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We study a Hodgkin-Huxley type 
neuron model describing the firing 
properties of an endogenously 
oscillating subthalamic neuron [1] 
incorporating a low-voltage 
activated (T-type) calcium current 
when the cell is affected by 
random alpha function inhibitory 
inputs (frequency, l). The 
postinhibitory rebound current 
(parameterized by its maximal 
conductance, GT) caused by the 
brief inputs can induce output 
spikes in response to two or more 
coincident arrivals or even a 
single strong enough inhibitory 
arrival [2]. Thus the output firing 
sequence becomes random, 
while the firing rate increases with 
l. For small GT, the coefficient of 
variation (CV) of the output spike 
sequence also increases with l, 
but when the rebound is strong, 
the CV exhibits an unexpected 
and prominent local maximum at 
a preferred input frequency. At the 
preferred frequency, the firing rate 
has a maximum slope. Weaker 
input amplitudes can increase the 
preferred frequency, but the cell's 
firing rate, at the preferred l is 
independent of the input strength. 
This phenomenon may be useful 
in characterizing and identifying 
cells [3] that receive complex 
pattern of inhibitory inputs like 
those in subthalamic nucleus with 
T-type calcium currents [4].
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RESONANCE OF CV DUE TO T-CURRENTSABSTRACT
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WHEN T-CURRENT IS ABSENT WHEN T-CURRENT IS PRESENT EFFECT OF INTRINSIC FREQUENCY

Basal ganglia are a collection 
of interconnected nuclei 
whose dysfunction leads to 
Parkinson's disease symtoms 
of rigidity, akinesia, and 
tremor.
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Subthalamic nucleus (STN) 
plays crucial role in indirect 
pathway and contributes to 
sustanined self-oscillatory 
mechanism.

The main goal of our work is 
to understand how STN 
neurons respond to varying 
levels of inhibitory inputs from 
GPe neurons.

STN neurons are also known 
to have low-threshold T-type 
calcium currents. We study 
the role of this current in STN 
neuronal response.

For the model neuron, we  use (1) 
Termal et al.'s [1] model of STN 
neuron that has sodium, 
potsassium, high-threshold 
calcium, low-threshold T-type 
calcium, and calcium dependent 
AHP current (2) Terman et al.'s 
model with the T-current replaced 
by that of Wang et al. [5], and (3) 
classical HH model with Wang et 
al.'s T-current. (1) and (2) produced 
similar results. (3) is a complex 
case because HH model oscillates 
with high frequency for small 
external currents.

A one-compartment neuron receives inhibitory 
alpha function conductance inputs timed at a 
homgoneous Poisson process (with rate  linh). 
Each alpha function conductace has a maximum 
conductance level of Ginh with equal rise and 
decay time constants of 1 ms. The input rate is a 
main paramter of our interest and varies from 1 Hz 
to a few hundred Hz. Synaptic current following a 
Poisson arrival at time t*:

In a typical simulation, interspike intervals are 
generated by integrating the equations for upto 
10,000 seconds using a time step of 5 ms.

T-current's maximum conductance 
level is varied to study its effect on 
the output response. The response 
of the neuron also depends on 
whether the underlying subthreshold 
dynmamics is oscillatory or not. So 
the intrinsic frequency of the 
subthreshold oscilaltions is another 
paramter of interest.

The Terman et al.'s model's equations, steady states and 
their time constatns are given below:

C
dV

dt
= -I L - I K - I Na - I Ca - I AHP

where

I L = G L (V - V L )

I K = G K n4(V - V K )

I Na = G Na m3
•(V )h(V - V Na)

I T = G T a3
•(V )b2

•(r )(V - VCa )

I Ca = G Ca s2
•(V )(V - VCa )

IAHP = G AHP (V - V K )
[Ca ]

[Ca ] + k1
,

[Ca ]¢ = e (-I Ca - I T - kCa [Ca ])

dX

dt
= f X

X•(V ) - X

t X (V )

 where X = n, h, r .

m•(V ) =
1

1 + e(V +30) / 2.0
,

h•(V ) =
1

1 + e(V +39) / 3.1
,

t h(V ) =
1

0. 75
[1 +

500

1 + e(V +57) / 3
],

t n(V ) =
1

0. 75
[1 +

100

1 + e(V +80) / 26
],

n•(V ) =
1

1 + e-(V +32) / 8
,

s•(V ) =
1

1 + e(V +39) / 2.0
,

a•(V ) =
1

1 + e(V +63) / 2.0
,

b•(r ) =
1

1 + e-(r -0.4) / 0.1
-

1

1 + e0.4 / 0.1
,

r •(V ) =
1

1 + e(V +67) / 2
,

t r (V ) =
1

0. 2
[40 +

17. 5

1 + e(V -68) / 2.2
].

V L = -60 mV , G L = 2. 25 nS mm2, V Na = 55 mV ,
G Na = 37. 5 nS /mm2, V K = -80 mV , G K = 45 nS /mm2,
G Ca = 0. 5 nS /mm2, V Ca = 140 mV , G T = 0. 5 nS /mm2,
G AHP = 9. 0 nS /mm2, V K = -80 mV , e = 3. 75 ¥ 10-5 ms -1,
k1 = 15. 0, kCa = 22. 5.

I inh = G inh
t - t*

t inh
e1-(t-t*)/t inh (V - E inh),

E inh = -70 mV .

I T (V , a, b, d) = G T a3 b(V - E Ca ),

da

dt
= (a•(V ) - a)/t a,

a•(V ) = 1. 0 /(1. 0 + e-(V +63.0) / 7.8 ),

t a(V ) =
1. 7 + e-(V +28.8) / 13.5

1. 0 + e-(V +63.0) / 7.8
.

db

dt
= a 1(V ) (1 - b - d) - b 1(V )b,

dd

dt
= b 2(V ) (1 - b - d) - a 2(V )b,

a 1(V ) = e-(V +160.3) / 17.8 ,

b 1(V ) = a 1(V )K (V ),

a 2(V ) =
1. 0

t 2(V )(1. 0 + K (V ))
,

b 2(V ) = a 2(V )K (V ),

K (V ) = [0. 25 + e(V +83.5) / 6.3 ]1/2 - 0. 5,

t 2(V ) =
240. 0

1. 0 + e(V +37.4) / 30.0
.

E Ca = 120 mV.

Wang et al.'s T-current [5] when substituted in Termal et al.'s 
model gave similar results. The modeled T-current, steady states 
and their time constants are as follows:

 0.1

 1

 10

 100

 1000

-100 -50  0  50  100  150
V (mV)

STN cell: Terman, Rubin, Yew, Wilson 2002

tn

th

tr

 0

 0.2

 0.4

 0.6

 0.8

 1

-100 -80 -60 -40 -20  0  20  40
V (mV)

STN cell: Terman, Rubin, Yew, Wilson 2002

m

h
n

a

r

s

•

•

•

•

•

•

-100

-50

 0

 50

-100  0  100  200  300
Iapp (pA/mm2)

V 
(m

V)

 48.2

 48.3

-5.6 -5.5

Bifurcation diagram of the model as a function of 
steady applied current:

Frequency as a function of applied current:
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Coefficient of variation of 
interspike intervals in 
response to a Poisson 
timed conductance 
deliveries with rate l at 
Ginh=10, and GT=0.

In the absence of any input, 
the neuron spontaneously 
spikes at 2.7 Hz. Inhibitory 
input delays or suppresses 
some spikes, and causes 
spike time jitter.

A Interspike interval 
probability densities at three 
input frequencies 
corresponding to (A). 

The density in the absence 
of input is a delta function at 
ISI=370 ms. For finite input 
frequency, the period of 
spiking increases because 
the phase response is 
similar to a Type-1 neuron. 
The width of the ISI 
distribution becomes 
broader.

B Coefficient of variation of 
interspike intervals of 
the STN model in the 
presence of T-current as 
the input inhibitory 
synaptic Poisson 
frequency is increased 
at Ginh=10.

The CV acquires a 
resonant peak at a 
specific input frequency. 
This frequency depends 
on the level of T-current.

C Interspike interval 
densities shown as the 
input frequency is 
progressively increased 
for a curve (GT=0.5) 
shown in (C).  

The ISI density 
distribution switches its 
mean value from the one 
correspondind to the 
unperturbed frequency to 
the one corresponding to 
the rebound burst 
frequency.
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Sample voltage time courses 
displaying longer ISIs induced by 
oncoming inhibition.

E

Phase resposne curves obtained 
by using short steps of current 
resemble those of Type-1 neurons

F

Spike times vs. ISIs for the three ISI 
histograms shown in (B). ISIs shorter 
than intrinsic period are also 
possible due to inhibition.

G

A sample time course that captured 
an ISI shorter than the intrinsic 
period (between spikes s3 and s4).

The spike preceding the short ISI 
received an inhibitory synapse 
during its down stroke immediately 
after the spike peak. This has 
prevented a complete calcium 
accumulation and thus leading to 
further reduction in calcium 
concentration due to oncoming 
inhibition. The AHP conductance 
becomes weaker and weaker 
leading to a quicker spike onset.

H

The first few spikes shown in H are 
replotted showing the spike widths. 
The spike down stroke of s3 offset 
by inhibition is clearly seen.
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STN responds to a step of 
negative applied current with a 
Postinhibitory rebound burst of 
spikes.

Spike times vs. ISIs in the
rebound burst corresponding to
(K).

ISI recovery among the spikes
after the rebound burst period.

Example time courses showing 
STN response in the prsence of 
T-current as the frequency of  
inhibition of increased.

Magnification of the highlighted 
region of the time course in (N). 
Short intervals are preceded 
and followed by longer 
intervals.

Some spike times similar to (O) 
are collected at l=70 Hz.

Spike times vs. ISIs and ISIn 
vs. ISIn+1 plots for three driving 
frequencies. Notice the 
transition of the ISI distribution  
to lower values.

M
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Mean ISIs vs. driving frequency in 
the absence of T-current (red curve). 
The outer envelope (blue) 
represents standard deviations.

Standard deviation vs. ISI 
mean for (R).

Plot similar to 
(R) in the 
presence of T-
current.

Plot similar to 
(S) in the 
presence of T-
current.

Effect of Ginh:Effect of level of oscillating frequency

In the absence of T-current:
CV increases with oscillating 
frequency at any given driving 
frequency. Since the model shows 
Type-1 like PRC, higher input rate 
would allow more inhibitory arrivals 
to be effective in causing spike time 
deviations, thus leading to larger CV.

In the presence of T-currents, 
however, CV is sensitive to internal 
oscillatory frequency. If the 
oscillating frequency is substantially 
different from the rebound burst 
frequency, then CV is a sensitive 
function. At higher frequencies, the 
effect is minimal.

Effect of level of inhibition on the CV. 
At stronger Ginh, the rebound due to 
is stronger, and hence the CV 
increases to its maximum at lower 
driving frequencies.

Output firing rate corresponding to 
the curves shown in (X).

The data in (X) and (Y) are replotted 
to see the relation between output 
firing rate and the CV. The maximum 
CV occurs at the same output 
frequency.
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5. We used a Hodgin-
Huxley model with an 
added T-current. Since 
the HH model's gating 
time constants  are 
much faster than the 
STN neuron's, the 
rebound that is elicited 
with comparable 
frequencies would not 
be able to modulate the 
CV in the manner 
described here. 
However, by using a 
mechanism that would 
make the HH model 
oscillate slower, we 
predict that similar 
results could be 

1. A resonance of coefficient of variation is 
observed as a function of inhibitory 
Poisson input frequency. We used a self 
oscillatory subthalamic neuron model with 
a low-threshold T-type calcium current. 
For steps of inhibitory applied currents, 
the model produces rebound bursts of 
finite duration. The frequency within the 
burst is higher than the self oscillating 
frequency. In the presence of pure 
inhibitory driving, the CV of the resultant 
output interspike intervals goes through a 
local maximum as the input frequency is 
increased. This is realized when the ISI 
distribution shifts its mean value from 
around the intrinsic oscillation period to 
the one corresponding to the rebound 
burst period in a continuous manner. This 
transition between the states is mediated 
by maximization of the variability. 
 

3. The phenomenon 
of resonance is not 
specific to the model 
studied. We 
replaced the Wang 
et al.'s T-current 
dynamics (that 
seeks to combine 
sag current 
dynamics with a T-
current dynamics) 
with Wang et al.'s T-
current used for 
thalamic neurons. 
Similar resonance 
properties of CV of 
the ISIs were 
obtained as a 
function of inhibitory 
frequency.

2.Shorter ISIs are 
cuased when sudden 
truncation of a spike 
down stroke by strong 
inhibitory arrival leads 
to a decrease in AHP 
current, and thus 
shortening the next 
ISI. Longer ISIs are 
cuased by the intrinsic 
response properties 
of the neuron that 
shows a phase 
response curve 
similar to a Type-1 
model. The ISI peak 
at short intervals 
corresponds to the 
ISIs of the rebound 
bursts.

4. We used strong 
inhibitory synaptic 
inputs. We predict 
that weaker inputs 
at higher rates 
could also lead to 
such rebound 
induced CV 
resonance 
phenomena 
because at higher 
rates, the 
probability of more 
number of arrivals 
falling in a specific 
window is high. 
Such crowding of 
inputs enhance 
the rebound 
dynamics.


