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 82 
 83 
ABSTRACT 84 
How do neurons reconcile the maintenance of calcium homeostasis with perpetual 85 
switches in patterns of afferent activity? Here, we assessed state-dependent evolution of 86 
calcium homeostasis in a population of hippocampal pyramidal neuron models, through 87 
an adaptation of a recent study on stomatogastric ganglion neurons. Calcium homeostasis 88 
was set to emerge through cell-autonomous updates to 12 ionic conductances, responding 89 
to different types of synaptically-driven afferent activity. We first assessed the impact of 90 
theta-frequency inputs on the evolution of ionic conductances towards maintenance of 91 
calcium homeostasis. Although calcium homeostasis emerged efficaciously across all 92 
models in the population, disparate changes in ionic conductances that mediated this 93 
emergence resulted in variable plasticity to several intrinsic properties, also manifesting 94 
as significant differences in firing responses across models. Assessing the sensitivity of 95 
this form of plasticity, we noted that intrinsic neuronal properties and the firing response 96 
were sensitive to the target calcium concentration and to the strength and frequency of 97 
afferent activity. Next, we studied the evolution of calcium homeostasis when 98 afferent activity was switched, in different temporal sequences, between two 99 
behaviorally distinct types of activity: theta-frequency inputs and sharp-wave ripples 100 
riding on largely silent periods. We found that the conductance values, intrinsic 101 
properties and firing response of neurons exhibited differential robustness to an 102 
intervening switch in the type of afferent activity. These results unveil critical 103 
dissociations between different forms of homeostasis, and call for a systematic evaluation 104 
of the impact of state-dependent switches in afferent activity on neuronal intrinsic 105 
properties during neural coding and homeostasis. 106 
 107 
Keywords: Theta frequency oscillations, Sharp wave ripples, Ion channels, Homeostasis, 108 
Intrinsic plasticity 109 
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 110 
 111 
 112 
 113 
SIGNIFICANCE STATEMENT 114  115 A growing body of theoretical and experimental evidence points to neuronal 116 maintenance of calcium homeostasis. The maintenance of such constancy in the face 117 of perpetual switches in behaviorally-driven afferent activity is a paradox, and has 118 not been quantitatively assessed. We assessed cell-autonomous calcium 119 homeostasis in a population of hippocampal model neurons subjected to switches in 120 afferent activity. We found that neuronal conductances and intrinsic properties 121 could undergo variable and significant plasticity towards maintenance of calcium 122 homeostasis through a regime of such behavioral state-dependent changes. Our 123 results also reveal that the maintenance of calcium homeostasis does not 124 necessarily translate to the emergence of individual channelostasis or of functional 125 homeostasis (including firing rate), thereby establishing critical dissociations 126 between different forms of homeostasis. 127 
 128 129 
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INTRODUCTION 130 
Afferent activity patterns to hippocampal pyramidal neurons manifest well-established 131 
distinctions that reflect the behavioral state of the animal (Anderson et al., 2007). 132 
Whereas rapid eye movement (REM) sleep and exploratory activity are associated with 133 
theta-dominant oscillatory (4–10 Hz) inputs, non-REM sleep and non-exploratory activity 134 
correspond to sharp-wave ripples (SWR; ripple frequency 100–200 Hz) riding on largely 135 
silent (inter-SWR frequency of 1–3 Hz) periods (Buzsaki, 1986, 1989; Buzsaki et al., 136 
1992; Wilson and McNaughton, 1994; Ylinen et al., 1995; Csicsvari et al., 1999; Louie 137 
and Wilson, 2001; Buzsaki, 2002, 2006; Tononi and Cirelli, 2006; Montgomery et al., 138 
2008; Mizuseki et al., 2011; Grosmark et al., 2012; English et al., 2014). Additionally, a 139 
growing body of theoretical and experimental evidence points to neuronal maintenance of 140 
calcium/activity homeostasis, through changes in synaptic and/or intrinsic properties 141 
(LeMasson et al., 1993; Siegel et al., 1994; Turrigiano, 1999; Turrigiano and Nelson, 142 
2000; Prinz et al., 2004; Turrigiano and Nelson, 2004; Triesch, 2007; Turrigiano, 2007; 143 
Marder, 2011; Honnuraiah and Narayanan, 2013; Marder et al., 2014; O'Leary et al., 144 
2014). How do neurons reconcile the maintenance of calcium homeostasis with perpetual 145 
state-dependent switches in afferent activity patterns? Existing literature has explored 146 
switches in afferent activity from the perspective of firing rate modulation and synaptic 147 
normalization and plasticity, especially during sleep (Tononi and Cirelli, 2006; Chauvette 148 
et al., 2012; Grosmark et al., 2012; Barnes and Wilson, 2014), and from the perspective 149 
of how dendritic nonlinearities endow hippocampal neurons with the ability to adapt to 150 
changes in afferent activity (Gasparini and Magee, 2006).  However, the question of how 151 
neurons implementing calcium homeostasis through changes in ionic conductances react 152 
to state-dependent switches in afferent activity has not been addressed. Specifically, 153 
under a self-regulating, cell-autonomous schema for calcium homeostasis, are there 154 
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changes in neuronal firing, conductance values and intrinsic properties that are 155 
consequent to switches in afferent activity?  156 

To address this, we first arrived at a population of 78 experimentally constrained 157 
(with 7 different physiological measurements) CA1 pyramidal neuron models involving 158 
12 ion channels, derived from a randomized population of 4000 models built from 159 
uniform sampling of 48 different model parameters. Next, we adapted a recent study on 160 
cell-autonomous self-evolution of calcium homeostasis in neurons of the crab 161 
stomatogastric ganglion (O'Leary et al., 2014) to hippocampal neurons. We ensured that 162 
the adapted model included ion channels derived from hippocampal pyramidal neurons, 163 
was endowed with detailed calcium-handling mechanisms (including pumps, buffers and 164 
the endoplasmic reticulum (Ashhad and Narayanan, 2013)) and received different types 165 
of afferent activity through AMPA and NMDA receptors. The temporal evolution of 166 
messenger RNAs (mRNA) and conductances corresponding to each of the 12 channels 167 
was independently monitored in each of the 78 valid models, with the time courses of 168 
mRNA evolution controlled by ionic conductances obtained from the corresponding valid 169 
model. Within this modeling framework for cell-autonomous evolution of calcium 170 
homeostasis, we tested the impact of switches in afferent activity (between theta 171 
oscillations and SWR inputs) on neuronal conductances and intrinsic properties. 172 

Our results suggest that neuronal ion-channel conductances and intrinsic 173 
properties could undergo significant plasticity in the process of maintaining calcium 174 
homeostasis through a regime of behavioral state-dependent changes in afferent activity. 175 
The sign and strength of such intrinsic plasticity were dependent on the specific activity 176 
pattern, the temporal sequence of switches and the specific neuronal model. These results 177 
call for a significant reassessment of the impact of state-dependent switches in afferent 178 
activity on neuronal and network physiology, especially accounting for potentially 179 
adaptive changes in intrinsic properties. 180 
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MATERIALS AND METHODS 181 
Neuronal model and ion channels. To study state-dependent and cell-autonomous 182 
calcium homeostasis in hippocampal CA1 pyramidal neurons, we employed a single 183 
compartmental cylindrical model of diameter (d) = 100 μm and length (L) = 100 μm. 184 
Passive properties were set as specific membrane resistance (Rm) = 35 kΩ.cm2 and 185 
specific membrane capacitance (Cm) = 1 μF/cm2. These settings ensured that the passive 186 
input resistance (Rin) was ~111 MΩ and the passive membrane time constant was 35 ms 187 
(Narayanan and Johnston, 2007, 2008). The neuronal compartment consisted of 11 188 
conductance-based models for ion channels (Fig. 1A) namely, fast sodium (NaF), 189 
delayed-rectifier potassium (KDR), A-type potassium (KA), M-type potassium (KM), T-190 
type calcium (CaT), R-type calcium (CaR), N-type calcium (CaN), L-type calcium (CaL), 191 
hyperpolarization-activated cyclic nucleotide gated channel (HCN or h), small 192 
conductance (SK) and big conductance calcium-activated potassium (BK) channels. The 193 
channel kinetics for NaF, KDR and KA were obtained from (Hoffman et al., 1997; 194 
Migliore et al., 1999), for CaT from (Shah et al., 2011), for KM from (Migliore et al., 195 
2006), for CaR and CaL from (Magee and Johnston, 1995; Poirazi et al., 2003), CaN and 196 
SK from (Migliore et al., 1995), for HCN from (Magee, 1998; Poolos et al., 2002), and 197 
for BK from  (Moczydlowski and Latorre, 1983). The reversal potentials for K+ and Na+ 198 
ions were set as –90 mV and +55 mV respectively and for the HCN channel as –30 mV. 199 
Accounting for the leak conductance (gleak=1/Rm), this configuration meant the presence 200 
of 12 ion channels in our model. 201 
 202 
Synaptic receptors. Excitatory synapses containing AMPA and NMDA receptors, 203 
modeled using the Goldman-Hodgkin-Katz formulation (Goldman, 1943; Hodgkin and 204 
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Katz, 1949; Ashhad and Narayanan, 2013) were introduced in the model. Specifically, a 205 canonical synapse consisting of colocalized N-methyl D-aspartate receptor 206 (NMDAR) and 2-amino-3-(5-methyl-3-oxo-1,2- oxazol-4-yl) propanoic acid receptor 207 (AMPAR) was modeled as in (Narayanan and Johnston, 2010). Specifically, the 208 NMDAR current was modeled as a combination of three different types of ionic 209 currents namely Ca2+, Na+ and K+:  210 
INMDAR (v, t) = INMDAR

Na (v, t)+ INMDAR
K (v, t)+ INMDAR

Ca (v, t)       (1) 211 where, 212 
INMDAR

Na (v, t) = PNMDAR PNa MgB(v) vF 2

RT
[Na]i −[Na]o exp − vF

RT( )
1− exp − vF

RT( )








    (2) 213 

INMDAR
K (v, t) = PNMDAR PK MgB(v) vF 2

RT
[K ]i −[K ]o exp − vF

RT( )
1− exp − vF

RT( )








    (3) 214 

INMDAR
Ca (v, t) = PNMDAR PCa MgB(v) 4vF 2

RT
[Ca]i −[Ca]o exp − 2vF

RT( )
1− exp − 2vF

RT( )








    (4) 215 

where PNMDAR defined the maximum permeability of the NMDAR; PCa =10.6, PNa =1, 216 
PK =1 (Mayer and Westbrook, 1987; Canavier, 1999). Extracellular and intracellular 217 concentrations of ions were (in mM): [Na]i=18, [Na]o=140, [K]i=140, [K]o=5, [Ca]i=50 218 × 10-6, [Ca]o=2. These ionic concentrations set the Na+ equilibrium potential at +55 219 mV and K+ equilibrium potential at –90 mV. MgB(v) governed the Mg2+ dependence 220 of the NMDAR current (Jahr and Stevens, 1990):  221 

MgB(v) = 1+
[Mg]o exp(−0.062v)

3.57
 
 
 


 
 

−1                                                       (5) 222 
with the default value of [Mg]o set at 2 mM.  223 
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Current through the AMPAR was modeled as the sum of currents carried by sodium 224 and potassium ions: 225 
IAMPAR (v, t) = IAMPAR

Na (v, t)+ IAMPAR
K (v, t)                                                        (6) 226 where, 227 

IAMPAR
Na (v, t) = PAMPAR PNa

vF 2

RT
[Na]i −[Na]o exp − vF

RT( )
1− exp − vF

RT( )








     (7) 228 

IAMPAR
K (v, t) = PAMPAR PK

vF 2

RT
[K ]i −[K ]o exp − vF

RT( )
1− exp − vF

RT( )








                  (8) 229 

where PAMPAR defined the maximum permeability of the AMPAR. PNa was taken to be 230 equal to PK (Dingledine et al., 1999). The relationship between AMPAR and NMDAR 231 permeabilities was defined as:  232 
PNMDAR = NAR × PAMPAR                                                (9) 233 

where NAR represented the NMDAR:AMPAR ratio, with its default value set at 1.5.  234 
 235 
Calcium dynamics. Calcium handling mechanisms to take care of the calcium reactions, 236 
radial diffusion, and buffers were adopted from (Ashhad and Narayanan, 2013). The 237 
following partial differential equation to govern the cytosolic calcium dynamics was used 238 
(Sneyd et al., 1995; Fink et al., 2000): 239 

 
d[Ca2+ ]

dt
= Dca∇

2[Ca2+ ]+ β Jleak − JSERCA( ) + Rbuf + JVGCC − Jpump
 (10)

 240 
where DCa is the diffusion constant for [Ca2+] experimentally determined from (Allbritton 241 
et al., 1992; Klingauf and Neher, 1997); β is the density of leak channels and SERCA 242 
pumps on the endoplasmic reticulum (ER) membrane; JVGCC, JSERCA, Rbuf, Jpump and Jleak 243 
are the calcium flux due to voltage-gated calcium channels (VGCC), SERCA pumps, 244 
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static buffers, membrane pumps and leak channels respectively. Radial diffusion of 245 
calcium was taken care of by compartmentalizing the cylinder into 4 concentric annuli. 246 
The calcium concentration on the outermost annulus was considered as the cytosolic 247 calcium, [Ca2+]c (Carnevale and Hines, 2006; Ashhad and Narayanan, 2013). The 248 
calcium influx into the cytosol through the ER leak channels was modeled as (Fink et al., 249 
2000; Ashhad and Narayanan, 2013): 250 

Jleak = L 1−
[Ca2+]

[Ca2+ ]ER

 

 
 

 

 
 mM/ms

     (11)
 251 

where the leak constant L was chosen such that at resting state (–65 mV), there was no 252 
net flux of calcium through the leak channels on the ER membrane. The influx of calcium 253 
through the VGCCs and NMDARs in our study (L-, T-, R- and N-type calcium channels) 254 
was modeled as (Poirazi et al., 2003; Ashhad and Narayanan, 2013): 255 

JVGCC = − ICa × π × diam
2 × F

mM/ms
     (12)

 256 
where ICa represented the calcium current through the VGCCs/NMDARs, diam is the 257 
diameter of the compartment, F is the Faraday constant. The negative sign indicates the 258 
inward nature of ICa, and accounts for the positive flux of calcium ions with increase in 259 
ICa. The uptake of calcium by the sarcoendoplasmic reticulum calcium ATPase (SERCA) 260 
pump was modeled as (Fink et al., 2000; Ashhad and Narayanan, 2013): 261 

JSERCA = Vmax
[Ca2+]2

[Ca2+]2 + KP
2 mM/ms

     (13)
 262 

where Vmax is the average amplitude of uptake by the pump (1×10–4 mM/ms) and Kp is 263 
the dissociation constant of calcium binding to the pump (0.27 µM). Ca2+ extrusion 264 through plasma membrane pumps was regulated by a threshold on the cytosolic 265 



 

 11

calcium ([Ca2+]c). The pumps were inactive below a critical Ca2+ concentration, 266 [Ca2+]crt, above which the extrusion rate depended linearly on [Ca2+]c (Fink et al., 267 2000): 268 
Jpump = γ [Ca2+ ]c −[Ca2+ ]crt( ) : [Ca2+ ]c ≥ [Ca2+ ]crt

0 : otherwise






    (14) 269 

where [Ca2+]crt was set at 0.2 µM, and γ (8 µm/s) defines the sensitivity of pump 270 extrusion (Herrington et al., 1996; Fink et al., 2000; Ashhad and Narayanan, 2013). 271 
The rate of change in calcium due to the stationary buffers was modeled as (Ashhad and 272 
Narayanan, 2013): 273 

Rbuf = −kon[Ca2+ ][Bbuf ]+ koff [Ca2+Bbuf ]     (15) 274 
d[Bbuf ]

dt
=

d[Ca2+Bbuf ]
dt

= Rbuf
       (16)

 275 
Kbuf =

koff

kon          (17)
 276 

where [Bbuf] (=450 μM) and [Ca2+Bbuf] represented the concentrations of free buffer and 277 
calcium bound buffer in the cell. kon and koff denoted the on and off rate constants for 278 
calcium binding to the buffer. Note that Eq. (16) constitutes a pseudo state 279 
approximation, considering free buffer and calcium bound buffer to be in equilibrium. 280 
The value of Kbuf was set at 10 μM (Klingauf and Neher, 1997; Fink et al., 2000; Ashhad 281 
and Narayanan, 2013).  282 
 283 
Measurements. The excitability of the neuronal model was characterized by measuring 284 
its firing rate at 250 pA (f250; Hz), action potential amplitude (VAP; mV), input resistance 285 
(Rin; MΩ) and maximum impedance amplitude (|Z|max; MΩ). The intrinsic response 286 
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dynamics of the neuron were characterized by measuring the resonance frequency (fR; 287 
Hz), strength of resonance (Q) and total inductive phase (ΦL; rad.Hz). These standard 288 
measurements (Fig. 1) have been previously used to characterize CA1 pyramidal 289 
neurons. Firing rate at 250 pA was taken as twice the number of action potentials fired 290 
when a current of 250 pA was injected into the neuron for 500 ms (Fig. 1D–E). Action 291 
potential amplitude was calculated as the difference between the peak voltage of the 292 
action potential and the resting membrane voltage (–65 mV). Input resistance was 293 
measured by injecting currents of –50 pA to 50 pA, in steps of 10 pA, for 500 ms (Fig. 294 
1B), recording the corresponding steady-state voltage deflection from –65 mV and taking 295 
the slope of the linear fit to the resulting V-I plot (Fig. 1C). To quantify the intrinsic 296 
response dynamics of the neuron, we injected a current in the form of a sinusoidal chirp 297 
stimulus of constant amplitude (50 pA) and a linearly increasing frequency (0–25 Hz in 298 
25 s; Fig. 1F). The impedance as a function of frequency (Z(f)) was obtained by dividing 299 
the Fourier transform of the voltage response by the Fourier transform of the injected 300 
chirp current. The impedance amplitude profile (Fig. 1G) was calculated as the 301 
magnitude of this impedance Z(f) which is given as: 302 

Z f( ) = Re Z f( )( )( )2
+ Im Z f( )( )( )2

                              (18) 303 
where Re(Z(f)) and Im(Z(f)) are the real and imaginary parts of the complex valued 304 
function Z(f). The frequency at which |Z(f)| is maximum is called the resonance 305 
frequency, fR. The impedance amplitude at the resonance frequency, |Z(fR)|, denotes the 306 
maximum impedance amplitude, |Z|max. The strength of resonance, Q, was computed as 307 
the ratio of the maximum impedance amplitude profile and the impedance amplitude at 308 
0.5 Hz. The impedance phase profile (ϕ(f); Fig. 1H) was calculated as: 309 
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φ f( ) = tan−1 Im Z f( )( )
Re Z f( )( )                                      (19) 310 

Total inductive phase was defined as the area under the inductive part of curve ϕ(f) 311 
(Narayanan and Johnston, 2008) which is given by: 312 

ΦL f( ) = φ f( ) df
φ f( )>0


        
(20) 313 

 314 
Global sensitivity analysis. We employed the global sensitivity analysis (GSA), a 315 
random sampling technique similar to previously used approaches (Bhalla and Bower, 316 
1993; Foster et al., 1993; Goldman et al., 2001; Golowasch et al., 2002; Prinz et al., 2003; 317 
Prinz et al., 2004; Achard and De Schutter, 2006; Tobin et al., 2006; Reid et al., 2007; 318 
Hobbs and Hooper, 2008; Weaver and Wearne, 2008; Taylor et al., 2009; Rathour and 319 
Narayanan, 2012b, 2014) to study the effect of the variability in and interactions among 320 
the passive and active properties of the neuron on activity-dependent calcium 321 
homeostasis. 4000 models were generated by choosing a unique value for each of the 48 322 
parameters (spanning passive and active properties) from uniform distributions around 323 
appropriate base values (Table 1). The base values of parameters were obtained by hand-324 
tuning a base model. As all the 4000 models could not be expected to have biologically 325 
realistic measurements, we validated the models by constraining the 7 measurements to 326 
have values within experimentally determined ranges for CA1 pyramidal neurons (Table 327 
2). Doing so, we found 78 out of 4000 (~2%) neuronal models to be physiologically 328 
realistic, and called these as valid models. All further analyses were performed on these 329 
78 valid neuronal models. 330 
 331 
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Self-regulation of calcium homeostasis. To study activity-dependent self-regulation of 332 
calcium homeostasis in a hippocampal pyramidal neuron, we adapted the model 333 
introduced by (O'Leary et al., 2014) based on the central dogma of molecular biology 334 
(Alberts, 2007). Specifically, we employed a single transcription factor to regulate 335 
calcium-dependent transcription of the twelve channels expressed in the model neuron, 336 
with different time constants ( ) for the messenger RNA (mRNA) evolution associated 337 
with each channel (mi): 338 

  τ i mi = Ca2+ tgt
− Ca2+ c      (21) 339 

where [Ca2+]tgt (default value was 200 nM) represented the target value of cytosolic 340 
calcium concentration ([Ca2+]c) at which homeostasis should be maintained. The 341 
evolution of conductances (gi) of individual channels from their respective mRNA 342 
(translation) was governed by: 343 

  τ g gi = mi − gi        (22) 344 
where  is the time constant for the translational process, and was set to be identically 345 
equal to 10 ms for all 12 conductances. We noted, with an additional set of simulations, 346 
that changes to the specific value of  merely altered the time-course towards reaching 347 
steady-state, but not the steady-state values of the conductances. For the mRNAs and the 348 
conductances to evolve as functions of the integral of error in calcium with reference to 349 
the target calcium (Eq. 21–22), we randomized the initial values of mi’s and gi’s to be 350 
very low. The time constants ( ) for the evolution of mRNAs with reference to each 351 
channel were selected from the corresponding conductances of the valid models obtained 352 
from the GSA. Specifically, the time constants ( ) for transcription were set to different 353 
values as (O'Leary et al., 2014): 354 
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τ j

τ i

= gi
k

gj
k ,         (23) 355 

where i and j correspond to the 12 ion channels in our model, and k varies from 1 to 78 356 
and correspond to the number of valid models obtained from the GSA. As Eq. (23) 357 
defines  ratios from gi ratios, one of the  values needed to be set to obtain the other 358 
values. We set the  value associated with the sodium conductance at 10 ms, and 359 
computed the other  values from the appropriate conductance ratios as in Eq. (23). We 360 
noted, with an additional set of simulations, that changes to the specific value of the  361 
value for the sodium channel altered the time-course towards reaching steady-state, but 362 
not the steady-state values of the conductances. The temporal evolution of transcription 363 
and translation were independently assessed for each of the 78 valid models by setting the 364 

 values to be dependent on the corresponding conductance ratios in each of these 365 
models (O'Leary et al., 2014). The other parameters associated with the model (the half-366 
maximal activation voltages, time constants of ion channels and passive properties) were 367 
all derived from the respective valid model from where the  values were derived from. 368 
 369 
Assessing state-dependent evolution of calcium homeostasis. In a manner similar to 370 
conditions observed under in vivo conditions, changes in afferent input to the neuron 371 
were presented as changes to synaptic receptors, specifically to AMPAR and NMDAR 372 
permeabilities (Eqs. 2–9). We tested the evolution of calcium homeostasis with two 373 
different types of afferent activity patterns that correspond to different behavioral states. 374 
The first corresponded to inputs received by hippocampal neurons during awake/REM-375 
sleep state, and were modeled using a theta frequency (8 Hz) sinusoidal modulation 376 
(Buzsaki et al., 1983; Harvey et al., 2009) of AMPAR/NMDAR permeabilities (Fig. 7B). 377 
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The amplitude of the sinusoidal permeability modulation was such that it was the 378 
minimum amplitude required to elicit action potentials in the neuron.   379 

The second type of afferent activity pattern reflected that during non-380 
exploratory/non-REM sleep state (Fig. 7C), where the neuron received sharp wave 381 
ripples (SWR) riding on largely silent periods (Buzsaki, 1986). The shape of the SWR 382 
waveform was derived from (English et al., 2014), and SWR amplitude was set such that 383 
the response to an SWR input resulted in a membrane voltage change of about 5–10 mV 384 
(English et al., 2014). Specifically, the functional form of SWR inputs was modeled as: 385 

SWR(t) = exp − (t − 55)2

2 × 20 × 20








− 0.3 exp − (t − 40)2

2 ×15×15








sin 2π fripplet /1000( )   (24) 386 

where t represented time in ms, and fripple was the ripple frequency set at 150 Hz. Each 387 
SWR waveform lasted for around 150 ms, and was set to repeat at 3 Hz (Buzsaki, 1986; 388 
English et al., 2014). Afferent activity of the same type was continued until steady state 389 
of evolution in conductances (Eq. 22) was achieved (typically around 150 s), at which 390 
point measurements of intrinsic properties were noted and a switch in afferent activity 391 
was effectuated as necessary. All switches in afferent activity from theta oscillations to 392 
SWR inputs were initiated after a reset pulse to –65 mV for 1 s to avoid depolarization-393 
induced block observed in certain neurons. 394 
 395 
Simulation details. All simulations were performed in the NEURON simulation 396 
environment (Carnevale and Hines, 2006) at –65 mV and 35° C with an integration time 397 
constant of 25 μs. Temperature dependence of channel kinetics was appropriately 398 
accounted for with experimentally measured Q10 values for each channel. The 399 
computational complexity of these simulations was enormous, as there were several 400 
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differential equations associated with the activation and inactivation gates of the 11 ion 401 
channels (excluding the leak channel), the differential equation for the voltage and 402 
calcium (including calcium diffusion; Eqs. 10–17), and the differential equations 403 
governing the evolution of 12 mRNAs and 12 conductances (Eq. 21–23). The solutions to 404 
all these differential equations were computed at every time step (of 25 µs) over a period 405 
of 150 s in achieving steady state for one type of afferent activity (a double switch in 406 
afferent activity is over 3×150=450 s, running for several days in terms of simulation 407 
time), for each of the 78 valid models. Data analyses were performed using custom-408 
written code with IGOR Pro (Wavemetrics), and statistical analyses were performed with 409 
the R Statistical Package (R Core Team, 2014).  410 
 411 
  412 
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RESULTS 413 
Generation of a valid model population through global sensitivity analysis 414 
As a first step in assessing state-dependence of cell-autonomous calcium homeostasis in 415 
hippocampal neurons, we generated several biophysically realistic models of CA1 416 
pyramidal neurons using the global sensitivity analysis (GSA) approach. Specifically, we 417 
created a cylindrical base neuronal model (100 μm × 100 μm) containing 12 ion channels 418 
(Leak, NaF, KDR, KA, KM, HCN, CaL, CaT, CaN, CaR, BK and SK) and AMPA and 419 
NMDA receptors (Fig. 1A). We hand-tuned the base model such that the seven intrinsic 420 
measurements namely, f250, VAP, Rin, |Z|max, fR, Q and ΦL (Fig. 1B–H) were within 421 
experimentally determined ranges (Narayanan and Johnston, 2007, 2008; Narayanan et 422 
al., 2010). We then uniformly sampled 48 parameters (spanning passive properties and 423 
densities/kinetics of channels in the neuron) from a range determined from the 424 
corresponding base model values to generate 4000 neurons (Table 1). We obtained 7 425 
measurements from each of these 4000 model neurons, and compared the measurements 426 
against their experimental counterparts. A model neuron was declared valid if all 7 427 
measurements of the model fell within their respective experimental bounds (Table 2). 428 
Upon imposing these experimental constraints on measurements from the 4000 models, 429 
we found 78 (~2%) models to be valid. To test if there were correlations between channel 430 
expression profiles and their kinetics, we asked if there were pair-wise correlations 431 
between the values of the 48 parameters associated with these 78 valid models. 432 
Consistent with previous results on hippocampal neurons (Rathour and Narayanan, 433 
2012a, 2014), we found the parametric values to be weakly correlated (Fig 2A) with the 434 
range of correlation coefficients ranging from –0.6 to 0.6 (Fig 2B–C). Importantly, of the 435 
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1128 correlation coefficients, 1125 were in the range of –0.4 to 0.4 suggesting weak pair-436 
wise relationships between parameters in the model. As the 78 models were valid models 437 
(referred to as GSA models in what follows) for hippocampal pyramidal neuron 438 
physiology, we employed these for our analysis on state-dependence of intrinsic 439 
properties in regulating calcium homeostasis. 440 
 441 
Under theta-frequency afferent activity, calcium-dependent evolution of ionic 442 
conductances resulted in variable plasticity of intrinsic properties   443 
We set the time constants ( ) for the evolution of mRNAs with reference to each channel 444 
from the corresponding conductances obtained from the valid model (Eq. 23), and 445 
implemented the evolution of calcium homeostasis (Eq. 21–22) for each of the 78 valid 446 
models. The neurons were presented with theta-frequency afferent activity, modeled as 447 
an 8-Hz sinusoidal permeability change in synaptic receptors. The mRNAs and 448 
conductances were allowed to evolve in time until a steady state was achieved in the 449 
cytosolic calcium concentration and the conductance values (Fig. 3A). During the initial 450 
phase of the evolution process, the voltage response of the model neuron to the sinusoidal 451 
input conductance corresponded to large-amplitude oscillations with small action 452 
potential amplitudes (Fig. 3A). We noted that this was consequent to the initial low values 453 
of all conductances, implying a large input resistance leading to large-amplitude voltage 454 
oscillations. The small action potential amplitudes, on the other hand, were consequent to 455 
the lower values of the spike-generating fast sodium conductance. As the calcium-456 
dependent evolution progressed towards achieving the target calcium value, the voltage 457 
response corresponded to large-amplitude action potentials within each theta cycle (Fig. 458 
3A).  459 
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Although the overall patterns of voltage evolution across the 78 models were 460 
similar to the example presented in Fig. 3A, there was significant variability in the final 461 
steady-state firing behavior of the model. Specifically, there was variability in the number 462 
of action potentials fired per cycle and there were models that did not fire at every cycle 463 
of the theta, with some of them exhibiting skipping spikes in alternate cycles and others 464 
skipping several cycles (Fig. 3B). These results imply that the maintenance of calcium 465 
homeostasis does not require and does not translate to maintenance of firing rate 466 
homeostasis, thereby establishing the dissociation between activity homeostasis and 467 
calcium homeostasis. 468 

As neuronal firing properties are dictated by ionic conductances, we asked if 469 
changes in conductance values during theta-dependent evolution was also variable. To 470 
answer this, we plotted the histogram of sodium conductances obtained after theta-471 
dependent evolution for the 78 valid models, and found that the variability in firing 472 
patterns also reflected in these conductance values (Fig. 3C). We plotted the histogram 473 
solely for the sodium conductance, and not for all 12 conductances because the changes 474 
in all conductances are correlated given that a single transcription factor regulated all 475 
conductances ((O'Leary et al., 2014); Eq. 21–23; Fig. 3A). These results imply that the 476 
maintenance of calcium homeostasis does not require and does not translate to 477 
maintenance of individual channels at specific conductance values, thereby establishing 478 
the dissociation between individual channelostasis (Rathour and Narayanan, 2014) and 479 
calcium homeostasis (O'Leary et al., 2014). 480 

Variability in percentage changes in conductance values would imply that the 481 
intrinsic response properties of the neuron should have undergone variable plasticity 482 
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during the evolution of calcium-dependent homeostasis. Therefore, we calculated the 7 483 
intrinsic measurements at steady state of the θ-dependent evolution, and compared these 484 
measurements with their corresponding GSA values for each of the 78 valid models. We 485 
found that θ-dependent evolution introduced variable plasticity in each of these 486 
measurements, with significant variability in the strength and sign of these changes (Fig. 487 
3D). Importantly, although the conductance values obtained from GSA were those that 488 
satisfied experimental bounds (Table 2), several measurement values at steady state after 489 
θ-dependent evolution were not valid with reference to these experimental bounds (Fig. 490 
3D). Together these results revealed that plasticity in neuronal intrinsic properties and in 491 
conductances could exhibit significant variability when ionic conductances were allowed 492 
to evolve towards achieving calcium homeostasis with θ oscillations as afferent inputs. 493 
These results imply that the mere maintenance of calcium homeostasis does not require 494 
and does not translate to maintenance of intrinsic measurements within a “valid” range, 495 
thereby establishing the dissociation between functional homeostasis and calcium 496 
homeostasis. 497 
 498 
Sensitivity of intrinsic plasticity driven by calcium homeostasis to target calcium 499 
concentration and to the strength and frequency of afferent activity  500 
What was the impact of changing the target calcium concentration, [Ca2+]tgt (from the 501 
default value of 200 nM), on the temporal evolution of conductances and consequent 502 
plasticity in intrinsic properties? To address this, we repeated the θ-dependent evolution 503 
experiments (Fig. 3) with two other values for [Ca2+]tgt, set at 100 nM and 300 nM. We 504 
observed neuronal firing at steady state (150 s) of θ-dependent evolution and found that 505 
the neuronal model fired more action potentials per theta cycle upon increase in [Ca2+]tgt. 506 
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However, at a higher target value (300 nM), the neuron entered into depolarization-507 
induced block with the membrane potential hovering at suprathreshold voltage-levels 508 
(Fig. 4A). Turning to steady-state values of intrinsic properties after θ-dependent 509 
evolution, we noted that variable plasticity in all seven intrinsic measurements was 510 
observed across all three values of [Ca2+]tgt, with no qualitative differences observed in 511 
measurement variability with different values of [Ca2+]tgt (Fig. 4B–H). 512 

We next assessed the impact of afferent activity strength on θ-dependent 513 
evolution by altering the peak-to-peak amplitude of the sinusoidal modulation in receptor 514 
permeability, with the sinusoidal frequency fixed at 8 Hz (Fig. 5). Whereas the neuron 515 
did not fire action potentials for lower strengths of afferent input (e.g., Fig. 5A, 516 
permeability value P1), at very high values of input permeability neurons entered into 517 
depolarization-induced block with average membrane potential around –30 mV (e.g., Fig. 518 
5A, permeability value P4). In the mid-range between these two extremes, the number of 519 
action potentials fired per cycle increased with increase in afferent input strength. 520 
Assessing steady-state values of intrinsic properties after θ-dependent evolution, we 521 
noted that variable plasticity in all seven intrinsic measurements was observed across all 522 
tested values of input strength, with no qualitative differences observed in the 523 
measurement variability with different values of the sinusoidal peak-to-peak amplitude 524 
(Fig. 5B–H). 525 

Finally, to understand the impact of afferent activity beyond the theta-frequency 526 
range on the evolution of calcium homeostasis and intrinsic properties, we picked 527 
samples from different frequency bands (delta: 1 Hz, theta: 8 Hz, slow gamma: 40 Hz 528 
and fast gamma: 100 Hz) and repeated our simulations (until steady-state is achieved) 529 
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with these afferent input frequencies.  Neuronal response reflected theta-frequency band-530 
pass structure of hippocampal pyramidal neurons, eliciting maximal firing response at the 531 
theta range with reduced response with little or no firing at other frequency bands (Fig. 532 
6A). Although the measurements at steady state of calcium-dependent evolution did 533 
exhibit significant variability across the 78 models, their values did not have any specific 534 
dependence on the frequency of the input (Fig. 6B–H). For all further analyses, the 535 
default input frequency was 8 Hz to take into account the hippocampal theta rhythms, as 536 
mentioned above. Together, although neuronal firing pattern was heavily dependent on 537 
target calcium values and the strength/frequency of afferent inputs, intrinsic properties 538 
measured across all parametric combinations exhibited significant variability in the 539 
plasticity consequent to calcium-dependent evolution of conductances. 540 
 541 
Neuronal conductances exhibited differential robustness to an intervening switch in 542 
the type of afferent activity  543 
To study the state dependence of such a calcium homeostatic mechanism, we employed 544 
experimentally well-established differences in afferent activity to hippocampal neurons 545 
during different behavioral states and during different modules of the sleep cycle 546 
(Buzsaki, 2006; Mizuseki et al., 2011; Grosmark et al., 2012). Specifically, during REM 547 
sleep or exploratory behavior, afferent activity to the hippocampal CA1 neuron is 548 
dominated by oscillations in the theta frequency (Fig. 7B), whereas during non-REM or 549 
non-exploratory behavior, the neuron predominantly receives sharp-wave ripples (SWR) 550 
riding on largely silent background (Fig. 7C). In this context, to study state dependence 551 
of the autonomous self-regulating calcium homeostasis mechanism, we switched the 552 
afferent activity to the neuron between θ-frequency oscillations and SWR activity. We 553 
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analyzed two different temporal sequences of activity: theta–SWR–theta and SWR–554 
theta–SWR sequences (Fig. 7A), with each afferent state of activity lasting for 150 s (to 555 
achieve steady-state conductance values with each phase of afferent activity).  556 
  Given the formulation of the dynamical evolution, the calcium levels expectedly 557 
converged to the target value of calcium, with transient changes occurring during the 558 
period that followed the switches. This maintenance of calcium homeostasis was 559 
effectuated by alterations in ionic conductances, which accommodated for the switch in 560 
afferent activity patterns (Fig. 7D–F). Although the extent of plasticity in ionic 561 
conductances was a continuum (see below), we classified then into two distinct classes of 562 
neurons based on the amount of plasticity in ionic conductances. The first corresponded 563 
to neurons that underwent significant plasticity in their conductance values upon 564 
receiving the same type of afferent activity after an intervening period of switch to a 565 
different activity pattern (plastic neurons, ~80%; Fig. 7D, 7F). A second class of neurons 566 
restored their conductance values, exhibiting similar values upon receiving the same type 567 
of afferent activity after an intervening period of switch to a different activity pattern 568 
(robust neurons, 20%; Fig. 7E, 7G). Concurrently, neuronal response (firing) patterns 569 
with identical afferent activity were similar in robust neurons (Fig. 7E, 7G), but were 570 
significantly different in plastic neurons (Fig. 7D).  571 

We assessed the percentage changes in sodium conductance after each switch in 572 
both sequences (across all 78 model neurons), and found that the changes in 573 
conductances introduced by the switches were significantly variable (Fig. 8B–E for the 574 
theta–SWR–theta sequence, and Fig. 8G–J for the SWR–theta–SWR sequence). We 575 
plotted the histogram solely for the sodium conductance, and not for all 12 conductances 576 



 

 25

because the changes in all conductances are correlated given that a single transcription 577 
factor regulated all conductances. However, upon reverting back to the same type of 578 
afferent activity, a significant percentage of neurons were robust (with reference to 579 
conductance values, firing patterns and intrinsic properties) to the intervening switch to 580 
another type of afferent activity (Fig. 8E, Fig. 8J). The robustness of the neuron to an 581 
intermediate activity switch, however, was dependent on the specific temporal sequence 582 
of activity switch. Specifically, the percentage of neurons robust to an intervening period 583 
of activity switch was lower with the theta-SWR–theta (~20%; Fig. 8E) compared to the 584 
percentage with SWR–theta–SWR sequence (~90%; Fig. 8J). These results also reveal 585 
that the maintenance of calcium homeostasis does not necessarily require or translate to 586 
maintenance of individual conductances at specific values (O'Leary et al., 2014), and that 587 
significant plasticity in ionic conductances need not necessarily translate to significant 588 
changes in afferent-driven firing activity (e.g., Fig. 7F), thereby revealing a significant 589 
dissociation between individual channelostasis, activity/functional homeostasis and 590 
calcium homeostasis. 591 
 592 
Neuronal intrinsic properties exhibited differential robustness to an intervening 593 
switch in the type of afferent activity  594 
Finally, we asked how state-dependent evolution of calcium homeostasis altered neuronal 595 
intrinsic properties. To do this, we measured seven intrinsic properties (Fig. 1) at steady 596 
states of temporal evolution with activity pattern (theta or SWR) with the theta–SWR–597 
theta (Fig. 9) and the SWR–theta–SWR (Fig. 10) sequences. Analysis of the evolution of 598 
intrinsic properties with switch in afferent activity revealed several important 599 
observations. First, intrinsic properties underwent significant plasticity as a consequence 600 



 

 26

of these switches in types of afferent activity, and the sign and strength of this plasticity 601 
varied across different model neurons. Second, in the process of such activity-dependent 602 
evolution, neuronal intrinsic properties did not necessarily fall into their established 603 
experimental bounds (Fig. 9–10; Table 2). These results reveal a significant dissociation 604 
between functional and calcium homeostasis. Third, when neurons were presented with 605 
identical (the initial pattern preceding the switch) activity patterns after an intervening 606 
period of switch in activity type, there were models whose intrinsic measurements did not 607 
restore to values before the intervening period. However, a significant proportion of 608 
neurons were robust to the intervening period of activity switch, where their intrinsic 609 
properties were restored when the activity pattern was switched back (Fig. 11). Similar to 610 
our observation with conductances, we noted that the percentage of neurons robust (in 611 
terms of changes in measurements) to an intervening period of activity switch was lower 612 
with the theta–SWR–theta (Fig. 11A–G) compared to the percentage with SWR–theta–613 
SWR sequence (Fig. 11H–N).  We also noted that neurons fired significantly higher 614 
during the theta periods and lesser during SWR periods, which was partly due to overall 615 
reduction in intrinsic excitability of the neurons during SWR period (Fig. 7–11). 616 

Together, our results suggest that neuronal conductances and intrinsic properties 617 
could undergo significant plasticity towards maintenance of calcium homeostasis in the 618 
face of behavioral-state dependent changes in afferent activity. Although a significant 619 
population of neurons exhibited robustness to an intervening switch in the type of 620 
afferent activity, there were neurons that manifested significantly distinct intrinsic 621 
properties upon restoration of the type of afferent activity after the intervening switch. 622 
These results suggest that neuronal conductances and intrinsic properties exhibited 623 



 

 27

differential robustness to an intervening switch in the type of afferent activity, apart from 624 
demonstrating significant dissociations between functional/channel/firing-rate and 625 
calcium homeostasis. 626 627 
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DISCUSSION 628 
The key conclusion of this study is that neuronal ionic conductances and intrinsic 629 
properties could undergo significant plasticity in the process of maintaining calcium 630 
homeostasis through a regime of behavioral state-dependent changes in afferent activity. 631 
This form of intrinsic plasticity driven by calcium homeostasis was sensitive to the 632 
specific value of target calcium and the strength and frequency of afferent activity. We 633 
assessed the impact of behavioral state-dependence of afferent activity on calcium 634 
homeostasis by switching afferent activity pattern between theta-frequency oscillations 635 
(REM sleep/exploratory behavior) and sharp-wave ripple (SWR) activity (non-REM 636 
sleep/non-exploratory behavior). Switches in activity patterns resulted in variable 637 
plasticity in ionic conductances and neuronal measurements, with the sign and strength of 638 
plasticity dependent on the specific type of activity pattern and on the temporal sequence 639 
of switch. Additionally, our analysis with temporal sequences of activity switch revealed 640 
the presence of two classes of neurons. One that showed significant plasticity in 641 
conductance values and in intrinsic properties when presented with identical activity 642 
patterns after an intervening period with a different activity pattern, and a second that 643 
restored its conductance values and intrinsic properties after the intervening period. The 644 
percentage of robust vs. plastic neurons was variable in a manner that was critically 645 
dependent on specific sequence of switch in activity. Finally, our results also reveal that 646 
the maintenance of calcium homeostasis does not necessarily translate to the emergence 647 
of individual channelostasis or of functional homeostasis (across physiological 648 
measurements, including firing rate), thereby establishing critical dissociations between 649 
these forms of homeostasis. In what follows, we present certain physiological 650 
implications for our conclusions, along with detailed analyses on model assumptions and 651 
future directions with testable predictions.  652 
 653 



 

 29

Behavioral state-dependent changes in neuronal intrinsic properties 654 
Afferent activity patterns in hippocampal pyramidal neurons exhibit well-established 655 
distinctions that reflect the behavioral state of the animal (Anderson et al., 2007). The 656 
literature on behavioral state-dependent changes in neuronal activity has largely focused 657 
on postulates that involve synaptic normalization and synaptic plasticity during activity 658 
switches (Tononi and Cirelli, 2006; Chauvette et al., 2012; Grosmark et al., 2012; Barnes 659 
and Wilson, 2014), or on how dendritic nonlinearities could differentially process 660 
different forms of activity patterns (Gasparini and Magee, 2006). Our results point to a 661 
novel form of behavioral state-dependent plasticity in neuronal intrinsic properties, 662 
emerging as a direct consequence of the requirement to maintain calcium homeostasis in 663 
the face of changes in afferent activity. In this context, it is important that future studies 664 
on behavioral-state dependence of neuronal physiology also consider the role of neuronal 665 
intrinsic properties and ionic conductances towards changes in overall firing rate (Tononi 666 
and Cirelli, 2006; Grosmark et al., 2012), without limiting the analysis to synaptic 667 
changes and neuromodulatory influences (LeMasson et al., 1993; Siegel et al., 1994; 668 
Turrigiano, 1999; Turrigiano and Nelson, 2000; Prinz et al., 2004; Turrigiano and 669 
Nelson, 2004; Triesch, 2007; Turrigiano, 2007; Marder, 2011; Honnuraiah and 670 
Narayanan, 2013; Marder et al., 2014; O'Leary et al., 2014). Additionally, although it is 671 
established that the propensity of different activity patterns is higher during specific 672 
behavioral states, a constant afferent pattern employed in the model is physiologically 673 
infeasible under in vivo conditions. Future experiments should therefore explore the 674 
relationships between time constants for channel plasticity under in vivo conditions and 675 
the temporal extent of specific afferent activity patterns. Although in vitro experiments 676 
have shown plasticity in several ion channels to occur in a matter of minutes and have 677 
demonstrated that changes in ion channels and intrinsic properties can be concurrent with 678 
synaptic changes (Frick et al., 2004; Fan et al., 2005; Kim et al., 2007; Narayanan and 679 
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Johnston, 2007; Lin et al., 2008; Losonczy et al., 2008; Narayanan and Johnston, 2008; 680 
Rosenkranz et al., 2009; Narayanan et al., 2010; Remy et al., 2010; Shah et al., 2010), the 681 
temporal aspects of activity-dependent plasticity in ion channels under in vivo conditions 682 
needs to be explored in detail, in a manner that accounts for channelostasis individually 683 
and collectively (Hanus and Schuman, 2013; Rathour and Narayanan, 2014; Anirudhan 684 
and Narayanan, 2015). Additionally, such experiments could test for variability in such 685 
state-dependent intrinsic plasticity predicted by our model, apart from addressing the 686 
impact of such variability on neurophysiology and behavior.  687 

As a specific instance, the existence of plasticity in intrinsic properties (in 688 
addition to synaptic plasticity) would expand the putative mechanisms that could be 689 
involved in memory consolidation, a postulated function for sleep rhythms (Siegel, 2001; 690 
Stickgold et al., 2002; Walker and Stickgold, 2004; Stickgold, 2005; Marshall and Born, 691 
2007). As activity-dependent plasticity in neuronal intrinsic properties is well established 692 
(Zhang and Linden, 2003; Kim and Linden, 2007; Johnston and Narayanan, 2008; Shah 693 
et al., 2010; Narayanan and Johnston, 2012), the exploration of the postulate that memory 694 
consolidation is effectuated through intrinsic plasticity (in conjunction with synaptic 695 
changes) is a critical prediction that needs rigorous experimental evaluation. Given this 696 
postulate where the possibility of intrinsic changes exists, interpretation of observations 697 
from experiments that involve replay or disruption of specific activity pattern (Girardeau 698 
et al., 2009; Ego-Stengel and Wilson, 2010; Jadhav et al., 2012; Barnes and Wilson, 699 
2014) should also account for changes in neuronal intrinsic properties that might have 700 
been brought about by the specific activity pattern or lack thereof. 701 
 702 
  703 
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Would behavioral state-dependent intrinsic plasticity in a neuronal compartment be 704 
dependent on its somatodendritic location? 705 
Although the macroscopic activity patterns recorded in the hippocampus show theta-706 
SWR switches during different behavioral states, it is evident that there are subtle, yet 707 
significant, differences in afferent activity at different somatodendritic locations along a 708 
hippocampal pyramidal neuron (Colgin et al., 2009; Colgin and Moser, 2010; Bieri et al., 709 
2014; Schomburg et al., 2014). Additionally, there are well-established differences in 710 
localization of different ion channels (Johnston et al., 1996; Magee, 2000; Migliore and 711 
Shepherd, 2002; Johnston and Narayanan, 2008; Spruston, 2008; Narayanan and 712 
Johnston, 2012), in the locus of plasticity in these channels (Frick et al., 2004; Narayanan 713 
and Johnston, 2007; Losonczy et al., 2008; Narayanan et al., 2010; Shah et al., 2010), and 714 
in calcium source localization and calcium propagation (Magee and Johnston, 1995; 715 
Augustine et al., 2003; Hertle and Yeckel, 2007; Ross, 2012) across the somatodendritic 716 
arbor. Consistent with this, and given our results with a single compartmental model 717 
(necessitated by the tremendous computational complexity of calcium-dependent 718 
evolution), we postulate that the behavioral-state dependent intrinsic plasticity reported 719 
here would be dependent on the somatodendritic location of the neuronal compartment.  720 

Testing this postulate would require development of specific experimental 721 
techniques and computational models to assess the impact of the self-regulating evolution 722 
of calcium homeostasis on changes in localization profiles of ion channels across the 723 
somatodendritic arbor. Experimental procedures would require direct measurement of 724 
somatodendritic channel properties under in vivo conditions, during different stages of 725 
sleep or behavior, with location-dependent afferent activity monitored in parallel 726 
(Agarwal et al., 2014; Schomburg et al., 2014). These experiments would provide direct 727 
answers to questions on whether dendritic channel localization profiles change as a 728 
function of activity switch (during specific stages of sleep or behavior), and if neurons 729 
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implement an efficient form of neural coding that accounts the statistics of their afferent 730 
activity (Stemmler and Koch, 1999; Simoncelli and Olshausen, 2001; Simoncelli, 2003; 731 
Narayanan and Johnston, 2012).  732 

Computational models, on the other hand, would have to explicitly account for 733 
somatodendritic differences in ion channel profiles, physiological measurements and 734 
calcium source localization (Berridge, 2006; Vacher et al., 2008; Kotaleski and 735 
Blackwell, 2010; Nusser, 2012; Ashhad and Narayanan, 2013; Hanus and Schuman, 736 
2013; Rathour and Narayanan, 2014), apart from ensuring that spatial 737 
compartmentalization of the neuronal model is based on the calcium space constant rather 738 
than the electrical space constant (Koch and Zador, 1993; Zador and Koch, 1994; Ashhad 739 
and Narayanan, 2013). Second, these models would have to address the question on 740 
whether calcium homeostasis is maintained globally or locally, and ask if localization 741 
profiles of different channels were emergent properties consequent to the cell-742 
autonomous calcium homeostasis process (Siegel et al., 1994; Rabinowitch and Segev, 743 
2006, 2008). Third, consistent with the existence of several enzymes that act as calcium 744 
sensors (Liu et al., 1998), and the existence of several activity-dependent transcription 745 
factors (Dolmetsch, 2003), future models should extend beyond the single transcription 746 
factor-based analysis employed in our model (see below). Finally, in our study, we have 747 
not accounted for neuromodulatory influences, and have resorted to a simplistic 748 
classification of afferent activity as theta vs. SWR. Future experimental and 749 
computational studies on state-dependent calcium homeostasis should also account for 750 
differences in neuromodulatory activity during REM vs. exploratory behavior and non-751 
REM vs. non-exploratory behavior (Vertes, 1984; Steriade, 2004; McCarley, 2007; Lee 752 
and Dan, 2012), and the impact of each of such differential neuromodulatory activity on 753 
ion channels and their plasticity (Fisher and Johnston, 1990; Hoffman and Johnston, 754 
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1999; Cantrell and Catterall, 2001; Marder and Thirumalai, 2002; Perez-Reyes, 2003; 755 
Biel et al., 2009; Marder, 2012; Marder et al., 2014). 756 

What is the impact of such location-dependent plasticity in somato-dendritic 757 
channels properties on neuronal physiology and behaviorally relevant neural 758 
computation? First, such plasticity would alter the following physiological characteristics 759 
of these neuronal structures, each of which is known to exhibit location-dependence in a 760 
manner dependent on specific ion channel combinations: spectral selectivity (Narayanan 761 
and Johnston, 2007; Hu et al., 2009; Das and Narayanan, 2014), coincidence detection 762 
(Johnston et al., 2003; London and Hausser, 2005; Sjostrom et al., 2008; Das and 763 
Narayanan, 2015), impedance phase (Narayanan and Johnston, 2008; Vaidya and 764 
Johnston, 2012) and supralinear summation (Losonczy and Magee, 2006; Losonczy et al., 765 
2008; Sjostrom et al., 2008; Spruston, 2008; Takahashi and Magee, 2009). Importantly, 766 
such state-dependent plasticity in channel conductances would not just reflect as changes 767 
in intrinsic neuronal physiology, but also express as changes in the amplitude and phase 768 
of local field potentials (LFP) and associated neuronal spike phases (Buzsaki et al., 2012; 769 
Schomburg et al., 2012; Einevoll et al., 2013; Reimann et al., 2013; Sinha and 770 
Narayanan, 2015). Future studies should test if such intrinsically-driven changes in LFP 771 
and spike phase could potentially form a cellular substrate for REM-shifting neurons 772 
(Mizuseki et al., 2011), a scenario where the phase shift is a consequence of intrinsic 773 
plasticity that occurred during an intervening switch to non-REM activity (e.g., Figs. 7–9, 774 
Fig. 11). Finally, extrapolating from recent studies that have demonstrated the importance 775 
of dendritic nonlinearities to place cell formation (Bittner et al., 2015; Sheffield and 776 
Dombeck, 2015), changes in dendritic sodium/calcium/potassium channels would alter 777 
the propensity for generating dendritic plateau potentials (Golding et al., 1999; Gasparini 778 
and Magee, 2002; Gasparini et al., 2004; Losonczy and Magee, 2006; Tsay et al., 2007; 779 
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Losonczy et al., 2008), potentially resulting in changes in the place cell properties of the 780 
associated hippocampal neurons (Bittner et al., 2015).  781 

 782 
Implications for the assumption on single transcription factor 783 
In our model, we have assumed that the channel conductances are regulated by a single 784 
transcription factor (O'Leary et al., 2014), an assumption that significantly oversimplifies 785 
the complexities of neuronal transcription, where multiple transcription factors coexist 786 
(Bading et al., 1993; Dolmetsch, 2003; Lein et al., 2007; Alberini, 2009). This 787 
assumption implies that proportions of changes in channel conductances are correlated 788 
(Fig. 3A), resulting in correlated channel expression profiles (O'Leary et al., 2014). 789 
Although this assumption was motivated by correlated expression profiles of ion 790 
channels in certain neuronal subtypes (Toledo-Rodriguez et al., 2004; Schulz et al., 2006; 791 
Schulz et al., 2007; Tobin et al., 2009; Amendola et al., 2012), detailed quantitative 792 
analysis of channel conductances and mRNA expression has not been performed in single 793 
hippocampal neurons. In the absence of such experimental data, — not just at the cell 794 
body, but across the somatodendritic arbor (Hanus and Schuman, 2013; Rathour and 795 
Narayanan, 2014), — model-based extrapolations about correlations in expression 796 
profiles of hippocampal channels or mRNAs would be incorrect, because the model 797 
outcome is just a direct consequence of the assumption involving a single transcription 798 
factor. Therefore, we restrict our inferences from this simple model to (a) variable state-799 
dependent plasticity of ionic conductances and intrinsic properties towards cell-800 
autonomous maintenance of calcium homeostasis and (b) significant dissociation 801 
between different forms of homeostasis (see below), which also form testable predictions 802 
from our analysis. The question on whether the expression profiles of different 803 
channels/mRNAs are correlated or lack significant correlation in the presence of multiple 804 
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transcription factors needs to be rigorously addressed both from experimental as well as 805 
theoretical standpoints. 806 

Incorporation of multiple transcription factors into a model for cell-autonomous 807 
calcium homeostasis has been reported to result in unbounded production of mRNAs and 808 
channels (“windup”), leading to eventual loss of regulatory control (O'Leary et al., 2014). 809 
Although this constitutes a significant impediment to the incorporation of multiple 810 
transcription factors into models, this analysis was performed in a manner where the 811 
different transcription factors were independent of each other (O'Leary et al., 2014). 812 
Future theoretical studies should explore the possibility of avoiding such windup by 813 
coupling the multiple calcium sensors and multiple transcription factors through 814 
established signaling motifs, including negative feedback mechanisms (Thattai and van 815 
Oudenaarden, 2001; Losick and Desplan, 2008; Yu et al., 2008; Kotaleski and Blackwell, 816 
2010; Cheong et al., 2011). Experimental studies should explore the relationships 817 
between the different transcription factors, mRNAs and channel conductances across the 818 
somatodendritic arbor of single hippocampal neurons (Dolmetsch, 2003; Hanus and 819 
Schuman, 2013). 820 
 821 
Dissociations between different forms of homeostasis 822 
It is clear from our analyses here, and from several others in the literature, that there are 823 
significant dissociations between different forms of homeostasis. First, homeostasis in 824 
functional properties, including synaptic plasticity profiles (Anirudhan and Narayanan, 825 
2015), could emerge with disparate conductance values for the constituent ion channels 826 
and synaptic conductances (Golowasch and Marder, 1992; Golowasch et al., 2002; 827 
MacLean et al., 2005; Schulz et al., 2006; Schulz et al., 2007; Taylor et al., 2009; Rathour 828 
and Narayanan, 2012a, 2014), suggesting that homeostatic maintenance of single 829 
channels at specific conductance values is not essential for maintaining functional or 830 
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plasticity profile homeostasis. Second, for maintenance of calcium homeostasis across 831 
neurons in a network (O'Leary et al., 2013), or in a neuron that receives state-dependent 832 
switch in afferent activity (Figs. 3–11), it is not essential that functional homeostasis 833 
across different measurements is maintained. Specifically, despite maintenance of 834 
calcium homeostasis across models receiving identical temporal evolution of afferent 835 
activity, we noted that the conductance values (Figs. 3, 8) and physiological 836 
measurements (Figs. 3–6; Figs. 9–11) were significantly variable across these models, 837 
with some models manifesting measurements beyond what is expected from CA1 838 
pyramidal neurons. Additionally, a significant proportion of neurons did not restore their 839 
intrinsic properties despite restoration of specific type of activity after an intervening 840 
switch to a different type of activity (Fig. 9–11). Finally, although calcium homeostasis 841 
was achieved across all neuronal models, there was significant variability (across models) 842 
in the firing rate and in pattern of firing in response to the same afferent activity (Fig. 3,7; 843 
also see (O'Leary et al., 2013; O'Leary et al., 2014)). Together, these results clearly 844 
establish that maintenance of calcium homeostasis neither translates to nor follows from 845 
any of channel/functional/firing-rate forms of homeostasis, outlining critical dissociations 846 
between these forms of homeostasis.  847 

Future experiments should therefore explore the specific form of homeostasis 848 
maintained by individual neurons and their dendritic arbor when subjected to behavioral 849 
state-dependent afferent activity during different stages of sleep and behavior. Do 850 
channel properties/localization and intrinsic functional properties change in the process 851 
maintaining calcium homeostasis? Or, do neurons implement a mechanism where all 852 
forms of homeostasis, — including that in spatially distributed channel properties, 853 
intrinsic response properties, plasticity profiles and calcium levels, — are concurrently 854 
maintained across all somatodendritic locations of the neuron, with firing rate 855 
homeostasis emerging as an overall consequence? Should a homeostatic mechanism 856 
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account not just for the average calcium level in a neuron, but also make provisions for 857 
the homeostasis in input-output profiles, intrinsic response properties and 858 
synaptic/intrinsic plasticity profiles of the neuron through synergistic interactions 859 
between synaptic and intrinsic neuronal properties (LeMasson et al., 1993; Liu et al., 860 
1998; Triesch, 2007; Turrigiano, 2011; Honnuraiah and Narayanan, 2013; O'Leary et al., 861 
2014; Anirudhan and Narayanan, 2015)? Finally, whereas homeostasis covers only one 862 
aspect of neuronal function, the other core function (especially of hippocampal neurons), 863 
is encoding of new information. Juxtaposed against questions on various forms of 864 
homeostasis is the fundamental issue of how neurons change their properties towards 865 
encoding new information, without jeopardizing any or some forms of homeostasis. 866 
Therefore, further exploration into behavioral state-dependent evolution of homeostasis 867 
should account for encoding as a critical aspect of neuronal function that depends on 868 
changes in intrinsic and/or synaptic properties (Narayanan and Johnston, 2012), apart 869 
from exploring the relationships between different forms of homeostasis. 870 
  871 
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FIGURE LEGENDS 1307 
Figure 1. Measurements of intrinsic response dynamics in the base neuronal model. A, 1308 
The cylindrical model used in this study showing the 11 ion channels inserted. The red 1309 
arrows denote inward currents and the green arrows denote outward currents. B, Voltage 1310 
responses (top) of the base neuronal model to current pulses (bottom) ranging from –50 1311 
pA to 50 pA in steps of 10 pA. C, The steady state voltages from (B) are plotted against 1312 
the corresponding current injected. The slope of the resulting V–I plot was defined as the 1313 
input resistance, Rin. D, The voltage response of the base neuronal model to a current 1314 
injection of 250 pA. The amplitude of the last action potential was defined as the action 1315 
potential (AP) amplitude, VAP. E, The AP firing frequency (f) vs. injected current plot 1316 
showing the frequency of firing with current injections from 0 to 250 pA in steps of 50 1317 
pA. The number of APs elicited by the model in response to a 250 pA, 500-ms current 1318 
pulse was used to compute the firing rate at 250 pA, f250. F, The model’s voltage 1319 
response (top) to a chirp current stimulus of peak-to-peak amplitude of 100 pA, with 1320 
frequency linearly increasing from 0 to 25 Hz in 25 s (bottom). G, The impedance 1321 
amplitude profile |Z(f)| derived from traces in (F). The frequency at which the impedance 1322 
amplitude is maximum (|Z|max) was defined as the resonance frequency, fR. The strength 1323 
of resonance, Q, was taken as the ratio of |Z(fR)| to |Z(0.5)|. H, The impedance phase 1324 
profile (ϕ(f)) with the area under the inductive part of the curve defined as the total 1325 
inductive phase (ΦL). 1326 
 1327 
Figure 2. Weak correlations between underlying parameters in valid models that 1328 
emerged from global sensitivity analysis spanning 48 parameters. A, Pair–wise 1329 
interactions of the 48 parameters of the valid model population consisting of 78 models. 1330 
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Scatter plots that are colored blue represent parametric pairs whose correlation coefficient 1331 
was more than 0.4, whereas red-colored scatter plots indicate pairs with correlation 1332 
coefficient less than –0.4. The lowermost panel shows the normalized histograms of the 1333 
48 parameters across the 78 valid models. B, Color-coded plot denoting the correlation 1334 
coefficients for the corresponding scatter plots in (A). C, Histogram of the 1128 1335 
correlation coefficients corresponding to the scatter plots in (A).  1336 
 1337 
Figure 3. Evolution of ionic conductances and intrinsic measurements through cell-1338 
autonomous self-regulation of calcium homeostasis in model neurons receiving theta-1339 
frequency inputs. A, Temporal evolution of the internal calcium concentration (left), the 1340 
12 ionic conductances in the model (Leak, NaF, KDR, KA, KM, HCN, CaL, CaN, CaR, 1341 
CaT, BK, SK; middle) and membrane voltage (right) in a model neuron receiving 1342 
sinusoidal input of 8 Hz. The firing pattern of the neuron is shown at the three different 1343 
temporal locations (middle). B, Firing pattern of four different model neurons at steady-1344 
state of theta-dependent evolution. All traces are for a 1-s period. C, Histogram of gNa 1345 
measured at steady state of evolution with θ-frequency oscillations (black). Also plotted 1346 
is the histogram of base values of gNa obtained from GSA. Histograms are across the 78 1347 
valid models. D, (Top) Seven intrinsic measurements (f250, VAP, Rin, |Z|max, fR, Q, ΦL) at 1348 
steady state of theta-dependent evolution (θ) of 6 different valid models (color-coded) 1349 
compared with the corresponding baseline GSA values (GSA). (Bottom) Histograms of 1350 
the % changes in the 7 measurements at steady state of theta-dependent evolution from 1351 
the corresponding baseline GSA values, plotted for all 78 valid models. Percentage 1352 
changes in subthreshold measurements (Rin, |Z|max, fR, Q, ΦL) were computed only for 1353 
those models that did not fire action potentials in response to the injected stimulus. In 1354 
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addition, models that showed very high percentage changes in ΦL were eliminated. The 1355 
number of models (n) used for each histogram is mentioned in the respective panel. 1356 
 1357 
Figure 4. The target value of internal calcium concentration critically regulated changes 1358 
in intrinsic response properties during cell-autonomous self-regulation of calcium 1359 
homeostasis. A, The steady state voltage response after theta-dependent evolution, plotted 1360 
for 3 different target calcium levels (100 nM, black; 200 nM, red; 300 nM, green). B–H, 1361 
Histograms of the steady state measurement values (f250, B; VAP, C; Rin, D; |Z|max, E; fR, 1362 
F; Q, G; ΦL, H) for the 78 valid models, obtained after theta-dependent evolution with 1363 
different target calcium levels. The dashed lines in B–H represent the lower and upper 1364 
bounds for the corresponding measurement (in that order) in the GSA model validation 1365 
procedure (Table 2). 1366 
 1367 
Figure 5. The strength of afferent theta inputs critically regulated changes in intrinsic 1368 
response properties during cell-autonomous self-regulation of calcium homeostasis. A, 1369 
The steady state voltage response after theta-dependent evolution, for 4 different 1370 
amplitudes of the 8-Hz input sinusoid (peak-to-peak value of sinusoidal permeability: 1371 
100 nm/s, black; 200 nm/s, red; 300 nm/s, green; 400 nm/s, blue). Note that at high 1372 
values of sinusoidal amplitudes (e.g., 400 nm/s), the deflections are large along the 1373 
hyperpolarized direction because of the large driving force for AMPA/NMDA receptors 1374 
that mediate the sinusoidal oscillations. Along the depolarized direction, an action 1375 
potential was elicited once the membrane potential crossed threshold, and the amplitude 1376 
of the action potential did not cross the sodium reversal potential of +55 mV. B–H, 1377 
Histograms of the steady state measurement values (f250, B; VAP, C; Rin, D; |Z|max, E; fR, 1378 
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F; Q, G; ΦL, H) for the 78 valid models, obtained after theta-dependent evolution with 1379 
different sinusoidal amplitudes. The dashed lines in B–H represent the lower and upper 1380 
bounds for the corresponding measurement (in that order) in the GSA model validation 1381 
procedure (Table 2). 1382 
 1383 
Figure 6. The frequency of afferent inputs critically regulated changes in intrinsic 1384 
response properties during cell-autonomous self-regulation of calcium homeostasis. A, 1385 
The steady state voltage response for 4 different sinusoidal frequencies (delta, 1 Hz, 1386 
black; theta, 8 Hz, red; slow gamma, 40 Hz, green; fast gamma, 100 Hz, blue). B–H, 1387 
Histograms of the steady state measurement values (f250, B; VAP, C; Rin, D; |Z|max, E; fR, 1388 
F; Q, G; ΦL, H) for the 78 neurons for different sinusoidal frequencies appropriately 1389 
color-coded. The dashed lines in B–H represent the lower and upper bounds for the 1390 
corresponding measurement (in that order) in the GSA model validation procedure (Table 1391 
2). 1392 
 1393 
Figure 7. Switch in afferent activity between θ oscillations and sharp wave ripples 1394 
(SWR) triggered significant changes in ionic conductances during cell-autonomous self-1395 
regulation of calcium homeostasis. A, Experimental design for assessing state-1396 
dependence of ionic conductances during cell-autonomous self-regulation of calcium 1397 
homeostasis. For each valid neuronal model obtained from GSA, ionic conductances 1398 
were allowed to evolve towards achieving calcium homeostasis when afferent inputs 1399 
were θ oscillations (or SWR). At steady state of this evolution (150 s), inputs were 1400 
switched to SWR (or θ oscillations). When this evolution reached steady state (150 s 1401 
from the first switch), the input was switched back to θ oscillations (or SWR). B, Input 1402 
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received by a neuron during awake/REM sleep state was modeled as theta-frequency 1403 
oscillations (8 Hz) injected as AMPAR and NMDAR permeabilities. C, Input received by 1404 
a neuron during non-exploratory/non-REM sleep state was modeled as SWR inputs 1405 
(inset, ripple frequency fripple was 150 Hz; see Eq. (24)), repeating at a frequency of 3 Hz. 1406 
These inputs were injected as AMPAR and NMDAR permeabilities into the neuronal 1407 
model. D–E, Temporal evolution of the 12 ionic conductances in two different model 1408 
neurons, where afferent activity switched from θ oscillations to SWR and back to θ 1409 
oscillations. The calcium concentration (target [Ca]: 200 nM) and the conductances were 1410 
allowed to reach steady state before either of the switches. The firing patterns of the 1411 
neuron at the 3 steady states are also shown. F–G, Same as (D–E), but with afferent 1412 
activity switching from SWR to θ oscillations and back to SWR. 1413 
 1414 
Figure 8. Across different model neurons, switch in afferent activity between θ 1415 
oscillations and sharp wave ripples (SWR) triggered variable changes in ionic 1416 
conductances during cell-autonomous self-regulation of calcium homeostasis. A, 1417 
Schematic showing the temporal sequence of the experiment, along with notations for the 1418 
temporal locations at which steady-state values of the sodium conductance (gNa) were 1419 
measured in the course of their calcium-dependent evolution. Note that this schematic 1420 
represents a Theta–SWR–Theta temporal sequence in afferent activity, and the notations 1421 
here hold for panels B–E. All histograms depict statistics across the 78 valid models 1422 
obtained after GSA. B, Histogram of gNa values at the steady state of the evolution with 1423 
θ-frequency oscillations as afferent inputs. Inset, Histogram of base values of gNa 1424 
obtained from GSA.  C, Histogram of percentage changes in gNa measured at steady state 1425 
of evolution with SWR inputs (after θ1–SWR), computed with reference to the steady 1426 
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state value after evolution with θ-frequency oscillations (θ1). D, Histogram of percentage 1427 
changes in gNa measured at steady state of evolution with θ-frequency oscillations (after 1428 
θ1–SWR–θ2), computed with reference to the steady state value after evolution with SWR 1429 
inputs (after θ1–SWR). E, Histogram of percentage changes in gNa measured at steady 1430 
state of evolution with θ-frequency oscillations (after θ1–SWR–θ2), computed with 1431 
reference to gNa measured at steady state of evolution after θ1. F–J, Same as (A–E), but 1432 
for a SWR–Theta–SWR temporal sequence in afferent activity, with notations for 1433 
conductance values shown in F.  1434 
 1435 
Figure 9. A Theta–SWR–Theta switch in afferent activity introduced significant changes 1436 
to neuronal intrinsic response properties during cell-autonomous self-regulation of 1437 
calcium homeostasis.  A, Experimental design, representing a Theta–SWR–Theta 1438 
temporal sequence in afferent activity, for assessing state-dependence of intrinsic 1439 
response properties during cell-autonomous self-regulation of calcium homeostasis. The 1440 
arrows represent time points at which intrinsic measurements were computed, and also 1441 
associated with different symbols used in panels B–H. B–H, Intrinsic measurements (f250, 1442 
B; VAP, C; Rin, D; |Z|max, E; fR, F; Q, G; ΦL, H) for 6 example neurons (different colors) 1443 
computed for the base valid model (GSA), and at different steady-state time-points 1444 
corresponding to different activity patterns (A). 1445 
 1446 
Figure 10. An SWR–Theta–SWR switch in afferent activity introduced significant 1447 
changes to neuronal intrinsic response properties during cell-autonomous self-regulation 1448 
of calcium homeostasis.  A, Experimental design, representing a SWR–Theta–SWR 1449 
temporal sequence in afferent activity, for assessing state-dependence of intrinsic 1450 
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response properties during cell-autonomous self-regulation of calcium homeostasis. The 1451 
arrows represent time points at which intrinsic measurements were computed, and also 1452 
associated with different symbols used in panels B–H. B–H, Intrinsic measurements (f250, 1453 
B; VAP, C; Rin, D; |Z|max, E; fR, F; Q, G; ΦL, H) for 6 example neurons (different colors) 1454 
computed for the base valid model (GSA), and at different steady-state time-points 1455 
corresponding to different activity patterns (A). 1456 
 1457 
Figure 11. Across different model neurons, switch in afferent activity between θ 1458 
oscillations and sharp wave ripples (SWR) triggered variable changes in neuronal 1459 
intrinsic response properties during cell-autonomous self-regulation of calcium 1460 
homeostasis. A–G, θ1–SWR–θ2 constitutes the temporal sequence of afferent activity, 1461 
with notations shown in Fig. 9A. Histogram of percentage changes in the 7 intrinsic 1462 
response properties (f250, A; VAP, B; Rin, C; |Z|max, D; fR, E; Q, F; ΦL, G) measured at 1463 
steady state of evolution with θ-frequency oscillations (after θ1–SWR–θ2), computed with 1464 
reference to the corresponding base value of the intrinsic property measured at steady 1465 
state of evolution after θ1. Percentage changes in subthreshold measurements (Rin, |Z|max, 1466 
fR, Q, ΦL) were computed only for those models that did not fire action potentials in 1467 
response to the injected stimulus. In addition, models that showed very high percentage 1468 
changes in ΦL were eliminated. The number of models (n) used for each histogram is 1469 
mentioned in the respective panel. H–N, Same as (A–G), but for a SWR1–Theta–SWR2 1470 
temporal sequence of afferent activity, with notations shown in Fig. 10A. 1471 
  1472 
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Table 1. Parameters, their default values in the base model and the range over 1473 
which random sampling was performed during global sensitivity analysis. 1474 
 1475 
 1476 

Parameter, unit Symbol
Default 
value Testing range 

Passive parameters 

1 
Specific membrane resistance, 

kΩ.cm2 Rm 35 30 to 40 

2 
Specific membrane conductance, 

μF/cm2 Cm 1 0.5 to 1.5 
Na channel parameters 
3 Maximal conductance, S/cm2 Na-g 0.007 0.005 to 0.01 
4 Inactivation time constant, ms Na-τh 2.34 1.87 to 2.81 
5 Activation time constant, ms Na-τm 0.163 0.13 to 0.20 
6 Slow inactivation time constant, ms Na-τs 106.1 84.88 to 127.32 
7 V1/2 inactivation, mV Na-Vh –45 –47 to –43 
8 V1/2 activation, mV Na-Vm –30 –32 to –28 
9 V1/2 slow inactivation, mV Na-Vs –60 –62 to –58 

KDR channel parameters 
10 Maximal conductance, S/cm2 DR-g 0.003 0.001 to 0.005 
11 Activation time constant, ms DR-τn 222.9 111.45 to 445.8 
12 V1/2 activation, mV DR-Vn 13 10 to 15 
KA channel parameters 
13 Maximal conductance, S/cm2 A-g 0.008 0.001 to 0.01 
14 Inactivation time constant, ms A-τl 2 1 to 4 
15 Activation time constant, ms A-τn 0.137 0.086 to 0.43 
16 V1/2 inactivation, mV A-Vl –56 –60 to –50 
17 V1/2 activation, mV A-Vn 11 8 to 15 
CaT channel parameters 
18 Maximal conductance, mS/cm2 T-g 0. 1 0.05 to 0. 2 
19 Inactivation time constant, ms T-τh 31.02 10.24 to 46.53 
20 Activation time constant, ms T-τm 0.858 0.43 to 1.72 
21 V1/2 inactivation, mV T-Vh –75 –80 to –70 
22 V1/2 activation, mV T-Vm –28 –25 to –15 
HCN channel parameters 
23 Maximal conductance, mS/cm2 h-g 0.08 0.005 to 0.05 
24 Activation time constant, ms h-τl 28.5 20.52 to 71.25 
25 V1/2 activation, mV h-Vl –81 –85 to –70 
CaL channel parameters 
26 Maximal conductance, μS/cm2 L-g 100 50 to 200 
27 Activation time constant, ms L-τm 0.189 1.8 to 7.2 
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28 V1/2 activation, mV L-Va –27.01 –30 to –24 
CaR channel parameters 
29 Maximal conductance, μS/cm2 R-g 100 50 to 200  
30 Inactivation time constant, ms R-τh 12.7 6.35 to 25.4 
31 Activation time constant, ms R-τm 0.221 0.11 to 0.442 
32 V1/2 inactivation, mV R-Vh –39 –43 to –35 
33 V1/2 activation, mV R-Vm 3 –2 to 7 
SK channel parameters 
34 Ca1/2 activation, nM SK-Ca 140 110 to 180 
35 Maximal conductance, μS/cm2 SK-g 1 0.5 to 5 
36 Activation time constant, ms SK-τ 196.8 98.4 to 393.6 
BK channel parameters 
37 Maximal conductance, μS/cm2 BK-g 1 0.5 to 5 

38   Slope of Ca activation (mM) BK-k1 4.8×10–4
2.8×10–4 to 

6.8×10–4 
39  Ca1/2 activation (nM) BK-k2 0.13 0.08 to 0.18 
40 Activation time constant, ms BK-τ 8.04 4.04 to 16.08 
KM channel parameters 
41 Maximal conductance, μS/cm2 M-g 1 0.5 to 5 
42 Activation time constant, ms M-τ 6662 3331 to 13323 
43 V1/2 activation, mV M-V –40 –45 to –35 
CaN channel parameters 
44 Maximal conductance, μS/cm2 N-g 100 50 to 200 
45 Inactivation time constant, ms N-τh 1555 777.5 to 3110 
46 Activation time constant, ms N-τm 0.942 0.471 to 1.884 
47 V1/2 inactivation, mV N-Vh 39 35 to 44 
48 V1/2 activation, mV N-Vm 19.88 15 to 24 

 1477 
Table 2. Constraints on measurements for declaring a model to be valid under the 1478 
global sensitivity analysis paradigm. These bounds were extracted from 1479 
experimental recordings (somatic recordings) presented in (Narayanan and 1480 
Johnston, 2007, 2008; Narayanan et al., 2010). 1481 
 1482 

Measurement, unit Lower bound Upper bound 
f250, Hz 10 35 
VAP, mV 90 110 
Rin, MΩ 50 90 
|Z|max, MΩ 50 110 
fR, Hz 2 5.5 
Q 1.01 1.5 
ΦL, rad.Hz 0 0.15 
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