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Golomb, David, Ehud Ahissar, and David Kleinfeld. Coding of
stimulus frequency by latency in thalamic networks through the
interplay of GABAg-mediated feedback and stimulus shape. J Neu-
rophysiol 95: 1735-1750, 2006. First published November 2, 2005;
doi:10.1152/jn.00734.2005. A temporal sensory code occurs in pos-
terior medial (POm) thalamus of the rat vibrissa system, where the
latency for the spike rate to peak is observed to increase with
increasing frequency of stimulation between 2 and 11 Hz. In contrast,
the latency of the spike rate in the ventroposterior medial (VPm)
thalamus is constant in this frequency range. We consider the hypoth-
esis that two factors are essential for latency coding in the POm. The
first is GABAg-mediated feedback inhibition from the reticular tha-
lamic (Rt) nucleus, which provides delayed and prolonged input to
thalamic structures. The second is sensory input that leads to an
accelerating spike rate in brain stem nuclei. Essential aspects of the
experimental observations are replicated by the analytical solution of
a rate-based model with a minimal architecture that includes only the
POm and Rt nuclei, i.e., an increase in stimulus frequency will
increase the level of inhibitory output from Rt thalamus and lead to a
longer latency in the activation of POm thalamus. This architecture,
however, admits period-doubling at high levels of GABA;-mediated
conductance. A full architecture that incorporates the VPm nucleus
suppresses period-doubling. A clear match between the experimen-
tally measured spike rates and the numerically calculated rates for the
full model occurs when VPm thalamus receives stronger brain stem
input and weaker GABAg-mediated inhibition than POm thalamus.
Our analysis leads to the prediction that the latency code will disap-
pear if GABAz-mediated transmission is blocked in POm thalamus or
if the onset of sensory input is too abrupt. We suggest that GABA-
mediated inhibition is a substrate of temporal coding in normal brain
function.

INTRODUCTION

Substantial anatomical and physiological evidence indicates
that visual (Guillery and Sherman 2002b), auditory (Suga et al.
1997; Zhang and Suga 1997), and tactual (Castro-Alamancos
2002b; Diamond et al. 1992; Nicolelis and Chapin 1994,
Richardson 1973; Temereanca and Simons 2004) thalamic
nuclei do not act as a relay of sensory input but rather process
sensory information (Guillery and Sherman 2002a). In the
rodent vibrissa somatosensory system, input from brain stem
nuclei is transformed by three interacting thalamic nuclei (Fig.
1A); the posterior medial (POm) thalamic nucleus, the ventro-
posterior medial (VPm) thalamic nucleus, and the reticular (Rt)
thalamic nucleus (for a review of anatomy, see Deschenes et al.
1998; Diamond 1995; Kleinfeld et al. 1999). The POm and

VPm nuclei receive afferent input primarily from trigeminal
nucleus principalis (Pr5) and spinal nucleus interpolaris (Sp5I)
(Veinante et al. 2000) and project reciprocally to the same area
of the Rt nucleus (Crabtree and Isaac 2002; Crabtree et al.
1998). The Rt nucleus, in turn, provides feedback inhibition to
the thalamocortical neurons in both POm and VPm nuclei via
fast GABA - and slow GABAg-mediated synaptic currents
(Von Krosigk et al. 1993). The possible mixing of signals
between POm and VPm nuclei by Rt neurons forces consid-
eration of the full POm-Rt-VPm circuit as a means to delineate
the thalamic dynamics.

Despite the apparent symmetry of the organization of the
VPm and POm thalamic pathways (Fig. 1A), recent experi-
ments demonstrated a critical difference in the steady-state
dynamics of the two nuclei in response to passive rhythmic
movement of the vibrissae (Ahissar et al. 2000, 2001; Sosnik et
al. 2001). The time course of the motion of the vibrissae during
whisking, albeit not the mechanics (Szwed et al. 2003), was
approximated by the application of periodic air puffs to one or
two rows of vibrissae. The latency and rate of spiking for brain
stem units were observed to be independent of the stimulus
frequency for frequencies between 2 and 11 Hz (Ahissar et al.
2000; Deschenes et al. 2003; Jones et al. 2004; Sosnik et al.
2001), which incorporates the range of natural exploratory
whisking (Berg and Kleinfeld 2003; Welker 1964). While the
response latency of units recorded in VPm thalamus was also
nearly independent of stimulus frequency (Ahissar et al. 2000;
Hartings and Simons 1998; Hartings et al. 2003; Sosnik et al.
2001), the response latency of units recorded from the POm
thalamus increased considerably with frequency for stimuli
with a 50-ms, albeit not a 20-ms rise time (2000, Ahissar et al.
2001; Sosnik et al. 2001). Thus POm but not VPm thalamus
can code stimulus frequency in terms of latency. In addition,
there is a clear coding of stimulus frequency in the rate of VPM
neurons.

We consider the hypothesis that the essential determinants of
the latency coding observed in POm thalamus depend on both
features of the internal circuitry, i.e., the strong facilitation as
well as delayed and prolonged response of GABAg-mediated
synaptic transmission (Kim et al. 1997), and features of the
external stimulus, i.e., the gradually increasing spike rate of the
brain stem input to thalamic nuclei. Our challenge is to address
this hypothesis in terms of a neural-based model and account
for the differences in the response of neurons in POm versus
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FIG. 1. A: schematic of the known architecture of the trigeminal through

thalamic vibrissa somatosensory system together with the steady-state, popu-
lation-averaged responses in the brain stem PrV and spinal nucleus interpolaris
(Sp5I) nuclei and thalamic ventroposterior medial (VPm) and posterior medial
(POm) nuclei in urethane anesthetized animals to a 50-ms whisker stimulation
(data from Sosnik et al. 2001). B: architecture of the reduced POm-reticular
thalamic (Rt) model. C: architecture of the reduced POm-Rt-VPm model,
which lacks feedback from Rt to VPm thalamus. D: architecture of the full
POm-Rt-VPm model.

VPm thalamus to periodic stimulation. We ask: why does the
latency in the response of POm neurons to prolonged stimuli
increase substantially with frequency during steady state con-
ditions? Why is there a distinct difference in latency coding for
POm versus VPm thalamus? And why is there no latency
coding for brief stimuli? A distinctive feature of our approach
is the use of reduced models that are amenable to analytical
treatment as a means to gain intuition into the role of synaptic
versus external inputs as well to gain insight into the stability
and sensitivity of solutions of the model.

MODEL
Architecture of the POm-Rt-VPm circuit

The architecture of the model includes the three thalamic
nuclei: POm, VPm, and Rt. The Rt nucleus receives fast
excitatory input from both POm and VPm nuclei. In turn, the
POm and VPm nuclei receive inhibitory feedback from Rt
thalamus as a fast GABA,- and delayed and prolonged
GABAg-mediated current (Fig. 1A). As a means to obtain
insight into the neuronal dynamics and to develop a set of
robust predictions, we examine a succession of models of
increasing complexity. We begin with a reduced but analyti-
cally tractable circuit comprising only the POm and the Rt
nuclei (Fig. 1B). Then, we investigate the effects of feedfor-
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ward input from the VPm to the Rt (Fig. 1C). Finally, we study
the full thalamic architecture that further includes feedback
inhibition from the Rt to the VPm nucleus (Fig. 1D).

We note that the difference in latency coding between the
VPm and POm thalamus is also reflected by neurons in cortical
layers that receive axonal projection from these nuclei, i.e.,
layers IV and Va, respectively (Ahissar et al. 2000, 2001;
Ahrens et al. 2002). We focus on feedback dynamics at the
level of the thalamus. We test if GABAg-mediated currents
and the brain stem stimulus shape are sufficient to explain the
observed differences in latency.

Measured spike rates

The measured peristimulus time histograms (PSTHs) in
brain stem nuclei Pr5 and SpVI and in the thalamic nuclei VPm
and POm, based on population-average data from all the
recorded multiunits (Ahissar et al. 2000, 2001; Sosnik et al.
2001), show different steady-state responses to periodic air-
puff stimuli, each 50 ms in duration, delivered at frequencies of
Jfaim = 2,5, 8, and 11 Hz (Fig. 1A4). The population-averaged
temporal responses for both the Pr5 and the SpSI nuclei of the
brain stem may be described as a dual-sloped ramp in which a
brief, rapidly rising phase is followed by a prolonged, slowly
rising phase. The neuronal activity then gradually decays after
the activity reaches its maximum value. In contrast to the
prompt response in brain stem, the activity of units in POm
thalamus are delayed and then rise to their maximal value.
Critically, the response rises more gradually to its peak value
as the stimulus frequency, f,;,,, is increased (cf. 2- and 11-Hz
data in Fig. 1A), so that the rise time is, very roughly, inversely
proportional to f;,, whereas the maximal activity decreases
with f;,. In contrast to the case for POm thalamus, the activity
of units in VPm thalamus begins with shorter delay and then
rises rapidly to a peak. The rise time is almost independent of
Juim»> Dut the maximal activity decreases with f;.

Rate model

Our technical approach makes use of rate equations (Hop-
field 1982; Wilson and Cowan 1973), where the instantaneous
spike rate of a population of neurons is expressed in terms of
the presynaptic activation for each synaptic current (Ermen-
trout 1994; Kang et al. 2003; Rinzel and Frankel 1992; Shriki
et al. 2003). The activation parameters are denoted by sub-
scripted u/(f), where the subscript i is used to denote the
presynaptic neuronal population. For inhibitory conductances,
a second subscript, A or B, denotes whether the synapse is
mediated by GABA, or by GABAy, respectively. Thus as
examples, upo, () describes activation of the excitatory current
that originated from POm neurons and ug, g(#) describes acti-
vation of the slow inhibitory current that originates from the Rt
nucleus. We further note the aggregate measure of the strength
of the synaptic connection of the projection from nucleus j to
nucleus i by the synaptic conductance g;;. For example, gpom,
rtB denotes the GABAg-mediated input from Rt to POm
thalamus. The activation parameters u,(f), multiplied by the
synaptic conductances g;.;, determine the total synaptic current
to the postsynaptic cell, €.g., gpomripUrp(f) for GABAg-
mediated input to POm neurons from Rt thalamus.
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NONLINEAR, DELAY DIFFERENTIAL EQUATIONS THAT DEFINE THE
DYNAMICS. The observable quantities in a network are the
instantaneous spike rates for each population of neurons. This
rate is denoted by M; for nucleus i, e.g., Mpg,, for the POm
nucleus. Without intrinsic adaptation, the presynaptic spiking
rate M, is approximated by the instantaneous input-output
relation, or f-I curve, M(t) = [I(f)],, and is taken to be the
rectification (linear-threshold) function, that is

x for

[x]: :{ 0 for

The total current /(¢) is the sum of the synaptic currents and
the brain stem input, i.e., Ipg,(f) and Iy,p,,(#) for the POm and
VPm nuclei, respectively, relative to the threshold for spiking,

e.g., Opo,, for neurons in POm thalamus. Thus the instanta-
neous spiking rates of the three thalamic nuclei are

x=0

x<0 0

Mypn() = [lvpm(?) = gvemmealiria(®) = gvemmrepltris(®) = Oypm]: (1 — aypu(?))
2)

Mipon(®) = [lpon(t) = gromprealiria() = gromrepltris(®) = Opom]+ (1 — apon(?))
(3)

My (1) = [grevemitvem(?) + grepomitpom(t) — Ors )

The POm and the VPm nuclei, but not the Rt nucleus, further
possess multiplicative adaptation processes (Hartings and Si-
mons 2000) defined through the dynamics of the variables
aypm and apg,, (see following text). All the variables and
parameters, except for time, are normalized and are unit-less in
our formulation (Ermentrout 1994; Kang et al. 2003; Shriki et
al. 2003). Equations 2—4, with nonnegative values of the
conductances, correspond to the architecture of Fig. 1D.

The dynamics for glutamatergic fast excitatory synapses and
GABA ,-mediated inhibitory synapses, but not GABAg-medi-
ated inhibitory synapses, are defined by pairs of delay differ-
ential equations

o d’;’:’ ) )+ M- 1) ©)
6 0 = ) + 500 ®)
and
0 0+ M= 1) @)
00 )+ ) ®

where 75, Tg, and f5 are the synaptic rise, decay, and delay
times, respectively, of the excitatory synapses, T, T, and £,
are the synaptic rise, decay, and delay times, respectively, of
the GABA ,-mediated synapses, the variable x; is an auxiliary
variable, and the subscript i is POm thalamus or VPm thala-
mus. The synaptic delays depend only on the synaptic pheno-
type in our architecture.

Inhibitory synapses mediated by GABAg are nonlinear and
facilitating. In practice, they have a delay of ~30-40 ms and
respond much more strongly to a prolonged burst of spikes
than to a brief burst (Golomb et al. 1996; Kim et al. 1997). We
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use a version of a nonlinear model for GABAgz-mediated
synapses (Golomb et al. 1996)

_ dogp(®) _

T dr - 7le(l) + MR(,B(Z - tB) @
dutys(t :
TB uRTB() = _uRLB(t) + xf{‘.B(t) (10)

where Ty, T, and 75 are the synaptic rise, decay, and delay
times, respectively, of the GABAg-mediated synapses. The
quadratic nonlinearity in the first term in the right-hand side of
Eq. 10 is responsible for the facilitating nature of the synapse.

ADAPTATION. We incorporate an idealization of cellular adap-
tation in the rate equations for the VPm and POm thalamic
nuclei with an adaptation time scale that is much slower than
the spiking time scale. A thalamic neuron fires a small number
of spikes in response to a single stimulus in the relay mode
(Minnery and Simons 2003; Sosnik et al. 2001). In particular,
cells in POm thalamus rarely fire more than one spike in
response to a single stimulus (Sosnik et al. 2001). We therefore
model adaptation as a process of inactivation and slow recov-
ery of the “neuronal pool” that is capable of spiking (Eggert
and van Hemmen 2000, 2001). Such a process can be described
as a multiplicative dynamical process with two time scales, one
of activation as a result of neuronal activity and one of
inactivation when neurons are silent. The equations for the
adaptation variables a; (Egs. 2 and 3) and the auxiliary vari-
ables b, identified with the activation dynamics, are

= kb,iMi[l = b(n] - L@ (1)

Th,i

db(2)

40 b1~ a) - 4 (12)

a,i

We assume that POm thalamus has stronger adaptation than
VPm thalamus; this allows us to model the fast decay of POm
activity at low frequencies in comparison to the more sustained
activity of VPM neurons (Fig. 1A). The adaptation in the VPm
neurons rises faster than that in POm neurons as a result of the
higher spiking rate in the former nucleus. The activity in the Rt
nucleus is more prolonged than the activity in thalamic relay
nuclei (Hartings and Simons 2000), and therefore we do not
introduce adaptation for the Rt nucleus.

STIMULUS SHAPE. The input from the brain stem nuclei is
considered as an external variable that monotonically tracks the
stimulus. We do not discriminate between inputs from the Pr5
and SP5I nuclei as the average responses of neurons to air-puff
stimuli are very similar in the two areas (Ahissar et al. 2000).
In both dorsal thalamic nuclei, the input from the brain stem
begins after a short delay that represents the onset of the
stimulus and the time that the stimulus drives the thalamic
nuclei. We model the “double ramp” shape of the brain stem
input to VPm thalamus, Iyp,,, as a piecewise linear function.
The brain stem input to POm thalamus is proportional to the
brain stem input to the VPm, and it is delayed to allow larger
latency in POm even for low stimulus frequencies

lpom(t) = atlypy(t — IPOm,de]ay) 13)

The parameters of the brain stem stimuli to the two thalamic
nuclei are given in APPENDIX A.
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PARAMETERS. We use the following parameters throughout the
analysis unless stated otherwise: thresholds: 6yp, = Opom =
Ok, = 0; excitatory synapses: 7 = 1 ms, 7 = 2 ms, t5 = 0
(Golomb and Amitai 1997); GABA, synapses: 7, = 1 ms,
T, = 10 ms, 1, = 3 ms; GABAg synapses: 75 = 40 ms, 75 = 150
ms, tg = 35 ms (Golomb et al. 1996; Kim et al. 1997); synaptic
conductances: gypmrea = 0.3, &vpmres = 2> &romrea — 0-16,
gpomriB = 33 &ruvem = 1.2, gripom = 1i and adapta-
tion: k,pom = 0.33 ms™ ', kyypm = 0.1 ms™ ', 7, yp, = 10 ms;
Typom = 30 mS, ky,pom = kjypm = 0.05 ms ', and T\ VPm =
T,pom = 100 ms.

a.

Derived quantities

SPIKE NUMBER. The function Mpq,,(f) (Eg. 3) is proportional
to the instantaneous spiking rate of POm neurons. A measure
that is of further utility in our analysis is the total number of
spikes that are fired during a time interval by these neurons.

This number is proportional to N{ike*, where

i Tinteg
Niow = f dt Mypon(t) 4)
0

where T, is the temporal integration window and N3IXes has
units of time because Mpq,,,(f) is dimensionless in our formu-
lation (Eg. 3). We choose the value T}, = 90 ms to be smaller
than the period of the highest stimulus frequency considered,
ie., (11 Hz)_1 = 91 ms, to enable a fair comparison between
the total responses to different frequencies. A similar equation

is used for the spiking rate of VPm neurons

Tinteg
Ny = f dt Myp,(1) 5
0

LATENCY. The onset latency, #,, is computed in our analytical
treatment. We further define the time between the start of the
stimulus and the time that the instantaneous spiking rate, M;(?),
reaches half of its maximal value at the midpoint latency, as
tos. This second definition is consistent with that used to
quantify the latency in the experimental observations (Ahissar
et al. 2000, 2001; Sosnik et al. 2001).

Computation

The delay differential equations and the auxiliary equations
that define the model (Egs. /—12) are solved numerically by the
Euler method with a time step of Az = 0.02 ms.

RESULTS
Qualitative expectations

GABAg-mediated inhibition has slow kinetics and facilitates
with increased presynaptic spiking. Under steady-state condi-
tions, the slow kinetics cause a rhythmic input to lead to a
delayed inhibition of thalamic cells. For a rhythmic stimulus,
the extent of the delay will depend on the rate of rise of the
brain stem input and the frequency of the stimulus. If the rise
is gradual, facilitation will transform an increasing rate of
stimulus-induced spiking into an increased latency in the re-
sponse of thalamic cells because higher spike-rates lead to
stronger inhibition. The model enables us to assess the conse-
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quences and stability of this mechanism and the specific role of
the three thalamic nuclei.

Our first goal is to gain qualitative insight into the role of
GABAg-mediated inhibition and the stimulus shape in the
production of a frequency-dependent latency. To achieve this
goal, we simplify the rate model to obtained a reduced, ana-
lytically solvable model. The analysis is extended to circuits
with increasing level of complexity. Finally, the outcome of the
reduced model is compared with simulations of the full rate
model to demonstrate that the approximations used for the
reduction do not disrupt the basic dynamical mechanisms. The
simulations further allow us to make a detailed comparison
between experimental and model results as well as to make
predictions for the outcome of future experimental investiga-
tions.

Reduced model of the thalamic circuit

A simplified model is obtained through the inclusion of four
assumptions. First, the GABAg-mediated decay-time 7 is
larger than all the other synaptic time constants in the system.
Therefore with the exception of the GABAg-mediated delay
(which plays a special role in the dynamics) and decay, all of
the synaptic processes are considered to be instantaneous. This
allows us to focus on the special role of GABAgz-mediated
currents in shaping the thalamic dynamics. In particular, we set
pOmdelay — O In Egq. 13 because this time constant is much
smaller than the GABAjg decay time so that Ipg,(f) =
alyp,(1). Further, since the time constants of the fast excitatory
synapses (7g, Tg, and fg) are set to zero (Egs. 5 and 6), we
replace uyp, by Myp, and replace upg, by Mpgo,, in the
expressions for the firing rate (Egs. 2—4).

The second assumption concerns adaptation. Because adap-
tation does not affect the thalamic response at the onset of
activity, we simply ignore it and take dpp,, = ayp, = 0.

The third set of assumptions concern the fast conductances.
GABA ,-mediated inhibition is ignored because this inhibition
has fast decay rate, which is now taken to be instantaneous.
Therefore inhibition generated in response to a given stimulus
decays before the next stimulus arrives and does not participate
in generating the latency. The final assumption is that, for
simplicity, the thresholds 6; are set to O for all nuclei i.

Based on the first assumption, the GABAg-mediated con-
ductance in the Rt nucleus is simplified by taking the onset to
be instantaneous, i.e., 73 = 0 (Eg. 9). This allows us to
substitute xg,(f) by Mg, g(t — 1) (Egs. 8 and 9). This yields

dug,p(t)

Tp T4 = —ugp(t) + Myt — 1)

= —ugp(1) + [gropom Upom(t = 15) + grevem Uvem(l — 1)1
= —uir,p(?) + {grerom [lrom(t = ) — grommen Uren(? — )]+
* &revem [lypm(t — 1) — 8VPmiRtB uRl,B([ - IB)L}Z 16)

Eq. 16 defines the minimal model, from which we can deduce
the spiking rates of the POm, VPm, and Rt.

To realize analytical treatment, we treat only cases where
Tyim = Ufim >2tg. Furthermore, because the rise time of the
brain stem stimulus-evoked response is ~50 ms (Fig. 1A),
which is only slightly greater than the delay of GABAg-
mediated synapses, 5, we take f5 to equal the stimulus dura-
tion. Further, to demonstrate the importance of this stimulus
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shape for the latency in a manner that avoids the algebraic
complexity associated with a “double-ramp” treatment, we
consider first a triangular stimulus to mimic the slowly rising
phase and next a square stimulus to mimics the fast rising
phase. The shapes of stimuli are, for 0 = r < T,
2ty 0=t=ty

0 ty<t<Tyn a7

Triangular stimulus: Ipg, (1) = {

1 O=t=t
0 t<t<T,

stim

Rectangular stimulus: Ipo,(f) = { 18)
For triangular stimulus (Eg. 17), the latency to half-maximum
fos 1s given by 1ty 5 = (1, + 1)/2.

The value Niig®, proportional to the number of spikes fired
by POm neurons, is (Eq. 14)

Ttim
Ni%l::s = f dt [Tpom(r) — gPOm;RLBu(t)]+ (19)
0

Our normalization is such that the value of NRXS* varies

between 0, when POm is silent, and 7, with no inhibition to the
POm nucleus (Egs. 17 and 18).

Analytical results for reduced POm-Rt circuits

POm-Rt CIRCUIT FOR TRIANGULAR STIMULUS: ESSENTIAL FEATURES
FOR CODING STIMULUS FREQUENCY BY RESPONSE LATENCY. We
consider first a minimal circuit with feedback between the
POm and Rt nuclei, in addition to input from the brain stem to
POm thalamus (Fig. 1B). The dynamics of the GABAg acti-
vation variable, ug, p(f), are determined by a single delay-
differential equation with five parameters (Eq. 16) and the
expression for the triangular stimulus (Eg. /7). Three of these
parameters are time constants, i.e., the time period of the
stimulus T, the stimulus duration fg, and the GABAR decay
rate 7g. The other two parameters are the POm-to-Rt excitatory
conductance gg.po, and the Rt-to-POm GABAg-mediated
inhibitory conductance gpo,.r.p- The dynamics of activity in
POm thalamus are determined by the difference between the
excitatory stimulus /pg,,(f) and the GABAg-mediated inhibi-
tion gpom.rep Ure p(f) (Fig. 2A). Thus the latency for activation
of POm neurons corresponds to the time when the difference
between the stimulus and the inhibition becomes positive,
namely (APPENDIX B, Eq. B2)

Sromrusitren(0)e ™ = 21/t (20)

The activation variable ug, () decays exponentially across the
entire time period except for the interval between ¢, + 5 and
2tg, when it grows in delayed response to the POm, and
therefore Rt, activity. The value of Nie®, proportional to the
number of spikes fired by POm neurons per stimulus cycle, is
the time integral of the stimulus minus the inhibition (shaded
area in Fig. 2A). This is given by the integral of the activity in

POm thalamus (apPENDIX B, Eq. B10), that is

6 27yt
wigs =1 - 8 2 gy en
B B

and is valid for all of the architectures we consider for a
triangular stimulus. The number of spikes per cycle decreases
as a function of increasing latency (Fig. 2B). For values of 1,
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FIG. 2. Dynamics of the reduced POm-Rt circuit (Fig. 1B) in response to
triangular stimulus shape (Eg. /7). Fixed parameters are gr.pom = 2.45, tg =
50 ms, and 75 = 200 ms. A: time course of the GABAg-mediated inhibitory
input, gpom.resUr(?) (black line), and the stimulus /p,,(#) (red line). The
latency to the onset of activity, f,, corresponds to the time when the 2 curves
first intersect. The spiking activity per cycle, Njre®, is equal to the area of the
region where the stimulus input /po,,(f) exceeds the inhibition (shaded red
triangle). Additional parameters are gpom.rep = 2.2 and fi;, = 8 Hz. B:
dependency of the spiking activity NP/t (Eq. 21) on the latency. C:
GABAy activation variable, ug, g(7;,,), at the end of the stimulus cycle as a
function of the activation variable at the beginning of the cycle, ug, 5(0), for
= 1.7, 3.7, and 5.7 (solid lines) together with the identity ug, g
= 8 Hz.

8Pom:RtB
(Tgim) = ug,s(0) (dashed line). Additional parameter is f;

tim

that are not close to those of f, this decrease is almost linear.

The first step of the analysis of the system dynamics is to
derive a map between ug, 5(0), the activation at time ¢ = 0 and
g g(Tsim)»> the value of the GABAg synaptic activation after
one period. Steady-state network activity that has the same
periodicity as the stimulus corresponds to a fixed point (steady-
state solution) of that map. To compute this activity, we set
U 8(Tgim) = Ur.p(0). The map in the vicinity of the fixed
pofnts has the form (APPENDIX B, Eq. B6)
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2 4 Ctp=Tyim)/ms
Ure(Tim) = &repom 2 [(55 — 21575 + 275)e s/ — (15 — 217y
B

2
+ 270t T — p Gromrep Urip(0) (15 — 13)e!s ™ Toiml'™
BTB

— &rommup Urip(0)e ™ — e(’”ﬂﬂ“i"‘m]} + ugp(0)e ™ (22)

Because the map (Eg. 22) is a nonlinear function of ug, 5(0),
the fixed point with a period of a single stimulus cycle can
become unstable via a period doubling (PD) bifurcation for

d uRl,B(Tmm)

d uRt,B(O) -1 @3

|uRLB(T5nm):uR‘_B(0) <
(Strogatz 1994). We examine the fixed point and its stability
graphically (Fig. 2C). For small values of ug, 5(0), the corre-
sponding value of ug g(7;,,) decreases with increasing values
of ug,g(0) as a result of heightened GABAg-mediated inhibi-
tion and leads to a concomitant decrease in the response of
POm neurons to the stimulus. For the case of large values of
ug,g(0), the inhibitory feedback dominates and activity of
POm thalamus is suppressed. The fixed point occurs when
activity in POm thalamus is not fully suppressed. This point is
stable below a critical value of GABAg-mediated conductance,
€.g., gpomrep = 3.6 for the parameters of Fig. 2C. Last,
although the reduced model has multiple parameters, the value
and stability of the fixed point depends only on the products
ngt,POmgPom,Rt,B’ 8pom:riBUr.s(0), and ngt,POm/ ug5(0). Thus
an increase in gg..po, can be offset by a decrease in gpom.re
and a rescaling of the value of the activity at the fixed point.

The latency ¢, is a monotonic function of gpoy.r. s Up to the
point of period doubling (Fig. 3A). The number of spikes per
cycle NiP*es thus decreases with increasing stimulus frequency
(Eq. 21; Fig. 2B). For values of gpom.r.p that permit period
doubling, i.e., 3.6 < gpon.rep < 7.1 for the parameters of Figs.
2C and 3A, the latency alternates with a period of two stimulus
cycles. More complex behavior emerges for still larger values
of gpom:rep- In general, we can evaluate the stability of the
solution with a single stimulus cycle for arbitrary values of
stimulus frequency, tg, and gpoy,.r. g (Fig. 3B). This solution is
stable for all frequencies for small gpo,.r 5 and is unstable for
stimulus frequencies above, roughly, f,;, = 2 Hz for large
values of gpon.rs- The dependence of the latency 7, on the
stimulus frequency fi;, and gpom.r. s 18 shown in Fig. 3C. For
values of gpo,r.p that do not lead to period doubling, the
latency increases with f,;,,, and can be even somewhat larger
than #5/2 but not close to f5. Thus the minimal model captures
the essential scaling of increased latency with increased stim-
ulation frequency, albeit for a constrained set of parameter
values.

POm-Rt CIRCUIT FOR RECTANGULAR STIMULUS: LACK OF LATENCY
CODING WITH AN ABRUPT STIMULUS ONSET. To demonstrate the
effect of the stimulus shape on the dependence of latency on
stimulation frequency, we study the POm-Rt circuit with a
brain stem input with a rectangular shape (Eg. 18). The POm
activity with a period of a single stimulus cycle is stable if
grom:rep 18 below a critical value, corresponding to a period-
doubling bifurcation. Below this critical gpoy,.r.p Vvalue, and
even somewhat above it, the latency ¢, is zero; an example with
fsim = 8 Hz is shown in Fig. 4A. At values of gpo,.r s larger
than the critical value, the latency f, alternates between 0 and
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FIG. 3. Dynamics of the reduced POm-Rt circuit (Fig. 1B) in response to

triangular stimulus shape (Eq. 17). Fixed parameters are gg.pom = 2.45, tg =
50 ms, and 75 = 200 ms. A: normalized latency of the onset of activity in POm
thalamus fy/t5 as a function of the GABAg conductance gpom.rep fOr fiim =
8 Hz. PD, period doubling point; —, stable fixed points; - - -, unstable fixed
points. B: stability of the fixed point with a period of a single stimulus cycle
as a function of GABAg conductance gpop,.r.p and stimulus frequency f,.
The PD line separates the parameter regime in which the fixed point with the
periodicity of the stimulus is stable (below —) from the regime in which it is
unstable (above —). C: normalized latency fy/ty as a function of GABAg-
mediated conductance gpo,.rp and the stimulus frequency f,;;,. The latency
was calculating by averaging over 50 cycles after initial 950 cycles. The black
line denotes the PD line.

a positive value. The regime of stability of the fixed point with
a period of a single stimulus cycle is qualitatively similar to the
corresponding regime of stability for triangular stimulus (cf.
Figs. 3B and 4B). In contrast to the case of the triangular
stimulus, the latency ¢, for the rectangular stimuli is zero in the
parameter regime in which the state with a period of a single
stimulus cycle is stable (Fig. 4C). Thus as a principle, a
gradually increasing brain stem input is essential to code
stimulus frequency by spike latency via GABAp-mediated
synaptic feedback from Rt to POm thalamus.

POM-RT-VPM CIRCUIT: VPM INPUT TO RT LEADS TO MORE ROBUST
DYNAMICS. The reduced architecture of a POm-Rt circuit
(Fig. 1B) with only GABAg-mediated inhibition and a ramp-
like input accounts for both the frequency-dependent latency
and spike rate that is observed in POm thalamus (Fig. 1A).
However, too small a value of gpop,.r.p 1€ads to only latencies
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