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Article 
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* Correspondence: Michael.Firsov@gmail.com 

Abstract: The phototransduction cascade allows the photoreceptor to avoid saturation and retain the ability to 

detect light over a very wide range of intensities. The main second messenger of the cascade is cGMP and the 

main regulatory mechanism is calcium feedback, however some experimental data suggest that cAMP may 

also be involved in the regulation of the phototransduction cascade. For this to be the case, cAMP would have 

to change on a time scale of seconds. Currently, there are no data on the dynamics of changes in intracellular 

cAMP levels on this time scale, largely due to the specificity of the sensory modality of photoreceptors, where 

it is practically impossible to use conventional experimental approaches based on fluorescence methods. In the 

present work, we used the method of rapid cryofixation of retinal samples after light stimulation and 

subsequent isolation of outer segment preparations. Levels of cAMP were measured using highly sensitive 

metabolomics approaches. PKA activity was also measured in these samples by Western blot. We show that 

when illuminated with near-saturating but still moderate light, cAMP levels rise transiently within 

approximately the first second and then return to pre-stimulus levels.  The increase in cAMP activates PKA, 

leading to phosphorylation of PKA-specific substrates in frog retinal outer segments. 

Keywords: cAMP; PKA; retina; phototransduction; photoreceptors 

 

1. Introduction 

The phototransduction cascade in vertebrate photoreceptors allows the visual system to operate 

over a wide range of light levels, from moonless nights to bright midday. This wide range of 

sensitivity is provided by a multi-stage biochemical amplification system, with powerful feedback 

loops at each stage. Like other tissues, the retina relies on second messengers to carry out various 

functions, including phototransduction. Two major cyclic nucleotide monophosphates, cGMP and 

cAMP, have distinct roles in the vertebrate phototransduction cascade. cGMP regulates the 

permeability of plasma membrane channels in photoreceptors and its role has been extensively 

studied (for review see [1,2]). After absorbing a quantum of light, a molecule of the visual pigment 

rhodopsin becomes active and activates several hundred molecules of the G-protein transducin. Each 

transducin molecule activates a cGMP-specific phosphodiesterase type 6 (PDE6), which reduces the 

intracellular concentration of cGMP. As a result, cGMP-dependent cation channels in the outer 

segment of the photoreceptor are closed, leading to hyperpolarisation of the cell and generation of a 

presynaptic signal at the synaptic end of the photoreceptor. 

It is thought that the feedbacks that regulate all loops of the phototransduction cascade are 

controlled by calcium concentration via a set of calcium-sensitive proteins associated with each stage 

of phototransduction. Turning on or changing the intensity of the background illumination causes a 

change in the level of photoreceptor polarisation, which is initially transient and then settles to a new 

constant level. It is assumed that at each steady state level of the intracellular potential, the calcium 

concentration is unchanged, albeit at different levels, which in turn should mean that the parameters 

of the phototransduction cascade are unchanged. However, real physiological data indicate that 
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when the photoreceptor is tested in steady-state at background illumination, slow processes with 

characteristic times of seconds and tens of seconds are observed [3]. To explain the nature of the 

relatively slow changes in the parameters of the phototransduction cascade under steady-state 

stimulation, either an unknown mechanism of slow and delayed regulation of the intracellular 

calcium concentration in the photoreceptor or another mechanism of cascade regulation in addition 

to the one already described should be assumed. The regulatory effects of cAMP have been 

demonstrated in several cellular components of the retina. Although not as extensively studied as 

cGMP in the phototransduction cascade, cAMP has been implicated in processes such as circadian 

rhythms, intercellular contacts and retinomotor effects [4-7], for review see [8,9] 

The effect of cAMP on the phototransduction cascade may be one such regulatory effect. Almost 

all key proteins of the phototransduction cascade have PKA phosphorylation sites, and for rhodopsin 

kinase the regulatory effects of cAMP and PKA have been shown in vivo [10,11]. It follows that changes 

in cAMP levels could have a regulatory effect on proteins of the phototransduction cascade through 

their phosphorylation by PKA. It is also known that the level of cAMP in the rod cytoplasm changes 

cyclically throughout the day, and if these changes are artificially reproduced, significant functional 

changes in the operation of the phototransduction cascade can be recorded [12] . However, for a 

regulatory effect on the time scale of seconds and tens of seconds, it is necessary that cAMP changes 

significantly in this time range. Currently, there are no data on the dynamics of changes in intracellular 

cAMP levels on the time scale of seconds and minutes. This is largely due to the specificity of the sensory 

modality of photoreceptors, where it is practically impossible to use conventional experimental 

approaches based on fluorescence methods. In the present work, we used the method of rapid 

cryofixation of retinal samples after light stimulation and subsequent isolation of outer segment 

preparations. In these preparations, the levels of cAMP  was measured using highly sensitive 

metabolomics approaches. In addition, PKA activity was measured in these samples. We show that 

when illuminated with near-saturating but still moderate light, cAMP levels rise transiently within 

approximately the first second and then return to pre-stimulus levels.  The light-dependent increase in 

cAMP is intensity-dependent and is not seen after continuous light of lower intensity or after short 

flashes. Increase of cAMP activate PKA which leads to phosphorylation of PKA specific substrates in 

frog retina outer segments. 

2. Results 

2.1. Dark level of cAMP and correlation of cAMP levels in two frog eyes  

To estimate the dark level of cAMP in rod outer segments (ROS) of frog retina, we analyzed its 

level in all samples cryofixed in the dark. Based on 72 samples, we found the dark cAMP level to be 

11.4±0.5 pmol/mg of protein (mean±SEM).  Experimentally, we found that the minimum sample size 

to be measured by the method described in the Materials and Methods section, is ¼ of the retina from 

one eye. The retinal specimen cryofixation unit allows for simultaneous fixation of up to six retinal 

specimens according to a preset programme. Thus, we used the division of the retina of one eye into 

two or three segments. Using six retinal samples from two eyes to simultaneously measure the 

dynamics of cAMP levels for five values of time delay after stimulus onset (plus one dark value) 

implies that the cAMP levels in both eyes of the animal are approximately the same. To test this 

assumption, we performed an experiment in which we compared the dark levels of cAMP in the 

halves of each eye. The ratio of cAMP content (1 eye)/(2 eyes) (according to the order in which they 

were dissected) was 1.04 ± 0.07 (mean±SEM, n=24). Thus the difference in intracellular cAMP content 

in two eyes of the same animal is statistically insignificant (p=0.55), and we used retinal preparations 

to measure four to six different values of the post-stimulus in one animal.  

2.2. Application of IBMX and Forskolin leads to an increase in cAMP levels.   

As a positive control, we used the application of a nonspecific phosphodiesterase inhibitor IBMX 

and a direct activator of adenylate cyclases, forskolin. In both cases, the retina of one eye was cut into 

two halves, of which one half was incubated in normal Ringer's solution and used as a control, and 
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the other half was placed for 5 minutes in a solution containing 50 μM IBMX or for 20 minutes in a 

solution containing 10 μM forskolin. All measurements were taken in the dark. As a result, cAMP 

level statistically significant rised in IBMX 1.98 ± 0.16 times (mean±SEM, p=0.0014; n=6) and in 

Forskolin 18.9 ± 5.7 times (p=0.025; n=6) (Figure 1 A,B and Supplementary Table S2). 

2.3. The dynamics of cAMP levels in the rod outer segments after onset of light stimulation 

The result is shown in Figure 1С and in Supplementary Table S1. For samples with a time delay 

after onset of light stimulation of up to 2 seconds, a 2-seconds light stimulus was used; for samples 

with a time delays of 5, 10 and 20 seconds, a 20-second light stimulus was used. As slightly different 

time delay protocols were used for the early and late measurements, we combined the results of 

measurements with time delays of 0.2 s (n=15) and 0.16 s (n=5) into a "0.2 s" group, and the results of 

measurements with time delays of 0.4 s (n=20) and 0.31 s (n=5) into a "0.4 s" group. The result shows 

that for time delays of 0.2 - 0.6 s after stimulus  onset, the level of cAMP is significantly (p≤0.05) 
increased relative to the dark level. For time delays of 5, 10 and 20 seconds after the onset of the 

stimulus, the level of cAMP is not significantly different from the level in the dark. Thus, we have 

shown that as early as 200 ms after onset of a saturating step of light with an intensity of 4.6x104 

quanta/(s·µm2), the level of cAMP in photoreceptor outer segments increases reliably, remains 

elevated for about 1 second, and then decreases again to approximately dark levels. 
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Figure 1. cAMP content in frog retina rod outer segments. A, B: cAMP level in ROS after incubation 

for 5 min in IBMX 50 µM Ringer solution (A) or incubation for 20 min in Forskolin 10 µM Ringer 

solution (B). Data are relative to cAMP content in normal Ringer's solution in the dark. (C) cAMP 

concentration in ROS after various time after onset of light step of intensity 4.6x104 quanta/(s·µm2) 

lasting 20 seconds. Vertical dashed lines on the graph mark the beginning and end of light stimulation. 

All values shown as relative to measurement of the dark-adapted sample on the same eye or on the 

same frog. Time point 200 ms includes also data measured at 160 ms, point 400 ms includes data taken 

at 310 ms (see Materials and Methods). D. cAMP level in ROS measured 400 and 1100 ms after light 

step onset, with three different light intensities of the light - 1.8x104, 4.6x104 and 3.6x105 quanta/(s·µm2). 

E. cAMP level in ROS measured after 400  ms after short 10 ms flash of light light or light step onset 

of the same intesity 4.6x104  quanta/(s·µm2). Error bars indicates SEM, stars indicate  significant 

difference (one-sample t-test). . 

2.4. Light stimulation activates PKA in frog outer segments.  

To evaluate whether relatively small increase of cAMP (Figure 1) can activate PKA in frog outer 

segments we used Western blot analysis. Because there are no antibodies that can recognize some 

specific PKA substrates in frog retina we used antibodies that recognized phosphorylated PKA 

substrate (P-S/T). Equal loading of proteins were controlled by Ponceau S staining (Supplementary 

Figure S1). The samples were collected in the dark (control) and after onset of light stimulation during 

0.5, 1, and 5 min (Figure 2). Strong increase of the signal was detected already after 0.5 min after light 

stimulation which did not decreased during five min after stimulation. Interestingly, the strong signal 

was detected only on the proteins around 70 kDa (see Figure 2 left panel, short exposure). To test 

whether such unexpected recognition of a single substrate is not connected with some defect of 

antibodies, we used this antibodies in our well-established system, human platelets [13] and showed 

that in human platelets stimulated with forskolin numerous bands of different molecular weight are 

detected (Supplementary Figure S2), indicating that in frog outer segment the most prominent PKA 

substrate are some proteins with the molecular weight round 70 kDa. 

 

Figure 2. Light stimulation activates PKA in frog outer segments. Frozen sections of outer segments 

in dark (control) and after 0.5, 1, and 5 min of light-stimulated samples were analyzed by Western 

blotting with PKA substrate antibodies. 10 µg of protein were loaded in each lane. The signal was 

visualized by ECL detection during 1 sec (short exposure) and 10 sec (long exposure). Light intensity 

the same as in Figure1 C. 

3. Discussion 

The change in PKA activity in response to light stimulation in the mouse photoreceptor layer 

was previously shown in the work of Sato et al [14]. They showed that stimulation with light of 

saturating intensity initially leads to a short-term decrease in PKA activity, which is then followed by 
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a reverse increase in PKA activity that significantly exceeds the initial dark level. They also showed 

that the increase in PKA activity does not begin until the light stimulus is turned off, and is therefore 

a response to turning off the stimulus. Sato and colleagues suggested that switching the light stimulus 

on and off triggers two multidirectional processes of PKA inactivation and activation, with the PKA 

activation process increasing in intensity as the stimulus light intensity increases, including in an 

intensity range four orders of magnitude greater than the working intensity range of the rods. The 

spectrum of the process responsible for PKA activation shifts into the red region with increasing light 

intensity, and Sato suggests that this process is provided by melanopsin in dopaminergic retinal 

ganglion cells. 

In our work, we have applied a new, original approach that allows us to measure the dynamics 

of changes in cAMP content in the outer segments of frog photoreceptors for a period of less than one 

second after switching light stimulation on or off. The main advantage of the presented method is 

that the experimental protocol does not use light sources as required in optical fluorescence 

approaches. We have shown that almost immediately after switching on a light stimulus with an 

intensity close to the saturating intensity for rods (4.6x104 quanta/s·µm2), the level of cAMP increases 

by about 50-70% relative to the dark level and then returns almost to the dark level after about 1 

second and remains there during the continuation of the light step and during the first 10 s after 

switching the light off (Figure1C). The intensity of the light stimulus was three orders of magnitude 

lower than in Sato's experiments, but our experience shows that such an intensity is saturating or 

close to saturation for frog rods [3].  

The small but statistically significant increase in the concentration of cAMP immediately after 

the onset of moderate-intensity light stimulation is puzzling. In a standard scheme of dynamic 

maintenance of the level of a signalling molecule at a stable level, there should be synthesising and 

degrading elements working in synchrony. In the case of cyclic mononucleosides, and in particular 

cyclic adenosine monophosphate, synthesis is carried out by one or more adenylate cyclases and 

hydrolysis by phosphodiesterase. The exact composition of these enzymes in the outer segments of 

frog P. ridibundus photoreceptors is unknown. Adenylate cyclase isoforms are divided into four 

functional groups, which differ in their mechanism of activation by G-proteins and calcium [15]. The 

first group includes the calcium-activated adenylate cyclases (types 1, 3 and 8). Of these, the presence 

of AC1 in significant amounts has been shown in chick [6] and rat [16] photoreceptors, and the 

presence of AC8 has also been shown in chick photoreceptors [6] (for a review see [9]. In addition, 

group 2 adenylate cyclases characterised by calcium inhibition have also been identified, including 

AC2, which has been found in the retinas of rodless knockout mice [17] and in the inner segments of 

fish photoreceptors [18].   

The composition of the enzymes that utilise cAMP in vertebrate photoreceptors is also not well 

understood. The outer segments of photoreceptors contain a large amount of phosphodiesterase 6 

which is specific for cGMP but can also hydrolyse cAMP with low efficiency [19]. In addition, the 

presence of PDE1A in photoreceptore outer segment [20] and PDE4B in outer and inner segments 

[21] has been demonstrated in the rat. PDE1A hydrolyses both cGMP and cAMP and its level of 

activity is positively dependent on calcium, whereas PDE4B is a cAMP-specific phosphodiesterase 

and its activity is thought to be independent of calcium levels [22].  

Dark level of free cytoplasmic calcium in amphibian rod photoreceptors is about 600 nM and it 

drops up to 30 nM when rod is illuminated by saturating light [23]. A hypothetical scheme to explain 

the turnover of cAMP in the photoreceptor outer segment of the frog retina should include specific 

types of adenylate cyclase and phosphodiesterases to determine the sign of the response of these 

enzymes to a decrease in calcium concentration (Figure 3). Unfortunately, we do not yet have 

information on the repertoire of these enzymes in frog photoreceptors, so we cannot directly correlate 

the results of our experiments with this scheme.     
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Figure 3. Hypothetical scheme of cAMP turnover in the outer segment of a photoreceptor cell.   

CNGC – cyclic nucleotide (cGMP) gated channel, AC – adenylate cyclase, PDE – phosphodiesterase, 

PKA – cAMP-dependent protein kinase. ~ 70 kDa - unidentified protein that undergoes 

phosphorylation upon PKA activation. 

An increase in cAMP levels leads to an increase in PKA activity, which is also measured in 

photoreceptor outer segments. We have shown that PKA activity increases from 30 seconds after the 

light stimulus is turned on and continues to increase for up to 5 minutes after the stimulus is turned 

on. The light intensities we used approximate the light intensities used in physiological experiments 

where the existence of slow processes at the level of individual photoreceptors and isolated retina 

has been demonstrated [24]. At the same time, these intensities are three orders of magnitude lower 

than those at which Sato et al. demonstrated the effect of PKA on light stimulus activation, and four 

orders of magnitude lower than the intensities that elicited a significant OFF-response. Оur data 

indicate that the main target of phosphorylation by protein kinase A is a protein or a small group of 

proteins with a molecular mass of about 70 kDa. Some key proteins of the phototransduction cascade 

(such as rhodopsin kinase or the alpha and beta subunits of guanylate cyclase) have molecular masses 

close to this value, but additional experiments are needed for reliable identification.   

4. Materials and Methods 

4.1. Drugs and chemicals.  

Cyclic adenosine monophosphate (cAMP) was obtained from Merck (USA, purity not less than 

98%), аcetonitrile (HPLC grade) from ITW Group (USA), formic acid from Sigma-Aldrich (USA), 

isopropylic alcohol (purity not less than 99.8%) from Lenreactiv (Russia), isotope-labeled cyclic 

adenosine monophosphate (cAMP-13C5, purity not less than 99%) prodused by “TRC” (Canada) was 
used as an internal standard. IBMX, forskolin and all the chemicals used in the preparation of the 

Ringer's solution were purchased from Sigma-Aldrich.. 

4.2. Animals and preparation of retinal samples.  
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Adult marsh frogs (P. ridibundus) were collected from the wild in southern Russia. The frogs 

were housed in water tanks at temperatures of 6-8°C for a maximum of 8 months. Animals were 

handled in accordance with the Council Directive of the European Communities (24 November 1986; 

86/609/EEC) and the experimental protocol was approved by the local Institutional Animal Care and 

Use Committee (protocol # 4/22 at 28.01.2022). Prior to the experiment, animals were transferred to 

room temperature and a 12/12 light cycle for several days. Animals were dark adapted overnight and 

then decapitated under dark red light. Both eyes were isolated and enucleated, the hemisphere of 

each eye was cut into 2, 3 or 4 equal segments. The retinas were then separated and layered on filter 

paper. Before use in the cryofixation setup, retinal sections layered on filter paper were stored on a 

moist substrate at room temperature in the dark for no more than a few minutes.The normal Ringer 

solution used for the frog preparations and perfusion was (in mM): NaCl 90, KCl 2.5, MgCl2 1.4, CaCl2 

1.05, NaHCO3 5, HEPES 5, glucose 10, EDTA 0.05, pH adjusted to 7.6 with sodium hydroxide.  In 

experiments with IBMX-induced and forskolin-induced changes in cAMP concentration, Ringer's 

solution was prepared by adding either 225 mM IBMX stock solution in dimethylsulfoxide (DMSO) 

or 10 mM forskolin stock solution in DMSO. The final concentration of IBMX in the Ringer solution 

was 50 μM and forskolin was 10 μM. The incubation time prior to cryofixation was 5 min for IBMX 

Ringer solution and 20 min for Forskolin Ringer solution. 

4.3. Rapid retinal sample cryofixation.     

The setup for rapid cryofixation of retinal samples is a system of six identical sections with a fast 

stepper motor (max speed 150,000 rpm) driving a lever with an attached retinal sample pad (Figure 

4). The sample is placed horizontally on the pad and is illuminated with LED light (lambda max 525 

nm) by computer command. The light intensities used to stimulate the retina were 1.8x104, 4.6x104 

and 3.6x105 quanta/(s·µm2). After a programmable delay, the lever with the specimen makes an arc 

of 1800 in appr. 80 ms and presses the retinal specimen against the polished surface of a copper 

cylinder cooled to the temperature of liquid nitrogen. For cryofixation of dark-frozen or light-

stimulated retinal samples, the sample was placed in a light-isolated cryo-container and stored for 

no more than two hours before use on the cryotome. The samples were then placed on the Leica 

RM2265 rotary freezing cryotome, then retinas were serially sectioned at 10-μm thickness until the 
orange-pink layer containing the photoreceptors was completely excised. The resulting cells shavings  

were collected with a spatula into a pre-cooled Eppendorf tubes containing 500 µL of 0.1 M HCl.   

The harvested cells shavings were lysed and dissolved by sonication with a liquid nitrogen pre-

cooled ultrasonic tip (Vibra-Cell VCX 130, Sonics, Newtown, CT). The resulting suspension was 

stored at +0.1°C until aliquoted for protein assay and then at -80°C until further measurements.  

 

Figure 4. Schematic diagram of the unit for cryofixation of retinal preparation. After light stimulation, 

a stepper motor moves the retina in 80 ms and presses it against a polished copper cylinder in liquid 

nitrogen. a total of 6 channels could fix samples simultaneously in the unit. 

4.4. Protein assay.  
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A 50-μL aliquot of each sample was collected for protein concentration measurement using the 
Bradford Reagent. All assays were performed in triplicate using BSA as the standard.Absorbance at 

595 nm was measured using flat-bottomed 96-well plates in the CLARIOstar Plus Microplate Reader 

(Labtech International, UK). Protein concentrations were determined by plotting standard curves 

using Microsoft Excel (Microsoft, Redmond, WA, USA). 

4.5. Western blot analysis for detection of PKA activity 

PKA activity was determined by antibodies that recognized phosphorylated PKA substrate (P-

S/T PKA substrate antibodies, Cell Signaling, cat. #9621S). Frozen sections were homogenize in 100 

µl of the buffer (10 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, with protease and phosphatase 

inhibitors), then equal amount of Laemmli solution was added and samples were boiled at 95oC for 

5 min. For Western blot analysis proteins (10 µg of protein/lane) were separated by SDS-PAGE (10% 

gel) and transferred to nitrocellulose membrane and the membranes were incubated with PKA 

substrate antibodies (dilution 1 : 1000) overnight at 4oC in 3% nonfat milk in Tris buffer with 0.1% 

Tween (TBST). After washing in TBST, membranes were incubated with goat anti-rabbit IGG-

conjugated with horseradish peroxidase and the signal was visualized by ECL detection (Amersham 

Pharmacia Biotech).      

4.6. cAMP measurement. 

4.6.1. Liquid chromatography- tandem mass spectrometry (LC–MS/MS) 

Sample extracts were analyzed using a high resolution HPLC–MS/MS system consisting of a 

Dionex UltiMate 3000 HPLC (Thermo Scientific) with Q Exactive detector (Thermo Scientific) with 

electrospray ionization (ESI). After various tests to obtain the best signal response for each 

compound, chromatographic separation was achieved by injecting 20 µl of the sample extract into a 

Zorbax SB-C8 150mm × 4.6mm × 1.8 µm column. The mobile phase was a gradient mixture of two 

components: solvent A - 0.1M ammonium formiate in water, solvent B - acetonitrile. The flow rate 

was set to 0.400 ml/min with the following gradient programme: 0.0-2.0 min 2% solvent B, then the B 

content increased to 30% at 8.0 min, and remained so until 9 min, then decreased to 2% at 9.1 min 

and remained so until the end of the programme. Mass spectrometric detection was performed using 

negative electrospray ESI(-). The analytes were identified  by selecting characteristic target reactions 

(MRM transitions) and the retention time of the analytes. An example of a chromatogram and mass 

spectrа of the analytes is given in Supplementary Figure S3. The following MS parameters were kept 

constant during the analysis: nebulisation voltage 4800 V for positive ionization. The temperature of 

the cone was set at 300°C, the temperature of the heated probe at 400°C, the gas flow through the 

nebulizer at 3 l/min, the flow rate of the drying gas 10 l/min. Product ions and precursor ions were 

selected for analyte identification (Table 1).  

Table 1. Retention time (tR), multiple reaction monitoring (MRM) employed for identification and 

quantification of the compounds and internal standard (IS). 

Compound tR (min) MRM1 

cAMP 6.32 328.0452 => 134,0457 

cAMP-13C5 (IS) 

 

333.0620 => 134,0457 

4.6.2. Preparation of Standard Solutions. 

To prepare the stock internal standard solution, 10 mg of cAMP-13C5 was accurately weighed 

(±0.1 mg) using an AUW-220D analytic balance (Shimadzu, Japan), transferred to a 1000 mL 

volumetric flask and dissolved in 0.1M HCl in water. Working internal standard solutions (10 ng/ml) 
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were prepared by diluting the stock solutions with 0.1M HCl in water. Stock solutions were stored at 

+4°C for no longer than one week.  

To prepare the standard solutions, 10 mg of each substance was accurately weighed (±0.1 mg) 

using an AUW-220D analytic balance (Shimadzu, Japan), transferred to a 25 mL volumetric flask and 

dissolved in the working internal standard solution. Calibration solutions were prepared from the 

stock solution by dilution with working internal standard solution. All stock solutions were stored at 

+4°C for no longer than one week. 

4.6.3. Sample preparation.  

50 μl of the working internal standard solution was added to Eppendorf tubes with samples and 
thoroughly mixed using a rotary shaker (15 min) and then ultrasonic unit. After ultrasonic stirring 

for 15 minutes, the tubes were centrifuged at 14,000 rpm for 5 minutes. Approximately 40 μl of the 
supernatant was decanted, transferred into glass vials for HPLC analysis. 

4.7. Statistical Analysis.  

All values are expressed as the mean ± SEM. All statistical analyses were performed using 

GraphPad Prism 8 software (GraphPad, La Jolla, CA, USA). For all data analyzed one-sample t-test 

was used . The data were checked for normality by Shapiro-Wilk test, outliners were removed. A 

value of p < 0.05 was considered statistically significant (* p < 0.05, ** p < 0.01). 

5. Conclusions 

In the present study, we have used an original cryofixation method to investigate the dynamics 

of changes in the concentration of cAMP in toad photoreceptor outer segments in response to light 

stimulation. We have shown that in response to a light stimulus, the concentration of cAMP increases 

by 50-70% during the first second and then returns to the dark level. An increase in cAMP 

concentration for no more than 30 seconds leads to the activation of PKA. The target of PKA 

phosphorylation is a protein with a molecular mass of about 70 kDa. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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