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Abstract

Alpha is one of the most prominent rhythms (7.5-12.5 Hz) detected in
electroencephalography (EEG) during wakeful relaxation with closed eyes. In response
to elevated ambient acetylcholine levels, a subclass of thalamic pacemaker cells generate
alpha. This rhythm is intrinsic to the cell and is robustly orchestrated by an interplay
of hyperpolarization activated cyclic nucleotide gated channels(HCN) and calcium-ion
channels. It has been shown that decreased expression of HCN channels is correlated to
Alzheimer’s Diseased (AD). In early stages of AD, alpha is known to be down-regulated
and lowered in coherence. We use this well characterized and quantified rhythm to
understand the changes in ion channel properties that lead to disruption of alpha as
seen in AD in a biophysically detailed network model of the thalamo-cortical circuit
that generates the alpha-rhythm. Our computational model allows us to explore the
causal links between alpha rhythms, HCN channels and amyloid-beta aggregation. The
most commonly used drugs(acetylcholinesterase inhibitors) in AD increase the duration
and level of acetylcholine and provide temporary symptomatic relief in some cases. Our
simulations show how increasing acetylcholine can provide rescue for a small range of
aberrant HCN expression. We hypothesize that reduced alpha rhythm frequency and
coherence is a result of down-regulated HCN expression, rather then compromised
cholinergic modulation(as is currently thought). The model predicts that lowering of the
alpha-rhythm can modify the network activity in the thalamo-cortical circuit and lead
to an increase in the inhibitory drive to the thalamus.

1 Introduction

It is widely agreed that rhythms play a vital role in coordinating and organizing
neuronal computations across various anatomical regions of the brain. Robust and
sustained rhythms, from a fraction of a hertz (delta) to several hundred hertz, have
been implicated in a range of functions, like attention, spatial navigation and memory
consolidation. The alpha-rhythm in particular has been associated with the cognitive
function of attention (selection and suppression) and semantic orientation |1]. Typically,
network mechanisms that invoke interplay between inhibitory and excitatory cells lead
to genesis of rhythms that are robust as well flexible in response to ongoing functional
requirements [2]. Gamma rhythms, for instance, are generated by synaptic interactions
between inhibitory neurons and excitatory pyramidal neurons, the so called pyramidal
interneuron gamma (PING) [3]. Alpha rhythms, on the other hand, are an intrinsic
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property of neurons in the thalamus; blocking chemical synaptic transmission does not
block alpha [4]. The alpha rhythm generated in the thalamus is the result of
synchronous bursting of neurons, each firing at a frequency within the alpha range.
They maintain stable phase relationships because of tight gap junction coupling.
Studies also suggest that cortical neurons too can generate alpha [5]. Alpha-rhythm
activity has also been observed in other brain regions like the the pre-frontal [6],
auditory [7] and somatosensory cortex [§]. In response to a discrimination task a
reduction in the amplitude of the peak at 10Hz is observed, along with the emergence of
a low amplitude peak at 20Hz [9]. This suggests that the coherence and frequency
changes in alpha are functionally relevant attributes.

Here we have used a biophysically detailed, conductance based network model of
neurons in the thalamus associated with alpha generation [10]. The model comprises of
a set of specialized thalamic cells, with a high threshold calcium current (HTC cells),
which fire at alpha frequency(10Hz) during high levels of ambient acetylcholine that
activate muscarinic acetylcholine receptor(mAchR) [4]. This is modeled as a lowered
potassium leak conductance ggieqk [10,11]. Each of these cells are connected via
gap junction to ensure synchronous activity. Even though the rhythm generation is
limited to the HT'C cells, they are not isolated from the rest of the thalamic network.
Our model utilizes a minimal network motif which follows physiologically realistic ratios
of inputs and outputs associated with the thalamus[l} including the HTC cells and their
synaptic interactions. This minimal network allows us to explore the effects of the HTC
cell firing on the rest of the network and the effect of the network firing on the HTC
cells. Tt consists of two HT'C cells connected to each other via a gap junction, which
provide an excitatory drive to the RE cells and TC cells. The TC cells are excitatory
and connect to all RE cells but not to each other or the HT'C cells. The RE cells are
GABAergic and inhibit every other cell in the network, including other RE cells
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Fig 1. Thalamocortical Network involved in Alpha generation. The RE cells
(white) mutually inhibit each other and inhibit all of the TC cells (green). The TC cells
send excitatory connections to all of the RE cells. There are no direct mutual
connections between TC cells. The HTC cells (blue) are solely responsible for
generating the alpha rhythm inhibit the TC cells via sending excitatory drive to the
inhibitory-interneurons (yellow). The ratio of the RE to TC cells is 1:1 and 20% of the
TC cells are HTC cells. The inhibitory interneurons are modeled implicitly, using a
synaptic delay. Gap-junctions between the HTC cells enable synchronized bursting.

A 4
A

The causal link of events that chronicle the activity of ionic currents pivotal to the
generation of alpha-activity, leading to initiation and termination of the rhythm in the
presence of acetylcholine is described in 2] High threshold calcium ion channels and a
nonspecific (for ions) hyperpolarization activated cyclic-nucleotide gated(HCN) channels
are the ionic components of HTC cells that govern alpha. The precision and robustness
of the rhythm is determined by the intrinsic dynamics of the gating variable of each
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current and the interplay between the currents mediated by membrane voltage and
calcium. After each burst of action potentials, the cell undergoes a brief
hyperpolarization, which activates the HCN channels. The slow positive inward current
due to opening of HCNs then steadily depolarizes the cell till the opening threshold of
the calcium channel is reached. This calcium channel is favored with an instantaneous
activating rate and a slow inactivating rate. They also have a narrow regime of voltage
~(-50mV to -10mV) over which they are open. The calcium current causes rapid
depolarization, triggering the fast sodium and potassium channels in the presence of
high levels of acetylcholine (gxieqr) and generate a series of action potentials. The
sluggish response of inactivating gate of the calcium channel to the ongoing action
potential causes a slow decay of this current. The decay eventually terminates the
action potential burst, allowing potassium channel to repolarize the membrane. As the
membrane repolarizes, the HCN channels start getting activated, setting up the system
for another burst. The depolarization time scale sets the time interval between bursts
and defines the alpha rhythm. The depolarization time scale is determined by the
magnitude of the Iy current, which in turn depends on the HCN channels’ conductance
and expression.

Neurological disorders like Alzheimer’s Disease (AD), other forms of dementia,
Parkinson’s disease etc. all have have characteristic signatures in EEG recordings [12].
AD patients in particular show diminished power and down-regulated frequency in the
alpha band [13] [14]. In the computational model described here and in slice studies [4],
the alpha frequency and power is keenly modulated by ambient concentration levels of
acetylcholine. A class of drugs that inhibit the breakdown of
acetylcholine(acetylcholinesterase inhibitors) and therefore augment its resting levels,
provide temporary symptomatic relief. These observations portend an interesting
correspondence of alpha, its disruption in AD and its downstream cognitive implications.

Individuals with a genetic risk of AD (APOE-4 carriers) have been shown to exhibit
reduced grid-cell-like representation and have difficulties in navigating in familiar
environments [15]. Grid cell representation in the entorhinal cortex has been shown to
have a gradient along the dorso-ventral axis. As we move along the axis, the grid cell
spacing increases. The grid cells themselves show a gradient in the bio-physical
properties of the HCN1 channels. The HCN1 channels’ expression and the time constant
of activation increases along the dorso-ventral axis, while the size and spacing of grid
cells increases in HCN1 knockout mice [16]. This association between grid cells and the
bio-physical properties of HCN1 channels, suggests a close association of HCN1 channels
with grid cells. We believe disrupted expression of HCN1 channels can be detrimental to
the cognitive ability of a subject to perform spatial navigation. This makes us believe
that the initial loss in the ability to perform spatial navigation in early stages OF AD
arises out aberrations in the expression of HCN1 channels in the entorihnal cortex.
Indeed lowered activity of HCN1 channels has been shown to increase the production of
Ap from amyloid precursor proteins(APP) [17]. This suggests decreased amount of
HCN channels could be an upstream event to A8 production in AD neurons. There
might lie an explanation of observed mild cognitive decline even before more prominent
markers associated with AD like A8 and Neurofibrillary Tangles(NFT) are seen [18].
We systematically explore the consequence of reduced HCN channel activity on the
alpha rhythm. Prompted by the therapeutic merit of acetylcholinesterase inhibitors and
the role of acetylcholine in initiating the alpha rhythm, we also investigate the rescue of
the alpha rhythm by increasing cholinergic modulation.
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Fig 2. Chronology of events underlying the alpha-rhythm The bursting
activity in alpha-rhythm is initiated by activation of Iy current (B) and terminated by
repolarization with the potassium channel. The inter-burst interval determines the 10
Hz rhythm. The left panels describe slow dynamics between the burst over a 100ms
time window. The right panels describe activity of ion channels during a burst over
10ms. (A) Slowly increasing membrane voltage (green) due to increase in Iy
conductance (during repolarization of the membrane by potassium channel). The total
current (black) increases with Iy B) Time trace of the Iy current (blue) as it slowly
activates during repolarization leading to the activation of the Iryr (red) close to the
90ms mark(dotted line) C) Gating variables of the I (rg) and Itgr(m?2h) currents.
The high-threshold calcium current gets activated around the 90ms mark(dotted line)
D) Zoomed in to the the first 10 ms after of activation I7g7. Burst of action potentials
are generated driven by membrane depolarization initiated by Iy and Ipgp in that
order. E) The high-threshold calcium current provides the depolarizing impetus that
sustains a burst of action potentials . F) The slow decay of the gating variables of the
Iy as the membrane potential rises above the activation voltage. The gating variables
of ITyr slowly deactivate at the high voltages during action potentials.

Materials and Methods

Details of ionic currents associated with the neuron, synapses and the
network connections in the thalamo-cortical circuit that generates the
alpha-rhythm.

The model consists of the canonical point-neuron network model of the
thalamo-cortical circuitry with the addition of a high-threshold T-type calcium current
in 20% of the TC cells (HTC)I] The HTC cells receive a white-noise input with zero
mean which was implemented using the Euler-Maruyama method. The TC and RE
neurons receive a poisson-distributed train of excitatory and inhibitory impulses. The
activation of the mAch receptors is phenomenologically modeled by lowering the
potassium leak conductance [19] We used an in-house Computational Neuroscience
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library written in C++ https://github.com/insilico-lib/insilico to do the simulations.
The time step of each simulation was taken to be 0.01ms.

Neurons

Thalamo-reticular(RE) neurons

dVv
C de =—Inog—Ix —Itpre — Ik — IL — IgaBa, — Iampa + Iapp

Potassium Current :

dn ne(V)—n
IKzgkn4(V—EK) _7( )

E_ Tn(V)
here:
_ ) (V)=
1= V) = ) V) "V = VI )
where:

o 0.032(15 - Vy) B
= eap(15 — V) /5.0) — 1 Bn = 0.5exp((10 — V) /40)

V.=Vgg+55, gk = 10mS/em? and Ex = —-100mV

Sodium Current :

The Moo, T, hoo and T, have equations identical to the n., and the 7,, of the
potassium gate n.

(V) — (V) —
Ine = gnam®h(V — Exg), 07 2 MecV)=m dh _ hoo(V) —h

dt - (V) dt (V)
where:
B 0.32(13 — V) 5 — 0.28(V; — 40)
= (13 — Vi) /4.0) — 1 ™= exp((Vy — 40)/5) — 1
ap, = 0.128exp((17 — V) /18) Br = 4

exp((40 — V;)/5) + 1
V:=Vgg+55, gna = 100mS/em?  and Eng =50mV

Calcium Current :

dm  me(V)—m dh  heo(V)—h

It = goam®h(V — Eg,), — = ———e—, — =
T = geam™h( ca)s g (V) dt h(V)

where:

1 0.33
T 1+ eap((V +80.0)/5.0) "~ 28.307+ exp((V + 48) /4) + exp(—(V + 407)/50)

d[Ca] . —IOITRE 0.00024 — [CCL]
dt 2% 96489 3.0

The first term must be positive, otherwise it is set to zero. go, = 2.3m.S/em? and the

reversal potential for calcium is calculated using the Nernst Equation
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Leak Current :

It =9.(V—FEL)+ gxr(V— Exkr)

where:

gr = 0.01mS/em?, Ep, = —73, g1, = 0.07 — 0.08 mS/em? and Exp, = —100mV

Applied Current :
The applied current is a train of poisson-distributed excitatory and inhibitory impulses.
The details of the same will be discussed later.

Thalamo-cortical(TC) neurons

dv
c dtTc =—Ino—Ix —Irpr —Ixr — I — Ig — IgaBa, — IlgaBags +1app

Potassium Current :
It is very similar to the RE cell potassium current except :
V:=Vgrg+25 and grx = 10mS/em?

Sodium Current :
It is very similar to the RE cell sodium current except :
Vi=Vge+25 and gna = 90mS/cm?

Low Threshold Calcium Current :

dh hoo(V) —h
Irrr = goam®h(V — Ec,), m=me(V), _ (V) R

dat (V)
where:
V) !
Moo =
exp(—(57+V4)/6.2) +1
508 211.4 + exp(V, +113.2)/5.0
1 ' 1+ exp(V, +84.0)/3.2
h == e
= 11 exp((V, +81.0)/4.0)" " 3.74
d[Ca] - _]-OITLT 0.00024 — [CCL]

dt 2 x 96489 5.0

The first term must be positive, otherwise it is set to zero.

gca = 2mS/em?, Vy =V + 2 and the reversal potential for calcium is calculated using
the Nernst Equation

Leak Current :

It =9.(V—FEL)+ gxr(V— Exkr)

where:

gr = 0.01mS/em?, Ep, = —70mV, gk = 0.0028mS/cm?, Exp, = —100mV
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170 H-Current :

Ig =gnlo+ax(l1—c—0))(V—Ey), % = 0.0001(1.0 — ¢ —0) — 0.001((1.0 — p)/0.01),

171

dp [Cal \*  de

P _ 0.0004(1.0 — p) — 0.004 — = B0 — acc

o 0.0004(1.0 — p) — 0.00 (0.0002) " Be0 — agc
172 where:

h 1—-nh 1

c = 007 c = 007 hoo: )

@ T 2 Ts 1+ exp((V+75)/5.5)
173

1
=20+ 000

exp((V + 71.5)/14.2) + exp(—(V + 89)/11.6)

174 gn = 0.1mS/em?, a =2 and B, = —43mV

175 Applied Current :

176 The applied current is a train of poisson-distributed excitatory and inhibitory impulses.
w7 The details of the same will be discussed later.

ws  High Threshold Thalamo-cortical( HTC) neurons

1o Potassium Current :

180 The potassium current follows the same dynamics as the potassium current in TC cells
181 Sodium Current :

182 The sodium current follows the same dynamics as the potassium current in TC cells

183 Low Threshold Calcium Current : The low threshold calcium current follows the same

14 dynamics as the potassium current in TC cells

185 High Threshold Calcium Current :

dh  hoo(V)—h
Irpr = goam®h(V — Eca), m =mu(V), _ (V) —h

E o Th(V)
186 where:
Mmoo (V) = :
N eap(—(40.1 +V,)/3.5) + 1
1
hoo = , =0.1483 —0.09398V) + 5.284 0.008855V
1+ exp((Vy +62.2)/5.5)" " exp( )+ 5-284eap( )
d[Ca] . _10(ITLT + ITHT) 0.00024 — [C’a]
at 2 x 96489 3.0
17 The first term must be positive, otherwise it is set to zero.
188 gca = 12mS/em? and E¢, is calculated using the Nernst-equation
189 Leak Current :
I =91 (V—FEL) +9rx(V — Exr)
190 where:
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gr, = 0.01mS/em?, E, = —70mV, g1 = 0.0069m.S/cm?, Exr, = —100mV

101 H-Current :

dr  r(V)—rs
IH :ghr(\ffE'h)7 E = (7-)(\/)

102 where:

1 1000
= = 2
T  eap(V +60)/55) "~ 20T cap((V +56.5)/14.2) + cxp(—(V + 74)/11.6)

103 gn = 0.40mS/cm?, and Ej, = —40mV

104 Calcium Activated Potassium Current :

dm  Mme —m
Iapp = ganpm?*(V — Ex), P 7—
Tm
105 where:
48[Ca)?
48[Ca)? + 0.09
1
Ty = ————————
48[Cal? + 0.09

Moo =

106 gamp = 15mS/em? and Ex = —100mV

197 Gap Junction Current :
108 Ic; = 9c7(Varc — Vpost), Where Vo is the membrane potential of the neuron that
199 is connected to this HTC neuron by a gap junction

gay = 0.003 — 0.005 mS/cm?

200 Applied Current :
201 The HTC neurons receive a Gaussian white noise with a mean around zero and standard
22 deviation of 0.1

s Synapses

204 AMPA:
d[R]
IA]VIPA = gAMpA[R](V — EAA[PA) W = 098[T](1 — [R]) — 0180[R]
205 [T] is the transmitter concentration. When a pre-synaptic cell experiences and action

206 potential the transmitter concentration is increased to 0.5mM and stays there for 0.3ms for
v HTC and 0.5ms for TC cells. [R] represents the fraction of the receptors that are open.

Eappa =0mV
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JAMPA - HTC = RE = 0.001, TC = RE =0.05
GABAy,:
d[R]

Icapa, = gcapa,[RI(V — Egapa,) T 20[T(1 — [R]) — 0.180[R]

[T] is the neuro-transmitter concentration. When a pre-synaptic cell sees an action
potential the transmitter concentration is increased to 0.5mM and stays there for 1.0ms for
HTC and 0.3ms for RE cells. [R] represents the fraction of the receptors that are open.

Ecapa, = —8mV, gcapa, : HTC = TC = 0.4 withadelay of 10ms
RE = HTC =0.0002, RE = TC =0.002, RE = RE = 0.02
GABAg:

IgaBAy = 9gcAaBAg <[GY£GI4100> (V—EgaBag)
%:] — 0.18[R] — 0.034[G] % — 0.09[T](1 — [R]) — 0.0012[R]

[T] is the neuro-transmitter concentration. When a pre-synaptic cell sees an action
potential the transmitter concentration is increased to 0.5mM and stays there for 0.3ms. [R]
represents the fraction of the receptors that are open. [G] is the concentration of the G
protein that gets activated upon agonization of the receptors.

Ecapag = —95mV, 9cABAg - RE = HTC =0.004, RE = TC = 0.004

Noise:

Igpsp = —gsexp(T(t) —t)(V —0)
Irpsp = —gsexp(T'(t) — t)(V +85)

where:

T(t) =min {Tl,TQ ...... 1, T, ... ‘t < T(t)}

The difference between the impulse times, T7,T5.....T}, is an exponentially distributed
random variable with a mean of 10ms for RE cells, which have g, = O.O2mS’/cm2 for
EPSPs and g5 = 0.015m.5/cm? for IPSPs. For TC neurons the mean is also 10ms for
EPSPs with g, = 1.0m.S/em?, but they are not given any IPSPs.

The HTC cells receive a gaussian distributed white noise through the stochastic
Euler-Maruyama integrator:

A%

— =~%I +Vdt x £(t)

where £(t) is drawn from a Gaussian distribution with mean 0 and variance 0.1
Entropy Measure
V; is the membrane voltage of the HTC neurons, where ¢ € {1, 2}

(V14 W)
2

LFP =

PLOS


https://doi.org/10.1101/335471
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/335471; this version posted July 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

231

232

233

234

235

236

237

238

239

240

241

242

243

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

Before performing the Fourier transformation, we do some basic processing over the
LFP trace. We take a simple moving average over a window of 10ms(we use an
observation frequency of 2.5kHz) and make it’s mean zero.

Sheioa LFP, L, LFP;

g j=1
LEP; 25 N
1 o ot
Flw)= — LFP'(t)e™" dt
@ =5 [ 1P
F(w)|?
o) — —JF@)

Jo 1P (w)Pduw

p(w) is the the probability distribution function which is used to calculate the
Shanon Entropy

entropy =~ [ pog(p(e))ds

Results

Effect of varying HCN expression on alpha:

Diminished expression of HCN channels has been reported in Alzheimer’s effected
neurons |17]. It has also been shown that lowered HCN expression can accelerate
amyloid-beta aggregation. HCN channels are crucial in initiating the alpha rhythm (see
Fig2 2). To investigate the disease pathology, we explore the effect of aberrational HCN
expression on the alpha-rhythm by modulating the conductance of the Iy current(gy).
Control value for the conductance set to around ~0.36mS/cm? in the model gives
robust periodic alpha at 10 Hz [10]. We quantify the periodicity using the entropy of
the FFT of the local field potential(LFP). Probability distribution function (pdf) for the
entropy measure is represented by normalized power spectrum of the LFP(see methods
section for details). Higher values of the entropy imply that the power in the signal is
distributed over various frequencies. A neatly periodic and coherent time series will
exhibit low entropy, as the power would be confined to only a few narrow frequency
regions. For example, see . (Supplementary information S1 Fig) shows the
relationship between this entropy and variance of peak frequency.

Increasing gy increases the frequency of HTC firing monotonically(-25% to +20%
change in gg) peak frequency in power spectra in blue). Beyond this regime of gy,
periodicity breaks down and alpha rhythm is lost. This is seen as increase in entropy in
both directions of control value of gy. Increased expression of Iy (higher value of gn)
makes the membrane more excitable so that small fluctuations are more likely to cross
threshold causing noisy firing. Decreased expression of Iy (gg) launches Iryr later.
These changes in gy have the effect of reducing the intrinsic bursting timescale of HTC
cells as described in the introduction and moving out of the alpha range. As a result the
HTC activity rate is seen to slow down until gg~0.27mS/cm?. At values of gy
<0.27mS/cm?, HTC cell membrane is just below firing threshold over longer periods of
time making the system again sensitive to noise. Background noise has longer periods of
opportunity to cause the crossing of firing threshold. Our calculations suggest a high
sensitivity of the alpha rhythm to the HCN expression and a narrow regime of HCN
expression over which periodic activity of HT'C cells is possible.
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Fig 3. Monotonic dependence of the peak frequency by varying HCN
expression. There is small range of gy values that will give rise to a
periodic bursting phenomenon.

(A) Intrinsic oscillation frequency (blue) of HTC cells show monotonic dependence on
conductance gy of HCN channel in the stable region. However Iy over expression leads
to over excitability in HTC cells and losing periodicity. Low levels of Iy expression
makes the system more sensitive to noise and loss of periodicity. There exists an
optimal regime of gy where bursting is regular. This is depicted as lower entropy (red)
for a range of gg. (B) Illustrative voltage traces of HTC cells from I(gp=0.36mS/cm?)
and 11(gn=0.47mS/cm?)

Limited rescue of the alpha-rhythm with acetylcholine

Ambient acetylcholine acts to increase global excitability of HT'C cells. This trigger,
along with the intrinsic properties of these cells, initiates alpha. In AD, reduced HCN
expression in HTCs leads to lower excitability and delays the activation of the burst
inducing calcium-current. The chain of events that determine alpha-rhythm time-scale
now take a longer time to complete. Here we investigate the extent to which increased
acetylcholine levels can counter the lowered excitability and reinstate alpha. In figure 4
four case studies of differential HCN expressions (Green: normal, Blue: Increased
expression, Black: reduced) and its implications on alpha rhythm are described. We
define 7,., as a measure of fractional change in cholinergic activity.

9Kleak-norm — YKleak-mod

x 100 (%) (Eq:1)

TNach =
9Kleak_norm

Where gxicak_norm is the potassium leak which corresponds to a 10Hz alpha rhythm
and gxieak-mod 1S the modified potassium leak. Increase in ambient acetylcholine levels
(Nach)lead to monotonic increase in alpha frequency over a limited range. As the system
of HTC cells continue to get more excitable with 74, they inadvertently also become to
susceptible to noise. Normal HCN expression maintains periodicity upto around 15% in
crease in 7,0, (green diamonds). HTC cells with reduced HCN expression of ~80%
(black diamonds, fig 4A) can tolerate increase up to 28% increase in 7)4cp, beyond which
there is a loss in periodicity. This is illustrated in Fig 4B bottom figure. The transition
for cells with lower HCN expression to normal alpha rhythm (rescue) happens at an
increased value of 1,0, = 20%. The loss in periodicity is quantified as an increase in
entropy, as defined earlier (filled diamonds). Changes in power distribution around the
alpha band with the healthy, pathological and rescue cases of the alpha-rhythm are
shown in[d] Our results suggest that rescue by acetylcholine is possible in a limited
range of reduced HCN levels. Further increase in excitability, with higher value 74.n
lead to enhanced sensitivity to noise. Figure 4C describes HTC rhythm and
corresponding entropy for HCN levels reduced to 45 %. For HCN levels as low as these,

PLOS

11/121]


https://doi.org/10.1101/335471
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/335471; this version posted July 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

203

294

295

296

297

298

299

300

301

302

303

304

we see that increases in acetylcholine cannot bring the HTC rhythm up to 10 Hz and
periodicity is restricted t0 9 Hz, beyond which the HTCs lose rhythmicity (see )
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Fig 4. Rescue of the alpha-rhythm to changing levels of basal [Ach] and
HCN channel expression.

(A)Increasing ambient acetylcholine levels (14.r) increases the peak frequency of the
rhythm (open circles, blue, green and black). When Iy expression is compromised (78%
black open circles) to mimic known observations in AD, peak frequencies remain lower
than control (100% g, open green) (II). The lowered coherence of alpha as a result of
lower gy can be rescued by increasing acetylcholine levels (78% gu expression needs
20% increase in acetylcholine(IIT). There appears to be a threshold of ambient
acetylcholine levels beyond which entropy(filled diamonds) increases dramatically,
suggesting loss in periodicity. The overall entropy also remains high for decreased gy.
(B)When Iy expression is compromised severely (50% green open circles) lowered
frequency of alpha is not rescued by increasing acetylcholine levels. 50% gy expression
can only achieve periodicity 9 Hz before complete breakdown of regular firing. This is
seen as a sudden rise in entropy (closed red diamonds).

(C)Power Spectra corresponding to I, IT and III from (A) and IV from (B).

Fig4. Rescue of the alpha-rhythm to changing levels of basal [Ach] and
HCN channel expression.

(A)Increasing ambient acetylcholine levels (74.1,) increases the peak frequency of the
rhythm (open circles, blue, green and black). When Iy expression is compromised (78%
black open circles) to mimic known observations in AD, peak frequencies remain lower
than control (100% g, open green) (II). The lowered coherence of alpha as a result of
lower gy can be rescued by increasing acetylcholine levels (78% gu expression needs
20% increase in acetylcholine(IIT). There appears to be a threshold of ambient
acetylcholine levels beyond which entropy(filled diamonds) increases dramatically,
suggesting loss in periodicity. The overall entropy also remains high for decreased gy.
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(B)When Iy expression is compromised severely (50% green open circles) lowered
frequency of alpha is not rescued by increasing acetylcholine levels. 50% gp expression
can only achieve periodicity 9 Hz before complete breakdown of regular firing. This is
seen as a sudden rise in entropy (closed red diamonds).

(C)Power Spectra corresponding to I, IT and III from (A) and IV from (B).

Lowering gy can lead to an enhanced GABA activity

Several studies have characterized compromised alpha in AD [20]. So far we have shown
how changes in acetylcholine levels and HCN channel can modulate alpha. Here we
investigate how AD related changes in alpha can influence network dynamics. During
alpha band activity, rest of the brain areas that are not corralled into the oscillations,
are suppressed [21]. This leads to the notion that alpha activity inhibits neuronal firing.
Using the computational model described above we analyze the effect of changing the
alpha frequency on the dynamics of the thalamocortical network. To mimic the AD
condition we diminish HCN expression. As expected, the frequency of HTC firing is seen
to decrease with lowered Iy conductance(gy) . Under these pathological conditions
with lowered alpha, the TC cells that were suppressed via GABAergic drive from the
rhythm generating HTCs are now released from inhibition In figure we show
increased TC firing as a result of lowered HT'C frequency. The reduced inhibition from
HTCs seems to have a downstream effect on RE cells. The RE cells which receive
enhanced excitatory drive from TC cells, transition to higher firing rates. The increased
response of RE cells to increased excitatory drive from the TC cells is shown in [f]B. This
happens despite the decreased drive from HTCs to the REs. HTC cells are 20% of the
total number TC cells(normal TC cells and HTC cells). The larger number of TC(4
times) overrules the synaptic interaction and creates a positive feedback loop. High RE
activity leads to increased inhibition on the HTC cells reducing their frequency further
The overall effect is that of increase in GABAergic activity. In support of this insight,
increased presence of neurotransmitter GABA has been reported in AD mice [22]. Our
model suggests that lowered alpha rhythm seen in AD can cause a cascade of changes in
thalamocortical network firing and may ultimately cause increased inhibition.
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Fig 5. Increase in inhibitory activity follows a reduction in the
HTC-frequency

A) Inverse relationship between HTC and TC firing. Lower drive from HTCs releases
the inhibitory drive (via interneurons) on the TC cells causing increase in activity. B)
Inverse relationship between HTC firing and RE firing. Increased activity of the TC
cells leads to enhanced RE activity.

PLOS

13/21]


https://doi.org/10.1101/335471
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/335471; this version posted July 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

Calcium current and its interaction with HCIN expression

Disrupted calcium homeostasis is been implicated in several studies in Alzheimer’s
affected neurons. Elevated levels of cytosolic calcium are associated with AD and linked
to dysregulation in the calcium signaling within the cell [23]. We simulate the pathology
by changing the high-threshold calcium conductance in the cell (crucial for alpha).
Interestingly, despite the crucial role of calcium in orchestrating the rhythm, individual
HTC cells fire in a small range around alpha in response to as much 50% to 150% of
normal high-threshold calcium conductance (gryr). This surprising readout is due to
the narrow frequency repertoire of the HTC cells. However our model suggests that
disruption in alpha caused by changes in calcium arises out of loss in periodicity. In
other words, HTC cells either fire around alpha or loose periodicity. In order to isolate
the effect of the calcium conductance on the alpha-rhythm, we change potassium leak to
strictly maintain the 10Hz frequency for the range of gy explored in the figure. As
calcium conductance is changed, HTC cells go through regimes of periodic and irregular
firing. This is shown as sudden transitions in entropy in [JA. Healthy cells
(gg=0.36mS/cm?, |§|A, green) appear robust and can tolerate as much as a 25% increase
in the calcium conductance before losing periodicity. On the other hand decreasing gy
values to simulate the pathological condition of lowered HCN expression shows lower
tolerance for changes in calcium conductance. This heightened sensitivity to calcium is
shown as narrower troughs in entropy (windows of regular firing) for pathologically
lower expression of HCN shown in orange and blue. [GJA also describes response to
increase HCN (red and purple). The overall effect follows the same trend of increased
tolerance to changes in calcium which corresponds with HCN expression. We summarize
this in [6B. The entire range from -50% to +50% change in calcium conductance is
shown. Lowered HCN expression corresponds with shrinking regimes of periodic firing [6]
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Fig 6. Lowered HCN makes Alpha more sensitive to small changes in the
calcium conductance

A) Systematically varying the calcium conductance in both directions leads to sudden
increases in the entropy describing incoherent firing of the HTC cells. These are regimes
of calcium conductance over which the HT'C cells show aperiodic activity. Coloured
lines show deviations from normal HCN expression levels. Lower HCN expression has
lowered tolerance for changes calcium. Higher HCN gives a broader range of calcium
conductance where we see periodic firing. B) Finer illustration of higher sensitivity of
pathological HCN expression to changes in calcium.

Discussion

Alzheimer’s disease(AD) is a multifaceted catastrophic disease that implicates multiple
brain areas, resulting in a range of debilitating symptoms, making it difficult to arrive
at a nodal cause. While precise molecular mechanisms that underlie the constellation of
deficits and the causal links between them are not completely clear, however
biochemical and electrophysiological markers have been observed. Several apparently
independent hypotheses have been proposed to delineate the root pathology and the
consequent pathogenesis.
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The most prominent of these is toxic effects of accumulation amyloid-beta plaques
and Tau fibrils, a characteristic feature of AD [24]. While amyloid-beta and tau-fibrils
disrupt a wide array of signaling pathways in the brain, that include cell death, we do
not yet have a clear understanding of the biochemistry that leads to their accumulation
and proliferation. It has been suggested that reduced HCN expression and
down-regulated HCN channel activity could be leading to increased amyloid-g
aggregation.

The calcium hypothesis of Alzheimer’s suggests that dysfunctional regulation of the
calcium signaling by modifying synaptic plasticity and other signaling cascades,
profoundly vitiates neural functions like memory formation and consolidation. However
its not known how small changes in the calcium signaling cause drastic changes in
behavior [23]. We demonstrate in this work how changes in the parameters that govern
calcium dynamics can lead to irregular activity in the thalamus[6] Reduced HCN
expression, associated with AD, can make the network more sensitive to deviations in
calcium signaling.

The cholinergic hypothesis proposes reduced release acetylcholine as the leading
cause of symptoms of AD. In support of this, the most prevalent drugs administered to
AD patients that provide temporary symptomatic relief are acetylcholinesterase(Ache)
inhibitors [2526]. EEG tools that are used to diagnose AD, report a reduction in power
and frequency of alpha compared to control subjects |27] [13]. This evidence suggests
compromised acetylcholine signaling in AD. Results described here quantify the
differential ways by which changes in ambient acetylcholine can modulate this rhythm.
However in light of the role of HCN expression in AD and the insights from the model,
we hypothesize that it is not aberrant acetylcholine signaling itself that is the cause of
AD symptoms.

Alpha is essentially orchestrated by action of ambient acetylcholine that depolarizes
the membrane and in turn gets HCN channels and calcium channels to generate the
characteristic 10 Hz burst. Reduced HCN expression and over-expression of beta
amyloid are key observations in AD cells [17]. We clearly demonstrate how reduction of
HCN channel expression can make the cell more susceptible to background noise with
minor deviations in the calcium current [6] In view of reduced power and coherence seen
in the alpha band of AD patients, our predictions connect changes in calcium to
aberrant HCN expression in AD. Using some of the known observations linked to AD
and a biophysically detailed computational model that generates alpha, we illuminate
the possible causal relationships between key markers associated with AD (Beta
Amyloid, HCN expression and Acetylcholine hypothesis)

Analysis of causal relationships between HCN expression,
alpha-rhythm and amyloid-beta aggregation

In AD transgenic mice cognitive decline is observed before amyloid-beta plaques are
visible. Drugs, like Sildenafil, which enhances HCN activation, temporarily restore
cognitive function without affecting the amyloid-beta load [28]. This suggests that
alternate bio-chemical pathologies, apart from beta-amyloid plaques, can explain the
early impairment of cognition. Alpha-rhythm disruption is reported in early stage
Alzheimer’s [13]), along with a loss in spatial cognitive abiltites. The hippocampal
theta-rhythm is known to play a crucial role in learning and spatial
navigation [29] [30] [31]. The theta rhythm has also been shown to have critical
dependence on HCN channels. |32] These investigations, taken together, point towards
the need to investigate the the possibility of an HCN channel pathology in early stage
Alzheimer’s.

We explore the space of all possible causal relationships between amyloid-beta(AS),
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HCN channel expression(H) and alpha-rhythms(a) to explore the various correlations
that have been reported in literature. We have established that lowering the HCN
channel expression reduces the alpha-rhythm frequency and coherence [3] The first box
in [7] lists all the possibilities, where it is not the case that the alpha-rhythm(a) is
effected by Iy current channels(H). Given the insights from our model (monotonic
relationship between HCN expression and alpha peak frequency , these relationships
are eliminated. In studies where the HCN channels were knocked out, Saito et al.
report increased amyloid-beta beta aggregation when compared to wild type (WT)
neurons |17]. They also show that using an HCN channel blocker(ZD7288) in WT also
leads to similar levels of amyloid-beta accumulation as the KO neurons. Postmortem
studies of AD patient brains have lower levels of HCN channels, when compared to
non-AD subjects [17]. Using these observations, the relationships described in the
second box, [7} can be eliminated. Revelations from our model combined with
experimental observations shrinks the list of relationships to merely three possible
causal links and is illustrated in the third box in[7} HCN channel expression effects
both the alpha rhythm and Amyloid-£ directly. However it is not not clear if there is a
directional direct link between amyloid-8 and the alpha rhythm.
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Fig 7. Potential causality between amyloid-beta plaques (A53), HCN
channels(gy) and the alpha-rhythm(«).

I)HCN expression directly effects the alpha-rhythm: elimination of the possibilities
where this is not the case.

IT): Appearance of beta-amyloid plaques and lowered expression of HCN channels are
strongly correlated and therefore not independent pathologies. It has been established
that HCN channels activity effects amyloid-beta: elimination of box II possibilities [17].
III) Three remaining possibilities in the causal relationships

Mechanisms for loss in coherence:

We characterize two distinct mechanisms that lead to loss in coherence and lower power
in alpha as observed in AD. First we describe coherence loss with reduced gy (3 gn <
0.26 mS/cm?).

Since rise in Iy dictates the inter-burst interval, lower gy increases the IST and
extends the the time spent by the membrane voltage close to the threshold of high
threshold calcium channels. This increases the probability of background noise to cross
the threshold causing a noisier alpha. Second, loss in coherence with increased
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acetylcholine is due to increased cell excitability. We demonstrate how excessive
cholinergic modulation in the thalamo-cortical network leads to a sudden loss of
coherence (Green Nach > 15%). Under these circumstances a random background
signal has a lower barrier to cross the threshold. This way the exact time of initiating
the burst underlying the alpha rhythm becomes unreliable. The same mechanism also
underlies the loss in coherence with increasing gy (3 gu>0.43mS/cm?). Under healthy
physiological conditions, the HCN expression lies within a sweet spot, in a regime where
it does not spend too much time near the calcium current threshold, and at the same
time has a substantial barrier to cross to reach the threshold. This allows for a robust
10 Hz burst to be precisely orchestrated, that is predominantly unaffected by noise.

Alpha-rhythm relation to overall firing rates and extracellular GABA:

A recent AD study reports abnormally high levels of the neurotransmitter GABA in the
extracellular space [22] implicating enhanced GABAergic drive in the pathology. In
support of this, temporary rescue of cognition in mice by reducing the inhibitory effect
of GABA is reported. [22] Our model illustrates clearly that higher GABA levels can be
a direct down stream effect of reduced HTC firing frequency and lower alpha rhythm
(See figure 5). Our model predicts that higher GABA levels, a downstream effect of a
slower alpha-frequency in AD may further result in a runaway affect of slowing down
activity and exacerbate pathology

The alpha-rhythm is often associated with a suppression of overall neuronal firing
rates. [21] A lower alpha then would imply release from this suppression and increase in
the overall firing rates. Our model provides an insight into the paradoxical effect of
release from inhibition and increase in GABA. Reduction in HCN expression, that
mimics AD pathology, corals other neurons in the network to enhanced activity and
changes the global firing rates. 5 Around half the neurons in the network are GABA
releasing RE cells. They show an increase in their activity, along with the glutamatergic
TC neurons. This shows how reduced alpha-frequency can lead to both increased
GABA levels and increased neural firing rates.

Conclusion

Using an alpha rhythm generating network model of the thalamus and its disruption in
AD, we have systematically elucidated the causal links between various known
pathologies associated with Alzheimer’s Disease. We hypothesize that HCN pathology
precedes alpha rhythm disruption and may underly early cognitive deficiency in the
disease. Our results illustrate limitations of therapeutic intervention of enhancing
acetylcholine and downstream effects of enhanced GABA activity. Mimicking increased
calcium flux as seen in AD results in global changes in network firing rate and loss of
coherence. When the HCN pathology is simulated, the AD network is overtly sensitive
to changes in calcium signaling. Changes in brain rhythm is an early pathological
signature in AD, this paradigm can contribute to our understanding of a nodal cause of
the disease.
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Fig 8. Standard deviation of the peak frequency increases with increase in
entropy of FFT

Illustration of the relationship between entropy of FFT with the standard deviation of
the peak frequency. The log of the standard deviation is plotted against the entropy.
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