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No extraction of spine neck resistance from underdetermined equations

Boris Barbour

From voltage-dye measurements of dendritic spine responses to uncaging of glutamate, Cartailler et al. (2018) report extracting a value of spine neck resistance by optimisation of an electrodiffusion model. This comment focuses on flaws in the modelling and optimisation. It is based on a more exhaustive blog post [START_REF] Barbour | One equation, two unknowns[END_REF] and the authors' response (Cartailler and Holcman, 2018).

Underdetermined equations

The analysis starts with the voltage responses in the spine head (V h ) and base dendrite (V d ) as functions of time following uncaging of glutamate to activate a synaptic current. The voltage response could be described by Ohm's law (for clarity, the time dependence is removed by considering a single time point):

V h -V d = V = IR n , (1) 
where the neck resistance R n is to be determined and the current I is unknown (at all time points). Solving this single equation for two unknowns would clearly require some additional information, but the authors have none.

Instead of Ohm's law, the authors employ a more complex 'electrodiffusion' model, which describes the resistance in terms of ionic diffusivity and neck geometry. It also accounts for a nonlinearity that arises when strong currents flow and create ionic concentration gradients. The most useful form of the equation is on p10 of the authors' online response (Cartailler and Holcman, 2018),

V = k B T e ln 1 + IL 2πF C p r 2 0 D p , (2) 
1 with Boltzmann constant k B , absolute temperature T , electronic charge e, current I, spine neck length L, Faraday constant F , concentration of ions C p , neck radius r 0 and ionic diffusion coefficient D p . The resistance thus depends on L, C p , r 0 and D p , with a nonlinearity appearing as I increases. This equation has even more variables than Ohm's law. In addition to the unknown I, neither r 0 nor D p are known with any precision for spines. This equation is also underdetermined. In particular, changes of I and r 0 (or D p ) can compensate for each other. Consider, for example, replacing I by α 2 I and r 0 by αr 0 , where α is an arbitrary constant. The α 2 in the numerator would cancel that in the denominator, yielding precisely the same voltage. But because that same voltage would now be associated with a different current, the effective resistance would also be different:

V /I = V /(α 2 I).
It is therefore impossible to solve this equation or use it to determine the resistance without some independent information about the current, which the authors do not have.

No extraction of resistance

This electrodiffusion model is used in the optimisation scheme to "extract" the neck resistance. The authors describe how its parameters were determined: L was fixed by measurement for each spine analysed, C p and D p were estimated from the literature, while r 0 was set equal to 100 nm arbitrarily. This means that all of the parameters that determine the resistance of the electrodiffusion model (except for the current-dependent nonlinearity) were fixed before the optimisation and were not varied. The authors then adjusted the current in the electrodiffusion model until the voltage output fitted their measurement. The full optimisation scheme appears complicated, because the current injected was generated via a separate, simpler model with a conductance and a capacitance, whose values were those varied and ultimately reported. However, convergence of this optimisation should result in the simple model generating the same voltage and current (and thus having the same resistance) as the electrodiffusion model, with the latter remaining fixed throughout. To prove this, it is possible read a suitable voltage (1/3 peak) from Fig. S3, take the initial parameters of the electrodiffusion model, solve Eq. 2 for the current and calculate the resistance directly, without the simple model nor any iterative optimisation. Taking as example the first spine in Table 1, this yields 74 MΩ instead of 73 MΩ. To repeat, this was calculated directly from the authors' manually chosen parameters, without the simple model or any iterative op-timisation. It is therefore incorrect and misleading for the authors to state, "We describe here an optimization procedure for extracting the capacitance C and conductance G [1/R n ] from the measured voltage time series." (The statement is representative of many in the paper.) In reality, the authors set the parameters of the electrodiffusion model manually, fitted the simple model to the electrodiffusion model and reported the parameters of the simple model. Different choices for r 0 or D p in the electrodiffusion model would have resulted in different reported resistances. The data do not constrain the resistance value at all.

Erroneous cable model

Under physiological conditions, the cable equation is generally sufficiently accurate to model electrical changes in neurones and a full electrodiffusion model is only useful if it is desired to follow the concentrations of individual ionic species. The authors attempt to argue otherwise by comparing the voltage attenuation from spine head to dendrite in their model and in a cable equation model. They claim in Fig. S6 that the cable generates insufficient attenuation by an astonishing factor of more than 10 5 . However, Eq. ( 61) of the cable model (∂V /∂x = 0) is the standard boundary condition for a sealed end [START_REF] Rall | Rall model[END_REF]. The authors have therefore compared a spine neck opening into a large dendrite with one terminated by a perfect insulator. Of course less attenuation occurs in the sealed cable. This error invalidates the comparison.
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