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Tear fluid hyperosmolality increases nerve impulse activity of cold
thermoreceptor endings of the cornea
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Dry eye disease (DED) is a multifactorial disorder affecting the composition and volume of tears. DED
causes ocular surface dryness, cooling, and hyperosmolality, leading ultimately to corneal epithelium
damage and reduced visual performance. Ocular discomfort is the main clinical symptom in DED. How-
ever, the peripheral neural source of such unpleasant sensations is still unclear. We analyzed in excised,
superfused mouse eyes, the effect of NaCl-induced hyperosmolality (325–1005 mOsm�kg�1) on corneal
cold thermoreceptor and polymodal nociceptor nerve terminal impulse (NTI) activity. Osmolality eleva-
tions at basal corneal temperature (33.6�C) linearly increased the ongoing NTI frequency of cold thermo-
receptors, at a mean rate of 0.34 imp�s�1/10 mOsm. This frequency increase became significant with
osmolality values greater than 340 mOsm. Comparison of cold thermoreceptor activity increase induced
by a dynamic temperature reduction of 1.8�C under iso- and hyperosmolal (360-mOsm) conditions pro-
vided evidence that more than 50% of the increased firing response was attributable to hyperosmolality.
Comparatively, activation of corneal polymodal nociceptor endings by hyperosmolal solutions started
with values of 600 mOsm and greater. Sensitization of polymodal nociceptors by continuous perfusion
with an ‘‘inflammatory soup’’ (bradykinin, histamine, prostaglandin E2 [PGE2], serotonin, and adenosine
triphosphate [ATP]) did not enhance their activation by hyperosmolal solutions. High osmolality also
altered the firing pattern and shape of cold and polymodal NTIs, possibly reflecting disturbances in local
membrane currents. Results strongly suggest that tear osmolality elevations in the range observed in DED
predominantly excite cold thermoreceptors, supporting the hypothesis that dryness sensations
experienced by these patients are due, at least in part, to an augmented activity of corneal cold
thermoreceptors.

� 2014 International Association for the Study of Pain. Published by Elsevier B.V. Open access under 
CC BY-NC-ND license.
1. Introduction

The ocular surface is covered by the precorneal tear film, a com-
plex gel that maintains moistness of the nonkeratinized epithelium
of the corneal surface and conjunctiva [19,24]. In healthy eyes, the
aqueous fraction of the tear film evaporates continuously at a rate
determined by environmental temperature, relative humidity, and
air flow, and is replenished regularly with tears secreted by main
and accessory lacrimal glands, thereby maintaining a stable vol-
ume and chemical composition of the tear film aqueous layer
[15,18,19,39,49,52].

Dry eye disease (DED) has been defined as a multifactorial dis-
ease of the tears and ocular surface that is due, in most cases, to
tear deficiency or excessive evaporation, which results in symp-
toms of discomfort and tear instability, with potential damage to
the ocular surface [54]. Ocular discomfort is the main clinical
symptom in mild and moderate DED [42] and is the result of the
excitation of sensory nerve fibers innervating the ocular surface
[1,5]. These include mechano-nociceptors that are preferentially
activated by mechanical forces; polymodal nociceptors that
additionally respond to heat, exogenous irritant chemicals, and
endogenous inflammatory mediators; and cold thermoreceptors
primarily activated by small reductions of the ocular surface
temperature. All functional types of fibers are comparatively more
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abundant in the center than in the periphery of the cornea,
decreasing in density in the bulbar conjunctiva [7,9,14,26].

During DED, disturbances derived from augmented evaporation
may act as stimuli for the different functional types of corneal and
conjunctival sensory nerve terminals, thereby becoming a poten-
tial cause of ocular discomfort [18,48,49]. High tear evaporation
rate decreases markedly the ocular surface temperature during
interblink periods and accelerates breakup of the precorneal
tear film, contributing to mechanical stress, injury of the
corneal and conjunctival epithelium, and local inflammation
[11,22,28,43,50,58,59]. Each of these disturbances represents a
possible stimulus for thermoreceptor, mechano-nociceptor, or
polymodal nociceptor corneal nerve terminals [5].

Augmented evaporation also increases electrolyte concentra-
tion, raising the osmolality of the tear film [10,48]. Osmolality
increases stimulate corneal sensory receptors [7,26,37,38,47,59].
However, the influence of osmolal changes on the impulse activity
of the ocular surface sensory afferents has not been analyzed in
detail. Osmolality of human healthy tears (300–315 mOsm�kg�1)
[10,60] is mainly determined by the electrolyte content of the tear
film aqueous phase, principally sodium, potassium, chloride, and
bicarbonate with a minor contribution of proteins and sugars.
Osmolality becomes higher in DED [23,56], rising to mean osmolal-
ity values up to 365 mOsm and possibly reaching higher levels in
areas of break-up of the precorneal tear layer [16,29,56]. In the
present work, we studied whether controlled ocular surface osmo-
lality increases, caused by augmented NaCl concentration as would
occur during enhanced evaporation of tears, modify the spontane-
ous and stimulus-evoked nerve impulse activity of corneal sensory
receptor fibers.
2. Methods

2.1. Animals

Male (2–6 months of age) C57BL/6 (n = 44) and ICR (n = 4) mice
were used. No statistical differences in the impulse firing charac-
teristics under different experimental conditions were observed
between mouse strains, and therefore the data of both strains were
pooled.

All experiments were conducted according to the Animal Use
Guidelines of the European Community (2007/526/EC) and the
Spanish Council for Scientific Research (CSIC); the experiments
were approved by the University Miguel Hernandez Animal Care
and Ethics Committees and adhered to the guidelines of the Com-
mittee for Research and Ethical Issues of IASP.

2.2. Electrophysiological recordings

The procedure for the recording of single corneal nerve termi-
nals in vitro described in previous studies [13,53] was used. In
brief, mice were killed by exposure to CO2. Eyes were removed
and maintained for 30 minutes in saline solution of the following
composition (in mmol/L): NaCl (128), KCl (5), NaH2PO4 (1),
NaHCO3 (26), CaCl2 (2.4), MgCl2 (1.3), and glucose (10) at room
temperature, bubbled with carbogen (5% CO2 and 95% O2). They
were subsequently placed in a recording chamber and superfused
with saline solution at temperatures adjusted with a servo-con-
trolled Peltier. An Ag/AgCl borosilicate recording pipette (tip diam-
eter, �50 lm) filled with the same solution was placed onto the
corneal epithelium surface with a micromanipulator. A gentle suc-
tion was applied to seal the electrode tip to the epithelium. Nerve
terminal impulses (NTI) were recorded and amplified with an AC
amplifier (Neurolog NL104, Digitimer, Welwyn, UK), and stored
at 10 kHz in a computer using a CED micro1401 interface and Spike
2 software (both from Cambridge Electronic Design, Cambridge,
UK). Only recordings containing a single unit, clearly distinguished
from noise (�10 V peak-to-peak) and identifiable by its waveform
and firing pattern, were used for further analysis. To avoid deteri-
oration of the preparation with time, duration of the recording
periods was restricted to a maximum of 4 hours. We have repeat-
edly confirmed that 6 to 8 hours after enucleation, the firing char-
acteristics of nerve terminals remain unaltered (unpublished data).

2.3. Experimental protocol

The appearance of spontaneous or stimulus-evoked activity
after application of the pipette onto the cornea was used to ascer-
tain the successful location of an active sensory nerve terminal.
Responsiveness to mechanical stimulation was assessed with a
gentle forward displacement of the micromanipulator holding
the recording electrode.

Cold thermoreceptor terminals were easily recognized by the
presence of ongoing NTI activity immediately after placing the pip-
ette on the receptive field. Polymodal nociceptors were identified
by the occasional occurrence of 1 spontaneous NTI in the 1- to
2-minute period after application of the pipette, absence of response
to cooling but clear activation by heating pulses, and firing of 1 or a
few NTIs in response to a gentle push with the micromanipulator.
Characterization of polymodal nociceptors was confirmed by the
positive response to capsaicin (1 lmol/L; see below).

Cold stimulation was performed by decreasing the background
temperature of the perfusion solution from 33.6�C ± 0.1�C to
16.9�C ± 0.3�C during a 26-second period. This produced a cooling
ramp, dropping at a rate of 0.7�C ± 0.1�C s–1, then returning to basal
temperature (Fig. 1A). In a set of experiments involving the record-
ing of cold thermoreceptor terminals, �3�C cooling steps lasting
2.5 minutes from 33.6�C down to 21.6�C were also applied. A min-
imum period of 5 minutes was allowed between thermal stimuli.
For heat stimulation of polymodal nociceptors, warming ramps
up to 50.3�C ± 0.2�C at a rate of 0.6�C�s�1 were performed.

Chemical stimulation of polymodal nociceptor endings with
1 lmol/L capsaicin was carried out by shifting the perfusion from
control saline solution to saline solution containing the drug,
which was perfused for 30 seconds at 33.6�C. Application of the
drug was followed by a washing period of at least 5 minutes.

After positive identification, cold thermoreceptor and polymo-
dal nociceptor terminals were exposed to solutions of increasing
osmolality. In the present study, nerve terminals responding exclu-
sively to mechanical stimulation were not found. Perfusion with
control saline solution (mean osmolality measured with a freezing
point osmometer = 309.5 ± 0.6 mOsm) was followed by perfusion
with different hyperosmolal solutions (ranging from 325 to
1005 mOsm; see below). The mean time of exposure to each hyp-
erosmolal solution at basal temperature was 348 ± 13 seconds. In
experiments in which stepwise cooling was applied to cold ther-
moreceptor terminals, perfusion with high-osmolality solutions
was initiated 6 minutes before the onset of the stepwise cooling
cycle and was maintained until the temperature returned to basal
levels after the last cooling step. A separate group of polymodal
units were initially exposed to an ‘‘inflammatory soup’’ (see spec-
ifications below) [64] added to the perfusion solution for 5 minutes
to mimic sensitization of polymodal nociceptors caused by inflam-
matory conditions in vivo. Perfusion was continued thereafter with
hyperosmolal solutions (370 and 490 mOsm) containing the
inflammatory soup.

2.4. Analysis of NTI activity

The following parameters were analyzed in the different classes
of sensory terminals.



Fig. 1. Relationship between osmolality and cold thermoreceptor activity. (A) Effect of hyperosmolal solutions on the ongoing nerve terminal impulse (NTI) activity at 33.6�C
and response to cooling ramps to 15�C of a cold thermoreceptor ending. Upper trace, mean firing rate (imp�s�1); middle trace, instantaneous frequency in Hz; lower trace,
bath temperature (�C). (B) Sample recordings are expanded views of the NTIs fired by the ending during the periods marked in A between dashed lines, during the recording in
iso-osmolal conditions, during perfusion with 406 mOsm and 488 mOsm solutions, and during the washing period.
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2.4.1. Cold thermoreceptors
Spontaneous activity: Mean basal ongoing activity in impulses

per second (imp�s�1) at 33.6�C, measured during the minute that
preceded the onset of a cooling ramp. Cooling threshold: Tempera-
ture decrease (�C) at which NTI frequency increased to a value that
was the mean NTI frequency measured during the 10-second per-
iod preceding the onset of a cooling ramp, plus 3 times its standard
deviation. Mean NTI frequency: Average number of NTIs recorded
per second (imp�s�1). Peak frequency (PF): Maximum NTI frequency
(in imp�s�1) attained during a cooling ramp. Mean slope of the
response to a cooling ramp (imp�s�1�C�1): Slope of the line between
the value of mean activity at the cooling threshold temperature
and at the temperature at which the peak frequency was attained.

2.4.2. Polymodal nociceptors
Spontaneous activity: Incidence (percentage of terminals firing

more than 1 impulse during the initial 2 minutes of recording)
and mean frequency of the spontaneous firing (imp�s�1). Amplitude
of the stimulus response: Total number of NTIs evoked by a
particular stimulus (heat and capsaicin).

2.5. NTI waveform analysis

The following parameters from individual NTIs of cold thermo-
receptor and polymodal nociceptor endings were measured: Base-
line: Voltage value during a 10-millisecond period before the onset
of the NTI. Peak positive amplitude: Maximum voltage of the NTI in
reference to baseline. Peak negative amplitude: Minimum voltage of
the NTI in reference to baseline. Onset of the NTI: Point in the NTI
trace at which voltage increased to a value that was the baseline
voltage plus 3 times its standard deviation. Upstroke slope: Change
in voltage (dV/dt) between the onset of the NTI and the peak.
Downstroke slope: Change in voltage (dV/dt) between the positive
peak and the onset voltage value of the NTI. Ratio between slopes:
Quotient between the upstroke and the downstroke slopes of the
NTI. A minimum of 7 consecutive NTIs were measured and aver-
aged to obtain the corresponding parameter of the waveform. NTIs
were exported from raw data recordings without low- or high-pass
filtering to prevent distortion of the NTI waveform shape. Control
waveform was determined using NTIs recorded at the basal tem-
perature of �33.6�C and osmolality of 309 mOsm.L–1. Waveform
changes induced by hyperosmolal solutions were also measured
just before application of a cooling ramp, 5 minutes after the onset
of the perfusion with the test solution.

In addition, 23 consecutive NTI traces taken from the raw
recordings of NTIs in different experimental conditions were aver-
aged to obtain an averaged NTI waveform. The onset of the NTI was
used for synchronization. Voltage values of each NTI were then
taken between �0.26 milliseconds and +2.2 milliseconds around
the onset value. Averaged NTIs are represented in the figures either
conventionally, as time-dependent change of voltage, or as a
phase–plane plot, in which the time derivative of the voltage
(dV/dt) is plotted against the voltage [4,40].

2.6. Analysis of data

Data from NTI recordings were exported from Spike 2 (CED) to
Origin 8 software for analysis. Statistical comparisons were per-
formed using Microsoft Excel 2003, Origin 8 (OriginLab Corpora-
tion, Northampton, MA) and GraphPad Prism 5 software
(GraphPad Software Inc, La Jolla, CA), selecting in each case the
appropriate test, according to the characteristics of the data pool



Fig. 2. Average change in nerve terminal impulse (NTI) activity of cold thermore-
ceptor endings caused by exposure to hyperosmotic solutions. Data are expressed
as the change in mean frequency during exposure to a given hyperosmolal solution
in relation to the mean firing frequency in the immediately preceding iso-osmolal
conditions, measured in 26 corneal cold terminals. Pearson product moment
analysis correlation coefficient = 0.707, P < .001. The average values of osmolality
(mean ± standard error of the mean) for each point are as follows: 311 ± 0.6 mOsm,
n = 9; 323 ± 0.9 mOsm, n = 9; 343 ± 1.2 mOsm, n = 6; 363 ± 1.9 mOsm, n = 6;
403 ± 1.4 mOsm, n = 7; and 464 ± 3.8 mOsm, n = 8.
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and to data distribution. Data are expressed as mean ± standard
error of the mean, with ‘‘n’’ denoting the number of terminals.

2.7. Solutions and drugs

Hyperosmolal solutions were prepared by adding NaCl (5 mol/L)
to control saline solution. Actual osmolality was measured
afterwards with a freezing point osmometer (Osmomat 030,
Gonotec, Berlin, Germany). Final osmolality of the tested solutions
was 311 ± 0.6 mOsm, 323 ± 0.9 mOsm, 343 ± 1.2 mOsm, 363 ±
2.0 mOsm, 403 ± 1.4 mOsm, and 464 ± 3.8 mOsm in experiments
involving cold thermoreceptor recordings. Osmolality values in
experiments involving polymodal nociceptors were as follows:
309.5 ± 0.6 mOsm, 363 ± 1.4 mOsm, 433 ± 13.4 mOsm, 608 ±
2.9 mOsm, 846 ± 9.2 mOsm, and 1005 ± 4.9 mOsm.

The inflammatory soup [35,45,64] contained the following sub-
stances dissolved in iso-osmolal or hyperosmolal saline solutions
(final concentration in brackets): bradykinin (5 lmol/L), histamine
(100 lmol/L), PGE2 (10 lmol/L), serotonin (100 lmol/L), and ATP
(100 lmol/L) (Sigma-Aldrich, St. Louis, MO).

3. Results

3.1. Cold thermoreceptors

3.1.1. Osmolality effects on NTI firing
Cold thermoreceptor endings were identified by their regular

ongoing NTI activity at the basal bath temperature of 33.6�C, which
increased markedly when the temperature of the flowing saline
solution was suddenly decreased (Fig. 1).

The mean value of NTI frequency when perfusing with iso-
osmolal solution at a mean basal temperature of 33.6�C ± 0.1�C,
was 6.6 ± 1.0 imp�s�1 with extreme values ranging from 1.7 to
19.3 imp�s�1 (n = 20). In response to cooling ramps from
33.6�C ± 0.1�C to 16.9�C ± 0.4�C at a rate of 0.7�C ± 0.06�C�s�1, NTI
firing frequency increased significantly at an average threshold
temperature of 31.9�C ± 0.3�C, with a change in firing rate of
5.5 ± 0.9 imp�s�1 per�C, and a mean peak frequency value of
57.1 ± 3.6 imp�s�1 attained at 24.6�C ± 0.9�C.

Fig. 1 shows an example of the effect of solutions of increasing
osmolality on the NTI activity of a cold thermoreceptor terminal,
showing the increase in background NTI activity and the change
in firing pattern from a predominantly beating to bursting mode
(see instantaneous frequency trace, Fig. 1A, middle trace) caused
by high osmolality.

Fig. 2 represents the relationship between osmolality increases
of the perfusing solution at 33.6�C and the increase in spontaneous
firing rate of 26 cold-sensitive terminals. Increasing osmolality lin-
early augmented the ongoing firing frequency (R2 = 0.499) at a
mean rate of 0.35 imp�s�1 per 10 mOsm (y = �0.0304 + 0.0345x).

When mean firing frequency values before and after perfusion
with hyperosmolal solutions were compared for each individual
terminal, differences were significant during perfusion with
343 mOsm and over (325 mOsm: n = 5, P = .96, paired t test;
343 mOsm: n = 6, P = .038, paired t test; 363 mOsm: n = 6,
P = .009, paired t test; 403 mOsm: n = 7, P = .015, Wilcoxon rank
test; 464 mOsm: n = 8, P = .0003, paired t test).

To evaluate the influence of osmolality on dynamic cold
responses, the change in cold threshold and in the maximal peak
frequency evoked by cooling ramps (33.6�C to 16.9�C) during expo-
sure to increasing osmolality levels was measured in 11 terminals.
No significant changes in either of these parameters were observed
even for high osmolality values (Table 1). Likewise, the slope of the
NTI frequency variation as a function of temperature did not
vary significantly for cooling ramps performed in increasingly
hyperosmolal solutions (Table 1). This is also illustrated in Fig. 3,
which depicts the mean firing frequency curves evoked by cooling
ramps performed before and during perfusion with solutions of
different osmolality. As mentioned above, the ongoing activity at
the control temperature of 33.6�C under hyperosmolal solutions
was higher than during previous perfusion with iso-osmolal solu-
tions. The frequency curves evoked by the cooling ramp were
rather variable, but no obvious differences in peak frequency value
or dynamic firing during the initial temperature fall were associ-
ated with osmolality. Nonetheless, during exposure to osmolality
solutions greater than 400 mOsm, the NTI firing pattern during
the cooling ramp became more irregular, which is reflected in
the distorted shape of the mean frequency curves (Fig. 3).

To further analyze the influence of osmolality on corneal cold
thermoreceptor activity at different temperatures, we compared
the firing response to staircase cooling (33.6�C to 21.6�C in drops
of �3�C, 2.5 minutes per step, under iso- and hyperosmolal condi-
tions). As illustrated in the example of Fig. 4A, exposure to hyper-
osmolal solutions markedly modified the NTI firing frequency and
pattern of corneal cold nerve endings, in particular during the low
temperature steps and with osmolality values greater than
363 mOsm. The samples of direct recordings of NTIs depicted in
Fig. 4A exemplify these disturbances in firing pattern: Impulse fir-
ing became irregular, exhibiting paroxysmal discharges and silent
periods, in particular at low temperatures and osmolality values
greater than 403 mOsm, thereby causing large variations in mean
firing frequency. This was reflected in the plateau of the stimu-
lus–response curve, obtained when the mean firing frequency
measured during the static part (last 30 seconds) of the cooling
step was plotted against the temperature value of the step
(Fig. 4B). Differences with stepwise cooling performed under iso-
osmolal conditions became significant only during application of
363-mOsm solutions (receiver operating characteristic curve,
P = .04).

3.1.2. Osmolality effects on NTI waveform
As shown in the direct recordings of NTIs shown in Fig. 1, expo-

sure to hyperosmolal solutions decreased reversibly the amplitude
of the NTIs. This amplitude reduction was more marked with
osmolality values greater than 500 mOsm, at which the signal



Table 1
Parameters of the response to a cooling ramp performed under different osmolality conditions.

Osmolality (mOsm) Spontaneous activity (impulses s�1) Cooling threshold (�D�C) Peak frequency (impulses s�1) Slope (impulses s�1�C�1)

309 5.8 ± 1.9 1.3 ± 0.5 51.5 ± 7.2 7.7 ± 2.4
363 7.5 ± 2.2** 1.2 ± 0.6 56.7 ± 1.9 8.0 ± 1.6
403 11.0 ± 3.3* 1.6 ± 1.0 66.9 ± 7.6 7.6 ± 1.0
464 10.6 ± 0.8*** 2.0 ± 0.7 53.4 ± 6.0 6.0 ± 1.7

Data are mean ± standard error of the mean; n = 11. The parameter values obtained during perfusion with each osmolality have been compared with the values measured
immediately before, during perfusion with iso-osmolal solution.
* P < .05, paired t test.
** P < .01, paired t test.
*** P < .001, paired t test.

Fig. 3. Average response of cold thermoreceptors to cooling ramps performed at different osmolality levels. The mean change in firing frequency (imp s�1, upper traces)
evoked by a cooling ramp (�C, lower traces) of cold-sensitive terminals has been represented during perfusion with iso-osmolal solution (311 mOsm, black curves) and after
shifting to perfusion with solutions of increasing osmolality (colored curves): 363 mOsm, n = 6; 403 mOsm, n = 7; 464 mOsm, n = 9. Data are mean ± standard error of the
mean. Time scale: 10 seconds.
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was frequently lost, although it recovered after washing (data not
shown). This reduction limited our ability to study in cold thermo-
receptor terminals the effects of solutions of high osmolality.
Fig. 5A displays the change in NTI waveform at 33.6�C in the mean
NTIs obtained from averaging 23 NTIs under solutions of increasing
osmolality up to 464 mOsm. Around this value, NTIs were clearly of
smaller amplitude, wider, and slower, although the ratio between
slopes (see Methods) of the NTI remained unchanged (Table 2).
In Fig. 5B, the spike potential V is displayed against its first time
derivative dV/dt, as a phase–plane plot. In this representation, the
slope of the response is represented for the complete NTI. The
inflexion points where [dV/dt] reaches maximal values have been
marked with arrows in the curve, and correspond to the maximal
rate of rise and fall of the NTIs recorded under different osmolality
values. This graphical representation visualizes membrane cur-
rents flowing during the NTI, showing that they were markedly
reduced during exposure to hyperosmolal solutions (Fig. 5B).

3.1.3. Combined effects of hyperosmolality and cooling
We next tried to estimate the dynamic change in cold thermo-

receptor firing occurring during the interblink temperature drop
when tear fluid osmolality is high, as occurs in DED patients. We
measured, in 6 cold thermoreceptor endings, the change in NTI
impulse activity that occured at osmolalities of 325, 343, and
363 mOsm and corneal temperature drops of 1.8 ± 0.1�C (from
33.5�C to 31.7�C). Fig. 6A represents the firing frequency change
caused by this dynamic temperature reduction under perfusion
with the different hyperosmotic solutions and those obtained
immediately before under iso-osmolal conditions. Mean firing
frequency at 33.5�C under iso-osmolal conditions before exposure
to the different hyperosmolality values did not vary
(mean = 7.9 ± 0.9 imp�s�1). As expected, a significant increase of
the firing response to a temperature drop of 1.8�C was observed
in these recordings, performed before exposure to each of the dif-
ferent hyperosmolal solutions (mean = 13.3 ± 1.4 imp�s�1; P < .001,
Wilcoxon signed-rank test). With exposure to hyperosmolal solu-
tions, basal frequency at 33.6�C was significantly different from
its iso-osmolal control when hyperosmolality exceeded 343 mOsm
(P < .05, paired t test). Likewise, the 1.8�C ± 0.1�C cooling step fur-
ther raised the firing rate response to values significantly higher
than those seen with iso-osmolal conditions, with exposure to
the 343 mOsm and 363 mOsm (P < .01, paired t test) but not with
lower osmolality values (325 mOsm) (Fig. 6). Based on these obser-
vations, it can be postulated that, under moderate to high evapora-
tion conditions leading to hyperosmolality levels of 340 and
360 mOsm and temperature drops around 1.8�C during the inter-
blink period, 30% and 56% of the thermoreceptor firing frequency
increase would be respectively attributable to the rise in osmolal-
ity, and 70% and 44% respectively to the temperature fall caused by
evaporative cooling (Fig. 6B). Accordingly, augmented osmolality
of the precorneal film and enhanced evaporative cooling appear
to contribute jointly to generate high frequency firing rate of cor-
neal cold thermoreceptors during dry eye conditions.

3.2. Polymodal nociceptors

Polymodal endings were identified by their very low spontane-
ous firing at rest, decreased activity during cooling ramps, activa-
tion by heat pulses, and 1 lmol/L capsaicin and mechanical
responsiveness to gentle electrode displacements [7] (Fig. 7).

Fig. 8 represents the change in background impulse activity of
23 polymodal nociceptor terminals caused by perfusion of the cor-
nea with solutions of increasing osmolality (363, 433, 608, 846,
and 1005 mOsm). Significant elevations of mean impulse fre-
quency were observed only with values greater than 600 mOsm
(Fig. 8). At this and higher concentrations, impulse firing was



Fig. 4. Effect of hyperosmolality on corneal cold thermoreceptor response to staircase cooling. (A) Sample record of the nerve terminal impulse (NTI) response of a cold
thermoreceptor ending to stepwise cooling (33�C to 23�C in 2.5�C steps) in iso-smolal conditions and after exposure to a hyperosmolal solution (367 mOsm). Perfusion with
the hyperosmolal solution was started 10 minutes before the onset of the staircase cooling. Upper trace, instantaneous frequency (Hz); lower trace, bath temperature (�C).
Sample recordings shown below are expanded views of the NTIs fired by the ending during the periods of time marked between dashed lines. Notice the irregular firing
pattern during the third temperature step. (B) Mean NTI firing frequency during the last 30 seconds of the cooling step obtained from 6 corneal cold terminals perfused with
iso-osmolal solution (black traces) and exposed to 4 hyperosmolal conditions (colored traces). Data are mean ± SEM. Activity under 363 mOsm was significantly different
from the control solution (receiver operating characteristic curve, P = .04).
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irregular, with occasional paroxysmal discharges. This was
reflected in a different distribution of the duration of impulse
intervals after exposure to high osmolality (Fig. 7A, Instantaneous
frequency channel). The shape of NTIs was also altered during
exposure to high osmolality solutions, with NTIs becoming flat-
tened and slower (Table 3), particularly during the downstroke
component (Fig. 9A). Current flow reduction was also evident in
the phase–plane plot of the averaged NTIs (Fig. 9B).

To determine whether sensitivity of polymodal nociceptors to
hyperosmolal solutions was modified by previous sensitization,
perfusion with an inflammatory soup [45] (see Methods) dissolved
in iso-osmolal saline was initiated 5 minutes before shifting to the
higher osmolality solutions plus inflammatory soup. Sensitization
of polymodal nociceptors, including corneal polymodal nocicep-
tors, by this particular mixture of inflammatory mediators has
been repeatedly established [35,64]. Perfusion with the inflamma-
tory soup in iso-osmolal saline at 33.6�C increased significantly the
frequency of the spontaneous activity (from 0.10 ± 0.2 imp�s�1 to
0.19 ± 0.04 imp�s�1, n = 7; P = .003, paired t test). This higher activ-
ity did not further increase when perfusion with the inflammatory
soup in iso-osmolal solution was shifted to hyperosmolal
solutions also containing the inflammatory soup (370 mOsm



Fig. 5. Change in nerve terminal impulse (NTI) waveform of cold thermoreceptor terminals during exposure to hyperosmolal solutions. (A) Each trace is the average of 23
NTIs exported from the different segments of the recording shown in Fig. 1. (B) Phase–plane plots of the average NTIs are shown in A. Arrows indicate the points of maximal
rate of rise or fall of currents generating NTIs.

Table 2
NTI waveform parameters at different osmolality values at basal temperature (33.5�C).

Osmolality
(mOsm)

Peak positive amplitude
(lV)

Peak negative amplitude
(lV)

Total amplitude
(lV)

Up-stroke slope
(lV�ms�1)

Down-stroke slope
(lV�ms�1)

Ratio between
slopes

309 41.2 ± 1.2 �28.4 ± 1.0 69.6 ± 2.1 143.0 ± 5.5 177.8 ± 7.0 0.83 ± 0.02
363 32.9 ± 2.1*** �23.0 ± 1.6 55.8 ± 3.5** 119.8 ± 9.6 154.1 ± 12.2 0.80 ± 0.04
403 35.3 ± 1.6* �22.6 ± 1.3 57.9 ± 2.7* 130.0 ± 8.5 163.0 ± 8.6 0.80 ± 0.03
464 24.1 ± 0.9*** �16.1 ± 0.2*** 40.2 ± 1.4*** 85.1 ± 5.6*** 100.9 ± 5.6*** 0.87 ± 0.04

NTI, nerve terminal impulse.
Data are mean ± standard error of the mean; n = number of terminals.
For each terminal, the different parameters were calculated from 7 individual NTIs recorded under different osmolality conditions.
* P < .05, n = 6; paired t test, difference from the values at 309 mOsm.
** P < .01, n = 7; paired t test, difference from the values at 309 mOsm.
*** P < .001, n = 8; paired t test, difference from the values at 309 mOsm.
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[0.18 ± 0.04 imp�s�1, n = 3] or 490 mOsm [0.17 ± 0.04 imp�s�1,
n = 3]. One unit treated with the inflammatory soup did not show
sensitization and was not included in the analysis.

4. Discussion

Our results show that exposure of the mouse eye surface to
NaCl solutions, bringing ocular surface osmolality to the values
found in experimentally induced eye dryness in this species [56],
augmented NTI activity of corneal sensory afferents. Corneal cold
thermoreceptor endings were more sensitive and responded more
prominently to osmolality increases than corneal polymodal noci-
ceptor endings. Altogether, our data suggest that high tear osmo-
lality values, such as those usually reported in DED patients
(20%–30% above the normal value of �300 mOsm measured at
the tear meniscus) predominantly affect cold thermoreceptor
activity, whereas nociceptors are additionally recruited only if
much higher hyperosmolality levels are attained.

The regional variations of tear fluid osmolality at the ocular sur-
face occurring during normal and pathological circumstances are
complex and not known in detail [66]. When tear fluid osmolality
is used for DED clinical evaluation, only mean values measured in
the fluid accumulated at the asymmetrical menisci adjacent to the
upper and lower eyelid margins are considered [57]. However, in
the exposed areas of the eye, the tear film is only a few microns
thick, becoming thinnest at the transition interface between tear
film and eye tissues. Moreover, tear film is subjected during each
blink to a dynamic spreading that modifies its geometry
[29,63,66]. These factors affect the evaporation rate and thereby
osmolality values. Hence, changes in solute concentration caused
by evaporation and diffusion do not distribute homogeneously
across the ocular surface, and actual osmolality may be much
higher than average values in certain regions of the eye surface.
For instance, in zones such as the black lines (local thinning regions
near lids), where evaporation rates are normally faster, relative
osmolality concentrations rise in normal individuals to values close
to those measured in clinical dry eye [16,29]. The expected heter-
ogeneity of osmolal values across the ocular surface is aggravated
under enhanced evaporation conditions, as is the case in evapora-
tive dry eyes, in which tear osmolality reaches mean values of
365 mOsm in individual patients [29], and perhaps much higher
transient hyperosmolality peaks [48]. Moreover, lachrymal gland
or meibomian gland secretory dysfunctions, contact lens wearing,
and different keratopathies [23,27,30,55] may also lead to abnor-
mally high tear fluid osmolality values.

Our work shows that increases of osmolality within the above
mentioned margins already affect nerve impulse firing in some
ocular sensory fibers. This is not surprising, considering that osmo-
lality changes in the tear film extend rapidly to the extracellular
fluid around the uppermost corneal and conjunctival epithelium
cell layers, where sensory nerve branches innervating these tissues
are located, thus modifying the osmolality of the fluid around their
nerve terminals. Expectedly, individual terminals are not equally
exposed to osmolal changes, explaining the variability in the effect
of moderate osmolal increments shown in Fig. 2. In addition, out-
ward water movements across cell membranes of epithelial cells
due to extreme elevations in osmolality probably induce shrinking
of cells and endings [28], which may, in turn, act indirectly as
mechanical stimuli.

Ion channels highly sensitive to hypo-osmolality have been
reported in a fraction of mechanoreceptor and nociceptor sensory
neurons. They include various members of the TRP family of



Fig. 6. Summation of cooling and hyperosmolality effects on the impulse firing of corneal cold thermoreceptors. (A) Mean firing frequency of 17 units was measured during
the 30-second period preceding the onset of a cooling ramp from 33.5�C to 31.7�C, and during the first 30 seconds of the cooling period; the effect of cold and osmolality on
the firing frequency was expressed for each hyperosmolality value as the relative increase in firing frequency from its value at 33.5�C under iso-osmolal conditions. Data are
mean ± SEM, n = 6; paired t test, differences between osmolalities at 33.5�C (⁄P < .05) and at 31.7�C (⁄⁄P < .01, ⁄⁄⁄P < .001). (B) Relative contribution of cooling (orange) and of
osmolality (red) to the enhanced impulse response elicited when both conditions act simultaneously.
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nonselective cationic channels, principally TRPV4, TRPC5, and
TRPM3 [3,31,34]. Their final activation mechanism by osmolal
changes is disputed, and may include membrane stretch acting
either directly on the channel or through mechanosensitive G pro-
teins that, in turn, open the channel via activation of second-mes-
senger pathways. The final result is membrane depolarization and,
ultimately, pain [2].

In contrast, experimental evidence supporting the existence of
specific ion channels sensing expressed directly hypertonic solu-
tions is scarce. Nonetheless, TRPA1 channels both in cell lines
and in DRG nociceptive neurons are activated by moderately hyp-
erosmolal (up to 400 mOsm) but not by hypo-osmolal solutions
[65]. Also, activation of ASIC3 channels by acid in DRG nociceptive
neurons is enhanced during exposure to hyperosmolal solutions
(600 mOsm with mannitol) [20]. Cells heterologously expressing
TRPM8 are respectively activated or inhibited by small osmolality
increases and decreases around physiological levels [54]. This
effect could explain mechanistically with the observed changes
in firing activity of corneal cold thermoreceptors caused by hyper-
osmolal solutions. High concentrations of NaCl may also alter the
behavior of ion channels in sensory nerve terminals through mech-
anisms other than an osmotic action. High concentrations of Na
and Cl ions modify the surface charge of the membrane, modifying
the surrounding ionic environment near the ion channels and off-
setting the potential differences across them. This changes ion per-
meation as well as voltage-dependent processes such as gating and
channel block [33,36,41].

We found that the background firing frequency of corneal cold
receptors at 34�C was positively correlated with the osmolal con-
centration of the extracellular solution, with differences becoming
significant at values greater than 340 mOsm. Comparatively, the
parameters of the NTI firing response to dynamic cooling were less
affected. A similar increase in cold background activity of cold
receptors was obtained with hyperosmolal solutions of the same
osmolality but prepared with mannitol [54], thus supporting the
view that the effect is mediated at least in part through osmotic
activation of TRPM8, the transduction channel critical for back-
ground and cold-evoked activity in corneal cold thermoreceptors
[53]. The comparatively low sensitivity of polymodal nociceptors
when exposed to solutions of similar hyperosmolality further
favors the interpretation that TRPM8 channels contribute to the
sensitivity of cold thermoreceptors to moderate hyperosmolality.
Hyperosmolal concentrations exceeding values of 600 mOsm
evoked an irregular, high-frequency impulse activity in both cold



Fig. 7. Effect of hyperosmolality on polymodal nociceptor activity. (A) Response of a polymodal nociceptor terminal to a cooling ramp, a heating ramp (to 50.0�C), mechanical
stimulation (Mec) performed with a microelectrode displacement, and perfusion with a hyperosmolal NaCl solution. Upper trace, mean firing rate (imp�s�1); middle trace,
instantaneous frequency (Hz); lower trace, bath temperature (�C). (B) Sample recordings showing an expanded view of the nerve terminal impulse (NTIs) fired during the
periods marked between the dashed lines.

Fig. 8. Average change in nerve terminal impulse (NTI) activity of polymodal
nociceptor terminals obtained during perfusion with solutions of increasing
osmolality. Data are expressed as the change in mean frequency during exposure
to a given hyperosmolal solution in relation to the mean firing frequency during the
immediately preceding iso-osmolal conditions. The line corresponds to the linear
second-order regression line (R2 = 0.6125).
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and polymodal receptor endings, possibly reflecting nonspecific
disturbances in membrane potential currents.

The shape of NTIs of cold thermoreceptors and polymodal noci-
ceptors recorded extracellularly in corneal nerve terminals was
also markedly affected by hyperosmolality. NTIs amplitude and
shape are determined by the currents generated by propagated
action potentials, depending on regenerative Na+ currents and local
electrotonic currents [6,13,14,17]. Phase–plane plots of NTIs
reflected a reduction in the rates of spike rise and fall and in the
amplitude of the negative after-potential, all of which were more
prominent in cold thermoreceptors than in polymodal nociceptors.
This likely reflects a decrease in maximal outward and inward
currents at the endings [40], which are possibly the consequence
of an altered activation of voltage-gated channels, transducing
channels, and/or channels involved in the regulation of background
neuronal excitability [12,32].

In human beings with dry eye conditions, corneal temperatures
are often below 34�C [44], whereas tear osmolality is high
[10,16,25,57,61]. Under hyperosmolal conditions in mice, we found
that background firing frequency of cold thermoreceptors at the
normal corneal temperature around 34�C was higher than normal.
Moreover, the overall cold thermoreceptor activity during experi-
mental dynamic temperature drops, resembling those that occur
at the ocular surface when eyes remain open, increased markedly
when osmolality was also high.

In human DED, temperature and osmolality oscillations are het-
erogeneous, fluctuant, and often combined with chronic inflamma-
tion. Hence, extrapolation of the experimental data obtained in the
mouse cornea in vitro to human patients with DED has to be made
with caution, especially because the effects of long-term exposure
of nerve endings to hyperosmolal conditions are still unexplored.
Still, it seems reasonable to assume that disturbances of corneal
cold thermoreceptor activity in mice caused by hyperosmolal solu-
tions also develop in DED patients. Such augmented afferent
impulse activity from cold thermoreceptors represents a stronger
neural input to stimulate basal tear secretion by the lachrymal
glands [53] and may also evoke conscious cooling sensations that,
in addition, include feelings of discomfort and dryness [1,46]. The
enhanced firing of cold thermoreceptors observed when the stim-
ulatory action of cold and hyperosmolality are combined reinforces
the hypothesis that this population of thermal sensory receptors
contributes importantly to the unpleasant sensations reported by
DED patients [8]. In contrast, direct activation of polymodal noci-
ceptors by hyperosmolal tears within the range usually found in
DED patients possibly plays a minor role in evoking the unpleasant
sensations experienced in this disease, although their recruitment



Table 3
NTI waveform parameters of polymodal nociceptors at different osmolality averaged values.

Osmolality
(mOsm)

Peak positive amplitude
(lV)

Peak negative amplitude
(lV)

Total amplitude
(lV)

Up-stroke slope
(lV ms�1)

Down-stroke slope
(lV ms�1)

Ratio of
slopes

309 25.9 ± 0.7 �11.4 ± 0.8 37.3 ± 0.1 48.6 ± 2.1 54.5 ± 2.2 0.9 ± 0.05
363 29.2 ± 1.1 �6.1 ± 1.4 35.3 ± 1.7 51.1 ± 3.5 44.4 ± 2.8 1.23 ± 0.14
433 22.6 ± 1.0 �16.1 ± 1.0 38.7 ± 1.4 65.5 ± 5.3 53.6 ± 3.2 1.25 ± 0.12
608 24.7 ± 0.8 �1.2 ± 1.2** 25.9 ± 0.7** 37.4 ± 2.5 36.2 ± 2.6 * 1.07 ± 0.08
846 18.4 ± 0.8** �5.9 ± 1.4** 24.3 ± 1.5*** 41.1 ± 2.5* 31.8 ± 1.5*** 1.33 ± 0.12
1005 16.6 ± 0.6*** �5.4 ± 1.0*** 22.0 ± 1.0** 34.8 ± 2.3 33.4 ± 1.0** 1.05 ± 0.09

NTI, nerve terminal impulse.
Data from 10 consecutive NTIs of each unit (n = 10) were averaged for each osmolality value.
* P < .05; paired t test, difference from the value under its iso-osmolal conditions (309 mOsm).
** P < .01; paired t test, difference from the value under its iso-osmolal conditions (309 mOsm).
*** P < .001; paired t test, difference from the value under its iso-osmolal conditions (309 mOsm).

Fig. 9. Average change in waveform of the nerve terminal impulse (NTIs) fired by a corneal polymodal nerve ending during exposure to hyperosmolal solutions and to
heating. Each wave is the average of 10 NTIs exported from the corresponding segments of the recording. The NTIs used for the graphs A and B are the same. (A) Data are
expressed as the change of voltage in respect to time. (B) Data for the same NTIs are represented as a phase–plane plot as in Fig. 5.

1490 A. Parra et al. / PAIN
�

155 (2014) 1481–1491
by transient, very high osmolality peaks [48] cannot be excluded.
Although it is likely that polymodal nociceptors become sensitized
by the release of inflammatory mediators resulting from osmotic
stress on corneal surface cells [62], hyperosmolality does not seem
to contribute additionally to the enhanced responsiveness of poly-
modal nerve endings. Nonetheless, disturbances of polymodal
nociceptor activity due to long-term inflammation or to neuro-
pathic disturbances [21,51] can be expected to contribute to the
total peripheral sensory inflow leading to discomfort.

4.1. Conclusion

In conclusion, this work provides evidence that increases in tear
osmolality accompanying evaporative dryness of the eye surface
act as an effective stimulus, particularly for the population of ocu-
lar cold thermoreceptor nerve fibers. Cooling and hyperosmolality
summate to build up an augmented sensory inflow to the brain
that, under chronic conditions such as those usually developed
by patients with DED, contributes to the augmented blinking, dis-
turbed tearing, and conscious sensations of discomfort and dryness
characteristic of this disease.
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