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The Young’s modulus of 10–12-day-old chick embryos’ sensory neurons cultivated in dissociated cell culture was 
measured using a PeakForce Quantitative Nanomechanical Mapping atomic force microscopy. The native cells were 
tested in control experiments and after application of ouabain. At low “endogenous” concentration of 10–10 M, 
ouabain tended to increase the rigidity of sensory neurons. We hypothesize that this trend resulted from activation of 
Na+,K+-АТPase signal-transducing function.
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The signal-transducing function of Na+,K+-ATPase is triggered by specific binding of ouabain. 
The crosstalk between the ouabain-activated pathways modulates expression of a number of 
genes (18). That is why ouabain affects the growth of cardiac myocytes and nerve tissue as 
well as the proliferation of the smooth muscle cells. Moreover, it also provokes apoptosis in 
various malignant cells. On the other hand, it can control the voltage sensitivity of slow 
sodium Nav1.8 channels in sensory neurons that are responsible for pain sensation in 
mammals (1, 6). The coupling between Na+,K+-ATPase and Nav1.8 channels was demonstrated 
earlier (11). The hypothesis that the signal-transducing function of Na+,K+-ATPase can play 
an important role in nociception was investigated in detail at the membranous, cellular and 
behavioral levels (12). Supposedly, it is the signal-transducing function of Na+,K+-ATPase 
which is controlled by the nanomolar concentrations of ouabain detected in human blood (8). 
Application of the atomic force microscopy (AFM) method to register the responses of native 
cells after ouabain-induced activation of Na+,K+-ATPase signal-transducing function is a 
delicate and efficient technique to investigate the physiological consequences of this process. 

AFM is a unique tool yielding the high-resolution imaging topographical data. It can 
apply a controlled force to cells, measure the cellular elastic properties, and monitor the 
variations in the elastic (Young’s) modulus before and after activation of cellular signaling 
processes. The pioneer papers on eukaryote cells employing AFM appeared at the end of the 
last century (3, 7). The AFM method has been used to evaluate the elasticity of various cells 
(neurons, fibroblasts, cardiomyocytes, etc., 2, 4, 5, 9, 14, 16, 17).
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The PeakForce Quantitative Nanomechanical properties Mapping (PeakForce QNM) 
mode was recently developed by Bruker Corporation as an optimal approach to cell imaging. 
It explores topography of intact cells with submicron resolution and can monitor the cell 
elasticity. The PeakForce QNM AFM mode is more effective in cell scanning than any other 
AFM mode due to a high-accuracy control of the tip-sample interaction force in normal and 
lateral directions. In this mode, the tip touches the sample and then moves back until it 
reaches the safe distance; thereafter the probe moves to the next measuring point, and the 
cycle is repeated again. This concept of PeakForce QNM enables to maintain the cell integrity 
during AFM imaging.

The current report includes data obtained with the PeakForce QNM mode of AFM 
method. It revealed a pronounced upward trend in the Young’s modulus of intact sensory 
neurons by approximately 30% after activation of the Na+,K+-ATPase signal-transducing 
function.

Materials and Methods

Drugs
Ouabain was purchased from Sigma-Aldrich (St. Louis, USA).

Animals
Dorsal root ganglia (DRG) were obtained by microdissection from White Leghorn chicken 
embryos (Sinyavino Poultry, Leningrad District, Russia). Experiments were performed on 
cultured isolated DRG neurons of 10–12-day chicken embryos.

Culture of Dissociated DRG
DRG were dissected from the L5–S1 regions of 10–12-day-old chicken embryos and 
dissociated by mechanical pipetting under physiological conditions. The culture fluid was 
added to the cell suspension in order to obtain the desired cell density in a plastic Petri dish. 
The non-neuronal cells were removed by allowing them to settle onto the surfaces of plastic 
90-mm Petri dishes for 25 min at 37 °C. The medium did not contain any proteolytic enzymes 
and consisted of 45% Hank’s solution, 40% Eagle’s medium, and 15% fetal calf serum, and 
was supplemented with insulin (0.5 U/ml), glucose (0.6%), glutamine (2 mM), gentamicin 
(100 U/ml), and 7S nerve growth factor (10 ng/ml) (Sigma). The cell suspension was plated 
onto fibronectin- and collagen-coated 40-mm Petri dishes. Their bottoms were covered with 
7 µg/ml solution of collagen. After an hour, the formed collagen film was coated with 
fibronectin (10 µg/ml). The cells were cultured for three days at 37 °C and 5% CO2. Ouabain 
was added to the cell culture medium. The cells cultured without ouabain were used as the 
control.

AFM measurements
A Bruker Bioscope Catalyst AFM setup integrated with a standard Carl Zeiss Axio Observer 
D1m inverted optical microscope was used. Bright field or phase contrast optical images 
were used to visualize the dissociated neurons for AFM examination and to monitor the 
neuronal morphology and viability during experiments. All experiments were conducted 
using a LakeShore 335 controller to keep the temperature of the fluid in the Petri dish at 
37 °C. AFM study was performed in the PeakForce QNM mode with Bruker SNL-10 (C) 
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probes, whose nominal spring constant was 0.12 N/m. Before the experiments, the actual 
spring constant for each probe was calibrated using the thermal noise method. The AFM 
image frame sizes were varied from 20 × 20 µm to 40 × 40 µm in order to encompass the cell 
body and the neurite regions. Usually the height of the examined regions was below 3 µm 
(approximately equal to the cantilever tip height). Thus, the cells were protected from 
contact with the cantilever beam, which could otherwise detach the cell from the substrate. 
To reduce the hydrodynamic forces acting on AFM probe moving in liquid, the measurements 
were conducted at low scanning frequency (0.1 Hz) and at minimum tip vertical motion 
frequency (250 Hz). To minimize the probe-induced destruction of neuronal membrane, 
a decreased number of pixels forming the AFM image (128×128) and peak forces below 2 
nN were used.

In the PeakForce QNM mode, the force curve was registered at each point of the AFM 
measurement, which is the dependence of interaction force on the probe-sample distance. 
This curve provides information on mechanical properties of the sample, the Young’s modulus 
included. The Young’s modulus data of neurons were extracted automatically using the 
Sneddon model to process the force curves. In this model, the probe is considered as a cone 
interacting with the sample’s surface, and the Young’s modulus E of the sample is calculated 
according to:

			         ( ) ( ) 2
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1
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=
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		  (1),

where F is the probe-sample force, ν is the Poisson’s ratio (sample dependent, typically 
0.2–0.5), α is the half-angle of the indenter, and δ is the indentation depth.

The programs NanoScope Analysis 1.5 and Gwyddion 2.28 were used to process the 
AFM data. 

Results

An example of a sensory neuron examined with AFM is presented by optical image in Fig. 1a. 
The neuron consists of a 10 mm-wide soma and two neurites possessing the growth cones 
separated by approximately 100 mm from each other. The typical set of AFM experimental 
data used to characterize the neuron is presented in Figs 1b–1f. The AFM topography image 
shown in Fig. 1b reveals the soma of the neuron rising by about 3 mm above the surrounding 
substrate. The top part of the soma is transformed into the long and relatively low (the height 
less than 0.5 micron) process, a neurite. The Young’s modulus map (Fig. 1c), the profile 
(Fig. 1e), and the calculated Young’s modulus distribution (Fig. 1d), revealed pronounced 
heterogeneity in the neuron elastic properties. 

The sensory neuron shown in Fig. 1c corresponds to the dark contrast area of image, 
while the white contrast background represents the relatively rigid substrate. According to 
these data, Young’s modulus of the soma was about 5 kPa, while for the whole neurite, this 
parameter was about 15 kPa. In addition, there was a small 30 kPa area at the bottom part of 
the neurite. It is worth noting that this area corresponds to the homogeneous slope of the cell 
topography (Fig. 1e). Hence, it cannot be a scanning artifact due to variation in the probe-cell 
contact area on the sample surface places characterized with different topography slopes. 
Thus, this location could be identified as an axon hillock expected to be the most rigid part of 
the cell. On the whole, we investigated fourteen of control and the same number of ouabain-
treated sensory neurons. However, only nine of twenty eight neurons had a distinct axon 
hillock location. 
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Fig. 1. Control sensory neuron. (a) An optical image. (b) An AFM surface topography image, gray scale difference 
is 3.2 mm. (c) A Young’s modulus image measured simultaneously with (b), gray scale difference is 35 kPa.  

(d) A histogram of the Young’s modulus for the examined area of the cell. (e) The height profile is given along 
H-H line (b). (f) The Young’s modulus profile was calculated along E–E line (c).  

The numbers denote: 1 – the soma, 2 – the neurite, 3 – the tip of the triangular pyramidal cantilever with  
a pyramidal probe; 4 – the axon hillock. The averaged value of the Young’s modulus is 10 ± 10 kPa

Analysis of surface topography of both sensory neurons groups did not show any 
significant differences. However, when the mean Young’s modulus was taken as an indicator, 
the difference was discernible. The mean Young’s modulus histograms for examined sensory 
neurons groups are presented in Fig. 2. Evidently, the distribution in the experimental group 
is broadened, and its center is shifted relative to that of the control group by about 30%. 
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Fig. 2. Distributions of Young’s modulus for the control neurons (gray bars) and the neurons grown  
in the presence of ouabain (empty dotted bars). More rigid (treated) neurons had the mean Young’s modulus  

of 41 ± 34 kPa, while in the control neurons, this value was 31 ± 23 kPa

Discussion

The AFM method makes it possible to achieve a very high optical resolution for cell imaging. 
On the other hand, testing the mechanical cell properties by this method might shed light at 
the molecular structure and function of the cells. The neuron mechanical properties reflect the 
structure of its membrane, cytoskeletal components (microtubules and actin filaments), and 
the cytoplasm organelles. Due to this heterogeneity, the quantitative data obtained by AFM 
method are very much scattered. The values of the sensory neuron Young’s moduli vary from 
1 to 140 kPa (10, 13, 17). The elasticity of the cell body remained constant for 1 h and then 
degraded thereby indicating loss of cellular cytoskeleton rigidity. Our experiments never 
lasted for more than 1 h. The loss of rigidity can be also achieved by application of neurotoxins 
that can destroy the cytoskeleton structure (13). The current report describes the opposite 
effect (an increase in rigidity) after activation of Na+,K+-ATPase signal-transducing function 
in the sensory neuron membrane. Incubation of embryonic cells in the medium containing 
ouabain at very low “endogenous” concentrations resulted in an approximately 30% increase 
in the mean value of the Young’s modulus, as compared to the control. Figure 2 shows that 
distribution function of the Young’s moduli of ouabain-treated cells is slightly shifted to the 
region of higher values. This delicate effect of ouabain at endogenous concentrations, which 
specifically switches on the signal-transducing function of Na+,K+-ATPase, affects the 
elasticity characteristics of the neuron. It is tempting to suggest that activation of signal-
transducing function of the sodium pump, which evokes the responses of Src- and MAP-
kinase systems (15, 18), could increase the cell rigidity. Our results indicate that the AFM 
method is a very promising tool for investigation of molecular mechanisms of cell signaling.  
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