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Dendritic effects of tDCS insights from
a morphologically realistic model neuron

Rahul Kumar Rathour1 and Hanoch Kaphzan1,2,*
SUMMARY

Transcranial direct current stimulation (tDCS) induces subcellular compartmental-dependent polarization,
maximal in the distal portions of axons and dendrites. Using a morphologically realistic neuron model, we
simulated tDCS-induced membrane polarization of the apical dendrite. Thus, we investigated the differ-
ential dendritic effects of anodal and cathodal tDCS on membrane potential polarization along the den-
dritic structure and its subsequent effects on dendritic membrane resistance, excitatory postsynaptic po-
tential amplitude, backpropagating action potential amplitude, input/output relations, and long-term
synaptic plasticity. We further showed that the effects of anodal and cathodal tDCS on the backpropagat-
ing action potential were asymmetric, and explained this asymmetry. Additionally, we showed that the
effects on input/output relations were rather weak and limited to the low-mid range of stimulation fre-
quencies, and that synaptic plasticity effects were mostly limited to the distal portion of the dendrite.
Thus,we demonstrated how tDCSmodifies dendritic physiology due to the dendrite’s uniquemorphology
and composition of voltage-gated ion channels.

INTRODUCTION

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation therapeutic method that has gained increasing popularity.

Multiple studies have shown the efficacy of tDCS in treating multiple neurological and psychiatric indications and have shown its ability to

modulate cognitive functioning.1 In principle, tDCS is performed by placing electrodes, anode and cathode, over the scalp and applying

a weak direct current between these electrodes, thus delivering a subthreshold current across the brain tissue. This produces a few millivolts

changes in membrane potential, well below the action potential threshold.2 Early studies in humans showed that application of low intensity

subthreshold direct current via the scalp was sufficient to induce measurable neurophysiological changes,3 and that these effects are depen-

dent on various ion channels.4 Depending on the polarity of the electrical field (anodal vs. cathodal) and its orientation in relation to the

neuronal axo-dendritic axis, it induces a relatively small (a few millivolts) incremental membrane polarization across the neuron, generating

depolarization of one side and hyperpolarization of the other in a subcellular compartmental manner.5–7

Despite multiple studies of tDCS, its effects on neuronal cellular physiology have not been fully investigated. This lacuna is evenmore sur-

prisingwhen looked through the lens of dendritic physiology, asmost studies of the cellular effects of tDCS have been on the axons. Assessing

the effect of tDCS on dendritic physiology using experimental techniques (e.g., patch clamp) would be extremely difficult. That is why so far

studies have investigated tDCS mostly using indirect transcranial measurements of local field potentials,4,8 and only a few studies measured

more invasive extracellular measurements such as local field potentials and voltage-sensitive imaging ex vivo7 and in vivo,9,10 but no direct

recording from dendrites was ever performed in the context of tDCS. Dendrites are thin caliber structures, and performing electrophysiolog-

ical recordings from these structures is very challenging, especially in the distal dendritic region, where tDCS’ effects are maximal. Therefore,

to assess the effects of tDCS on dendritic physiology, we utilized a morphologically and biophysically realistic conductance-based compu-

tational modeling approach.11,12 First, we modeled cathodal/anodal stimulation by directly injecting depolarizing/hyperpolarizing current

in the distal region of the dendrite. We assessed the effects of tDCS by measuring various physiologically relevant measurements before

and during the simulated current injection.

Using this computational model, we show that cathodal stimulation increases dendritic input resistance whereas anodal stimulation de-

creases dendritic input resistance. We further show that cathodal stimulation increases local excitatory postsynaptic potential (EPSP) ampli-

tude while anodal stimulation decreases local EPSP amplitude. Looking into backpropagating action potential dynamics, we found that cath-

odal stimulation increases backpropagating action potential amplitude in distal dendrites. Finally, using BCM-like synaptic plasticity rule, we

show that cathodal stimulation increased long-term potentiation (LTP) magnitude whereas anodal stimulation decreased LTP magnitude.

In summary, using a modeling approach we demonstrate that tDCS induces significant modification of dendritic physiology, culminating

with changes that can account for long-lasting plasticity modulations in functional neurons.
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Figure 1. Modeling of tDCS

To model tDCS-induced polarization of membrane potential, constant current was injected at distal end of apical dendrite of amplitude G200 pA (A) A 3D

reconstructed neuronal morphology used as a substrate in this study.

(B) Types of voltage-gated ion channels and their distribution along the neuronal arbor, used in this study.

(C) Simulating cathodal tDCS by +200 pA constant current injection at the distal tip of the apical dendrite shows a decaying depolarization of the membrane

potential along the apical dendrite toward the soma.

(D) Simulating anodal tDCS by �200 pA constant current injection at the distal tip of the apical dendrite shows a decaying hyperpolarization of membrane

potential along the apical dendrite toward the soma.
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RESULTS

Current injection at the apical dendrite tip induces similar membrane polarization to an extrinsically applied electric field

In order to test the effect of tDCS on dendritic physiology, we utilized a previously derived CA1 neuron model which was biophysically con-

strained, morphologically realistic, and expressing gradients of various voltage-gated ion channels (VGICs) (Figures 1A and 1B).11–13 Specif-

ically, our model neurons expressed five VGICs: fast Na+, delayed rectifier K+, A-type K+, T-type Ca++, and hyperpolarization-activated cyclic

nucleotide–gated (HCN) channels. This model was hand-tuned in such a way that six coexistent functional maps matched their experimental

counterparts.11–13 Next, asmentioned earlier, wemodeled tDCS-inducedmembrane potential polarization, by simulating a direct injection of

constant current at the terminal end of themain apical dendrite. For cathodal stimulation +200 pA and for anodal stimulation�200 pA current

was injected. Although naive, this type of tDCS simulation enabled to study the isolated dendritic effects of subthreshold membrane polar-

ization. Moreover, it resembled the effects of tDCS, as this tDCSmodeling ensured that membrane potential from the soma toward the den-

dritic tip did not change up to 150 mm from the soma, and from there on it steeply changed and saturated toward the site of the current in-

jection (Figures 1C and 1D). Moreover, from examining the voltage decay along the dendritic trunk, we measured the length constant of the

dendritic trunk to be 211 mm for cathodal tDCS and 232 mm for anodal tDCS. This modeling of tDCS was inspired by previous reports on

modeling the polarization of neurons by extrinsically applied electric fields.5
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Figure 2. tDCS modifies input resistance along the dendrite

(A) Cathodal stimulation increases input resistance at distal dendrite.

(B) Anodal stimulation decreases input resistance at distal dendrite.

(C) Dependence of input resistance on membrane potential.
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Simulation shows tDCS-induced alteration of the dendritic input resistance

Once the parameters of the model were established, we assessed the impact of tDCS on dendritic input resistance. As expected, input resis-

tance is affectedmainly at the distal end of the dendrite (Figures 2A and 2B), and this effect decays with distance toward the soma. Specifically,

cathodal stimulation tends to increase input resistance, whereas anodal stimulation decreases input resistance at distal dendrite. These ef-

fects gradually faded along the dendrite toward the soma.

In order to understand the mechanistic basis for the observed effects of tDCS on input resistance, we first looked into the rela-

tionship between input resistance and membrane potential polarization (Figure 2C). For this, we chose the input resistance

recording location along the apical dendrite where the effect of tDCS on input resistance was maximal. By doing so we found

that the input resistance increased at depolarized potentials whereas membrane potential hyperpolarization reduced the input resis-

tance (Figure 2C). These findings coincide with experimental observations in CA1 neuronal dendrite, which explained the effects of

membrane polarization on input resistance via the modulation of the Ih current that is via the HCN channels,14,15 and can further

clarify the observed results of how tDCS affects input resistance. Given that cathodal stimulation induces membrane potential de-

polarization (Figure 1C), in turn, it deactivates HCN channels subsequently increasing input resistance (Figure 2A). On the other

hand, anodal stimulation induces membrane potential hyperpolarization (Figure 1D), which subsequently activates more HCN chan-

nels, thus reducing input resistance (Figure 2B).

tDCS modifies the EPSP amplitude

Next, we aimed to investigate the active properties of the dendrite. First, we assessed the impact of tDCS on local EPSP amplitude

(Figure 3). In doing so, we found that cathodal stimulation increased local EPSP amplitude (Figure 3A) while anodal stimulation

reduced local EPSP amplitude (Figure 3B). As expected, this effect of tDCS took place in the distal dendrite. The reason for the

change in EPSP amplitude with tDCS is the alteration of the input resistance. As cathodal stimulation depolarizes membrane po-

tential, the input resistance gets increased, subsequently increasing also the local EPSP amplitude. On the other hand, anodal stim-

ulation hyperpolarizes membrane potential causing a decrease in input resistance, and hence local EPSP amplitude decreases. This

should be noted that all other parameters which might affect EPSP amplitude were fixed across different conditions (baseline

vs. tDCS).
iScience 27, 109230, March 15, 2024 3



Figure 3. tDCS modifies the local EPSP amplitude along the dendrite

(A) Cathodal stimulation increases local EPSP amplitude toward the distal dendritic region.

(B) Anodal stimulation decreases local EPSP amplitude toward the distal dendritic region.
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tDCS modulates the backpropagating action potential morphology

Another important aspect of dendritic physiology is backpropagating action potential (bAP), which affects long-term synaptic plasticity.16,17

Since bAP properties are affected by membrane potential and the state of various voltage-dependent channels,18 we used our model to

investigate whether tDCS affects bAP amplitude. In doing so, we found that cathodal stimulation increased bAP amplitude in the distal

dendrite (Figure 4A), whereas anodal stimulation did not alter bAP amplitude (Figure 4B).

To understand the biophysical mechanism for the observed phenomenon, we looked into the inactivating dynamics of A-type K+ channels,

as previously suggested.19 For this, we first constructed an inactivation curve of A-type K+ channels (Figures 4C and 4D). As discussed earlier,

under baseline conditions, membrane potential was at�65 mV (black vertical line in Figures 4C and 4D). At this membrane potential, almost

75% of total conductance was available for activation. During cathodal stimulation, membrane potential shifted toward�60 mV (blue vertical

line in Figure 4C). This shift in membrane potential caused the inactivation of an additional 15% of the total conductance, such that total

conductance available for activation was reduced to �60%. This reduction in total conductance available for activation contributes toward

an increase in bAP amplitude. On the other hand, during anodal stimulation, membrane potential shifted to �70 mV (red vertical line in Fig-

ure 4D), which recovered almost 5% of the total conductance from inactivation, making the total conductance available for activation to in-

crease to �80%. However, at the distal dendritic location, bAP amplitude is small and from �70 mV it is not able to activate much additional

A-type K+ conductance, which does not allowmuch of a change in the bAP amplitude, thusmaintaining a similar profile to that of the baseline

condition.

Dendritic effects of anodal and cathodal tDCS modulate neuronal input/output relationship

Observing these effects led us to questionwhether these effects of tDCS lead tomodulation of neuronal input/output relationship. To do this,

we utilized a model previously published by us.12,13 We placed in our model only a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) receptor-type synapses throughout the main neuronal trunk. A spike generator was used to feed inputs to the synapses at predeter-

mined required frequencies. The input/output relationship of the model neuron was determined by stimulating synapses at various fre-

quencies. For any given input frequency (1–50 Hz in steps of 1 Hz), all synapses were stimulated simultaneously using independent Pois-

son-distributed input timings, and this was repeated for 20 times for a given stimulus frequency. Each trial ran for 1 s, and the number of

action potentials fired was taken as the response frequency. This simulation showed that tDCS affects the input/output relationship signifi-

cantly (Figures 5A and 5B). Specifically, cathodal stimulation slightly increased the firing rate (Figure 5A), whereas anodal stimulation slightly

decreased the firing rate (Figure 5B) (F(49,1862) = 9.55, p < 0.0001 and F(49,1862) = 7.52, p < 0.0001 for interaction of stimulation and frequency in

two-way ANOVA for cathodal and anodal, respectively). These effects were observed with the lower to mid stimulus frequencies, with signif-

icant Bonferroni-corrected post hoc differences (p < 0.05) in 10–31 Hz range for cathodal tDCS and in 9–23 Hz range for anodal tDCS.

tDCS modulates synaptic plasticity in distal dendrites

Given our findings of effects of tDCS on EPSP and bAP, and themultiple studies that showed a role of tDCS inmodulating synaptic plasticity in

general,20–24 we aimed to explore the impact that tDCS would have on long-term synaptic plasticity from a dendritic standpoint. Using our

previously published approach with the herein model,13 we investigated whether tDCS modifies LTP. Specifically, we placed AMPA-NMDA

receptor-type synapse throughout the main neuronal trunk. Permeability values of N-methyl-D-aspartate (NMDA) receptors were defined by

NMDA-to-AMPA ratio (NAR) for any given synapse, which was set to be 1.5 for all synapses. To induce synaptic plasticity, individual synapses

were assigned a stimulus frequency by random sampling from the uniform distribution in the range of 4–12 Hz. All synapses were stimulated
4 iScience 27, 109230, March 15, 2024



Figure 4. Cathodal and anodal tDCS differentially modifies the backpropagating action potential amplitude at the distal region of the dendrite

(A) Cathodal stimulation increases backpropagating action potential amplitude at the distal region of the dendrite.

(B) Anodal stimulation does not affect backpropagating action potential amplitude at distal dendrite.

(C) Steady-state inactivation curve of A-type K+ channels showing availability of channels for opening at rest (black vertical line) and during cathodal stimulation

(blue vertical line).

(D) Steady-state inactivation curve of A-type K+ channels showing availability of channels for opening at rest (black vertical line) and during anodal stimulation (red

vertical line).
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simultaneously, and stimulating timings of synapses were determined by independent Poisson distributions. Owing to synaptic stimulation,

and the consequent entry of Ca++ from NMDA receptors and T-type Ca++ channels, synaptic weights evolved based on intracellular Ca++

levels. At the end of the simulation, given that starting synaptic weight was determined at 0.25, most synapses expressed LTP, whereas

few synapses underwent long-termdepression (LTD) (Figures 6A and 6B). Following this, we introduced our tDCSmodel to examine its effects

on synaptic plasticity, by computing the synaptic weights under various tDCS conditions and plotting these synaptic weights against the syn-

aptic weights obtained under the baseline condition (Figures 6A and 6B). As evident from the graphs (Figures 6A and 6B), during cathodal

stimulation the magnitude of LTP was increased in a subset of synapses (t(81) = 3.09, p < 0.01 in paired t-test between baseline and cathodal

tDCS) (Figure 6A), whereas during anodal stimulation the magnitude of LTP was decreased in a subset of synapses (t(81) = 2.03, p < 0.05 in

paired t-test between baseline and anodal tDCS) (Figure 6B).

At this stage, we did not know the location of these synapses along the dendritic trunk. Specifically, we did not know whether these syn-

apses are distributed throughout the dendritic trunk or are they confinedwithin a small stretch of the dendritic trunk.Our previous analyses on

input resistance (Figure 2), local EPSP amplitude (Figure 3), and bAP amplitude (Figure 4) showed that the modulatory effect of tDCS was

confined to the distal portion of the dendritic trunk where tDCS’ effect was maximal. Hence, we predicted that these synapses will also be

confined to the distal portion of the dendritic trunk. In order to test this, we plotted the synaptic weight values under the different tDCS con-

ditions and the baseline condition, against the location of the synapses along the dendritic trunk (Figures 6C and 6D). As predicted, the effect

of tDCS on synaptic plasticity was largely confined to the synapses at the most distal portion of the dendritic trunk (>350 mm from the soma)

(t(11) = 6.21, p < 0.0001 and t(11) = 3.54, p < 0.01 in paired t test between baseline and cathodal and baseline and anodal, respectively]

(Figures 6C and 6D).

DISCUSSION

tDCS has been shown to be beneficial for various clinical indications,1 but its mechanistic basis at the cellular level has not been fully under-

stood. To this end, in this study, using a morphologically and biophysically realistic conductance-based neuronal model, we show that tDCS

has a significant role in modulating dendritic input resistance (Figure 2), local EPSP amplitude (Figure 3), bAP amplitude (Figure 4), input/

output relationship (Figure 5), and synaptic plasticity (Figure 6). All these effects of tDCSweremostly confined to the distal end of the dendrite,
iScience 27, 109230, March 15, 2024 5



Figure 5. The dendritic effects of tDCS are sufficient to induce a small but significant change in cellular excitability as observed by shifting the low to

middle range of the input-output relationship curve in our model

(A) Input-output curve under baseline (no stimulation) condition (black) and during cathodal stimulation (blue). Cathodal stimulation enhances excitability shown

in left shift of the input-output relationship curve in the low to medium stimulation range. (F(49,1862) = 9.55, p < 0.0001; two-way ANOVA for interaction of stimulus

frequency and firing rate between cathodal and baseline conditions).

(B) Input-output curve under baseline (no stimulation) condition (black) and during anodal stimulation (red). Anodal stimulation reduces excitability shown in the

right shift of the input-output relationship curve in the low to medium stimulation range. (F(49,1862) = 7.52, p < 0.0001; two-way ANOVA for interaction of stimulus

frequency and firing rate between anodal and baseline conditions)]. Data are presented as Mean G SD.
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where tDCS-induced polarization of the dendrite is more robust (Figure 1). Although tDCS had significant effects on dendritic input resistance

(Figure 2), local EPSP amplitude (Figure 3), bAP amplitude (Figure 4), input/output relationship (Figure 5), and synaptic plasticity (Figure 6), we

observed that tDCS’ effects on neuronal input/output relationship in our model system were quite weak compared to other measurements

and were evident only in the low to mid range of stimulation frequencies. These intriguing and conflicting results call for reconciliation, and

there could be several reasons for this.

One of the reasons for this discrepancy could be simulation run time. We ran our simulations for only 1 s. It is quite possible that if we run

the simulations for longer timescales, such as those that relate to behavioral timescales, the difference between the input/output relationship

under baseline and tDCS conditionsmight get enhanced and encompass even lower and especially higher stimulation frequencies. The other

reason could be the number of synapses. Cathodal/anodal stimulations affect only the small distal portion of the dendrite. In that small

portion of the dendrite, we introduced only a few synapses (less than 10) in our model system. The small number of synapses in the distal

portion of the dendrite could account for the weak effect of tDCS on the input/output relationship. Moreover, to simplify our model to

some extent, synapses were present only on the apical dendritic trunk and not on the oblique dendrites. If synapses were present on oblique

dendrites, they also could have contributed to a stronger difference between the input/output relationships under baseline and tDCS

conditions.

Our findings are also interesting given the microanatomical structures of neural circuits and the cellular position of synaptic connections

between neurons. Since we observed that tDCS affects mainly the synapses at themost distal portion of the dendrite, it is expected that it will

either enhance or diminish these distal synaptic inputs depending upon whether it is cathodal or anodal stimulation, respectively. Such syn-

aptic inputs are present superficially in the cortex in layer-1, at the location of the dendritic tufts of layer-2/3 and layer-5 pyramidal cells. This is

particularly important since this superficial layer is the closest to the stimulation electrodes, where the current density of tDCS is the strongest.

Nonetheless, these distal dendritic inputs are also present in deeper brain structures where there is a flow of tDCS current such as the dorsal

hippocampus where entorhinal cortex layer-2/3 neurons make synaptic connections in the stratum lacunosum-moleculare. Therefore, it

stands to reason that tDCS will affect dendritic spike generation in such distal dendritic regions as well, thereby affecting synaptic plasticity

at these synapses.25,26 Furthermore, as cathodal stimulation enhances bAP amplitude, it will also affect synaptic plasticity in the distal region

of the dendrites through co-incident detection of synaptic inputs and bAP, in coincidencewith themodel of spike timing-dependent plasticity

(STDP).16,17,27 On the other hand, anodal stimulation will probably not induce opposite effects, given its minimal effects on bAP amplitude

(Figure 4B).

The issue of asymmetry concerning tDCS effects on bAP, where cathodal stimulation that depolarizes the dendrite enhanced bAP ampli-

tude, while anodal stimulation that hyperpolarizes the distal dendrite hardly affected bAP amplitude, aligns with other previous observations

regarding tDCS’ non-linearity. Although these asymmetrical effects of tDCS were raised long ago in several studies,4,28 the cellular origin of

this asymmetry is not entirely understood. We previously reported similar asymmetry of DCS effects on axonal physiology, where depolari-

zation of axon using anodal stimulation entailed a stronger effect compared with cathodal stimulation.29,30 Nonetheless, these two asym-

metric effects are generated by different mechanisms, where in dendrites the asymmetry probably stems from the effects on A-type K+ chan-

nels inactivation by depolarization (Figures 4C and 4D), and in the axon it is generated by differences in inactivation/activation of sodium and

calcium channels.29,30
6 iScience 27, 109230, March 15, 2024



Figure 6. tDCS modulates synaptic plasticity

(A) Cathodal stimulation enhances LTP at distal dendritic synapses.

(B) Anodal stimulation reduces LTP at distal dendritic synapses.

(C) Distribution of synaptic weights with respect to location of the synapse under baseline condition and during cathodal stimulation shows that the largest

increase of synaptic weights is in the distal dendritic region. The LTP-induced changes in synaptic weights is statistically significant (t(11) = 6.21, p < 0.0001 in

paired t test).

(D) Distribution of synaptic weights with respect to location of the synapse under baseline condition and during anodal stimulation shows that the largest

decrease of synaptic weights is in the distal dendritic region. The LTP-induced changes in synaptic weights were statistically significant (t(11) = 3.54, p < 0.01;

in paired t test).
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The results of ourmodel show that tDCS’ effects aremostly limited to the distal portionwheremembranepolarization is sufficient tomodu-

late differential ionic conductance. Noteworthily, in our model this region was relatively short, given our estimation of a dendritic length con-

stant ranging from 211 mm for cathodal tDCS to a dendritic length constant of 232 mm for anodal tDCS. These simulations of differential length

constants yielded a decay of polarization along the dendrite from itsmaximal value at the dendritic tip. However, in real life, the distal affected

portion can bemuch longer, in particular the region of dendritic tufts, as the length constants of these thin elongated structures are probably

much longer. Thus, a significant membrane polarization should take amore substantial region of the dendrite, affectingmanymore synapses

subsequently inducing stronger synaptic plasticity effects.

Another limitation of the attempt to simulate a real brain condition is the contribution of glial cells to the dendritic physiology, especially

astrocytes. There is evidence to support that astrocytes are also target cells for tDCS.31,32 Since astrocytes are important structure in the tripar-

tite synapses,33 the effects of tDCS might contribute to the modulation of spontaneous excitatory postsynaptic currents (sEPSCs). Nonethe-

less, the star-shaped astrocytes are relatively symmetric, which probably reduce their sensitivity to electrical field application. Yet, their elon-

gated processes that are aligned with the electrical field vector are expected to be polarized, although, due to differential effects of cathodal

versus anodal stimulation, this polarization might not be completely symmetric. And indeed, studies showed that prolonged application of

tDCS modulated the calcium dynamics in astrocytes, which could subsequently alter neuronal activity and synaptic plasticity.34,35
iScience 27, 109230, March 15, 2024 7
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tDCS has been shown to induce after-effects at various fronts.4,36,37 Usually, aftereffects were seen in prolonged stimulations (minutes) and

not in brief ones (seconds). Moreover, the aftereffects are considered to involve synaptic plasticity.38Within the framework of the herein study,

we speculate that tDCS could induce aftereffects related to various physiologically relevantmeasurements. Specifically, during cathodal stim-

ulation membrane potential will get depolarized, which will induce calcium entry into the neurons through voltage-gated calcium channels.

Prolonged stimulation in the order of multiple minutes will generate an accumulation of intracellular calcium leading to protracted enhanced

calcium levels, which have the potential to trigger various signaling cascades. These calcium-dependent signaling cascades could subse-

quently lead to changes in neuronal physiology throughmodulation of various voltage-gated ion channels and postsynaptic receptors. These

aftereffects could be related to neuronal excitability, firing rate, or backpropagating action potential. Thesemeasurements have been shown

to undergo changes with various activity protocols.15,39–45

In conclusion, we show that tDCS exerts modulatory influence on dendritic physiology and that this effect is mostly confined to the distal

region of the neuronal dendritic trunk. Moreover, our results show that these dendritic effects have potential implications for the long-term

effects of tDCS and the manner by which tDCS exerts its clinical effects.

Limitations of the study

The study has several limitations. Due to the need for a detailed morphologically realistic, 3D reconstructed neuron, we utilized a model of a

hippocampal CA1 pyramidal neuron that we had plenty of experience from previous studies.12,13 However, tDCS’ strongest electrical field is

applied at the cortex, affecting mostly cortical pyramidal neurons. Despite multiple similarities between cortical pyramidal neurons and hip-

pocampal CA1 pyramidal neurons, the two types of neurons also contain several differences. Furthermore, we did not consider in our model

the opposite polarization at the distal portion of the axon that tDCS generates. This opposite polarization at the axon terminal might induce

additional excitability and plasticity effects that were not considered. In addition, despite using a realistic model, to keep the simulations

feasible, the model has to be kept simplified to some extent. These limitations are elaborated in details in the text.
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Antal, A., Liebetanz, D., Lang, N., Tergau, F.,
and Paulus, W. (2007). Shaping the effects of
transcranial direct current stimulation of the
human motor cortex. J. Neurophysiol. 97,
3109–3117. https://doi.org/10.1152/jn.
01312.2006.

38. Bikson, M., Paulus, W., Esmaeilpour, Z.,
Kronberg, G., and Nitsche, M.A. (2019). In
Mechanisms of Acute and After Effects
of Transcranial Direct Current Stimulation
iScience 27, 109230, March 15, 2024 9

https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1016/j.clinph.2016.10.087
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref2
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref2
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref2
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref2
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref3
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref3
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref3
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref3
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1016/S0006-3495(86)83558-5
https://doi.org/10.1016/S0006-3495(86)83558-5
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref6
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref6
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref6
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref6
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref6
https://doi.org/10.1113/jphysiol.2003.055772
https://doi.org/10.1113/jphysiol.2003.055772
https://doi.org/10.1016/s1388-2457(03)00362-6
https://doi.org/10.1016/s1388-2457(03)00362-6
https://doi.org/10.1016/j.brainres.2019.146318
https://doi.org/10.1016/j.brainres.2019.146318
https://doi.org/10.1109/EMBC.2016.7591061
https://doi.org/10.1109/EMBC.2016.7591061
https://doi.org/10.1073/pnas.1316599111
https://doi.org/10.1073/pnas.1316599111
https://doi.org/10.3389/fncel.2022.906313
https://doi.org/10.3389/fncel.2022.906313
https://doi.org/10.3389/fncel.2023.1096823
https://doi.org/10.3389/fncel.2023.1096823
https://doi.org/10.1038/srep24678
https://doi.org/10.1016/j.neuron.2007.10.033
https://doi.org/10.1016/j.neuron.2007.10.033
https://doi.org/10.1038/nrn2286
https://doi.org/10.1038/nrn2286
https://doi.org/10.1016/s0166-2236(96)10075-8
https://doi.org/10.1016/s0166-2236(96)10075-8
https://doi.org/10.1038/ncomms13033
https://doi.org/10.1038/ncomms13033
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref19
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref19
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref19
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref19
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref19
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref19
https://doi.org/10.1016/j.brs.2016.10.001
https://doi.org/10.1016/j.brs.2016.10.001
https://doi.org/10.1016/j.brs.2020.04.009
https://doi.org/10.1016/j.brs.2020.04.009
https://doi.org/10.1016/j.nlm.2023.107750
https://doi.org/10.1016/j.nlm.2023.107750
https://doi.org/10.1016/j.brs.2021.03.001
https://doi.org/10.1016/j.brs.2021.03.001
https://doi.org/10.1038/s41398-020-01134-4
https://doi.org/10.1038/s41398-020-01134-4
https://doi.org/10.1038/nature00854
https://doi.org/10.1038/nature00854
https://doi.org/10.7554/eLife.06414
https://doi.org/10.1016/j.pbiomolbio.2004.06.009
https://doi.org/10.1016/j.pbiomolbio.2004.06.009
https://doi.org/10.1016/j.brs.2016.08.014
https://doi.org/10.1016/j.brs.2016.08.014
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref29
https://doi.org/10.1016/J.BRS.2022.01.005
https://doi.org/10.1016/J.BRS.2022.01.005
https://doi.org/10.1523/ENEURO.0204-19.2019
https://doi.org/10.1523/ENEURO.0204-19.2019
https://doi.org/10.1038/ncomms11100
https://doi.org/10.1038/ncomms11100
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1016/j.neures.2017.08.012
https://doi.org/10.1016/j.neures.2017.08.012
https://doi.org/10.1016/j.bbr.2022.113880
https://doi.org/10.1016/j.bbr.2022.113880
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1152/jn.01312.2006
https://doi.org/10.1152/jn.01312.2006


ll
OPEN ACCESS

iScience
Article
BT - Practical Guide to Transcranial Direct
Current Stimulation: Principles, Procedures
and Applications, H. Knotkova, M.A. Nitsche,
M. Bikson, and A.J. Woods, eds. (Springer
International Publishing), pp. 81–113. https://
doi.org/10.1007/978-3-319-95948-1_3.

39. Fan, Y., Fricker, D., Brager, D.H., Chen, X., Lu,
H.C., Chitwood, R.A., and Johnston, D.
(2005). Activity-dependent decrease of
excitability in rat hippocampal neurons
through increases in I(h). Nat. Neurosci. 8,
1542–1551. https://doi.org/10.1038/nn1568.

40. Narayanan, R., Dougherty, K.J., and
Johnston, D. (2010). Calcium store depletion
induces persistent perisomatic increases in
the functional density of h channels in
hippocampal pyramidal neurons. Neuron 68,
921–935. https://doi.org/10.1016/j.neuron.
2010.11.033.

41. Campanac, E., Daoudal, G., Ankri, N., and
Debanne, D. (2008). Downregulation of
dendritic I(h) in CA1 pyramidal neurons after
LTP. J. Neurosci. 28, 8635–8643. https://doi.
org/10.1523/JNEUROSCI.1411-08.2008.

42. Brager, D.H., and Johnston, D. (2007).
Plasticity of intrinsic excitability during long-
term depression is mediated throughmGluR-
dependent changes in I(h) in hippocampal
CA1 pyramidal neurons. J. Neurosci. 27,
13926–13937.

43. Lin, M.T., Luján, R., Watanabe, M., Adelman,
J.P., and Maylie, J. (2008). SK2 channel
plasticity contributes to LTP at Schaffer
collateral-CA1 synapses. Nat. Neurosci. 11,
170–177.

44. Frick, A., Magee, J., and Johnston, D. (2004).
LTP is accompanied by an enhanced local
excitability of pyramidal neuron dendrites.
Nat. Neurosci. 7, 126–135. https://doi.org/10.
1038/nn1178.

45. Kim, J., Jung, S.C., Clemens, A.M., Petralia,
R.S., and Hoffman, D.A. (2007). Regulation of
dendritic excitability by activity-dependent
trafficking of the A-type K+ channel subunit
Kv4.2 in hippocampal neurons. Neuron 54,
933–947.

46. Carnevale, N.T., and Hines, M.L. (2006). The
NEURON Book (Cambridge University Press).
10 iScience 27, 109230, March 15, 2024
47. Ascoli, G.A., Donohue, D.E., and Halavi, M.
(2007). NeuroMorpho.Org: a central resource
for neuronal morphologies. J. Neurosci. 27,
9247–9251. https://doi.org/10.1523/
JNEUROSCI.2055-07.

48. Johnston, D., and Wu, S.M.S. (1995).
Foundations of Cellular Neurophysiology
(The MIT Press).

49. Hoffman, D.A., Magee, J.C., Colbert, C.M.,
and Johnston, D. (1997). K+ channel
regulation of signal propagation in dendrites
of hippocampal pyramidal neurons. Nature
387, 869–875.

50. Magee, J.C. (1998). Dendritic
hyperpolarization-activated currents modify
the integrative properties of hippocampal
CA1 pyramidal neurons. J. Neurosci. 18,
7613–7624.

51. Narayanan, R., and Johnston, D. (2008). The h
channel mediates location dependence and
plasticity of intrinsic phase response in rat
hippocampal neurons. J. Neurosci. 28,
5846–5860.

52. Poolos, N.P., Migliore, M., and Johnston, D.
(2002). Pharmacological upregulation of
h-channels reduces the excitability of
pyramidal neuron dendrites. Nat. Neurosci. 5,
767–774. https://doi.org/10.1038/
nn891nn891.

53. Shah, M.M., Migliore, M., Valencia, I.,
Cooper, E.C., and Brown, D.A. (2008).
Functional significance of axonal Kv7
channels in hippocampal pyramidal neurons.
Proc. Natl. Acad. Sci. USA 105, 7869–7874.
https://doi.org/10.1073/pnas.0802805105.

54. Magee, J.C., and Johnston, D. (1995).
Characterization of single voltage-gated Na+
and Ca2+ channels in apical dendrites of rat
CA1 pyramidal neurons. J. Physiol.
487, 67–90.

55. Fleidervish, I.A., Lasser-Ross, N., Gutnick,
M.J., and Ross, W.N. (2010). Na+ imaging
reveals little difference in action potential-
evoked Na+ influx between axon and soma.
Nat. Neurosci. 13, 852–860. https://doi.org/
10.1038/nn.2574.

56. Narayanan, R., and Johnston, D. (2010). The h
current is a candidate mechanism for
regulating the sliding modification threshold
in a BCM-like synaptic learning rule.
J. Neurophysiol. 104, 1020–1033. https://doi.
org/10.1152/jn.01129.2009.

57. Honnuraiah, S., and Narayanan, R. (2013). A
calcium-dependent plasticity rule for HCN
channels maintains activity homeostasis and
stable synaptic learning. PLoS One 8, e55590.
https://doi.org/10.1371/journal.pone.
0055590PONE-D-12-31521.

58. Mayer, M.L., and Westbrook, G.L. (1987).
Permeation and block of N-methyl-D-aspartic
acid receptor channels by divalent cations in
mouse cultured central neurones. J. Physiol.
394, 501–527.

59. Canavier, C.C. (1999). Sodium dynamics
underlying burst firing and putative
mechanisms for the regulation of the firing
pattern in midbrain dopamine neurons: a
computational approach. J. Comput.
Neurosci. 6, 49–69.

60. Jahr, C.E., and Stevens, C.F. (1990). Voltage
dependence of NMDA-activated
macroscopic conductances predicted by
single-channel kinetics. J. Neurosci. 10,
3178–3182.

61. Jahr, C.E., and Stevens, C.F. (1990). A
quantitative description of NMDA receptor-
channel kinetic behavior. J. Neurosci. 10,
1830–1837.

62. Poirazi, P., Brannon, T., and Mel, B.W. (2003).
Arithmetic of subthreshold synaptic
summation in a model CA1 pyramidal cell.
Neuron 37, 977–987.

63. Dingledine, R., Borges, K., Bowie, D., and
Traynelis, S.F. (1999). The glutamate receptor
ion channels. Pharmacol. Rev. 51, 7–61.

64. Shouval, H.Z., Bear, M.F., and Cooper, L.N.
(2002). A unified model of NMDA receptor-
dependent bidirectional synaptic plasticity.
Proc. Natl. Acad. Sci. USA 99, 10831–10836.
https://doi.org/10.1073/pnas.152343099.

65. Magee, J.C., and Cook, E.P. (2000). Somatic
EPSP amplitude is independent of synapse
location in hippocampal pyramidal neurons.
Nat. Neurosci. 3, 895–903. https://doi.org/10.
1038/78800.

https://doi.org/10.1007/978-3-319-95948-1_3
https://doi.org/10.1007/978-3-319-95948-1_3
https://doi.org/10.1038/nn1568
https://doi.org/10.1016/j.neuron.2010.11.033
https://doi.org/10.1016/j.neuron.2010.11.033
https://doi.org/10.1523/JNEUROSCI.1411-08.2008
https://doi.org/10.1523/JNEUROSCI.1411-08.2008
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref42
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref42
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref42
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref42
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref42
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref42
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref43
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref43
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref43
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref43
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref43
https://doi.org/10.1038/nn1178
https://doi.org/10.1038/nn1178
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref45
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref45
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref45
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref45
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref45
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref45
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref47
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref47
https://doi.org/10.1523/JNEUROSCI.2055-07
https://doi.org/10.1523/JNEUROSCI.2055-07
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref48
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref48
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref48
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref49
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref49
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref49
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref49
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref49
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref50
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref50
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref50
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref50
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref50
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref51
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref51
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref51
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref51
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref51
https://doi.org/10.1038/nn891nn891
https://doi.org/10.1038/nn891nn891
https://doi.org/10.1073/pnas.0802805105
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref54
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref54
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref54
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref54
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref54
https://doi.org/10.1038/nn.2574
https://doi.org/10.1038/nn.2574
https://doi.org/10.1152/jn.01129.2009
https://doi.org/10.1152/jn.01129.2009
https://doi.org/10.1371/journal.pone.0055590PONE-D-12-31521
https://doi.org/10.1371/journal.pone.0055590PONE-D-12-31521
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref58
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref58
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref58
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref58
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref58
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref59
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref59
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref59
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref59
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref59
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref59
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref60
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref60
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref60
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref60
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref60
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref61
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref61
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref61
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref61
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref62
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref62
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref62
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref62
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref63
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref63
http://refhub.elsevier.com/S2589-0042(24)00451-6/sref63
https://doi.org/10.1073/pnas.152343099
https://doi.org/10.1038/78800
https://doi.org/10.1038/78800


ll
OPEN ACCESS

iScience
Article
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

NEURON simulation environment Carnevale & Hines.

The NEURON Book.46
Neuron.yale.edu/neuron/

IGOR Pro WaveMetrics, Inc. www.wavemetrics.com

Prism GraphPad Software, Inc. www.graphpad.com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hanoch Kaphzan

(hkaphzan@univ.haifa.ac.il).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� This study did not generate new datasets.
� All computational and simulation details are within this paper, and a ZIP file containing the simulations codes that were used in this

study is in supplemental material.

� Any additional information required to reanalyze the data reported in this work paper is available from the lead contactupon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This section does not apply to our study, as no participants were recruited.
METHODS DETAILS

General computational and simulation details

A morphologically realistic, 3D reconstructed, hippocampal CA1 pyramidal neuron (n123), obtained from Neuromorpho.org47 was used as

the substrate for all simulations. Morphology and modeling parameters of passive membrane properties and voltage-gated ion channels

(VGICs) were the same as those used in previous studies12,13 which were originally developed in11 and are detailed below.

We employed NEURON simulation environment (v8.0)46 for all simulations. For all simulations, the temperature was set at 34�C, and ion-

channels kinetics was appropriately adjusted based upon experimentally determined q10 factors. The integration time constant, for solving

various differential equations, was set to be 25 ms. In absence of tDCS, membrane potential was fixed at�65 mV and simulations were run at

this potential. Data analyses were done using custom-built software written within IGOR Pro (v8.0) (Wavematrics).

Given that tDCS inducesmembrane potential polarization, we roughlymodeled the tDCS condition by directly injecting a constant current

into the distal region of the dendrite. Injected current amplitudewasG200 pAdepending onwhether it is cathodal or anodal stimulation. This

type of current injection yielded approximately G5 mV deflection in membrane potential in the most distal portion of the dendrite.

We estimated dendritic length constant by injecting a constant current at distal portion of the dendrite. The distance required along the

apical trunk for 63.2% decay of voltage response was taken as length constant.48
Passive membrane properties

Passive membrane parameters were set such that the model neuron was able to capture experimental statistics of various measure-

ments.15,19,49–51 Explicitly, specific membrane capacitance (Cm) was set at 1 mF/cm2 across the entire morphology. Specific membrane resis-

tivity (Rm) and intracellular resistivity (Ra) were distributed non-uniformly and varied along the somato-apical trunk as functions of the radial

distance of the compartment from the soma (x) using the following formulation:

RmðxÞ = Rm � max+
ðRm � min � Rm � maxÞ

1+expððRm � d � xÞ=Rm � kÞ (Equation 1)
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RaðxÞ = Ra � max+
ðRa � min � Ra � maxÞ

1+expððRa � d � xÞ=Ra � kÞ (Equation 2)

where Rm-max = 125 kU/cm2 and Ra-max = 120 U/cm were default values at the soma, and Rm-min = 85 kU/cm2 and Ra-min = 70 U/cm were

values assigned to the terminal end of the apical trunk (which was �425 mm distance from the soma for the reconstruction under consider-

ation). The other default values were: Rm-d = Ra-d = 300 mm, Rm-k = Ra-k = 50 mm; Ra-k = 14 mm. The basal dendrites and the axonal com-

partments had somatic Rm and Ra. Model neuron with these distributions of passive membrane properties was compartmentalized using

dl rule
46 to ensure that each compartment was smaller than 0.1l100, where l100 was the space constant computed at 100 Hz. This produced

a total of 809 compartments in the model neuron.
Voltage-gated ion channels kinetics and distribution

The model neuron used expressed five conductance-based voltage-gated ion channels (VGICs): Na+, A-type K+ (KA), delayed rectifier K+

(KDR), T-type Ca++ (CaT), and hyperpolarization-activated h (HCN) channels. Na+, KDR, and KA channels weremodeled based upon previous

kinetic schemes,19 and h channels weremodeled as in.52 T-typeCa++ channels kinetics was taken from.53 Na+, K+, and h channelsmodels were

based uponHodgkin-Huxley formalism and had reversal potentials 55, –90, and�30mV respectively. The CaT current wasmodeled using the

Goldman-Hodgkin-Katz (GHK) formulation with the default values of external and internal Ca++ concentrations set at 2 mM and 100 nM,

respectively. The Densities of Na and KDR conductances were kept uniform across the neuronal arbor, whereas the densities of h, CaT,

and KA channel conductances increased on the apical side with an increase in distance from the soma.49,50,54 The basal dendritic compart-

ments had somatic conductance values.

Uniformly distributed Na and KDR conductances were set at 16 and 10 mS/cm2, respectively. Na conductance was 5-fold higher

in the axon initial segment compared to the somatic counterpart55 and the rest of the axon was treated as passive. To account for

the slow inactivation of dendritic Na+ channels, an additional inactivation gating variable was included for dendritic Na+ channels.19

KA conductance was set as a linearly increasing gradient as a function of radial distance from the soma, x,49 using the following

formulation:

gKAðxÞ = A � gB ð1 + A � Fx =100Þ (Equation 3)

where somaticgKA was 3.1mS/cm2, andA-F (=8) quantified the slope of this linear gradient. In order to incorporate experimental observations

related to differences in half-maximal activation voltage (V1/2) between the proximal and the distal KA channels in CA1 pyramidal cells,49 two

distinct models of KA channels were adopted. A proximal model was used for compartments with radial distances less than 100 mm from the

soma, and beyond that point a distal A-type K+ conductance model was used.

The increase in maximal h conductance along the somato-apical axis as a function of radial distance from the soma, x, was modeled using

the following formulation:

ghðxÞ = h � gB

�
1 +

h � F

1+expððh � d � xÞ=h � kÞ
�

(Equation 4)

where h-gb denotes maximal h conductance at the soma, set to be 25 mS/cm2, and h-F (=12) formed fold increase along the somato-apical

axis. Half-maximal distance of gh increase, h-dwas 320 mm, and the parameter quantifying the slope, h-kwas 50 mm. To accommodate the ex-

perimental observations regarding changes in V1/2 of the activation of h conductance at various locations along the somato-apical trunk,50 the

half-maximal activation voltage for h channels was�82 mV for x% 100 mm, linearly varied from�82 mV to�90 mV for 100mm% x% 300 mm,

and �90 mV for x > 300 mm.

The CaT conductance gradient was modeled as a sigmoidal increase with increasing radial distance from the soma, x:

gCaTðxÞ = T � gB

�
1 +

T � F

1+expððT � d � xÞ=T � kÞ
�

(Equation 5)

where T-gB denotes maximal CaT conductance at the soma, set to be 80 mS/cm2, and T-F (=30) formed fold increase along the somato-

apical axis. Half-maximal distance of gCaT increase, T-d was 350 mm, and the parameter quantifying the slope, T-k was 50 mm. These para-

metric constraints accounted for the experimental constraints on the coexistence of the six functional maps along the same somato-apical

trunk.11
Synapse model

A synapse was modeled as a co-localization of AMPA and NMDA receptor currents as described previously.56,57 A spike generator was used

to feed inputs to the synapses at predetermined required frequencies. The default value of theNMDA:AMPApermeability ratio was set at 1.5.

Both receptors currents were modeled based upon GHK formulation. The current through NMDA receptors was set as the combination of

Na+, K+, and Ca++, and their voltage and time dependence were described by the following equations:

INMDAðv; tÞ = INa
NMDAðv; tÞ+ IKNMDAðv; tÞ+ ICaNMDAðv; tÞ (Equation 6)
12 iScience 27, 109230, March 15, 2024
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where

INa
NMDAðv; tÞ = PNMDAPNasðtÞMgBðvÞ vF

2

RT

8>><
>>:
½Na�i � ½Na�o exp

�
� vF

RT

�

1 � exp

�
� vF

RT

�
9>>=
>>;

(Equation 7)
IKNMDAðv; tÞ = PNMDAPKsðtÞMgBðvÞ vF
2

RT

8>><
>>:
½K �i � ½K �o exp

�
� vF

RT

�

1 � exp

�
� vF

RT

�
9>>=
>>;

(Equation 8)
ICaNMDAðv; tÞ = PNMDAPCasðtÞMgBðvÞ4vF
2

RT

8>><
>>:
½Ca�i � ½Ca�o exp

�
� 2vF

RT

�

1 � exp

�
� 2vF

RT

�
9>>=
>>;

(Equation 9)

where F is Faraday’s constant, R is the gas constant and T is the temperature in Kelvin. PNMDA is the maximum permeability of the NMDA

receptor and the default ratio of values of PCa, PNa, and PK was set to be 10.6:1:1, respectively, owing to experimental observations.58,59

The external and internal concentrations of the various ions were set as follows (in mM): [Na]o = 140, [Na]i = 18, [K]o = 5, [K]i = 140, [Ca]o =

2, [Ca]i = 100 3 10�6. This resulted in equilibrium potentials for sodium and potassium ions of +55 and �90 mV, respectively. MgB(v) and

s(t) denote magnesium dependence and temporal evolution of NMDA current, respectively, and were defined as follows60,61:

MgBðvÞ =

�
1+

½Mg�o expð� 0:062vÞ
3:57

�� 1

(Equation 10)

where [Mg]o denotes extracellular magnesium concentration and was set to 2 mM.

sðtÞ = a

�
exp

�
� t

td

�
� exp

�
� t

tr

��
(Equation 11)

where a is the normalization constant to ensure that 0% s(t)%1. tr and td denote the rise and decay time constants of NMDA receptor-medi-

ated current, respectively, and were set to be 5 and 50 ms, respectively.

The evolution of intracellular calcium, consequent to entry from NMDA receptors and T-type Ca++ channels, was modeled as described

previously56,62:

d½Ca�i
dt

= � 10;000 ICaNMDA

3:6,dpt,F
+
½Ca�N � ½Ca�i

tCa
(Equation 12)

where tCa = 30 ms is the calcium decay time constant, dpt = 0.1 mm is the depth of the shell and [Ca]N = 10�4 mM is the steady-state value

of [Ca]i.

The current through AMPA receptors was mediated by the combination of Na+ and K+ currents and was defined as follows:

IAMPAðv; tÞ = INa
AMPAðv; tÞ+ IKAMPAðv; tÞ (Equation 13)

where

INa
AMPAðv; tÞ = PAMPA wPNasðtÞ vF

2

RT

8>><
>>:
½Na�i � ½Na�o exp

�
� vF

RT

�

1 � exp

�
� vF

RT

�
9>>=
>>;

(Equation 14)
IKAMPAðv; tÞ = PAMPA wPKsðtÞ vF
2

RT

8>><
>>:
½K �i � ½K �o exp

�
� vF

RT

�

1 � exp

�
� vF

RT

�
9>>=
>>;

(Equation 15)

where PAMPA is the maximum permeability of AMPA receptors. The default ratio of PNa and PK values was set to be 1:1 owing to experimental

observations.63 s(t) denotes the temporal evolution of AMPA current and was modeled as in Equation 11 with tr and td set to be 2 and 10 ms,

respectively. w is the weight parameter that undergoes activity-dependent update (See section synaptic weight update mechanism). To

generate presynaptic spike, we used NEURON simulation environment’s built-in network connection object, Netcon.
iScience 27, 109230, March 15, 2024 13
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Synaptic weight update mechanism

A synaptic weight parameter, w, associated with the specific synapse of the given compartment was updated based upon the intracellular

calcium concentration of the given compartment. This dependence of synaptic weight parameter, w, on intracellular calcium concentration

was defined by the following equation based upon the calcium control hypothesis64:

dw

dt
= h

�½Ca�i	
U�½Ca�i	 � w
�

(Equation 16)

where h([Ca]i) is the calcium-dependent learning rate and was dependent upon learning time constant t([Ca]i) as follows:

h
�½Ca�i	 =

1

t
�½Ca�i	 (Equation 17)

where t([Ca]i) was defined as:

t
�½Ca�i	 = P1 +

P2

P3+½Ca�P4i
(Equation 18)

with P1 = 1 s, P2 = 0.1 s, P3 = P2 3 10�4 and P4 = 3. The values of these parameters warrant that when [Ca] z 0, t([Ca]i) z 3 h.

U([Ca]i) has the following form:

U
�½Ca�i	 = 0:25+

1

1+exp
�� b2

�½Ca�i � a2

	 � 0:25
1

1+exp
�� b1

�½Ca�i � a1

	 (Equation 19)

with a1 = 0.35, a2 = 0.55, b1 = 80 and b2 = 80. The default initial value of w, winit, was set at 0.25.
Measurements

The input/output relationship of the model neuron was determined by stimulating synapses at various frequencies. For any given input fre-

quency, all synapses were stimulated simultaneously using independent Poisson distributed input timings and this was repeated for 20 times

for every given stimulus frequency. Each trial ran for 1 s and the number of action potentials fired was taken as the response frequency.

EPSP amplitude was computed by activating a given synapse at a given location, and the corresponding potential was recorded. The dif-

ference between baseline potential and peak EPSP response was taken as EPSP amplitude. For computing synaptically driven input/output

response profile and EPSP amplitude, only AMPA receptor type conductance was used.65

The input resistanceof themodel neuron at various locations along the neuronal trunkwas computed by injecting a current pulse of various

amplitudes (�50 to +50 in steps of 10 pA) and the corresponding local steady-state voltage response was recorded to compute V–I relation-

ship. The slope of the linear fit to the V–I curve was determined as the input resistance.
QUANTIFICATION AND STATISTICAL ANALYSIS

All simulations were performed using NEURONprogramming environment.46 All data analyses and plotting were done using custom-written

scripts within IGOR Pro (Wavemetrics). Statistical analyses of 2-way ANOVA and paired t-test were performed where necessary in Prism

(GraphPad Software).
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