SUPPLEMENTARY MATERIAL

Derivation of voltage-dependent model parameters.

We developed a photoreceptor model by using the Hodgkin-Huxley type differential equations for the membrane potential and opening probabilities of active conductances. To be able to use the experimental data8,9,25 (and additional whole cell patch clamp experiments performed on isolated photoreceptors) of voltage-dependent channel properties we derived following equations for the rate constants, αk and βk, based on original Hodgkin-Huxley formulas:
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 is the steady-state activation/inactivation function (Fig. 4a), n is the number of gating particles (Table 1) and 
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is the time constant for the activation/inactivation (Supplementary figure 1a-c). Experimentally defined time constants were scaled down by the factor of 1.35, because of different temperatures in intracellular (25(C) and patch-clamp (20(C) recordings31. Voltage-independent time constant for the delayed rectifier inactivation9 used in the model was 890ms. To verify the parameters, we compared the current responses of whole-cell voltage-clamps with the model-generated currents using the same stimulus protocol in both cases (Fig. 1d,e). Model-generated currents (Fig. 1e) were nearly identical to the experimental ones (Fig. 1d), indicating that the voltage-dependent properties were correct in the model. These properties were kept fixed throughout simulations.
Derivation of other fixed parameters in model.

Membrane area, Am (table 1), used in the model was calculated according to average photoreceptor dimensions9 (length 100(m, diameter 5(m). Equilibrium potentials for the potassium and light induced leak conductances were obtained from published data32 (table 1). Equilibrium potential for the leak was obtained through iteration (the equilibrium potential for the non-potassium leak and the sizes of the two different leak conductances were adjusted) to match the experimental resting potential and input resistance at rest. To be able to produce the experimental resting potentials and steady-state resistances, the value of -30mV was obtained, suggesting it to be the chloride equilibrium potential (data not shown). 

Derivation of adjusted parameters in model.
To take in to account the variation in photoreceptor capacitances, we fitted first order exponentials to experimental current clamp responses in order to find out the membrane time constant (to get time constant, τm, for the passive membrane the responses to the smallest negative current pulses were used). We calculated the specific membrane capacitance, Cm, for the model for each photoreceptor by using the following formula:
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Potassium and chloride leak conductances in the model were adjusted until the same resting potentials and the steady-state resistances were obtained as in experiments. Maximum conductances for the active channels were adjusted to produce the best fit with experimental data. To simulate photoreceptor responses in light adaptation, we added light induced leak until same amount of depolarization was achieved as in experiments.

Shaker amplification by inactivation and the leak compensation.

To be able to examine the separate roles of amplification due to Shaker inactivation and the leak compensation, we modeled a hypothetical WT membrane without Shaker K+-channels (‘WT without Shaker). Parameters for this extra membrane were the same as for the WT (Tables 1,2) except that the maximum value for the Shaker conductance was set to zero and the size of the potassium leak was increased by the same amount as the Shaker conductance in the WT at rest (due to window current). To find out if the model could predict the frequency dependent effect of Shaker channels on impedances, we used pseudorandomly modulated current stimulation in simulated light adaptation (Fig. 3a,b). Impedances and first order Wiener-kernels of the model responses were calculated for WT, ShKS133 and the hypothetical membrane (Supplementary figure 2). The impedance functions show that the model was able to predict the experimentally observed low frequency amplification and, likewise, the similarity of ShKS133 and WT impedances above 50 Hz. By comparing the WT and ‘WT without Shaker’, the amplification at low frequencies due to the Shaker inactivation can readily be observed. The difference between ‘WT without Shaker’ and ShKS133 membranes shows the effect of leak compensation on impedances. 

References
31. Juusola, M. and Hardie, R.C. Light adaptation in Drosophila Photoreceptors: II. Rising temperature increases the bandwidth of reliable signaling. J. Gen. Physiol. 117, 27-41 (2001).

32. Reuss, H., Mojet, M.H., Chyb, S. and Hardie, R.C. In vivo analysis of the light-sensitive channels, TRP and TRPL. Neuron 19,1249-1259 (1997).

Figure Legends

Supplementary Figure 1. Activation/inactivation time constants of Shaker and delayed rectifier K+-channels determined in whole-cell patch clamp recordings. a, The experimentally determined activation and b, inactivation time constants for the Shaker conductance in the model. c, The experimentally determined activation time constants for the delayed rectifier conductance in the model. Experimental data points (black squares) were fitted with bell shaped functions. d, During whole-cell voltage clamp the potential was stepped to +10mV after a range of hyperpolarising prepulses (1s) from 0 to –90mV. e, Model simulations of the K+-currents using the same voltage stepping regime as in d. 

Supplementary Figure 2. Model simulations of WT, ‘WT without Shaker’ and ShKS133 photoreceptor impedances. a, Impedance functions for both the WT (black, solid) and Shaker (red) membrane types under simulated light adaptation derived by driving the model with a dynamic current stimulus (peak-to-peak amplitude 0.1nA) show an increased gain in the WT photoreceptor membrane up to 50Hz. Model simulation of a hypothetical membrane, ‘WT without Shaker’ (grey) shows the contribution of amplification due to Shaker channel inactivation to WT photoreceptor impedance functions. b, The corresponding Wiener kernels for the membranes shown in a (colours correspond to those shown in a).

Tables

	Table 1. Fixed parameters used throughout model simulations†

	Membrane area, Am
	1.57*10-5cm2

	Potassium reversal potential, EK
	-85mV

	Chloride reversal potential, ECl
	-30mV

	Light induced leak reversal potential, ELIL
	10mV

	No. of gating particles; 
	  

	            Shaker activation
	  3

	           delayed rectifier activation
	  2

	           Shaker inactivation
	  1

	           delayed rectifier inactivation
	  1


† Steady-state activation/inactivation functions (Fig. 4a) and time constants (supplementary figure 1b) for voltage dependent channels were kept constant. 

	Table 2. Example set of adjusted parameters†

	Resting potential
	-68mV

	Specific membrane capacitance*
	4μF/cm2

	Maximum Shaker conductance 
	1.6mS/cm2

	Maximum delayed rectifier conductance
	3.5mS/cm2

	Potassium leak conductance
	0.082mS/cm2

	Chloride leak conductance
	0.056mS/cm2

	Light induced leak conductance
	0.093mS/cm2


† Parameters were used to generate the wild type data shown in supplementary figure 1c

*Effect of the microvillus is included in parameter
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