lv2 to 0.037 – 0.012 lv2 was also found ( p < 0.05, T-
K test). None of the other band powers were influenced by
PnO stimulation. All band powers were similar in the base-
line and recovery from stimulation conditions. PnO stimula-
tion did not elicit any concomitant behavioral responses.

As an additional measure of PnO-stimulation-induced
electrocortical desynchronization, ApEn was computed pre-

and post-stimulation for each rat. As displayed on Figure
2C, ApEn was dependent on condition [F(1, 140) = 29.75,
p < 0.0000)], with an increase from 1.45 – 0.37 to 1.63 –
0.32 after PnO stimulation ( p < 0.05, T-K test).

Effect of PnO stimulation on FC

PnO stimulation elicited mild increases in BOLD activa-
tion in the CPu as well as primary and secondary motor coti-
ces. Whole-brain FC before and after PnO stimulation was
assessed by correlating the BOLD time courses of the se-
lected seed regions with those of all other voxels across the
entire brain. Before stimulation, the left NBM was signifi-
cantly correlated with the left and right CPu (voxelwise t-
test, p < 0.05). To determine the effect of PnO stimulation
on FC, group fcMRI maps were generated using a two-
sample t-test. Despite multiple seed regions exhibiting FC
during baseline, we only found significant regional increases
in FC with three of the examined seed regions. The most ex-
tensive and consistent changes in FC occurred with the NBM
seed (Fig. 3B), between the left NBM and CPu, major re-
gions of the paralimbic system, including the medial PFC,
AC cortex, HI, Retro, Amyg, and Thal. Smaller significant
FC increases were found between the CM and the left
NBM, CPu, and Amyg (Fig. 3C). The retrosplenium also
shared increased FC with the left CPu and NBM (Fig. 3D).
The effect size of PnO stimulation for FC of the NBM
seed was expressed by the averaged Fisher Z-values as dis-
played in Figure 3E for the nine brain regions for which
the FC changes were statistically significant according to
the two-sample t-test. No arousal-related transient increases
in heart rate could account for the changes in FC.

Discussion

The goal of this study was to investigate the FC changes
that accompany DBS of the PnO under light steady-state iso-
flurane anesthesia. An important feature of our study was the
simultaneous acquisition of frontal EEG and BOLD signals.

FIG. 2. Electrocortical ef-
fect of PnO stimulation. (A)
EEG traces from a represen-
tative experiment. PnO stim-
ulation transforms the EEG
from slow wave to a rela-
tively desynchronized pat-
tern. (B) Average power
spectra from all rats before
and after PnO stimulation.
PnO stimulation decreases
delta and theta power. (C)
Average approximate en-
tropy (ApEn) from all rats
before and after stimulation.
PnO stimulation increased
ApEn. *p < 0.05 versus all
other. #p < 0.05 pre-stim
versus post-stim. Error bars
are – 1 SD.
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EEG recording allowed for the continuous monitoring of the
state of anesthesia, so that FC could be assessed during a
steady state, and the direct assessment of the effect of PnO
stimulation on cortical state. We found that PnO stimulation
elicited a reduction in d and h band power—a clear indica-
tion of electrocortical desynchronization. This effect was ac-
companied by a substantial increase in FC mainly between
the left NBM and several regions of the paralimbic network.

DBS is a powerful neuromodulatory therapeutic tool
used in the treatment of neurological conditions, such as de-
pression (Mayberg et al., 2005), addiction (Heinze et al.,
2009), Parkinson’s disease (Fasano et al., 2012; Odekerken
et al., 2013), and obsessive compulsive disorder (Figee et al.,
2013; Le Jeune et al., 2010). Moreover, there is tremendous
potential for DBS-centered therapy in restoring arousal,
goal-directed behaviors, communication, and consciousness

in patients afflicted with disorders of consciousness (Schiff,
2012). Anesthesia-induced LOC and clinical disorders of
consciousness may share common neural mechanisms (Brown
et al., 2010). However, unlike traumatic-injury-induced dis-
orders of consciousness, anesthetic agents reversibly alter
states of consciousness without disrupting central nervous
system integrity (Brown et al., 2010). These properties sug-
gest that DBS-induced recovery of consciousness can be
investigated using anesthesia models.

While neuroimaging during DBS in animal models has
been primarily confined to epilepsy (Canals et al., 2008;
Dunn et al., 2009; Jupp et al., 2006) and Parkinson’s disease
(Albaugh and Shih, 2014; Lai et al., 2014), their focus was on
induced activation rather than FC changes. Further, there are
no reports in the neuroimaging literature regarding how FC
may be modulated by subcortical centers of the AAS during

FIG. 3. Effect of PnO stimulation
on blood-oxygenation-level-
dependent functional connectivity
(FC). (A) Seed locations for the
three that revealed significant re-
gional changes after PnO stimula-
tion. (B) Map of significant
increases in FC using nucleus
Basalis of Meynert (NBM) as seed
from voxelwise t-test in all animals.
Maps are overlaid on sample ana-
tomical images. Color bar indicates
t-range. Brain regions with signifi-
cant FC increases ( p < 0.05) are
caudate putamen (Cpu), prefrontal
cortex (PFC), anterior cingulate
(AC), hippocampus, retrosplenium
(Retro), amygdala (Amyg), thala-
mus (Thal), and reticular formation
(p1Rt and mRt). R: right, L: left.
(C) Map of significant increases in
FC using the central medial thala-
mic nucleus (CM) as seed. (D) The
same using retrosplenium (Retro)
as seed. (E) Regional averaged FC
values of all animals during base-
line (black bars) and after PnO
stimulation (green bars), with seed
voxels in the left NBM. *p < 0.05
versus baseline. Error bars are – 1
SD. All results are from group
data after familywise multiple
comparisons.
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altered states of cortical arousal and consciousness. It could
be hypothesized that if FC is indeed essential for brain func-
tion and even consciousness, then either spontaneous or ex-
ogenously generated increases in the tone of the AAS should
augment or reorganize the connectivity patterns in relevant
functional networks of the brain (Brown et al., 2011; Lee
and Dan, 2012; Mashour et al., 2005). This would be partic-
ularly expected in sedated or lightly anesthetized states in
which cortical response to an increase in AAS activation is
plausible (Orth et al., 2006).

A prime candidate for AAS stimulation is the PnO. It ex-
erts comprehensive control over a network of arousal and
sleep-wake promoting regions ( Jones, 2003; Watson et al.,
2008) via its intimate link to subcortical and neocortical
structures: the cingulate cortices, HI, diagonal band of Broca,
dentate gyrus, locus coeruleus, mamillothalamic tract, pre-
optic area, medial septal nucleus, NBM, substantia nigra,
subthalamic nucleus, and the cerebral cortex (Reinoso-
Suarez et al., 2011).

Commensurate with our prior experience (Hudetz et al.,
2003; Imas et al., 2005), and similar to that seen in dreamless
sleep (Flint et al., 2010), 1.2% isoflurane produced low-
frequency, high-amplitude activity EEG (d- and h-dominated
slow-wave activity) in our rats during the unstimulated state;
this has been generally taken as a unitary indication of the
unconscious state during which information flow in the
brain is impeded (Alkire et al., 2008; Franks, 2008; Le Mas-
son et al., 2002). At this isoflurane concentration, the righting
reflex, a widely used behavioral surrogate index of con-
sciousness in rodents (Franks, 2008), is absent.

We used a homemade, high-impedance, MR and biocom-
patible carbon fiber electrode to stimulate the PnO (Dunn
et al., 2009; Jupp et al., 2006; Kitzmiller et al., 2006; Tallg-
ren et al., 2005). As anticipated, electrical stimulation of the
PnO induced an attenuation of d and h band power, an indi-
cation of cortical desynchronization ( Jones, 2004; Pillay
et al., 2011). A concomitant increase in power at higher fre-
quencies was not observed presumably because the rats con-
tinuously received isoflurane anesthesia, and the relatively
low intensity of PnO stimulation used did not elicit any be-
havioral changes. It is possible that higher intensity stimula-
tion may have produced additional EEG changes beyond
those observed here. Nevertheless, the suppression of
lower frequency power was accompanied by an increase in
a nonlinear statistical parameter, ApEn, that measures the
amount of regularity in a time-varying signal. In fact, deep-
ening anesthesia has been associated with a decrease in ApEn
(Bruhn et al., 2000). The exact relationship between neuroe-
lectrical activity and consciousness remains an area of intense
research (Alkire et al., 2008; Hudetz, 2006; Lewis et al., 2012;
Mukamel et al., 2014; Murphy et al., 2011; Purdon et al.,
2013; Supp et al., 2011).

The DBS-induced electrocortical desynchronization was
accompanied by increased FC between several brain regions
linked to major subcortical centers of the AAS. In particular,
we observed an increase in FC of the left NBM with the CPu,
AC, Retro, HI, Thal, and Amyg. This pattern of FC corre-
sponds well with anatomical evidence outlining the extensive
reciprocal projections from all brainstem and hypothalamic
nuclei that converge on basal forebrain nuclei en route to the
HI, limbic structures, and the entire cerebral cortex (Szymusiak,
1995; Zaborszky, 2002; Zaborszky et al., 1991). The basal fore-

brain region, including the NBM, is the primary source of cho-
linergic innervation to the cerebral cortex and limbic system
(Zaborszky, 2002). Basal-forebrain-mediated cholinergic trans-
mission is a key regulator of rapid eye movement (REM) sleep
and wakefulness (Lydic and Baghdoyan, 2005; Vazquez et al.,
2002) during which acetylcholine levels in the cortex are high
(Everitt and Robbins, 1997; Jasper and Tessier, 1971; Methe-
rate et al., 1992; Perry et al., 1999; Phillis, 2005; Rasmusson
et al., 1994), and are suppressed during anesthesia with iso-
flurane and other agents (Damsma and Fibiger, 1991; Keifer
et al., 1994; Ngai et al., 1978; Shichino et al., 1997). Al-
though this has not been tested, the effect of PnO electrical
stimulation may have contributed to an assumed increase in
acetylcholine release via its projections to the NBM.

In our study, a smaller increase in FC of the CM with the
left CPu and NBM was also found. The selection of this nu-
cleus as a seed was in part motivated by previous studies on
anesthesia reversal in rodents. Alkire and coworkers (2007)
injected nicotine into the CM to elicit spontaneous move-
ment of sevoflurane-anesthetized rats, implying a return of
consciousness in the continued presence of the anesthetic.
This effect was reproduced by microinjection of a K + chan-
nel blocking antibody into the CM under both desflurane and
sevoflurane anesthesia (Alkire et al., 2009).

The brain networks activated by PnO stimulation included
those implicated in the transient recovery of consciousness
after exposure to dexmedetomidine or propofol, namely,
the brainstem, Thal, AC, hypothalamus, and the limbic
core (Langsjo et al., 2012). In fact, forebrain and neocortical
dysfunction in severely brain-injured patients may be related
to suppression of excitatory neurotransmission from key arousal
networks (Schiff, 2010). The increased NBM-paralimbic
connectivity may augment effective and episodic informa-
tion processing in the cortex and in related subcortical net-
works during wakefulness and REM-like states (Cabeza
and Nyberg, 2000; Gardiner, 2001; Hobson, 2009; Louie
and Wilson, 2001; Maquet et al., 2000; McDermott et al.,
1999; Tulving, 2002; Wiggs et al., 1999). It has also been
posited that the paralimbic system may be involved in brain
resource allocation via its modulation of attention, awareness,
emotional processing, and consciousness (Berridge and Krin-
gelbach, 2008; Kringelbach et al., 2011; Langsjo et al., 2012;
Lou et al., 2010, 2011). Similar regions have also been impli-
cated in the emergence from Stage 2 sleep (Balkin et al.,
2002) and the occurrence of REM sleep (Miyauchi et al.,
2009). Local electrical stimulation, due to its indiscriminant
nature, may have induced a transient shift toward a conscious
or REM-like state by affecting more than the intended nu-
clei. In fact, the targeted brainstem region contains numerous
distinct nuclei, many of which are affiliated with the reticular
activating system (Reinoso-Suarez et al., 2011). A systematic
elimination of secondary effects from an activation or deacti-
vation of interacting neuronal groups would require more so-
phisticated methods, including microinjections or optogenetic
manipulations. However, the relatively small electrode tip di-
ameter (0.2–0.6 mm) and the high impedance of the carbon
fiber electrode make it unlikely that the stimulation parameters
affected an extensive collection of additional brain structures.

While we cannot accurately disentangle the cortical state
of the rodent, we speculate that REM-like states may be char-
acterized by conscious experience. While not wakeful, we
consider REM sleep a conscious state because it can be
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accompanied by subjective experience present during dream-
ing. Consciousness has been suggested to be a dreaming
awake state (Llinas and Pare, 1991). It has been suggested
that brain sensory perceptions and imagery during dreaming
may be generated and regulated by similar regions to those
displaying FC changes in our study (Halgren et al., 1978;
Hong et al., 1997; Kreiman et al., 2000).

Somewhat unexpectedly, PnO stimulation did not alter
neocortical connectivity, suggesting a possible dissociation
with electrocortical desynchronization. However, emergence
from anesthesia may be a gradual process with restored net-
work function and connectivity within AAS pathways pre-
ceding that of neocortical networks (Langsjo et al., 2012).
Although most major brain regions were represented by the
selected eleven seeds, the use of additional seeds could
reveal heretofore unrecognized changes in connectivity. Per-
haps cortical BOLD activation and FC changes are depen-
dent upon the chosen stimulation parameters (Lai et al.,
2014). It is also possible that networks shared between the
brainstem and neocortex may be especially sensitive to the
trauma of surgery, perhaps warranting a more chronic exper-
imental design. Also, the EEG recording was limited to the
frontal region, although it is likely that the frontal EEG
reflected a fairly general pattern of activation across the cor-
tical mantle (Purdon et al., 2013). It was expected, however,
that due to the redundancy of the AAS pathways, local stim-
ulation of the PnO alone would not reactivate all brain sys-
tems necessary for a recovery of full wakefulness.

In fact, Sanders and associates (2012) in their three-
component consciousness-connectedness-responsiveness
model suggest the possibility of a sequential progression of
events in the emergence from sleep or anesthesia. Specifi-
cally, during emergence, the resumption of internal cognitive
processing may occur prior to a reconnection to the environ-
ment and the subsequent return of overt behavioral respon-
siveness. We speculate that the paralimbic activation elicited
by PnO stimulation may represent an early step along this se-
quence, enabling internally generated awareness in the ab-
sence of connectedness.

Taken together, we have successfully demonstrated the
use of DBS and neuroimaging methods in assessing AAS-
stimulation-induced electrocortical desynchronization and
associated FC changes during light anesthesia. Specifically,
we found an increase in cortical arousal and paralimbic
BOLD FC following PnO electrical stimulation. Future
work should focus on extensively examining how the in-
duced FC changes are modulated by other anesthetic agents,
stimulating other AAS regions, and multiple stimulus param-
eters. These future investigations should lead to the develop-
ment of a mechanistic understanding of the induced network
effects that accompany DBS-induced restoration of con-
sciousness under anesthesia and in neurologic disorders of
consciousness (Schiff, 2012).
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