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Neurons process information by integrating thousands of synaptic inputs along
their dendrites. Understanding the computational principles underlying neuronal
information processing requires a reliable measure of synaptic conductance dynamics
that accurately represents the input sources before signal integration and processing.
Prevailing approaches to measuring synaptic conductances typically employ a voltage
clamp at the soma of a neuron and assume the neuron as an isopotential point when pro-
cessing electrical signals. However, owing to the presence of the well-known space clamp
effect, the measurement of synaptic conductances through these methods often leads to
significant errors, impeding the elucidation of dendritic signal features and subsequent
signal integration processes. To address this issue, here we first develop a two-step clamp
method at the soma that separately recovers the mean and time constant information
of local synaptic conductance on the dendrite with high accuracy when a neuron
receives a single synaptic input. Furthermore, under in vivo conditions of multiple
synaptic inputs, we propose an intercept method to extract effective net excitatory and
inhibitory synaptic conductances from measurements of synaptic currents at the soma.
Both methods are grounded in mathematical perturbation analyses of a conductance-
based passive cable model and are validated across multiple biologically detailed
multicompartment neuron models with active channels, including Purkinje neuron,
pyramidal neuron, and fast-spiking interneuron. Results demonstrate that our methods
effectively circumvent the space clamp effect, offering reliable means to assess the role
of measured conductances and synaptic activity in neuronal information processing.

conductance measurement | local synaptic conductance | effective conductance | space clamp effect

Neuronal networks operate via a complex interplay of excitatory (£) and inhibitory (/)
inputs, often exhibiting a fluctuation-driven, balanced E-I dynamics. For each neuron
within a network, disentangling its £ from / inputs is crucial for elucidating the regulation
of E-I balance and dendritic input integration. The commonly used experimental
techniques for £ and 7 input conductance measurements use current injections at
the soma to clamp the somatic voltage at preselected values (1-11). Unfortunately,
such clamping methods are notoriously unreliable, at times even producing estimates of
negative conductances (12). The source of this unreliability is termed the “space clamp
effect”—that while the voltage at the soma can be clamped to a prescribed value, the
voltage cannot be clamped uniformly throughout the incoming dendritic arbor (13, 14).
Since the clamping method is based on the false assumption that the soma and incoming
dendritic arbor are isopotential, it is crucial to clarify and quantify the impact of this
isopotential assumption on the measurement of £ and / conductances in order to develop
a more accurate measurement technique.

Here, we first develop a perturbation analysis framework and mathematically quantify
the detailed mechanisms underlying the space clamp effect for an idealized ball-and-stick
neuron model (the soma connects to an unbranched dendrite), and then use computa-
tional simulations to extend these theoretical results to several realistic neuron models
with complex dendritic morphologies and a variety of ion channels. More specifically, our
perturbation analysis enables the following: i) The proposal of a two-step clamp method
to identify characteristics of local conductances (at locations along the dendritic arbor)
based on somatic measurements. These characteristics include the temporal mean of the
local conductances, as well as their rise and decay time constants. ii) The identification
and quantification of those interactions between the clamp current and the synaptic
currents that underlie the space clamp effect. iii) A precise definition of biologically
relevant effective £ and / somatic conductances (G¢H, G;ff) that intrinsically quantify
the influence of synaptic inputs on somatic responses. iv) The proposal of a stable method,
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termed the “intercept method,” to determine szf and G;ff from
clamping measurements at the soma—a method whose accuracy
can be estimated with our perturbation analysis. Thus, this study
proposes a reliable method to estimate local and effective somatic
conductances with perturbative error estimates. Our methods
could be implemented via the voltage clamp methods that are
very similar to the traditional experimental clamping method.
Notably, our methods could be further extended to the current
clamp methods and provide a reliable approach to evaluate the
contribution of measured conductances and synaptic activity to
neuronal information processing.

Recovery of the Local Synaptic Conductance. First, we use a
perturbation analysis to develop a two-step method based on a
voltage clamp at the soma to effectively recover local synaptic
dynamics, including conductances. The first step recovers the
temporal mean value of the local conductance and the second
step recovers its rise and decay time constants. Note that the input
strength can be inferred from the temporal mean of the conduc-
tance once the time constants are estimated. Subsequently, the
temporal profile of the local synaptic conductance dynamics can
be estimated. We emphasize that, while the perturbation results
are derived for an ideal neuron with an unbranched dendrite, we
show through numerical simulations that the results are accurate
for realistic neuron models with complex dendritic morphologies
and various ionic dynamics.

Recovery of the mean of the local synaptic conductance. For the
sake of illustration, we begin by studying an ideal neuron with
an unbranched dendrite, receiving a single £ synaptic input at
the dendritic location x = xg at time # = 0. [The analysis can
be straightforwardly extended to the case of inhibitory input and
branched dendrites (15, 16).] In addition, a clamp current is
injected into the soma of the neuron to maintain a fixed somatic
voltage, initiated from # = —o0. This preparatory step, starting
the voltage clamp sufficiently early before the synaptic input,
guarantees that the somatic membrane potential reaches the
steady state of the clamping voltage before the synaptic input
arrives. According to the cable neuron model (17), which treats
neuronal dendrites as long, thin cylinders and thus represents
the underlying three-dimensional dendritic structure in one
dimension (18), the neural dynamics obey Eq. 1,

4 9%o(x,
= —gLT/(X, Z') + —M _ ]syn + Ida, [1]
47  Jx?

dv(x 1)
at

where ¢ and g7 denote the capacitance and the leak conductance
per unit area of the membrane, respectively; 7 and 4 represent
the axial resistivity and diameter of the dendrite, respectively.
The synaptic current 7" = gr(£)6(x — xg)(v — €f) is given
at location xg with reversal potential £, and the clamp current
I = [ (£)§(x — x5) is given at the soma. §(x) denotes the
Dirac Delta function. The local excitatory conductance gz(¢) =
JfEug(t), where fz is the input strength, and #, is the normalized £

.t

conductance modeled as in ref. 19 uz(¢) = Ng(e & —e ),
where 7, and 7, are the rise and decay time constants. The peak
value of g is normalized to unity by the normalization factor

__"Er TEd
Ng = [(%) TEdTTEr — (%) TEd~TEr ]_1. Boundary conditions are
given by (20, 21)
3v(0, 7) rd? dv v
—_— = 0,¢) + —— , — =0, [2
‘ ot g10(0.7) 4Sr 0x lx=0 Ox lx=L [2]

where L is the length of dendrite, and S is the area of soma.
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In general, an individual excitatory postsynaptic potential has
a small amplitude (22, 23), indicating relatively small input
strength fz. Therefore, we expand both the somatic response
and clamp current in terms of the small parameter /g, i.e.,

]inj(t) _ Z]%m[ri;j(f)’ U(X, t) — ZfEmvm(x, t). [3]
m=0 m=0

By substituting Eq. 3 into Eq. 1, and arranging the equations
by their respective orders, we can obtain an ordered hierarchy of
equations. Focusing on the zeroth order, we have

dv d v}
c—O = —grvo + -3

3t G2 I3 = xs). [4]

Note that the Green’s function I'(x; 3, ¢) is defined as the solution
of Eq. 1, with the clamp and synaptic currents replaced by pulse
input 6(x — y)6(¢), that satisfies the boundary conditions Eq. 2;
and it can be found analytically (20, 21). With Green’s function,
the analytic solution to Eq. 4 can be expressed as

v(x 1) = (/0 [(x x5, 1) dn)lénj- 5]

The zeroth-order solution zy(x, #) is time-independent, high-
lighting the somatic voltage clamp’s efficacy in maintaining the
somatic membrane potential at a fixed level through the injection

of current ](;nj . Given its time-invariant property, vg(x ¢) is
subsequently denoted as v (x).

Notably, the integral enclosed in the parenthesis in Eq. 5 can
be viewed as the Laplace transform of I'(x, x5, £) at frequency
s = 0, denoted as L{T'}(x, x5, 0). This interpretation allows us
to delineate the membrane potential at the dendritic location
X = XE as

vo(xe) = Kgvo(xs), [6]

where the factor K = L{I'}(xg, x5, 0)[L{T}(xs, x5, 0)] L. The
factor denotes the deviation of membrane potential at the
synaptic location from somatic voltage and is just the ratio of the
response kernel at the synaptic location to that at the soma. Note
that the factor K¢ can be quite small and is independent of the
magnitude of the clamped current. Such findings cast doubt upon
a traditional assumption that treats the neuron as isopotential.
Further simulations of a neocortical layer 5 pyramidal neuron
validate a substantial discrepancy between dendritic and somatic
voltages. As depicted in Fig. 14, the discrepancy can reach up
to 20 mV, highlighting the spatial heterogeneity of neuronal
signaling.
At first-order O(fz), Eq. 1 becomes

-— — [lsyné(x —xg) + ];HJ5(x — x5),
(7]
where I;"" = ug(¢)(vo(x) — ). Note that, in the voltage clamp
mode, the somatic membrane potential remains clamped at the
predetermined level vy (xs). Consequently, Eq. 7 is constrained

by the condition »; (x5, #) = 0. Thus, representing the solution
of Eq. 7 with the Green’s function I'(x, y, ¢) yields:

[(xs, xs, t) * [inj (r) = D(xs, xg, 1) * 1" (xE, 1), [8]
where * denotes temporal convolution. Note that, under the

voltage clamp mode, we can estimate the synaptic current arriving
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Fig. 1. Recovery of mean local synaptic conductance in a realistic neocortical layer 5 pyramidal neuron model. () Voltage distribution in the pyramidal neuron
model under a somatic voltage clamp set at —60 mV. (B) The notable discrepancy between the local synaptic current and the synaptic current measured at the
soma when the input is given at 300 pm from the soma. (C-E) lllustrate the recovery process using our method. (C) Depicts the simulation setup, wherein a
dynamic clamp is applied at the dendrite to mimic synaptic input, alongside a somatic voltage clamp. (D) Shows the synaptic current at the soma, measured
under distinct clamped somatic voltages. (F) The mean synaptic current measured at the soma exhibits a linear relationship with the somatic voltage, enabling
recovery of mean local synaptic conductance based on the slope and intercept. (F) Comparison of mean local synaptic conductance recovery by our method
and the traditional method against the true mean local synaptic conductance. The EPSP amplitude induced at 300 pm from the soma ranges from about 0.1
to 3.5 mV. (G) Spatial dependence of the relative error for mean local synaptic conductance measurement by the traditional method (Left) versus our method
(Right) in the passive pyramidal neuron model, with E input strength fixed at each location. (H) Similar to (G), but with active ion channels included. (/), Similar
to (H) but with the HCN channel blocked.

at the soma, denoted as [sl;,]q, from the change of the clamp current, jsl;rll = Kegr(eg — vo(xE)), [10]

) l;,lrjl = —fe,"” + O(f?). Consequently, by multiplying fz
to both sides of Eq. 8, applying the Laplace transform to Eq. 8
and setting s = 0 yields a linear relationship between measured

synaptic current at the soma and the clamping voltage as

which shows that, as the local synaptic current diffuses across
the dendrites, the local synaptic current undergoes attenuation
owing to factors like resistive flow and leakage, as depicted in
Fig. 1B. This attenuation leads to a discrepancy between the
actual synaptic current measured at the soma and the actual local
current at the location of the synapse gr(er — vo(xg)). This
discrepancy arises from the space clamp effect and is captured
here by the fact that Kz < 1, with the 1 — KF an estimate of the
size of the space clamp effect.

7inj

Iyn = —Kj g5 - vo(xs) + K - ge - eg + O(f), (9]

where we define L fo
h(t), in partlcular Syn = fo syn 7)dt and gg = fo ge(r)dr

d‘r for any integrable function

represent the total synaptic charge and the aggregate conductance,
respectively. Note that Eq. 9 can be reformulated as
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Notably, using Eq. 9, despite the space clamp effect (i.e., Kz <
1), it is possible to estimate accurately the aggregate synaptic
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conductance gr. To be specific, one can clamp the somatic voltage
at multiple levels, and fit the linear relationship between the
holding potential »(xs) and the corresponding total synaptic

charge jsl)r,lrll to obtain jsl)r,lrjl = kuvy(xs) + b, where the slope £ and
the intercept & (obtained by linear regression) produce

k=—Kg - gk, [11]
b=Kg-gr-€g. [12]

Utilizing the Egs. 11 and 12, one can recover the aggregate
synaptic conductance as

52

gE = - [13]

1
%
In general, the conductance change lasts for a finite duration,
typically, in tens of milliseconds. This characteristic permits
estimation of mean local synaptic conductance by dividing gg
by the duration time 7. Considering that EPSPs usually last for
47.6 £ 18.2 ms (24), we set 7 = 100 ms in our subsequent
simulations.

Our approach for determining accurately the mean local
synaptic conductance is showcased in Fig. 1 using simulations
of a neocortical layer 5 pyramidal neuron with both passive
and active dendrites cases (31). We first consider the scenario
of passive dendrites, where cable theory is an exact description
of its dynamics. Specifically, we analyze an E synaptic input
located 300 pm away from the soma on the dendritic trunk, as
shown in Fig. 1C. By applying a voltage clamp at the soma, we
can adjust the magnitude of the holding somatic voltage while
repeating the local synaptic input to measure the synaptic current
under varying holding potentials, as illustrated in Fig. 1 C and
D. Consistent with the prediction of Eq. 9, the mean synaptic
current shows a linear relation with the holding potential, as
shown in Fig. 1E. Our method effectively recovers the mean
local synaptic conductance by exploiting the linear relationship
given by Eq. 13. In addition, as depicted in Fig. 1F foran £ input
and ST Appendix, Fig. S1A for an I input, our method is robustly
applicable across a wide range of synaptic input strengths. Our
approach consistently outperforms the traditional method based
on the point neuron assumption (i.e., Kg = 1), which estimates

. inj _
the local synaptic conductance by gr = Iyh[er — vo(xs)] 1.
A— * A .
The average relative error ( relative error = g £ l, where g is

an estimation of g*) of our method is 10% for an £ synaptic
input across all dendrites. In contrast, the traditional method
can incur an average relative error of up to 26% across all
dendrites. Additionally, when an E synaptic input is located
far away from the soma, the estimation error of the traditional
method can exceed 60%, whereas our method continues to
exhibit small relative error, as depicted in Fig. 1G. For the case
of an [ synaptic input, the traditional method performs even
poorer with an average relative error of 32%. In comparison,
our method maintains an average relative error of 10% across all
dendrites, as illustrated in S/ Appendix, Fig. S1B. However, we
note that at certain dendritic tips, the relative error of our method
increases slightly due to dendritic escape effects (see ST Appendix
for detailed error analysis).

Next, we assess the impact of active conductances on our
method by simulations with a variety of voltage-gated conduc-
tances. Incorporation of the active conductances results in a
slight decline in precision (average relative error of our method:
14% for an E input and 10% for an 7 input), as shown in
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Fig. 1H and SI Appendix, Fig. S1C. This decrease in accuracy is
primarily attributed to the distortion of synaptic current by active
conductances. Despite this, it is noteworthy that our method
consistently outperforms the traditional approach, as illustrated
in Fig. 1H and SI Appendix, Fig. S1C.

To improve the accuracy of our method in the presence of

active channels, we investigate the influence of each channel
on the method’s precision. This investigation reveals that most
active conductances exhibit minimal influence on our estimation
of mean local synaptic conductance. The exception is the
HCN current, a type of cation ion current that significantly
diminishes the accuracy of our estimation. However, blocking
HCN channels restores the high accuracy of our estimation
(average relative error of our method: 9% for an £ input, 10%
for an [ input), while the performance of the traditional method
barely improves (average relative error of the traditional method:
26% for an E input, 32% for an / input), as illustrated in Fig. 1/
for the case of an E input and S/ Appendix, Fig. S1D for that of
an / input. In physiological experiments, specific compounds
can indeed be used to selectively block HCN channels, as
demonstrated by Balducci et al. (25).
Recovery of the time constants of the local synaptic conductance.
The second step of our method is accomplished by changing
the onset time of the somatic voltage clamp to recover local
synaptic time constants—an approach motivated by the “voltage
jump method” previously developed (26). We first describe
the method analytically for a single input (£ or /) on an
idealized dendrite and then show the method’s generality through
numerical simulations.

In a manner akin to recovering the mean local synaptic
conductance, we consider the scenario where an £ synaptic input
is delivered to a dendritic location x = xg at time # = 0. In
addition, rather than starting from # = —00, the clamp current
is now initiated at # = & > 0 after the arrival of the synaptic
input. Consequently, this adjustment changes the solution of Eq.
7, as the term vg(x) in 7" becomes time-dependent. This time
dependence arises from the delay in clamp current initiation,
resulting in ;" = ug () (vo(x, ) — €£). In addition, the clamp
current starts to counteract the synaptic current only after r = £.
Hence, the membrane potential at the soma, v; (xs, £), is nonzero
until 7 = ¢, allowing the EPSP at the soma to be measured before
the clamp’s influence takes effect. With the Green’s function, we
obtain:

v1(xs, 1) = T(xs, % £) x [— 1" 8 (x — xg) + Ilinjé(x —xs)], [14]
where * denotes spatiotemporal convolution. Multiplying fz to
both sides of Eq. 14 and using the first-order approximation of

the synaptic current at the soma 1;;,’1 = —frl ;nj + O(]%z) and the
somatic EPSP Vi (1) = frv1(xs, ) + O(f), we obtain:

(xs, x5, 2) % Iyn () + VE(2) = =T(xs, xg, 2) % [fe ;" (2)].

By performing the Laplace transform on both sides of the
above equation and setting s = 0, we obtain

I 4+ F(Ve) = —Kegrmo(xe) + R [15]

where F(Vg) = Vg[[(xs,xs)] " and the reminder term R =
Kpgrer + O(f2). Again, here we define / = Jo° hl(r)de
for any integrable function /(¢). It is important to point out
that vo(xg, £) = 0 when ¢ < & because vy(xg, ¢) is induced

inj . .
by the clamp current /", which starts at # = & in our
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settings. Consequently, the following equality holds, v (xz, £) =
v (xg)O(r—&), where ©(¢) is the Heaviside function. Therefore,

the term on the right-hand side of Eq. 15 manifests as a
_£ _£
double exponential function H(¢) = wie "B + wpe *E with

parameters of the synaptic time constants 7z, and 7 (see details
in 81 Appendix), and Eq. 15 reduces to

Td + F(Vi) = H(& t5n t24) + R. [16]

Eq. 16 suggests a method to recover the time constants of local
synaptic conductance. By varying the starting time of the voltage
clamp r = £ in different trials, 7z, and 7z, can be estimated
by fitting the quantity on the left-hand side of Eq. 16 using
the format of H(&; tgy, Tg4) + const. Note that all components
on the left-hand side of Eq. 16 are experimentally measurable.

. inj . .
For example, the synaptic current [Sy,J, is equal to the difference
F . inj
between the total clamp current /' and the baseline current / )

where the baseline current ,” can be measured by initiating the
voltage clamp at # = ¢ in the absence of the synaptic input. In
addition, the EPSP response at the soma Vg can be recorded
prior to the onset of the voltage clamp. The term T'(xs, xs) in the
expression of F(Vg) represents the input resistance at the soma,
which can be calculated by the ratio of the magnitude of clamped
membrane potential to the injected current in the absence of any
synaptic input.

Fig. 2 provides a numerical validation of the recovery method
of the local synaptic time constants, employing the neocortical

layer 5 pyramidal neuron model with passive and active dendrites
(31). We first consider the scenario of passive dendrites. We
note that, if the membrane potential is initially clamped at
its resting state at r = —oo and subsequently switched to a
different level at # = &, as illustrated in Fig. 24, then the term
Vg in Eq. 16 will vanish. In this special scenario, our method
is simplified to the voltage jump method previously developed
(26). Accordingly, for convenience, we use this method in our
simulations. As predicted by Eq. 16, the measured synaptic
charge is well described by a double exponential function of
£, exhibiting time constants nearly identical to those of local
synaptic conductance. This is demonstrated in Fig. 2B, where
the estimated rise time constant is 1.08 ms (compared to the
ground truth of 1 ms), and the estimated decay time constant is
5.01 ms (with a ground truth of 5 ms). In addition, the method
accurately extracts the rise and decay time constants of local
synaptic conductance across a diverse range of input strengths, as
shown in Fig. 2C for an E input and S/ Appendix, Fig. S2A for
an [ input (estimated rise time constants: 1.0 to 1.2 ms for an
E input case, 1.0 to 1.8 ms for an / input case; Estimated decay
time constants: 5.0 to 5.2 ms for an £ input case, 5.0 to 5.5
ms for an [ input case). The input, positioned on the dendritic
trunk 300 pm away from the soma, spans the amplitude of
EPSPs ranging from about 0.1 to 3.5 mV. Moreover, our method
can accurately estimate the synaptic time constants even when
synaptic input is positioned far away from the soma, as depicted
in Fig. 2D for an F input and S Appendix, Fig. S2B for an
I input.

Fig. 2. Recovery of local synaptic time constants in the realistic neocortical layer 5 pyramidal neuron model. (A and B), illustrate the recovery process using our
method. (A) Depicts the simulation setup, a dynamic clamp is applied at the dendrite to mimic synaptic input, alongside a somatic voltage clamp. The resulting
synaptic current is estimated and recorded as the somatic voltage clamp amplitude changes at t = ¢&, with different colors representing distinct values of & The
Inset curve shows the corresponding somatic voltage. (B) Demonstrates that the synaptic charge exhibits a double exponential function concerning the change

&

time &. The black curve is derived from fitting using exponential functions, i.e., H(¢) = wye "Ed + we o4 ws, following the algorithm in ref. 27. 7zy and 7,
are the estimation of synaptic time constants. (C) Comparison of the estimated and true synaptic time constants for the £ input, spanning EPSP amplitudes
from about 0.1 to 3.5 mV. (D) The spatial dependence of the relative error in synaptic time constants measurement for the £ input in the passive pyramidal
neuron, with input strength fixed at each location. The Left panel shows the relative error in synaptic rise time constant estimation, and the Right panel exhibits
the relative error in synaptic decay time constant estimation. (E) Is similar to (D) but includes active ion channels. (F) Similar to (E) but with the HCN channel

blocked.
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Furthermore, in the presence of diverse active conductances,
our method remains highly effective for synapses located near
the basal dendrites. However, its accuracy declines significantly
for synapses positioned on distal apical dendrites, as illustrated
in Fig. 2F for an E input and S/ Appendix, Fig. S2C for an [
input. This decline is primarily attributed to the small diameter
of the distal apical dendrites, which results in increased dendritic
escape and, consequently, greater truncation errors. For further
details, see the error analysis in S/ Appendix. Notably, selectively
blocking only the HCN channel type substantially improves our
estimates for both E and I inputs, as demonstrated in Fig. 2F
for an E input and S/ Appendix, Fig. S2D for an [ input. In
contrast, blocking other ion channels has minimal impact on our
estimates.

Recovery of the Effective Conductance at the Soma. Under
in vivo conditions, a neuron receives many synaptic inputs
that are widely distributed over its dendritic arbors. In such
a case, it is unrealistic to attempt to isolate and recover the
local synaptic conductance of each synapse. Nonetheless, it
remains possible to quantitatively measure the total effective £
and / conductances at the soma. These effective conductances
are biologically meaningful and important as they directly
determine the generation of action potentials. Previous works
(1-11) assumed that the effective £ and / conductances can be
straightforwardly separated from the total synaptic current using
the traditional voltage clamp method—under an assumption that
the synaptic current measured under the voltage clamp mode
accurately captures the synaptic input signals, independent of
the clamping voltage. However, as we next show, asymptotic
analysis of the cable neuron model establishes a significant
interaction between the clamp current and the synaptic current.
This interaction arises from the space clamp effect and leads
to significant discrepancies between the conductances measured
by the traditional voltage clamp method and the actual effective
conductances at the soma. Based on our analysis and simulations,
we further propose an alternative strategy for analyzing clamp
data, which is able to accurately separate and recover the
effective £ and / conductances. With numerical simulations
for a wide range of realistic neuron models characterized by
complex dendritic morphologies and diverse ionic dynamics, we
demonstrate the method’s accurate capturing of effective synaptic
conductances—with much more accuracy than the traditional
method.
Interaction between clamp current and synaptic current. In the
framework of the point-neuron model, it is conventionally as-
sumed that all synaptic currents, along with the injected current,
are linearly summed at the soma. However, this summation is
oversimplified as the injected current at the soma can alter the
dendritic membrane potential, leading to a nonlinear interaction
between the injected current and the synaptic current. As a result,
these currents can not be simply summed linearly at the soma and
conductance measured by the traditional method depends on the
clamped somatic voltage, as we will now demonstrate analytically
with the cable model.

To leading order in fz, Eq. 8 can be rewritten, using the expres-

sions for the injected current at the soma [Syn = —fgl; S O(f2).

for the synaptic current at the dendrite 7" = ug () (vo(xg)—€E)
and for vy(xg) = Kzvo(xs) (from Eq. 6), as

Lyh(£) = L7 kg (5)-Ligr) ()} er—Kroo(xs))+O(f2), [17]

where kg (s) = L{T'}(xs, xg, 5)[L{T} (x5, x5, 5)] L.

6 of 10 https://doi.org/10.1073/pnas.2512294122

In the absence of clamp current, the total current arriving at
the soma, denoted by /i1 (2), is defined as the effective synaptic

current [Seyffl Furthermore, according to Eq. 5, the zeroth order

of somatic voltage is zero, i.e., vg(xs) = 0. Substituting this
condition into Eq. 17 yields

Lowa(£) = ISX(2) = L7V ke (s) - Lige} ()} er + O(f2). (18]

When an injected current is concurrently applied at the soma,
the voltage on the whole dendrite is altered. In this case, the space
clamp effect (characterized by K < 1) introduces an additional
interaction current [S'}‘,“; Therefore, the total current arriving at
the soma comprises the injected current, the effective synaptic
current, and the interaction current:

Amw—m+ﬁ+@HO%L

IR (e) = L7 ke (s) - L{ge} ()} (e — vo(xs)),
Ln(t) = 5_1{165(5) “L{ge}(s)}(1 = Kg)wo(xs).  [19]

Therefore, the presence of the space clamp effect, indicated by
Kg < 1, introduces an interaction term such that the total current
arriving at the soma cannot be described as merely the linear sum
of the effective synaptic current and the injected current, as shown
in Fig. 3A.

In the traditional approach, the injected current is assumed to
induce only a change in the membrane potential at the synapse,
which does not affect the conductance measurement. Therefore,
the excitatory conductance can be measured as

Ginj _ Tioral — ImJ [20]
£ EEF — Z/(xg) ’

where To,1(#) and [(i)nj can be measured via voltage clamp, and
v(xs) is the holding somatic voltage. However, by Eq. 19, we
have

o ]eff Jint
an Syn Syﬂ 2

= L o), [21]
E e — up(xs) UE)

which depends on the clamped somatic voltage v (xs) due to
the interaction, contradicting the traditional assumption. The

superscript in ngn’ underscores the £ conductance measured in
the presence of an injected current. Similar results hold for the 7
synaptic input case.

Next, we validate the existence of the interaction between
the clamp current and the synaptic current via the simulation
of the realistic layer 5 pyramidal neuron model (31). These
numerical results confirm the significance of the interaction of

the two currents on the determination of the conductance ngnj .
For instance, with an individual £ synaptic input located at
a dendritic site distant from the soma, together with a voltage
clamp at the soma, we can numerically obtain the synaptic current

[Sl)r,lrjl By adjusting the magnitude of the holding somatic voltage
while maintaining the strength of the local synaptic input, one

can obtain the corresponding synaptic current [Syn with different
amplitudes, as shown in Fig. 3B. As predicted by our theoretical
analysis in Eq. 17, a linear dependence of the measured peak

amplitude of the synaptic current fiyh on the holding somatic
voltage vo(xs) is shown in Fig. 3C.
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Fig. 3. Interaction between the injected current and the excitatory synaptic
current in the passive pyramidal neuron model. (A) Schematic of interaction.
Left panel: an E input is applied at x = xg. The local synaptic current
propagates through the dendrite and reaches the soma. The total current
arriving at the soma is the effective synaptic current, as given by Eq. 18. Right
panel: an injected current is applied at the soma together with a synaptic
current applied at xg, altering the dendritic voltage. The space clamp effect
Ke < 1 results in an interaction current, as shown in Eq. 19. Consequently,
the total current at the soma is not the linear sum of the effective synaptic
current and the clamp current. (B) Measured effective £ synaptic current
in the neuron model with a somatic voltage clamp. The color indicates the
holding somatic voltage. (C) Linear dependence of the peak amplitude of
the E synaptic current on the somatic voltage. (D) The temporal profile of
G'EnJ numerically measured under the same situation in (B). (E) Nonlinear
dependence of the peak amplitude of G'EnJ on the somatic voltage. For (B-E),
an individual E pulse input is given at the location on the dendrite 300 um
away from the soma. (B-£) Share the same color-coded legend. In (C) and (E),
dots are values obtained from numerical simulation, and solid curves are the
predictions from the first-order perturbation analysis of the cable neuron by
Egs. 17 and 21.

The E conductance GL;J under somatic voltage clamp can then
calculated using Eq. 21. Contrary to the common belief that the
synaptic conductance measured at the soma is approximately
independent of the holding potential by the voltage clamp,
the simulation result shows a significant dependency of the £
conductance on the clamped somatic voltage, as depicted in

Fig. 3 D and E. The discrepancy between the peak E conductance

Ggl] measured in the presence of the injected current and the £
conductance defined in the absence of injected current ranges
from about 4% to a substantial level of 150%. In fact, the
difference can be arbitrarily large as the magnitude of the injected
current further increases. Similarly, as shown in S/ Appendix, Fig.

S3, the disparity between the peak / conductance G}nl measured
by the traditional voltage clamp method and the / conductance
measured in the absence of injected current can also be quite
pronounced. Notably, as depicted in SI Appendix, Fig. S3D,
the traditional method can estimate a negative value of the /
conductance under certain magnitudes of the injected current.

. . . . inj inj
Owing to the nonlinear relationship between G, G;” and the
injected clamp current, the assumption of the linear summation
of the synaptic currents arriving at the soma and the clamp current

PNAS 2025 Vol. 122 No. 40 e2512294122

at the soma is not valid. As a consequence, a reformulation of the
point-neuron model at the soma is required to account for the

. . . inj inj
interactions, since the conductances G, and G;” are dependent

on /™, This underscores that, even in the presence of only one
type (either £ or /) of synaptic input, the conventional estimate
of conductance is questionable and requires a new approach to
recover the true conductances.

Effective conductance measurement under the voltage clamp.
In this section, we introduce a method to accurately estimate
effective conductances (both excitatory and inhibitory) from
voltage clamp data. We first illustrate the method for an excitatory
E (or inhibitory /) input. Subsequently, we generalize this
approach to scenarios involving multiple synaptic inputs.

First, we make an explicit definition of the effective conduc-

tance G%ff, and then use a perturbation analysis to give a method

of estimating the effective conductance from measurements at
the soma. When the neuron receives an excitatory input on
the dendrite, the effective conductance G%‘Cf(t) is defined as
a conductance at the soma that produces the same somatic
response:

v(xs, t) = T(xs, x5, t) = [ge(2) (eE — v(xE, 1))

[22]
= [(xs, x5, £) * [GS(£) (e — v(xs, 2))].

To analyze Eq. 22, we expand v(x, ¢) and Gfgff(t) as series with
respect to the input strength fz, i.e.,

vixt) =D fFoalot), G =Y fFhn ().
m=1 m=1

Substituting the above series into Eq. 22 yields the first-order
expression

[(xs, xg, £) * up(¢) = [(xs, x5, £) * bﬁﬁ(t). [23]

Multiply both sides of Eq. 23 by fz and perform the Laplace
transform. Subsequently, using the first-order approximation
of the effective conductance G3ff(¢) = fphS(7) + O(f2), one

obtains:

_ L{T}(xs, xE, 5)

eff
HGEYS) = i s s )

Lige}(s) + O(fF).  [24]

Eq. 24 establishes the relationship between the local synaptic
conductance gr and the effective conductance Gz-ff in the Laplace
domain. Similarly, we can obtain the effective / conductance
when a neuron receives an / input,

B L{T}(xs, x7, 5)

eff
‘C{GI }(S) - E{F} (XS: x5, S)

Lig}s) + OF).  [25]

Furthermore, when a neuron receives multiple £ or 7 inputs, to
the leading order, the concept of the total effective conductance
can be generalized as a linear summation of the individual £ or /
inputs.

Next, we develop a method to recover the effective conduc-
tances szf and G[Cff when both £ and 7 inputs are presented.
In the cable model of Eq. 1, a clamp current is injected into the
soma starting from # = —oo described by 7% = 71 (£)5(x—xs).
Subsequently, a pair of £ and / synaptic inputs are delivered to
the neuron at time # = 0 at the synaptic locations x = xg and
x = xy, respectively with %" = Y fru,(£)6(x — x,) (v — £4).

q=E]I
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The clamp current and membrane potential can be asymptot-
ically expanded in terms of fz and f7,

M) =3 > R T,

k=0 m+n=*k

v(x t) = Z Z _]%mﬁ"vmn(x, t).

k=0 m+n=*Fk

(26]

Under the voltage clamp mode, the synaptic current reaching the
soma is estimated from changes in the clamp current. Specifically,
the relationship is given by

L= () = Too) ==Y > fH Lnlt).

k=1 m+n=*Fk

Therefore, by representing [Sl;,’l as —fzho — filor + O(f?), and
incorporating Eqs. 24 and 25, we obtain

LUyh}(s) = LIGEY () Ve + LIGTH ) V7 + O(F2),  [27)
where IA/q = g4 — qvoo(xg) denotes the driving force of g-
type synapse, and K; = L{I'}(x,, x5, 0)[L{T'} (x5, x5, 0)] 7!, with

q = E, 1. By applying the inverse Laplace transform to Eq. 27, a
linear I-V relationship is deduced at each time point, i.e.,

I (2) = k(O)VE 4 b(2) + O(F),

where VI = 459(xs) denotes the clamped somatic voltage.
Accordingly, the slope is

k= —KpG — K GSF, (28]
and the intercept is
b= Gifer + Gie;. [29]

The traditional voltage clamp method attempts to measure G;ff

and GS, under the assumption that the clamped voltage is
uniformly distributed from soma to dendrite, and produces
formulas for the current at the soma that are similar to Egs.
28 and 29, except with Kg= 1 and K7 = 1. Since K¢ and K7
are not equal to 1 (and often can be less than 1), the traditional
method gives inaccurate estimates of the effective conductances at
the soma. Moreover, the effective conductances as estimated by
the traditional method lack a clear biological meaning; hence,
errors in measuring effective conductances in the traditional
method cannot be eliminated, even with minimal clamp current.
This limitation will be further demonstrated by the forthcoming
simulation results below.

Because the prefactors Kr and K7 depend on the locations of
synaptic inputs, they cannot be determined without knowledge
of the synaptic locations—a situation that becomes increasingly
complex when a neuron receives numerous inputs across its
dendritic tree. However, the relationship between the intercept
and effective conductances provides a stable foundation for
measuring the effective £ and / conductances, that does not
depend explicitly upon Kz and Kj. Given that there are two

unknowns szf and G}ﬂ, it is required to obtain at least one
additional intercept equation. This can be achieved by blocking
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Fig. 4. Determination of effective conductance in the realistic active pyra-
midal neuron model with somatic voltage clamp. (A) The estimation process
of our method. Two dynamic clamps are applied at the dendrites to mimic a
pair of synaptic inputs, red for an £ input and blue for an / input, alongside a
somatic voltage clamp. The estimated synaptic current varies with the somatic
voltage; the corresponding somatic voltage is indicated by color. For the sake
of illustration, we selectt = 10 ms (vertical dashed line) to extract the synaptic
current at that time point. In (B), the extracted synaptic current is plotted
against the somatic voltage, with the black curve resulting from a linear fit.
This allows for the accurate estimation of the effective £ and / conductances
based on the intercept. (C and D) The effective E conductance (solid red dots)
and / conductance (solid blue dots) determined by the intercept method are
relatively close to the true values of the effective £ (red line) and / (blue
line) conductances, whereas the E conductance (open red circle) and the /
conductance (open blue circle) measured by the traditional method deviate
greatly from the true values. The deviation is particularly significant for the
I case. (C) is for the case of a pair of £ and / transient inputs located on the
dendrites 580 pm and 200 pm away from the soma, respectively. Inset in C
is the schematic diagram of the recording configuration. The dashed parallel
line indicates the zero-conductance baseline. (D) Is for the case of multiple
inputs of 80 £ and 20 / locations distributed across the entire dendritic tree
with the rate of 40 Hz at each synaptic input site. (E and F), the distribution
of relative errors in conductance measurements. For these measurements,
the locations for a pair of £ and / synaptic inputs are scanned across the
entire dendritic tree. The Insets illustrate the frequency of occurrences where
the measured mean conductance is negative. (E) Represents the results for
E conductance. While (F) shows the results for / conductance. For ease of
presentation, when plotting histograms, any error values exceeding 1 are
capped at 1 in the statistical representation. The £ and / reversal potentials
are eg = 90. mV, gy = —10. mV relative to the resting potential, respectively.

either the E or [ synaptic inputs (28). For example, if the  inputs
are blocked, a second intercept equation can be obtained

v = Gileg.

Consequently, by utilizing the two intercept equations, the
effective £ and 7 conductances can be determined. We term
this procedure the intercept method.
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It is straightforward to extend these results to scenarios where
a neuron receives multiple £ and 7 synaptic inputs. Under a first-
order approximation, the total effective £ and / conductance can
be considered as the linear summation of the conductances from
individual £ and 7 inputs. Based on the linear superposition
principle, the effective conductance in such a case can be
recovered from two intercept equations given by

b= Gtecffal E€E + Geffal I¢0

to

/_ eff
b= GtotalEgE’

ol and Gtegal ; represent the effective conductances
for total £ and [ inputs, respectively.

The effectiveness of the intercept method under the voltage
clamp mode has been numerically validated and illustrated in
Fig. 4. When a pair of £ and / synaptic inputs are simultaneously

received by the pyramidal neuron model with active ionic

. inj
channels, we measure the resultant synaptic current Iy by
varying the somatic potential via voltage clamp, as depicted in
Fig. 4A4. (31) The synaptic current at each time point indeed
shows a linear relation with the somatic voltage, as indicated
in Fig. 4B, allowing us to obtain the corresponding intercept
through linear fitting. Moreover, by blocking the / synaptic
input, an additional intercept is obtained. Combining these two
intercept equations enables us to estimate the effective £ and /
conductances, as illustrated in Fig. 4B. In addition, in Fig. 4C,
the conductances measured using the intercept method exhibit
small relative errors of 20% for £ conductance and 24% for /
conductance, while the errors made by the traditional method
based on both slope and intercept information can reach up
to 45% for E conductance and 77% for / conductance. The
result demonstrates the effectiveness of the intercept method
over the traditional method. Notably, at certain time points,
the conductances estimated by the traditional method even
yield negative values, as shown in Fig. 4C, reminiscent of the
traditional data analysis of some early experiments (29) (For a
detailed discussion on the underlying reasons for these negative
conductance measurements, please refer to S/ Appendix).

To simulate in vivo conditions, we set 80 E inputs and 20
I inputs broadly distributed across the entire dendritic tree of
the neuron model. The arrival time of each synaptic input is
randomly assigned between 0 and 1,000 ms with an input
rate of 40 Hz. In these simulations, the intercept method well
approximates the true effective conductances with small relative
errors of 8% for E conductance and 13% for / conductance. In
contrast, the conductances estimated by the traditional method
greatly deviate from the true values, particularly for inhibitory
inputs. The relative error for the traditional method reaches 32%
for E conductance and 128% for / conductance.

We further explore how the accuracy of the two methods is
influenced by the location of synaptic inputs. We systematically
vary the positions of synaptic inputs across all possible dendritic
sites. Our simulations indicate that, for a pair of £ and / inputs,
the intercept method maintains an average relative error of
around 12% for E conductance and 25% for / conductance.
In contrast, the error associated with the traditional method is
quite large, reaching 39% for E conductance and 132% for /
conductance, as depicted in Fig. 4 E and F (Note that, in Fig. 4F,
error values greater than 1 are capped at 1 for visual clarity in
the statistical representation. However, the true error values are
used to compute the average relative error). Additionally, the
traditional method often results in negative mean conductance
values, further highlighting its limitations.

PNAS 2025 Vol. 122 No. 40 e2512294122

Discussion

In previous studies, the estimation of £ and / conductances
and currents was based on the traditional method using a
voltage clamp. The method infers conductances from a linear
I-V relationship, where the slope represents the negative of the
total conductance and the intercept denotes the reversal current
(1-11). However, due to the space clamp effect, conductances
determined by the traditional method inevitably deviate from
their true value and lack biological interpretation. In this work,
we have proposed methods to recover synaptic input features
via theoretical analysis of an idealized cable model, extended
to realistic pyramidal neurons by numerical simulations. When
a neuron receives a single synaptic input, our two-step clamp
method enables the accurate extraction of the mean local synaptic
conductance as well as their rise and decay time constants. We
also explicitly define effective excitatory and inhibitory somatic
conductances that are biologically meaningful, and from the
definition, calculate the effective conductances perturbatively.
Realizing these perturbation calculations under voltage clamp
leads to the introduction of an intercept method to estimate
excitatory and inhibitory effective somatic conductances from
somatic voltage clamping measurements. Moreover, this inter-
cept method is shown by numerical simulations to accurately
recover the effective excitatory and inhibitory conductances when
a neuron receives multiple synaptic inputs distributed across
its dendritic arbors. These approaches effectively circumvent
the significant distortions in the kinetics of synaptic currents
caused by the space clamp effect. In addition, our methods
employ the voltage clamp to recover synaptic conductances, thus
avoiding somatic spike and subsequent contamination of synaptic
conductance estimates by intrinsic currents (30).

It is important to stress that we have shown, through simula-
tions involving a realistic neuron model, that our method con-
sistently achieves high accuracy in estimating local synaptic con-
ductance and effective conductances. Accuracy holds true over a
broad range of synaptic input strengths, synaptic input locations,
ionic channels, and receptors. However, two factors can signifi-
cantly degrade the accuracy of our estimations: i) large EPSPs and
ii) active channels of HCN type. First, if the EPSP is too large,
it invalidates the accuracy of first-order perturbation theory and
necessitates higher-order corrections. Typically, EPSPs are weak;
however, synaptic inputs located at dendritic tips elicit larger EP-
SPs, as do synapses located on thin dendrites. In these situations,
first-order methods are not sufficient for accuracy (more details
in SI Appendix). Second, one channel type (HCNs) significantly
degrades the method. However, blocking HCN channels, as
demonstrated in ref. 25, restores the high accuracy of the method.

By leveraging asymptotic analysis, our framework transforms
the nonlinear cable equation into an ordered hierarchy of linear
equations. This linearization enables the use of Green’s function
to establish an accurate relationship between somatic current
and synaptic conductance. Notably, our analytical framework
is independent of specific neuronal morphology. Therefore, for
neurons with arbitrary and complex dendritic architectures, the
Green’s function can be derived using the established sum-over-
trips formalism (15, 16). Taken together, these features allow for
the extension of our method to neurons with complex, branched
dendritic trees. Alternatively, we extend our methods by using
numerical simulations of the neocortical layer 5 pyramidal neuron
with branched dendrites, as shown in Figs. 1-4 in the main text.
In addition, we also perform numerical simulations of the medial
prefrontal cortex fast-spiking neurons (32), cerebellar Purkinje
neurons (33), and hippocampal pyramidal neurons (34). In each
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case, our methods recover local synaptic conductance dynamics
and effective conductances with high accuracy, as shown in S/
Appendix, Figs. S$4-S10.

Our numerical simulations confirm that the proposed methods
provide accurate estimates of both local and effective synaptic
conductances across a variety of neuronal morphologies and
dynamics. However, implementing these approaches in practical
experimental settings requires several conditions. Specifically: i)
Achieving the two-step clamp and intercept methods requires
precise control of both the timing and location of synaptic
inputs in repeated trials, and it requires multiple somatic voltage
clamp recordings at distinct holding potentials, demanding stable
patch-clamp access across successive trials; ii) The intercept
method depends on selective pharmacological isolation of £ or /
inputs; iii) Some endogenous active dendritic conductances (e.g.,
HCN channels) may induce strong nonlinear interactions that
can compromise conductance recovery unless these currents are
blocked. In light of current electrophysiological and pharmaco-
logical methodologies, our method is most reliably applied in in
vitro preparations-such as acute brain slices or dissociated neuron
cultures-where precise voltage control, input manipulation, and
modulation of dendritic channel activity are routinely attainable.
Nevertheless, we believe that our approaches hold future potential
for in vivo applications, such as studying E-I interactions driven
by external sensory inputs, provided the experimental techniques
meet these required conditions under in vivo settings.
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