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Brief Communications

Thalamocortical Mechanisms for the Anteriorization of
Alpha Rhythms during Propofol-Induced Unconsciousness

Sujith Vijayan,'* ShiNung Ching,>>%* Patrick L. Purdon,>**> Emery N. Brown,>>*¢ and Nancy J. Kopell'

'Department of Mathematics and Statistics, Boston University, Boston, Massachusetts 02215, 2Anesthesia, Critical Care, and Pain Medicine, Massachusetts
General Hospital, Boston, Massachusetts 02114, 3Brain and Cognitive Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139,
“Harvard Medical School, Boston, Massachusetts 02115, 5Athinoula A. Martinos Center for Biomedical Imaging, Charlestown, Massachusetts 02129, and
¢Institute for Medical Engineering and Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

As humans are induced into a state of general anesthesia via propofol, the normal alpha rhythm (8-13 Hz) in the occipital cortex
disappears and a frontal alpha rhythm emerges. This spatial shift in alpha activity is called anteriorization. We present a thalamocortical
model that suggests mechanisms underlying anteriorization. Our model captures the neural dynamics of anteriorization when we adjust
it to reflect two key actions of propofol: its potentiation of GABA and its reduction of the hyperpolarization-activated current I,. The
reduction in I;, abolishes the occipital alpha by silencing a specialized subset of thalamocortical cells, thought to generate occipital alpha
at depolarized membrane potentials (> —60 mV). The increase in GABA inhibition imposes an alpha timescale on both the cortical and
thalamic portions of the frontal component that are reinforced by reciprocal thalamocortical feedback. Anteriorization can thus be
understood as a differential effect of anesthetic drugs on thalamic nuclei with disparate spatial projections, i.e.: (1) they disrupt the
normal, depolarized alpha in posterior-projecting thalamic nuclei while (2) they engage a new, hyperpolarized alpha in frontothalamic
nuclei. Our model generalizes to other anesthetics that include GABA as a target, since the molecular targets of many such anesthetics

alter the model dynamics in a manner similar to that of propofol.

Introduction

It has been observed through electroencephalographic (EEG) re-
cordings that, as humans and animals are induced into a state of
general anesthesia, there is a spatial shift in power from posterior
electrodes to frontal electrodes; this spatial shift in power is called
anteriorization (Tinker et al., 1977; Brown et al., 2010; Purdon et
al., 2013). Recent studies (Purdon et al., 2013) have clarified
the spectral details associated with anteriorization induced
by the common GABAergic anesthetic agent propofol (2,6-
diisopropylphenols). Induction of general anesthesia with
propofol is associated with a marked increase in EEG power in
the alpha (8—-13 Hz) band in the frontal cortices (Feshchenko
et al., 2004; Cimenser et al., 2011; Supp et al., 2011). Simulta-
neously, normal “eyes-closed” alpha power in posterior and
specifically, in occipital electrodes is severely attenuated (Ci-
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menser et al., 2011; Murphy et al.,, 2011; Purdon et al., 2013).
Although many studies have examined and characterized an-
teriorization over the last 35 years, the mechanisms underly-
ing anteriorization remain poorly understood.

We present a mechanism for anteriorization based on estab-
lished computational models for frontal and occipital rhythms.
Recent modeling work has shown how propofol can modify the
dynamics of thalamocortical networks so as to promote frontal
alpha oscillations through enhancement of GABAergic inhibi-
tion (Ching et al., 2010). A separate model has shown how pos-
terior alpha rhythms can arise through the actions of a subset of
thalamocortical (TC) cells, so-called high-threshold thalamocor-
tical neurons, which project to the occipital cortex (Vijayan and
Kopell, 2012). The contribution of this paper is to show why
propofol and other anesthetics known to act through GABA
promote alpha frontally but suppress it posteriorly. We do so
by combining and analyzing the two models. We appeal to the
multiple molecular targets of propofol: both its effect on
GABAergic inhibition and its effect on hyperpolarization-
activated membrane currents (h-currents) (Funahashi et al.,
2001; Ying et al., 2006; Lyashchenko et al., 2007). We show
that, when these effects are combined, the mechanisms for
frontal alpha established in Ching et al. (2010) survive, while
those for occipital alpha (Vijayan and Kopell, 2012) do not.
Critical to the decrease in alpha in the occipital cortex is the
importance of the h-current in creating the alpha timescale
and in setting the resting membrane potential in the high-
threshold TC cells. In contrast, the thalamic networks that
project to frontal regions are not known to possess high-



Vijayan, Ching et al. ® Thalamocortical Mechanisms for Anteriorization

Figure 1.
TC cells (HTC) that are thought to generate awake alpha.

threshold cells, and the previously studied mechanisms for
frontothalamic alpha remain intact, even with reductions to
h-current. Given that the molecular targets and requisite ef-
fects on neuronal properties that we consider are not exclusive
to propofol, our mechanism is expected to be relevant for
anteriorization phenomena induced by a range of anesthetic
drugs and pathological states.

Materials and Methods

Description of computational model

The model consists of single-compartment Hodgkin—Huxley neurons,
where the membrane potential of each cell is governed by the following
equation:

dv

Cugr = — 2w = Zlym

where I); denotes membrane currents, I5,,, denotes synaptic currents,
and C,, denotes the specific membrane capacitance. To capture the dy-
namics of anteriorization we combine a thalamocortical circuit that can
account for the properties of propofol-induced frontal alpha (Ching et
al., 2010) with a thalamic circuit that has the properties needed to gen-
erate occipital alpha (Vijayan and Kopell, 2012). We briefly describe each
in turn below.

Model for frontal thalamocortical network. The structure of the network
is shown schematically on the left-hand side of Figure 1, and is essentially
unchanged from Ching et al. (2010). A thalamic network model of 10 TC
neurons is reciprocally connected to 10 thalamic reticular (RE) neurons.
The RE cells provide inhibition to the TC cells, mediated by both GABA ,
and GABAj, and also provide inhibition to each other, mediated by
GABA . The TC cells in turn provide excitatory inputs (AMPA) to the RE
cells. This configuration is a standard thalamic model structure
(Destexhe et al., 1996). For the cortex, eight pyramidal (PY) cells are
connected to four inhibitory interneurons (IN). Excitatory connections
from TC cells onto PY and IN cells and reciprocal excitatory connections
from PY cells onto RE and TC cells form the thalamocortical loop. In
addition to standard sodium and potassium channels, notable currents
include a T-type calcium current (in the TC and RE cells), a
hyperpolarization-activated cation current, I, (in the TC cells), and a
potassium leak current, I, (in the TC cells). In Ching et al. (2010), some
interneurons were modeled as low-threshold spiking cells with a slow
potassium current I,, This current is not essential to the alpha-
generating mechanism and is omitted herein. The baseline parameteriza-
tion of all currents are as specified in Ching et al. (2010).

Model for posterior thalamic network. There is evidence that both the
neocortex and the thalamus play a role in generating occipital alpha
rhythms (Lopes da Silva et al., 1980; Hughes et al., 2004; Lorincz et al.,
2009; Bollimunta et al., 2011; Saalmann et al., 2012). However, we did
not include a cortical component in the occipital model. There are two
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Left, The frontal component consists of cortical PY cells and interneurons coupled to RE and TC. Right, The posterior component consists of TC cells, RE cells, and a specialized subset of

reasons for this. First, the mechanisms underlying the generation of cor-
tical alpha are still poorly understood. Additional experimental work is
needed before the construction of a cortical model, and such work is
clearly beyond the scope of this paper. Our frontal alpha model relies on
a spindling model, for which the cortical component has been well de-
veloped (Destexhe et al., 1996). Second, there is experimental evidence
suggesting a thalamic model of quiet awake alpha is sufficient for our
purposes. Lorincz et al. (2009) have shown in vivo that applying an mus-
carinic acetylcholine receptor (mAChR) antagonist (pirenzepine) di-
rectly to the lateral geniculate nucleus (LGN) can disrupt quiet awake
occipital alpha at the EEG level. Specifically, they show that applying an
mAChR antagonist directly to the LGN reduces HTC bursting and firing
rate, alpha power in the LGN, and alpha power in the EEG over the
occipital cortex, all in a dose-dependent manner. Therefore we feel that
for our purposes a thalamic model provides a sufficient surrogate for
alpha power in the occipital cortex. Note that our occipital model gener-
ates alpha by mimicking the effects of mAchR on the LGN.

The structure of the thalamic network is shown schematically on the
right-hand side of Figure 1, and is similar to that used in Vijayan and
Kopell (2012). The network consists of 10 RE cells, 8 TC cells, and 2
specialized TC cells (HTC cells). HTC cells are thought to generate awake
alpha and make up only 15-25% of the TC cell population (Hughes et al.,
2004; Lorincz et al., 2009). While HTC cells have been reported in the
LGN, to the best of our knowledge they have not been reported in fron-
tally projecting thalamic nuclei and so they are not included in the frontal
model. The implicit thalamic interneurons used in Vijayan and Kopell
(2012) are omitted in our model as their inclusion or exclusion does not
affect the results. The connectivity between RE and TC cells (including
HTC cells) is the same as for the frontal network, except that HTC cells
are connected via gap junctions (Hughes etal., 2011). A critical feature of
the HTC cells is that at depolarized membrane potentials (>—60 mV)
they burst with the timing between bursts occurring at the alpha fre-
quency. The bursts are mediated by a channel we refer to as Iy, an I
channel variant. The I channel is a type of calcium channel that
operates at more depolarized membrane potentials than does the stan-
dard I channel; the use of this channel is based on experimental findings
(Hughes et al., 2004; Vijayan and Kopell, 2012). The ionic currents and
basal parameterizations are similar to those listed in Vijayan and Kopell
(2012) for mAChR agonist-induced alpha.

Propofol simulation. To model the effects of propofol on both the
frontal and posterior networks, two perturbations were introduced.
First, consistent with previous modeling and experimental studies, the
GABA inhibitory synaptic current was potentiated by a factor of three
(McCarthy et al., 2008). This perturbation was the primary mechanism
studied in Ching et al. (2010) for anterior alpha. Second, the conductance
of the hyperpolarization-activated membrane current, I;,, was decreased
to 5.8% of the baseline value. This latter perturbation, consistent with
previous in vitro studies (Chen et al., 2005), was not included in the
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EEG signature of anteriorization during the administration of propofol in a representative human subject. 4, Power maps of 10.3 Hz activity. Baseline indicates the subject is at rest and

Levels 1-5 indicate increasing effect site concentration levels of propofol. B, Spectograms from a posterior electrode. , Spectograms from a frontal electrode.

model of Ching et al. (2010), but, as shown herein, does not appreciably
affect the overall mechanism.

The simulated EEG was computed as the sum of excitatory postsyn-
aptic currents in PY neurons of the frontal model, although the findings
regarding alpha genesis also hold when the simulated EEG is computed
using the other cell populations, or using membrane potential. The sim-
ulated EEG for the posterior model was computed as a function of the
membrane potential of HTC cells, since experimental results suggest that
blocking synaptic currents does not abolish awake thalamic alpha
(Hughes et al., 2004).

Model robustness. Since the circuits underlying our model are known
to be able to generate spindles, we ensured our model could generate
spindles; this helped to constrain our parameter values. The occipital
alpha frequency is sensitive to changes in I;, and potassium leak conduc-
tances and the frequency changes in a relatively smooth fashion as a
function of these conductances; these dependencies are detailed in Vi-
jayan and Kopell (2012). Our results under the propofol conditions are
robust to either a 50% decrease or a 50% increase of I, potassium leak,
and GABA, conductances.

Human data and analysis

All electrophysiologic data were collected at Massachusetts General Hos-
pital (MGH) with approval from the Partners Human Research Com-
mittee (Cimenser et al., 2011 and Purdon et al., 2013). We recorded 64
leads of EEG while the subject received propofol administered by a
computer-controlled infusion. The infusion was designed to achieve ef-
fect site concentration levels of 0,1, 2, 3, 4, and 5 pg/ml. Each level was
maintained for 14 min. The infusion was controlled by the STANPUMP
algorithm using the Schnider pharmacokinetics model (Shafer and
Gregg, 1992; Schnider et al., 1999). All analyses were performed using a
Laplacian montage. Power spectrums were calculated with the Chronux
toolbox (Bokil et al., 2010) for MATLAB (MathWorks), using 2 s non-
overlapping windows. Power maps that display the intensity of 10.3 Hz
EEG activity over the surface of the scalp were calculated using the spec-
topo function in the EEGLAB toolbox (Delorme and Makeig, 2004).
Each power map used all data from one of the 14 min conditions.

Results

Phenomenology

During rest with eyes closed, alpha activity is predominantly ob-
served in the occipital cortices (Fig. 2A, Baseline and Level 1;

Berger, 1929). However, as subjects are administered increasing
doses of propofol the power in the alpha band attenuates in oc-
cipital regions and increases in frontal regions (Fig. 2A, Level
3-5). The attenuation in alpha power occipitally can be observed
in single posterior electrodes (Fig. 2B) and its increase frontally
can be observed in single frontal electrodes (Fig. 2C). The transi-
tion from posterior to anterior alpha regimes occurs quite
abruptly during Level 2 of anesthetic induction (Ching et al.,
2010). Our focus is to elucidate the essential mechanisms of this
state change.

Network behavior during baseline conditions

During the resting state alpha activity is prominent in the occip-
ital cortices. In vivo and in vitro studies suggest that introducing
mAChR agonists into the LGN induces occipital alpha activity
closely resembling that seen during the resting state (Lorincz et
al., 2009). Therefore we adjusted the parameter values (Vijayan
and Kopell, 2012) of the occipital component to reflect the ac-
tions of mAChR agonists. Under these conditions the TC cells
spike irregularly in the occipital component (Fig. 3F), but the RE
cells are relatively silent (Fig. 3G); note that the relative inactivity
of RE cells during awake alpha is in line with experimental find-
ings (Lorincz et al., 2009). The HTC cells, thought to be the
generators of awake alpha, fire at the alpha frequency, resulting in
a peak at the alpha frequency in the power spectrum of the local
field potential (LFP; Fig. 3E,H). Under these conditions, the
HTC cells are relatively depolarized (~—52 mV). At these mem-
brane potentials Ity channels, which are variants of I channels
(see Materials and Methods), are active and help to mediate the
bursting activity. I, imposes the alpha timescale on the bursting.
During this resting state PY cells, TC cells and RE cells in the
frontal component spike irregularly (Fig. 3A-C). The power
spectrum of the resulting LFP is relatively flat (Fig. 3D).

Network behavior in the presence of propofol
To account for the actions of propofol we reduced the I;, conduc-
tance and increased the GABA, conductance (see Materials and
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Methods) in both components. The primary effect on the occip-
ital circuit is the silencing of HTC cells (Fig. 4E-G). The HTC cells
become silent for two reasons: First, I, helps the HTC cells tran-
sition from the interburst period to the beginning of the next
burst. That is, after one burst finishes, I, helps to depolarize the
cell, priming it for the following burst; since I, conductance is
reduced by propofolitis no longer strong enough to move the cell
toward the next burst. Second, the reduction in I, conductance
shifts the resting membrane potential of HTC cells to more hy-

0 0
Frequency (Hz)

Activity pattern and power spectrum of the LFP of the frontal and occipital circuits during propofol-induced anesthesia. A-H, Same as in Fig. 3.

perpolarized values (~—60 mV), since I, has a relatively positive
reversal potential. At these more hyperpolarized membrane po-
tentials, I'jp channels, which mediate the burst itself, are rela-
tively quiet. Note that HTC cells can be silenced without altering
I, by shifting the cell membrane potential outside the active range
of I'tyyr channels. For example, the single change of increasing
potassium leak conductances results in the silencing of HTC cells,
as this increase shifts the membrane potential of HTC cells to
more hyperpolarized values (Vijayan and Kopell, 2012). The si-
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lencing of HT'C cells, which are the putative generators of awake
alpha, results in the LFP power spectrum of the posterior com-
ponent being relatively flat (Fig. 4H).

In the frontal component an alpha rhythm emerges (Fig. 4A—
D). Propofol acts on the frontal circuit to produce alpha in two
ways. First, the potentiation of GABA, increases the time con-
stant of inhibition mediated by cortical interneurons impinging
onto PY neurons. This increase in inhibition causes an overall
slowing of high-frequency cortical activity to bring it into the
alpha range (Fig. 4A). Simultaneously, the increase in GABA,
conductance hyperpolarizes the thalamic portion of the network,
mediated by inhibitory RE cells (Fig. 4B,C). This results in a
strengthening of endogenous thalamic alpha mechanisms, medi-
ated by hyperpolarization-activated currents in TC cells, creating
what amounts to a persistent oscillation between RE and TC cells
at the alpha frequency. Consequently, the thalamic and cortical
networks synchronize within the alpha band, promoting coher-
ence in frontothalamic networks. In particular, ascending TC
neurons fire at the alpha frequency (Fig. 4B), exciting cortical INs
that pace PY cells (Fig. 4A). The reciprocal excitation from these
PY cells onto both RE and TC neurons forms a closed loop and
reinforces the oscillation. This overall mechanism is similar to
that presented by Ching et al. (2010) with the notable exception
that, there, propofol-induced modifications to I, were not con-
sidered. Here, we find that these reductions do not appreciably
modify the mechanism, and the genesis of alpha in the frontotha-
lamic model is preserved.

As mentioned above, we have focused here on the mechanism
of the state change between the posterior and anterior alpha re-
gimes. We note from both the data and analyses performed in
Ching et al. (2010) that the frontal alpha coherence develops
rather abruptly as a function of propofol infusion. At progres-
sively increasing dose levels, the specific frequency of the alpha
oscillation may attenuate slightly, although eventually secondary
effects such as decreases in blood flow and metabolism will lead to
other phenomena such as burst suppression (Ching et al., 2012).

We note important distinctions between the alpha mecha-
nisms we develop here and those of spindle oscillations. During
spindling TC cells do not fire at the spindling frequency: groups
of TC cells participate in the spindling oscillation missing many
cycles (Destexhe et al., 1996). In contrast, in our model of frontal
alpha, individual TC cells oscillate at the alpha frequency. Fur-
thermore, the amplitude envelope of spindles waxes and wanes,
and spindles occur infrequently (Destexhe et al., 1996). In con-
trast, the frontal alpha is sustained, because GABA potentiation
imposes a similar timescale on PY cells as on TC cells. Thus, the
reciprocal corticothalamic feedback forms a closed loop that re-
inforces the oscillation, leading to persistent activity.

Discussion

A thalamocortical model for anteriorization

Our model offers an explanation of the mechanism for propofol-
induced anteriorization. It suggests that alpha activity in the oc-
cipital component is abolished because the reduction of I,
conductance silences HTC cells, the putative generators of occip-
ital alpha. HTC cells stop bursting at the alpha frequency because
at the reduced I;, conductance, I, is no longer able to help transi-
tion the cell from the interburst period to bursting. Furthermore,
the reduction in the I;, conductance hyperpolarizes HTC cells to a
membrane potential outside the operating range of Iy, which
underlie the bursts themselves. Our model also suggests that al-
pha activity in the frontal component arises from increased
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GABAergic inhibition onto TC cells, which creates alpha time-
scales that are reinforced by reciprocal corticothalamic feedback.

Model relevance to other anesthetics and pathological states
The extent to which anteriorization occurs in response to anes-
thetics other than propofol is an open question, since EEG studies
of drugs other than propofol (Gugino et al., 2001; John et al.,
2001) have averaged effects over different drug classes.

In our model, the critical mechanism in abolishing occipital
alpha is the silencing of HTC cells, and the critical mechanism in
producing frontal alpha is the potentiation of GABA. We thus
predict that anteriorization may arise in response to drugs that
share these molecular targets and the requisite effects on neuro-
nal populations. For example, isoflurane, sevoflurane, and halo-
thane potentiate GABA (Franks and Lieb, 1994; Rudolph and
Antkowiak, 2004). Also, all three silence HTC cells, as they all
increase potassium leak conductances (Shin and Winegar, 2003;
Enyedi and Czirjak, 2010); increasing potassium leak conduc-
tances silences HTC cells by hyperpolarizing them and moving
them out of the operating range of Iy channels, which are
responsible for mediating the awake alpha bursts.

Our model is in accordance with the observation that anes-
thetics that potentiate GABA but also alter currents other than I,
or potassium leak conductance can produce a spectral pattern
different from that of propofol. For example, like propofol, bar-
biturates are known to potentiate GABA and reduce I;, conduc-
tance (Wan et al., 2003), but they also have other molecular
targets (Solt and Forman, 2007; Franks and Zecharia, 2011). In
particular, it is known they attenuate AMPA (Taverna et al., 1994;
Loscher and Rogawski, 2012). Such a perturbation is expected to
prevent the expression of the thalamocortical alpha mechanism
developed here. Specifically, the frontal alpha oscillation relies on
the “ping-pong” relationship between RE and TC cells: TC cells
excite RE cells via AMPA, causing the RE cells to spike; their
spiking inhibits TC cells via GABA, causing TC cells to spike
again, as currents that are more active at hyperpolarized mem-
brane potentials (I and I;,) become engaged. Thus attenuating
AMPA conductances disrupts the critical interplay between RE
and TC cells. TC cells also drive PY cells, via AMPA, at the alpha
frequency. Therefore AMPA reduction will disrupt multiple fac-
ets of the alpha-generating mechanism in our model. In fact,
model simulations show that reducing AMPA conductance by
25-30% begins to disrupt frontal alpha, and reducing it by 50%
abolishes frontal alpha altogether.

We note, also, that certain pathological states of unconscious-
ness, such as alpha coma (Kaplan et al., 1999), are characterized
by anteriorly dominant alpha EEG patterns. While much work
remains in characterizing these conditions, our model may even-
tually help to inform thalamocortical mechanisms in these path-
ological states.
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