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SI Note 1: Muscarinic Acetylcholine Receptor Model
Properties
Metabotropic cholinergic agonists are thought to hyperpolarize
reticular (RE) cells by increasing their potassium leak con-
ductances (1); they are thought to depolarize thalamocortical
(TC) cells by decreasing their potassium leak conductances (2). To
mimic the effects of muscarinic acetylcholine receptor (mAChR)
agonists we set �gKL of TC cells to 0.0028 mS/cm2, so that the TC
cells had a depolarized resting membrane potential (∼−60 mV),
as is the case during mAChR agonist-induced alpha oscillations (3,
4). Because high-threshold thalamocortical (HTC) cells are
thought to be a subtype of TC cells, we assumed that mAChR
agonists depolarize HTC cells as well by decreasing their potas-
sium leak conductances. Therefore, we set �gKL of HTC cells to
0.0069 mS/cm2, so that the cells had a resting membrane potential
of ∼−56 mV; this is within the range of membrane potentials
observed in HTC cells during mAChR-induced alpha (3, 4). Note
that the HTC cells have additional currents, so �gKL is not the same
for TC cells and HTC cells. The potassium leak conductance of
RE cells was set to 0.08 mS/cm2, resulting in the cells having
a relatively hyperpolarized resting membrane potential. An ex-
ternal input to TC cells was provided by a Poisson train of excit-
atory postsynaptic potentials (EPSPs) (SI Methods).

SI Note 2: mGluR1 Model Properties
Metabotropic glutamatergic agonists depolarize both TC cells
and RE cells; they are thought to depolarize both cell types by
decreasing potassium leak conductances (5, 6). In keeping with
these findings, the leak conductances of HTC and TC cells were
set to the same values as those in the mAChR model, whereas
the leak conductance �gKL of RE cells was set to 0.005 mS/cm2,
resulting in the RE cells being more depolarized (∼−72 mV)
than under the mAChR condition. The resting membrane po-
tentials of TC and HTC cells are the same as under the mAChR
condition, ∼−60 mV and −56 mV, respectively. The spiking
activity of both thalamic interneurons and RE cells during me-
tabotropic glutamate receptor 1 (mGluR1)-induced alpha is ir-
regular (4), suggesting that the inhibitory drive from both these
cell populations onto TC cells is irregular as well. Recall that in
our model the indirect inhibition of TC cells by HTC cells via
thalamic interneurons is replaced by direct inhibitory connec-
tion. To mimic the arrhythmic drive from the interneurons, only
a small random fraction of HTC spikes produced an inhibitory
postsynaptic potential (IPSP) in TC cells, and the TC cells re-
ceived a Poisson train of IPSPs as well (SI Methods). To produce
irregular activity in RE cells, only a small random fraction of
HTC spikes produced an EPSP in RE cells, and the RE cells
received a Poisson train of EPSPs as well (SI Methods). The
low-mGluR1 condition on a background of mAChR is similar to
the mAChR condition. However, the leak conductance �gKL of
RE cells was set to 0.072, only 90% of HTC spikes drive RE cells,
and only 90% of HTC spikes result in inhibition to TC cells (SI
Methods).

SI Note 3: Role of Interneurons and RE Cells During mGluR1-
Induced Alpha
If only RE cells fire irregularly (SI Methods) but the interneurons
receive a rhythmic drive from the HTC cells, then TC cells show
a preference as to when they fire relative to the alpha oscillation
(Fig. S4, Left; Rayleigh’s test, P = 6.7 × 10−12), and similarly if
only the interneurons fire irregularly, but the RE cells receive
a rhythmic drive, then TC cells once again show a preference as

to when they fire relative to the alpha oscillation (Fig. S4, Right;
Rayleigh’s test, P = 8.5 × 10−4).

SI Note 4: Details of TC Signaling During mAChR-Induced
Alpha
We consider how thalamic HTC and TC cells project to the
neocortex. The fact that thalamic alpha and alpha in the superficial
layers of the neocortex are coherent suggests that HTC cells, which
are primarily responsible for thalamic alpha (7), project to the
superficial layers of the neocortex, as do thalamic matrix cells. If
this is indeed the case, one might expect neocortical multiunit
activity to be greatest at the trough of neocortical alpha, because
HTC cells fire at the trough of thalamic alpha (multiunit and unit
activity, Fig. 5A). Bollimunta et al. (8) find exactly this; they find
that in the superficial layers of the primary visual cortex, multiunit
activity is greater during the trough of cortical alpha than during
the peak. By contrast, TC cells are known to project to layer IV of
the neocortex. In layer IV, multiunit activity is greatest during the
peak of alpha (8) [multiunit and unit activity, Fig. 5A]. Thus, it
appears that HTC cells and TC cells drive neocortical cells to fire
at different phases of neocortical alpha.

SI Methods
Equations Governing Model Neurons. All currents are governed by
an instance of the equation

I ¼ �gmnhkðV−ErevÞ;

where �g is the maximal conductance, m and h are the activation
and inactivation gating variables, respectively, and Erev is the
reversal potential. The change in the activation variable is gov-
erned by the equation

dm
dt

¼ m∞ðVÞ−mðVÞ
τmðVÞ ;

where m∝ is the steady-state activation function and τm is the time
constant of activation. The change in the inactivation variable
follows an equation of the same form, where m is replaced by h.
RE cells.The membrane potentials of the RE cells are governed by
the equation

C
dVRE

dt
¼ −INa −   IK −   IL −   IKL −   ITRE −   IGABAA −   IAMPA

þ Iapp

Potassium current. The potassium current has four activation
gates (n = 4) and no inactivation gates (k = 0). Here,

m∞ðVÞ ¼ αmðVÞ
αmðVÞ þ βmðVÞ;  τmðVÞ ¼ 1

αmðVÞ þ βmðVÞ;

where

αmðVÞ ¼ 0:032ð15−VtÞ
expðð15−VtÞ=5Þ− 1

;  βmðVÞ ¼ 0:5 expðð10−VtÞ=40Þ

Vt ¼ VRE þ 55;

and �gk ¼ 10 mS=cm2 and Ek = −100.
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Sodium current. The sodium current has three activation gates
and one inactivation gate. Below, αm, βm, αh, and βh relate to m∞,
τm, h∞, and τh in the same fashion as above:

αmðVÞ ¼ 0:32ð13−VtÞ
expðð13−VtÞ=4Þ− 1

;  βmðVÞ ¼ 0:28ðVt − 40Þ
expððVt − 40Þ=5Þ− 1

αhðVÞ ¼ 0:128ðð17−VtÞ=18Þ;  βhðVÞ ¼ 4
1þ expðð40−VtÞ=5Þ

Vt ¼ VRE þ 55;

and
�gNa ¼ 100 mS=cm2   ENa ¼ 50:

Leak currents. The leak currents have zero activation and in-
activation gates and EL = −73, EKL = −100. SeeMethods for the
conductance values under mAChR and mGluR1 conditions.

IT current. The ITRE current has two activation gates and one
inactivation gate:

m∞ðVÞ ¼ 1
ð1þ expð− ðVþ 52Þ=7:4Þ;  

τmðVÞ ¼ 0:999þ 0:333
ðexpððVþ 27Þ=10Þ þ expð− ðVþ 102Þ=15ÞÞ

h∞ðVÞ ¼ 1
ð1þ expððVþ 80Þ=5Þ;  

τhðVÞ ¼ 28:307þ 0:333
ðexpððVþ 48Þ=4Þ þ expð− ðVþ 407Þ=50ÞÞ;

The maximal conductance is �gCa ¼ 2:3 mS=cm2. Here, the re-
versal potential is determinedby theNernst equation,whichdepends
on the intercellular and extracellular calcium concentration. The
extracellular calcium concentration is set to 2mM and the change in
the intracellular concentration is determined by the equation�

C _ai
� ¼ − 10ITRE

2× 96; 485:3
−

½Cai�− 0:00024
5

:

The first term must be positive; otherwise it is set to zero.
TC cells.

C
dVTC

dt
¼ −INa −   IK −   IL −   IKL −   IH −   ITLT −   IGABAA

−   IGABAB þ Iapp:

Sodium current. The sodium current is governed by the same
equations used for the sodium current in RE cells, except that
�gNa ¼ 90 mS=cm2   and Vt ¼ VTC þ 25.

Potassium current. The potassium current is governed by the same
equations used for the potassium current in RE cells, except that

�gK ¼ 10 mS=cm2 and Vt ¼ VTC þ 25:

Leak currents. Here, EL ¼ − 70;  �gL ¼ 0:01 mS=cm2;  EKL ¼
− 100;  and �gKL ¼ 0:0028 mS=cm2:
IT currents. The ITLT current has two activation gates and one

inactivation gate.
m∞ðVÞ ¼ 1

ð1þ expð− ðVþ 59Þ=6:2Þ;

h∞ðVÞ ¼ 1
ð1þ expððVþ 83Þ=4:0Þ;

 τhðVÞ ¼ 30:8þ ð211:4þ expððVþ 115:2Þ=5ÞÞ=ð1þ expððVþ 86Þ=3:2ÞÞ
3:737

:

The maximal conductance is �gca ¼ 2 mS=cm2. ECA is calculated
in the same fashion as that for ITRE. RE cells do not receive an

applied current; however, under mGluR1 conditions they receive
a Poisson train of excitatory impulses governed by the equation

EPSP ¼ expðTðtÞ− tÞðV− 0ÞÞ;

where

TðtÞ ¼ minfT1;T2; . . . ;Tn−1;Tn; . . . jt<TðtÞg:

Thedifferencebetween thearrival times (T) is anexponentially dis-
tributed random variable with a mean of either 10 or 25 ms, depend-
ing on the simulation. The EPSP pulses have a duration of 2 ms.

Ih current. The Ih current is calculated as follows:

Ih ¼ ghðo1 þ að1− c1 − o1ÞÞðV−EhÞ
_o1 ¼ 0:0001ð1− c1 − o1Þ− 0:001ðð1− p0Þ=0:01Þ
_p0 ¼ 0:0004ð1− poÞ− 0:004

�½Ca�i=0:0002�2
_c1 ¼ βðVÞo1 − αðVÞc1;

where

βðVÞ ¼ ð1− h∞Þ=τs;  αðVÞ ¼ h∞=τs
τs ¼ 20þ 1000=ððexpððVþ 71:5Þ=14:2ÞÞ

þðexpð− ðVþ 89Þ=11:6ÞÞÞ
h∞ ¼ 1=ð1þ expððVþ 75Þ=5:5ÞÞ
Eh ¼ −43;  gh ¼ :1 mS=cm2:

We set a to 1 in simulations after experimenting with various
values as in Bonjean et al. (9). The calcium dynamics are modeled
in the same way as those for RE cells. TC cells do not receive an
applied current; however, they receive a Poisson train of excit-
atory impulses under all conditions. These are governed by the
same equations as those used for RE cells. Under mGluR1
conditions they also receive a Poisson train of inhibitory im-
pulses, which are similar to the excitatory impulses except that
the reversal potential is set to −85 mV and the strength of the
inputs is 1.5 times stronger.
HTC cells.

C
dVHTC

dt
¼−IK −   INa −   IL −   IKL −   IH −   ITLT −   ITHT

−   IAHP −   IGABAA −   IGABAB −   IGJ þ Iapp:

Potassium current.The potassium current is governed by the same
equations used for the potassium current in TC cells.

Sodium current. The sodium current is governed by the same
equations used for the sodium current in TC cells.

Leak currents. Here, EL ¼ − 70;  �gL ¼ 0:01 mS=cm2;  EKL ¼
− 100;  and �gKL ¼ 0:0069 mS=cm2:
IT currents. Here, ITLT is exactly the same as that for TC cells,

whereas ITHT has two activation gates and one inactivation gate,
where

m∞ðVÞ ¼ 1
ð1þ expð− ðVþ 40:1Þ=3:5Þ

h∞ðVÞ ¼ 1
ð1þ expððVþ 62:2Þ=5:5Þ;

 τhðVÞ ¼ 0:1483 expð− 0:09398VÞ þ 5:284 expð0:008855VÞ:

The maximal conductance is �gca ¼ 6 mS=cm2. The calcium dy-
namics and ECA are calculated in the same fashion as for ITRE and
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ITLT. Here, ITLT and ITHT have separate pumps, the idea being that
the two channel types might be relatively isolated from one another.

Ih current. Here, we use a shifted version of Ih from Golomb
et al. (10), where

Ih ¼ ghrðV−EhÞ;
where

_r ¼ ðr∞ − rÞ=τs
τs ¼ 20þ 1000=ððexpððVþ 56:5Þ=14:2ÞÞ

þðexpð−ðVþ 74Þ=11:6ÞÞÞ
r∞ ¼ 1=ð1þ expððVþ 60Þ=5:5ÞÞ
Eh ¼ −40;  gh ¼ 0:36 mS=cm2:

IAHP. IAHP has two activation gates and no inactivation gate:

m∞ðVÞ ¼ 48½Ca�2i�
48½Ca�2i þ 0:09

�

τmðVÞ ¼ 1�
48½Ca�2i þ 0:09

�
gAHP ¼ 15 mS=cm2:

IGJ.

IGJ ¼ �ge
�
VHTC −Vpost

�
where �ge ¼ 0:003− 0:005 mS=cm2 and Vpost is the membrane po-
tential of the cell that is connected to theHTC cell via a gap junction.

IAPP.

IAPP ¼ Nð0; 0:1Þ;

where N(0, 0.1) denotes an applied current that is normally
distributed with a mean of zero and a variance of 0.1. HTC cells
receive an applied current under all circumstances, except for the
transient stimuli simulations.
Synaptic currents.
AMPA.

IAMPA ¼ �gAMPA½R�ðV−EAMPAÞ
d½R�
dt

¼ 0:98½T�ð1− ½R�Þ− 0:180½R�

where [T] is the transmitter concentration. When a presynaptic
cell spikes, the transmitter concentration instantaneously jumps
to 0.5 mM and stays at that value for a duration of 0.3 ms. [R] is
the fraction of receptors that are open. EAMPA = 0; gAMPA =
0.42–0.70 mS/cm2. During mGluR1 conditions only 1% of HTC
spikes drive RE cells via their AMPA synapses.

GABAA.

IGABAA ¼ �gGABAA
½R�ðV−EGABAA Þ

d½R�
dt

¼ 20½T�ð1− ½R�Þ− 0:160½R�:

T and R are modeled in the same ways as for AMPA.

EGABAA ¼ −85
�gGABAA

�
mS=cm2

�
:

RE−−>RE ¼ 0:7011;  RE−−>HTC ¼ 0:0069;
RE−−>TC ¼ 0:1036;  HTC−−>TC ¼ 0:0691:

When the implicit interneurons are in burst mode, there is a
40-ms delay between an HTC cell spike and the activation of

GABAA receptors on TC cells. During mGluR1 conditions only
1% of HTC spikes drive TC cells via their GABAA synapses.

GABAB.

IGABAB ¼ �gGABAB

 
½G�4

½G�4þ100

!
ðV−EGABABÞ

d½G�
dt

¼ 0:18½R�− 0:034½G�
d½R�
dt

¼ 0:09½T�ð1− ½R�Þ− 0:0012½R�:

T and R are modeled in exactly the same ways as for AMPA,
and GABAA. Here, [G] is the concentration of activated G
protein and

EGABAB ¼ −95

�gGABAB

�
mS=cm2

�
:

RE−−>HTC ¼ 0:0138;  RE−−>TC ¼ 0:2073:

Local Field Potential. To examine how TC cell activity might relate
to alpha oscillations, we first needed to determine how to model
the local field potential (LFP). The alpha oscillations observed
in vitro and in vivo persist in the presence of GABAA, GABAB,
NMDA, and AMPA receptor blockers (7); that is, the alpha os-
cillations are observed even when synaptic currents are blocked.
Furthermore, HTC cells fire at the alpha frequency even in the
presence of these blockers. The above two observations suggested
to us that the activity of HTC cells is primarily responsible for
alpha oscillations and led us to model the LFP as a function of
the membrane potential of HTC cells:

LFP ¼ 1
N

XN
k¼1

−VHTC:

In those simulations where we compared the effect on phasing
of an increase in the number of HTC cells, the right-hand side was
not divided by N.

Phase Calculations. We first band-passed the LFP in the alpha
frequency. There were asymmetries in the resulting signal; for
a phase window of a fixed length, the time it took the alpha rhythm
to traverse that phase window varied depending on the specific
phase window chosen. For example, in a given cycle the oscillation
might take 20 ms to go from 0 to 90° and 30 ms to go from 90 to
180°. As a result, by chance, there is a greater probability that a
given spike will occur between 90 and 180° than between 0 and
90°. To correct for this in our calculations of the phase of the
spiking activity relative to the alpha oscillation, we did the fol-
lowing. We first calculated the empirical cumulative distribution
function (CDF) of the phases of the LFP. The empirical CDF
was used to transform the actual phase distribution of the spiking
activity to correct for the asymmetry in the LFP (see ref. 11 for
details). All histograms of the spiking activity in relation to the
phase of alpha oscillations have undergone this transformation.
Significance tests (Rayleigh’s test) were performed on these
transformed distributions.

Transient Stimuli. For transient stimuli a rectangular current pulse
was delivered to TC cells. Under these conditions HTC cells did
not receive Gaussian noise, so that the phase of the alpha os-
cillation at a given time was the same across simulations, making
comparisons across conditions easier. Also, TC cells did not
receive a Poisson train of EPSPs, so that we could be certain that
the elicited spike was generated by the transient stimulus.
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Modeling Choices. Note that we have included only GABAA con-
ductances for the inhibition onto TC cells from the interneurons.
The experimental data suggest the GABAA conductance is of
most importance during awake alpha (3, 4). This is probably the
case for the inhibitory connections to TC and HTC cells as well.
However, the GABAB connections are known to play an impor-
tant role in oscillations that occur during sleep in the thalamic
circuit being modeled (12). Therefore, inputs from the RE cells to

the TC cells include GABAB as well as GABAA to constrain our
model as well as to allow for future extensions of our model.
There are two separate couplings from the thalamic inter-

neurons to the TC cells. This allows for half the interneurons to be
in single-spike mode and the other half to be in burst mode.
However, in almost all of the simulations the entire network is in
either single-spike mode or burst mode. All simulations were
robust with respect to different initial conditions.
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Fig. S1. Activation and inactivation curves of ITLT and ITHT channels. (A) Activation (m∞, gray trace, Upper) and inactivation (h∞, black trace, Upper) graphs of
the standard IT channel, and activation (m∞, gray trace, Lower) and inactivation (h∞, black trace, Lower) graphs of the ITHT channel. (B) Graph of the function
(hτ(V)) that determines the time constants of inactivation for the standard IT channel (Upper) and the ITHT channel (Lower).
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Fig. S2. Glutamergically (mGluR1)-induced alpha. (A) Power spectrum of LFP generated in the example shown in Fig. 1C. (B) Frequency of bursts produced by
HTC cells, and therefore frequency of the LFP oscillations, increases as the maximal IH conductance is increased (black dotted trace and black axes) or as the
maximal IKL conductance is decreased (gray trace and gray axes). ITHT channels play the same role in mediating HTBs as their role during mAChR-induced alpha
(Fig. 1E).
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Fig. S3. Cholinergically (mAChR)-induced alpha. Fraction of total spikes that occur at a particular phase of alpha for a single TC cell, during cholinergically
(mAChR)-induced alpha with interneurons in burst mode. The x axis has been extended to 720°. Black arrows (Upper) indicate the angle that corresponds to the
peak of the alpha oscillation; gray arrow indicates the angle that corresponds to the trough. Notice that the TC cell tends to fire near the trough of alpha.
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Fig. S4. TC cell activity during mGluR1-induced alpha. (Left) TC cell population spiking activity when RE cell activity but not interneuron activity is arrhythmic.
Spiking activity is phased (Rayleigh’s test, P = 6.7 × 10−12) with cells tending not to fire near the trough of alpha. (Right) TC cell population spiking activity when
interneuron activity but not RE cell activity is arrhythmic. The spiking activity is phased (Rayleigh’s test, P = 8.5 × 10−4), with cells tending not to fire near the
trough of alpha.
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Fig. S5. TC cell activity during low levels of mGluR1 agonists on a background of mAChR agonists. (Left) HTC cells are depolarized but quiescent when model
parameters aside from the potassium leak conductance are adjusted to reflect the actions of mAChR; the potassium leak conductance (0.0164 mS/cm2) is
greater than in our standard mAChR-induced alpha. (Right) With the addition of mGluR1, the leak conductance in the HTC cells is reduced (to 0.0069 mS/cm2)
and the cells begin to oscillate at the alpha frequency.

Table S1. Parameter values

Parameter and
condition

RE IKL
(mS/cm2)

RE Poisson
train EPSPs

TC Poisson
train EPSPs

TC Poisson
train IPSPs

HTC IKL
(mS/cm2)

HTC applied
current

Interneuron
mode

Percentage
of implicit

interneurons
spikes driving
TC cells, %

Percentage
of HTC spikes
driving RE
cells, %

mGluR1 0.005 Yes Yes Yes 0.0069 N(0,0.1) Single 1 1
MAChR 0.08 No Yes No 0.0069 N(0,0.1) Single (default);

if burst, stated
as such

100 100

Background mAChR,No
mGluR1 (Fig. S5, Left)

0.08 No Yes No 0.0164 N(0,0.1) Single 100 100

Background mAChR, Low
mGluR1 (Fig. 4B and
Fig. S5, Right)

0.072 Yes Yes Yes 0.0069 N(0,0.1) Single 90 90

Transient stimuli 0.08 No No No 0.0069 No Single 100 100

Note that the Poisson trains to the TC cells serve as the stimulus in all but the transient stimulus condition.
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