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Purrost. To define the firing properties of sensory nerve terminals innervating the adult
mouse cornea in response to external stimuli of differing modality.

Mernops. Extracellular electrical activity of single corneal sensory nerve terminals was
recorded in excised eyes of C57BL/6] mice. Eyes were placed in a recording chamber and
were continuously superfused with warm saline solution. Nerve terminal impulse (NTD
activity was recorded by means of a glass pipette (tip ~ 50 um), applied on the corneal
surface. Nerve terminal impulse discharges were stored in a computer for offline analysis.

Resurts. Three functionally distinct populations of nerve terminals were identified in the mouse
cornea. Pure mechanonociceptor terminals (9.5%) responded phasically and only to mechanical
stimuli. Polymodal nociceptor terminals (41.1%) were tonically activated by heat and
hyperosmolal solutions (850 mOsm-kg~!), mechanical force, and/or TRPV1 and TRPA1
agonists (capsaicin and allyl isothiocyanate [AITC], respectively). Cold-sensitive terminals
(49.4%) responded to cooling. Approximately two-thirds of them fired continuously at 34°C and
responded vigorously to small temperature reductions, being classified as high-background
activity, low-threshold (HB-LT) cold thermoreceptor terminals. The remaining one-third
exhibited very low ongoing activity at 34°C and responded weakly to intense cooling, being
named low-background activity, high-threshold (LB-HT) cold thermoreceptor terminals.

Concrusions. The mouse cornea is innervated by trigeminal ganglion (TG) neurons that
respond to the same stimulus modalities as corneal receptors of other mammalian species.
Mechano- and polymodal endings underlie detection of mechanical and chemical noxious
stimuli while HB-LT and LB-HT cold thermoreceptors appear to be responsible for basal and
irritation-evoked tearing and blinking, respectively.
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nociceptors, mechanonociceptors

he use of mice in biomedical studies is receiving growing

attention due to the ample possibilities of genetic
manipulation offered by this species. Such interest extends
also to the eye, and in recent years, many publications have
used mice to analyze normal and pathologic ocular processes,
including those affecting the sensory innervation of the corneal
surface.!-?

As a result of these studies, the distribution and architecture
of mouse corneal sensory innervation is reasonably well
known, confirming that it follows the morphologic pattern of
corneal nerve branching described in other mammalian
species,/*’5 although remarkable differences exist in nerve
density between mice strains.* Additionally, the corneal
innervation of mice has been used to explore the origin and
trophic dependence of peripheral sensory nerves during
prenatal development® and postinjury nerve regeneration in
adults,>7-8 as well as age-dependent changes in the architecture
and function of corneal nerves.>? Moreover, mice have been
extensively employed to define the morphologic alterations of
corneal nerves caused by a number of pathologic conditions
such as diabetes,'© surgical injury,!"'112 herpes virus infec-
tions,'3'4 and dry eye disease.!>'¢
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In contrast to the ample knowledge of the anatomy of the
corneal innervation in mice, its functional characteristics are
still poorly defined. Impulse activity of mouse corneal sensory
axons and nerve terminals has been recorded in a few studies,
and these were mainly centered on the population of low-
threshold cold thermoreceptors, whose electrical activity is
easiest to record and characterize.”17-19

Electrophysiological experiments in other species (cat,
rabbit, guinea pig, rat) firmly established that the cornea is
functionally innervated by the peripheral axons of three
distinct classes of peripheral sensory receptor neurons:
mechanosensory, responding only to mechanical forces; poly-
modal nociceptor, activated by mechanical stimuli as well as
heat and a variety of endogenous and exogenous chemicals; and
cold thermoreceptor neurons, primarily excited by moderate
cooling and hyperosmolar solutions.?°-3¢ In the present work,
we performed a systematic analysis of the firing properties of
the various functional classes of sensory nerve terminals
innervating the adult mouse cornea and defined their
functional properties and firing pattern in response to stimuli
of differing modality.
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METHODS

All experiments were conducted in accordance with the
ethical guidelines of the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and the European
and Spanish regulations on the protection of animals used for
research, and followed a protocol approved by the Ethics
Committee of the University of Oviedo. Animals were
euthanized with an overdose of sodium pentobarbital (Dole-
thal; Vetoquinol, Lure, France) injected intraperitoneally.

Recordings of single corneal nerve terminals in vitro were
performed as described in previous studies.!”-3> The posterior
pole of the eyeball and optic nerve was introduced into a
silicone tube located at the bottom of a recording chamber
filled with saline and secured in place by continuous suction.
The eye was continuously superfused with a physiological
saline solution of the following composition (in mM): NaCl
(128), KCl (5), NaH,PO4 (1), NaHCO; (26), CaCl, (2.4), MgCl,
(1.3), and glucose (10). The solution was bubbled with a gas
mixture (5% CO, and 95% O,) and maintained at the desired
temperature (~34°C) with a home-made Peltier device. A
borosilicate glass micropipette electrode with a tip diameter of
approximately 50 um filled with saline solution was gently
placed in contact with the corneal surface, using a microma-
nipulator. Light suction was then applied through the pipette
to produce a high-resistance seal with the corneal surface, to
allow recording of nerve impulses generated at single nerve
terminals located beneath the electrode tip. An Ag-AgCl
electrode in the recording chamber served as the indifferent
electrode. Nerve terminal impulses (NTIs) were amplified with
an AC amplifier (Neurolog NL104; Digitimer, Welwyn, UK) and
stored at 10 kHz in a computer, using a CED micro 1401
interface and Spike 2 software (both from Cambridge
Electronic Design, Cambridge, UK). Only recordings contain-
ing NTIs originating from a single nerve terminal were
analyzed. At these sites the NTIs were clearly distinguished
from noise (~10 puV peak to peak) and had similar amplitudes
and waveforms indicating that they originated from the same
sensory nerve ending. To minimize deterioration of the
preparation with time, the total duration of the experiment
was limited to a maximum of 5 hours.

Solutions

Menthol (Sigma-Aldrich Corp., St. Louis, MO, USA) was
prepared as a 20 mM stock solution in ethanol and diluted to
a final concentration of 20 uM with saline solution. Capsaicin
(Sigma-Aldrich Corp.) was prepared as a 1 mM stock solution in
ethanol and diluted to a final concentration of 1 pM with saline
solution. Allyl isothiocyanate (Sigma-Aldrich Corp.) was
prepared as a 100 mM stock solution in dimethyl sulfoxide
(DMSO) and diluted with the saline solution to a final
concentration of 100 pM. Hyperosmolal solutions were
prepared by adding NaCl (3 M) to the physiological saline
solution (310 * 1.5 mOsm-kg™") until reaching the desired
osmolality values (340, 400, and 850 mOsm-kg '), measured
with a freezing point osmometer (OSMOSTAT OM-6020; Kyoto
Daiichi, Kyoto, Japan). The “inflammatory soup”!® contained
the following substances dissolved in saline solution: bradyki-
nin (5 ptM), histamine (100 uM), PGE, (10 uM), 5-HT (100 pM),
and ATP (100 pM), all from Sigma-Aldrich Corp.

Experimental Protocol

In order to obtain an estimation of the relative density of the
different functional types of corneal terminals, the recording
pipette was placed at sequential points on the corneal surface
separated by an approximate distance of 0.2 mm, and aligned
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at the intersections of a 6 by 3 grid formed by evenly spaced
straight lines going between opposite sides of the limbal
border (Figs. 1A, 1B). First, one half of the cornea was explored
for nerve activity, and the eye was then rotated and the
opposite half of the cornea was explored. After application of
the pipette to the corneal surface, responses to cold or
mechanical stimuli were assessed. The appearance of sponta-
neous or stimulus-evoked NTI activity at the recording site was
used to ascertain success in detecting an active sensory nerve
terminal. If no spontaneous or cold- or mechanically evoked
activity was obtained, the electrode was moved to the next
recording point. Responsiveness to mechanical stimulation
was assessed with a gentle forward displacement (10 pm) of
the recording electrode with the micromanipulator. Thereafter,
thermal and chemical stimuli were sequentially applied. The
same general protocol was applied to sensory terminals of all
modalities.

Cold stimulation was first performed by decreasing the
background temperature of the perfusion solution from 34°C
down to ~14°C. This generated a cooling ramp lasting ~35
seconds at mean cooling rate of ~0.6°C-s~'. When the peak
temperature fall was attained, warming was applied to return
to the basal temperature at a similar speed. After a resting
period of 120 seconds, a mechanical stimulation was made,
applying pressure with the pipette with a 10-um forward
displacement of the tip of the electrode for 2 or 15 seconds.
The number of NTIs evoked during the stimulation period was
counted.

After another 120 seconds, a heating ramp from 34°C to
~52°C at 0.5°Cs! (~30-second duration) was applied, and
when the peak value was reached, temperature was returned
to 34°C at a similar rate.

Chemical stimulation was initiated after a resting period of
at least 300 seconds, by switching the perfusion with control
saline solution at 34°C to a saline solution containing the drug
at 34°C. Menthol (20 pM) was always tested first. Two minutes
after the onset of the perfusion with menthol, a cooling ramp
down to ~14°C was applied to explore the presence of
menthol-induced sensitization of the cold response. After
warming back to 34°C, the cornea was washed with the
control saline solution for a period of at least 5 minutes.
Afterward, stimulation with one or several other test solutions
(AITC, “inflammatory soup,” hyperosmolal solutions) was
sequentially performed using the same protocol: Namely, after
a control recording period of 2 minutes, perfusion with the test
solution for 2 to 3 minutes was initiated, including a cooling
ramp, followed by a washing time of at least 5 minutes.
Capsaicin (1 pM) was applied whenever possible for 2 to 3
minutes at 34°C, always at the end of experiment due to the
strong inactivating effect of this drug.

Analysis of NTI Activity

The following parameters of the NTI activity were analyzed.
Background activity, defined as the mean basal ongoing
frequency in impulses per second (imp-s!) at the basal
temperature (33.9 = 0.07°C), was measured during the 30-
second period that preceded the onset of a stimulus. Cooling
threshold was the temperature (°C) value during a cooling
ramp at which NTI frequency in imp-s~! increased to a value
greater than the value of the mean basal NTI frequency during
the 10-second period preceding the onset of a cooling ramp,
plus three times its standard deviation. Cooling response was
mean NTI frequency during cooling. Maximum response to
cold was the highestfrequency value measured during a
cooling ramp (imp-s). Silencing temperature was tempera-
ture (°C) needed to silence NTI firing during a cooling ramp.
Response to heat was the total number of NTIs during 30
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(A) Schematic representation of the cornea to show the location and sequence of points at which the recording electrode was placed

during the experiment. (B) Picture of an excised cornea, showing the marks left by the recording electrode tip on the epithelial surface. (C)
Probability of finding NTT activity associated with the different modalities of stimuli. (D) Percent of terminals belonging to the different functional

classes of corneal receptor terminals identified in all experiments.

seconds following the onset of the heating ramp. Comparison
was made with the number of NTIs during the 30-second
period immediately preceding the heating ramp. Heating
threshold was temperature (°C) value during a heating ramp
at which NTI frequency in imp-s~! increased to a value greater
than the value of the mean basal NTI frequency during the 30-
second period preceding the onset of a heating ramp, plus
three times its standard deviation. Mechanical response was
the total number of NTIs during 10 seconds following the
onset of mechanical stimulation. As a control, the total number
of NTIs fired during the 10-second period immediately prior to
mechanical stimulation was used. Chemical response, the
mean firing frequency (in imp-s~) during the last 30 seconds
of perfusion with the test substance (AITC, capsaicin,
inflammatory soup, menthol, hyperosmolal solutions), was
measured and compared with the NTI firing frequency during
the 30-second period preceding chemical stimulation.

Statistical Analysis

Data from NTI recordings were exported from Spike 2 (CED)
to Origin 8 software for analysis. Statistical comparisons were
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performed using Microsoft Excel 2010 (Microsoft Corporation,
Redmond, WA, USA), Origin 8 (OriginLab Corporation, North-
ampton, MA, USA), and InStat 3 (GraphPad Software, Inc., La
Jolla, CA, USA). Paired Student’s #test was used unless the
characteristics of the data distribution required the use of the
nonparametric Wilcoxon signed-rank test, as indicated in the
text. Values are expressed as mean = standard error (SE) of the
mean, with # denoting the number of terminals.

RESULTS

Experiments were performed in 124 eyes obtained from 62
young adult mice of both sexes (3-6 months of age). A mean of
15 points per cornea were explored.

Based on the response characteristics to different stimuli,
corneal sensory terminals were classified as high-threshold
mechanoreceptor, polymodal nociceptor, and cold thermore-
ceptor terminals. Figures 1C and 1D show the proportion of
successful attempts, that is, those in which NTIs were
detected, as well as the percentage of each functional class
of terminal. In more than half of the recording points, no NTI
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TasLe 1. Functional Characteristics of Mechanonociceptor and
Polymodal Nociceptor Terminals

Terminal Type
Polymodal
NTI Activity Parameter Mechanonociceptor  Nociceptor
Success, % 1.6 6.9
Cooling response, No. NTI/30 s
Before 7.7 £ 4.7 84 * 14
n=>3 n =50
During 7.7 = 6.7 3.9 *+0.7
n=3 n =50
Mechanical stimulation, No. NTI/10 s
Before 25 %17 1.9 =05
n=4 n =38
During 223 £ 45 143 * 1.4
n= n =38
Heating response, No. NTI/30 s
Before 10 = 85 6*+09
n=>3 n =48
During 5*21 30.2 £ 2.4
n=>3 n =48
Chemical stimulation, A imp-s—!
100 pM AITC nd 0.3 = 0.1
n=4
1 pM capsaicin nd 1.6 £ 0.2
n =23
Hyperosmolal 850 mOsm nd 0.38 = 0.09
n=>5

Success % indicates the percentage of successful attempts of
recording a terminal from each group with regard to the total number
of attempts. The cooling, heating, and mechanical response are
expressed as the total number of NTIs during the 30 seconds
immediately before and the 30 seconds during the cooling and the
heating ramp, and 10 seconds immediately before and during the first
10 seconds of the mechanical pulse, respectively. Chemical stimulation
is expressed as the difference increment of activity in the 30 seconds of
maximum activity during the 2 to 3 minutes of chemical perfusion with
regard to the 30 seconds immediately before (see Methods). nd, no
response or quantitative data available.

activity was observed; in an additional 23% of trials, the
impulses had small amplitude, preventing reliable identifica-
tion and quantitative analysis of the nerve terminal character-
istics.

Mechanoreceptor Terminals

Some terminals (9.5%) responding exclusively to mechanical
stimulation were found (Table 1). Two of them had very low
frequency of ongoing activity (0.1 and 0.5 imp-s~!, one of them
increased its basal activity after the different experimental
maneuvers) while the rest remained silent during the 30-
second background activity measuring period prior to stimu-
lation. Pushing the recording pipette against the corneal
surface for 2 seconds evoked a burst of NTIs that stopped
immediately with the removal of the pipette’s pressure (Figs.
2A, 20). A similar, transient NTI firing response was obtained
when pressure was maintained for 15 seconds (Fig. 2C). The
mean number of NTIs fired during this stimulus was 22.3 * 4.5
(n=4).

Polymodal Nociceptor Terminals

Of the nerve terminals exhibiting a very low or no activity
during the initial recording period, 41.1% responded to heat
and generally also to mechanical pressure as well as to one or
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more of the chemical stimuli (Table 1). In the absence of an
applied stimulus, the mean spontaneous activity of these
polymodal nociceptor terminals was 0.3 = 0.04 (n = 50; range,
0.02-1.5 imp-s™1).

Thermal Stimulation. Application of a 30-second cooling
ramp (from 34°C to 13.7 = 0.3°C) to polymodal terminals
reduced their ongoing activity, so that the mean number of
NTIs fired during the cooling ramp was significantly lower than
during the 30-second period before applying the cold stimulus
(8.4 £ 1.4 NTIs before versus 3.9 = 0.7 NTIs during the
cooling ramp, n = 50, P < 0.001; Table 1; Fig. 3).

In contrast, in response to a 30-second heating ramp (from
33.7 = 0.1°C to 52.0 = 0.2°C, n = 48), polymodal terminals
showed a marked increase in their firing frequency (Table 1),
sometimes adopting a bursting pattern (Fig. 3). The heating
threshold was 41.5 = 0.5°C (n = 48). However, such threshold
temperature value for the heating response varied widely
among individual terminals, ranging between 36.3°C and
51.4°C. Also, the frequency and duration of the NTI discharge
differed between the nerve terminals, although, in all cases,
NTI activity silenced completely at the onset of cooling at the
termination of the heating ramp. The magnitude of the
response to heating, measured as the total number of impulses
fired during the complete duration of the heating ramp, was
30.2 £ 2.4 NTIs, a value significantly higher than during the
30-second period at 34°C that preceded the heat ramp (6.0 =
0.9 NTI n = 48, P < 0.001, Table 1). Around 14% of the
polymodal terminals became silent and irresponsive after the
first heating stimulus, whereas the rest resumed activity
approximately 2 minutes after the end of the heat-evoked
NTI discharge, with their activity before and after heating
being similar (0.2 = 0.02 imp-s~! and 0.15 * 0.03 imp-s!,
respectively, 7 = 43, P > 0.05). In 11 of 18 tested terminals, a
second heat ramp was applied 5 to 10 minutes later. In four of
them no firing response was evoked; that is, they had been
inactivated by the first heating ramp. In the remaining seven
terminals, sensitization developed. This appeared either as a
drop in heating threshold to —3.3 = 0.4°C below the value
determined during the first heat ramp (7 = 3), as an increase in
the total number of impulses during the heating pulse without
change in threshold (z = 3), or as a threshold reduction
combined with an increase in firing (n = 1).

Mechanical Stimulation. Mechanical stimulation for 2
seconds activated 38 of 44 polymodal terminals, classified as
such by their activation by heat and/or chemical stimuli. The
mechanically activated polymodal receptor terminals generat-
ed a short burst of NTIs at the onset of the maneuver (Fig. 3).
On average, 14.3 * 1.4 NTIs (n = 38) were counted during the
10-second period following the onset of the stimulus, a value
that was significantly higher than that counted during the 10
seconds prior to the application of the stimulus (1.9 = 0.5
NTIs, n = 38, P < 0.001, Wilcoxon matched-pairs test). In
seven of the polymodal terminals responding to mechanical
stimulation, the stimulus was repeated 2 minutes later but on
this occasion was maintained for 15 seconds. The firing
response was again transient, being composed of an initial
burst of NTIs lasting for 1 to 2 seconds that returned to the
basal firing level for the remainder of the stimulus; the total
number NTIs during the first 10 seconds of the mechanical
stimulus (9.3 = 2.1, n =7) was not significantly different from
that measured in response to the 2-second stimulus (see
above).

Chemical Stimulation. To define chemosensitivity of
polymodal terminals, various chemical agents were applied to
terminals that previously responded to a heat ramp (Fig. 3).
Table 1 summarizes the response of polymodal terminals to the
different chemical stimuli tested. Hyperosmolal solutions were
tried in a total of 23 terminals (Table 1). The ongoing activity
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increased during perfusion with 850 mOsm-kg~! solution from
0.2 = 0.1 to a mean value of 0.5 = 0.1 imps! =5, P <
0.05). Also, when this high-osmolality solution was applied, the
NTI irregular firing pattern changed to a bursting pattern and
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Ficure 2. Example of NTI activity in a mechanonociceptor terminal. (A) Time histogram of the NTI discharge evoked by a 2-second (Mech 1) or a
15-second (Mech 2) forward displacement (10 pm) of the recording electrode. (B) Temperature record of the perfusing solution during the same
time period shown in (A). (C) Samples of the recordings of NTI impulse activity evoked in the same mechanonociceptor terminal by a displacement
of the electrode during a 2-second (left) and a 15-second (right) mechanical stimulation. Arrows indicate the onset of the stimulus.

the shape of NTIs was altered, becoming wider and of smaller
amplitude (data not shown; see also Ref. 35). The TRPA1l
agonist AITC (100 pM) was tested in 9 terminals and weakly
activated 4 of them, while the TRPV1 agonist capsaicin (1 pM)

Caps. 1uM

P T
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Ficure 3. Example of the NTI response of a polymodal nociceptor terminal. (A) Time histogram of the NTI discharge of a polymodal nociceptor
terminal evoked by a 10-um forward displacement of the recording electrode for 2 seconds (Mech), changes in bath temperature (see record of
temperature of perfusion solution in [B]), and perfusion with 1-uM capsaicin. (C) Sample records of the NTI impulse activity during a 2-second
mechanical stimulation (left trace), at the beginning of the response in heating ramp (center trace), and during the perfusion with capsaicin (right
trace), in the same polymodal nociceptor. Arrow indicates the onset of the mechanical stimulus.
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Ficure 4. Example of the NTI response of a HB-LT cold thermoreceptor terminal to a cooling ramp. (A) Time histogram of the NTI discharge.
Notice the transient firing observed during temperature recovery (see text). Mech, mechanical stimulation (10-pm forward displacement of the
electrode for 2 seconds). (B) Bath temperature trace during the same time period shown in (A). (C) Sample records of the NTI impulse activity
during control recording at 34°C (left) and during the mechanical stimulation (right) in the same HB-LT terminal.

activated 23 of the 24 terminals tested (0.1 *= 0.04 imp-s~!
before and 1.4 = 0.2 imp-s~! during capsaicin application, P <
0.001). Application of inflammatory soup (see Methods) to
seven polymodal terminals for 5 minutes evoked a significant
increase in the ongoing NTI firing rate (from 0.1 = 0.02 to 0.2
+ 0.04 imp-s~!, P < 0.003).

Cold Thermoreceptor Terminals

Corneal terminals responding to cooling represented a 49.4%
of the total.

High-Background/Low-Threshold (HB-LT) Cold-Sensi-
tive Terminals. All nerve terminals exhibiting a repetitive
background activity immediately after application of the
pipette also responded readily to a cooling ramp with a robust
increase in firing frequency. We classified these nerve terminals
as high-background activity, low-threshold (HB-LT) cold ther-
moreceptor terminals; they represented 72% of the total
population of cold-sensitive nerve endings found in the cornea.
Mechanical pressure evoked a few NTIs in six HB-LT terminals
where it was tested (Fig. 4). Table 2 summarizes the firing
characteristics of the HB-LT cold thermoreceptor terminals.
Their background activity at 34°C was usually composed of
regularly appearing individual or paired NTIs, firing at a mean
frequency ranging between 1.3 and 19.3 imp-s~! (mean 6.6 *
1.0 imp-s~!, #» = 26). During the initial portion of the cooling
ramp, firing pattern often changed from regular beating to
bursting and, after reaching a peak frequency value of 57.8 =
3.9 imp-s! at 26 * 0.7°C, NTIs usually silenced at around
23°C, well before reaching the lowest temperature point (14-
15°C). During the 30-second heating period back to the control
temperature, a transient NTI discharge (mean number 102.1 *=
40 NTIs), appearing at a mean temperature of 27.5 * 0.5°C
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and lasting on the average 7.5 £ 1.8 seconds, was observed in
14 out of 26 HB-LT terminals (Fig. 4), followed again by a
silence until a temperature of 31.4 * 0.3°C was attained, at
which point the NTI activity gradually recovered to the
frequency that it had prior to the cooling ramp. The
application of 20 pM menthol increased significantly ongoing
activity of HB-LT terminals (Table 2). Also, perfusion with 340
mOsm-kg~! hyperosmolal solution increased the ongoing firing
frequency (from 8.0 * 1.5 to 10.3 = 1.6 imp-s~!, P < 0.05).
Sixty-seven percent of the HB-LT terminals responded to a
heating ramp with a transient NTI discharge (“paradoxical
response”) starting at 41.9 £ 2°C (mean number of NTIs,
355.5 = 111.4; mean duration of the firing period, 9.4 * 2.1
seconds). Four HB-LT terminals with a paradoxical response
were tested with 1 pM capsaicin; in all of them, capsaicin
increased the mean firing rate at 34°C (A=13.0 = 3.5 imp-s !,
n = 4) and reduced the cooling threshold to temperature
values 3°C to 4°C lower than the pretreatment value.
Intriguingly, in two out of four terminals tested, the TRPA1
agonist AITC prolonged the duration of NTI firing during the
cooling ramp to a temperature below 20°C (19.9°C and 14.4°C
in the two responsive terminals).
Low-Background/High-Threshold (LB-HT) Cold-Sensi-
tive Terminals. Among corneal terminals exhibiting a very
low initial background activity at 34°C, a proportion were
characterized by the firing of a sustained NTI discharge when
the temperature decreased by around 6°C, and silencing upon
rewarming to 34°C (Figs. 1, 5). These low-background activity,
high-threshold (LB-HT) cold thermoreceptor terminals repre-
sented 28% of the total number of cold-sensitive terminals.
Table 2 summarizes the firing characteristics for these LB-HT
cold terminals. Peak frequency and temperature at which cold-
evoked firing appeared were significantly lower than in HB-LT
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TaBle 2. Values of the Different Parameters of the NTI Response
Measured in HB-LT and LB-HT Cold Terminals

Cold Terminal Type
NTI Activity Parameter HB-LT LB-HT
Success, % 6 3
Background activity*, imp-s—! 6.6 £ 1.0 0.5 = 0.1
n =206 n=
Cooling threshold*, °C 32.1 £ 0.2 282 *+ 0.5
n =26 n=9
Cooling response*, imp-s—! 344 =23 63 1.2
n =26 n=9
Silencing temperature, °C 23.1 £ 0.9 17.1 = 1.1
n =26 n=9
Mechanical stimulation, No. NTI/10 s
Before 39.0 = 15.9 63+ 1.8
n==0 n=3
During 74.1 £ 17.0 253 * 6.0
n==0 n=3
Heating response, No. NTI/30 s
Before 56.8 * 16.3 7.8 =27
n==~0 n=4
During 355.5 = 111.4 323 = 11.0
n==6 n=4
Menthol response, A imp-s~! 9.5 * 6.9 55 * 3.1
n=2 n=3

Success % indicates the percentage of successful attempts of
recording a terminal from each group with regard to the total number
of attempts. Background activity, cooling threshold, cooling response,
and silencing temperature (see Methods) are measured during a
cooling ramp. Mechanical and heating response are expressed as the
total number of NTIs immediately before and during the mechanical
pulse and heating ramp (in 10 and 30 seconds, respectively). Menthol
response is expressed as the increment of activity during menthol
perfusion with regard to the 30 seconds immediately before starting
menthol perfusion. The statistical analyses were made comparing the
values of HB-LT with LB-HT using a Student’s #test.

*P < 0.01.

cold thermoreceptor terminals (cf. Figs. 5, 6). In five LB-HT
terminals where a 30-second heating ramp was applied, a
discharge of impulses (mean 32.3 * 11.1 NTIs, n = 4) was
evoked (Fig. 5) with a mean duration of 13.9 * 5.6 seconds.
Also, three out of the five LB-HT terminals tested fired NTIs in
response to mechanical stimulation (Table 2).

Three out of four LB-HT tested for sensitivity to a 3-minute
application of menthol (20 pM) at 34°C had a marked increase
of ongoing activity from 0.7 = 0.2 to 6.1 * 3.1 imp-s ! (n=3).
Moreover, in all four units treated with menthol, this agent
decreased cold threshold to a cooling ramp from 28.1 * 0.2°C
to 30.4 = 0.8°C, n = 4. In two LB-HT terminals explored for
sensitivity to a 397 mOsm-kg ! hyperosmolal solution at 34°C,
NTI frequency approximately doubled compared to the
pretreatment activity (data not shown).

DISscuUsSION

In this study, we confirmed that the mouse cornea is
innervated by trigeminal ganglion (TG) neurons, which
respond to the same stimulus modalities as those of other
mammalian species, and characterized them as mechanonoci-
ceptor, polymodal nociceptor, and cold thermoreceptor
sensory nerve terminals. We also defined electrophysiologically
two distinct classes of cold thermoreceptor endings whose
activity may underlie, respectively, basal and irritation-evoked
tearing and blinking.
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Functional categorization of corneal receptor terminals was
performed, selecting the population of terminals that exhibited
spontaneous activity or responded positively to mechanical
pressure before the electrode was moved to the next recording
point. Mechanosensitive terminals were subsequently tested
for responsiveness to thermal and chemical stimuli in order to
define their polymodality. Hence, this recording strategy does
not recruit “silent nociceptors,” that is, sensory neurons that
are not excited by physiological stimuli, even at potentially
tissue-damaging intensities, but develop nerve impulse activity
when inflammation develops,>” and whose existence in the
eye has been suggested.>®

Corneal polymodal nociceptor neurons are the most
frequently encountered functional type of sensory nerve
terminal in the cat and guinea pig cornea, where they
represent around 65% of the total number of corneal nerve
fibers.?!-2> Comparatively, polymodal nociceptors appear to be
less abundant (approximately 40%) in the mouse. Mechanono-
ciceptors comprise 15% and 12% of all corneal sensory fibers in
the cat and guinea pig, respectively,?3-2> and only 9.5% in mice,
while the percentage of cold thermoreceptors identified in the
mouse is almost double that found in the cat (17%) and the
guinea pig (21%).23-25

Such variability in the proportion of modality-specific
sensory fibers can be attributed to species differences;
however, it may also reflect the bias introduced by the use of
different identification methods to sample the sensory
modality of corneal sensory nerve fibers. The percentage of
axons of a given modality has been generally calculated based
on their presence in extracellular recordings of single nerve
fibers dissected from the ciliary nerves at the back of the eye,
in anesthetized cats or in excised and superfused guinea pig
eyes.?233 In both cases, thinly myelinated A-delta mechano-
sensory fibers tend to be picked up more easily than the
unmyelinated (C) fibers that are in most cases polymodal
nociceptor and cold fibers.?433-3¢ In contrast, the technique
used to record from single corneal nerve terminals in vitro in
guinea pig or mouse eyes favors the detection of thin cold
thermoreceptor terminals, which display spontaneous activity,
are more superficially located, and branch more extensively
than polymodal and mechanoreceptor endings, thus producing
larger-amplitude NTIs,7-24.26-28,33.54,39,40 Iy the present work,
we tried to confront this caveat through a systematic sampling
of impulse activity at regularly distributed points on the
corneal surface, thus reaching theoretically all types of nerve
terminals. Only terminals that were unambiguously identified
were counted. Hence, the data obtained in mice corneas
probably provide a reasonably accurate picture of the relative
proportion of terminals of different modality in this species.
Still, the group of unidentified terminals, containing units of
very low amplitude or not responding clearly to any of the
stimuli, may include an unknown proportion of “silent
nociceptors.”

The method used for application of mechanical force to
the corneal surface precluded an accurate measurement of
force threshold of purely mechanoreceptor endings, which
has been reported to be higher than in polymodal nociceptor
endings.2!:24 Still, the short-lasting discharge of NTIs evoked
by a sustained pressure in these terminals suggests that they
belong to the general class of high-threshold, phasic
mechanonociceptive primary sensory neurons also identified
in the cornea of the cat and guinea pig.23-2%3334 The
transducing channels conferring mechanosensitivity to these
endings have not been identified yet, although expression of
the mechanosensory channel Piezo2*' has been reported in
approximately 30% of corneal TG neurons. This Piezo2-
positive subpopulation of neurons possesses an immunocy-
tochemical profile very different from canonical cold or
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polymodal nociceptor neurons, thus suggesting that they may
correspond functionally to pure mechanonociceptive neu-
rons.*2 It could be further speculated that the morphologi-
cally distinct group of corneal nerve terminals named

—

Example of the NTI response of a LB-HT cold thermoreceptor terminal. (A) Time histogram of the NTI discharge. Mech, mechanical
stimulation (10-um forward displacement of the electrode for 2 seconds). (B) Bath temperature trace during the time period shown in (A). (C)
Sample records of the NTI impulse activity during the cooling ramp (left) and the heating ramp (right) in the same LB-HT terminal.

0,5s

“ramified endings”3® are given by this group of corneal
mechanonociceptor neurons. The recent finding of a selective
expression of Navl.l channels in high-threshold mechano-
sensitive fibers of the skin opens new venues for a more

(n = 26). Red squares, LB-HT terminals (n = 9).
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precise identification of the transducing mechanisms in
corneal pure mechanosensory terminals.

Corneal polymodal nociceptors of the mouse responded
unambiguously with a NTI discharge to mechanical stimuli,
noxious heating, and capsaicin and were sensitized by a
mixture of inflammatory agents. Their frequency rises with
osmolality increases to discrete values; however, it is well
established that firing frequency values over 0.5 imp-s~! in
polymodal human nerve fibers already evoke conscious pain
sensations.**%> Thus, it seems reasonable to assume that
activation of corneal polymodal terminals produced by the
different stimuli used in our study would also evoke pain
sensation in the awake mouse.

The sensitivity to heating and capsaicin supports the
presence of TRPV1 channels, the molecular integrator of
noxious heat, and a large variety of algesic substances*®~%8 in
this class of nerve terminals. The presence of TRPV1 channels
in corneal polymodal nociceptors contributing to ocular
surface pain is to be expected from the strong tearing and
blinking response evoked by application of capsaicin to the eye
in many species including mice.'”4° A smaller proportion of
polymodal terminals was also activated by the TRPA1 channel
agonist AITC, which also evokes irritative tearing and blinking
when applied to mouse eyes.!” Nonetheless, the low number
of polymodal terminals responding to TRPA1l activation in
mice, as also seen in guinea pigs,?® suggests that TRPA1
channels are not highly expressed in corneal polymodal
nociceptor endings.

Altogether, mouse polymodal nociceptors innervating the
cornea are functionally very similar to polymodal fibers of the
mouse skin or tongue!®>%51 and of the cornea of other
species.??2325 They encode approximately the intensity of
mechanical stimuli, develop inactivation/sensitization upon
repeated noxious stimulation, and respond to a large variety of
endogenous and exogenous chemicals.3852

Our study confirms with functional data the dense
innervation of the mouse cornea by cold thermoreceptor axon
terminals, evidenced by recent immunocytochemical stud-
ies.17394% Canonical low-threshold cold thermoreceptors of
various species and tissues are easily recognized by their
regular background impulse activity at the normal temperature
of the tissue, whose frequency of discharge changes with
temperature oscillations of 1°C or less.?3-24.28:53.54 We distin-
guished in the mouse cornea a high number of HB-LT cold
terminals that typically responded to static and dynamic
changes in temperature and were activated by menthol and
hyperosmotic stimuli, as reported for canonical cold thermo-
receptors of the cornea and of various other tissues in many
species.'3254-57 In the eye, it has been postulated that these
low-threshold corneal thermoreceptors detect small tempera-
ture changes linked to interblink tear film evaporation, thereby
providing a tonic sensory input to the brain encoding wetness
of the eye surface.!7-29:58,59

The additional presence in the cornea of a subpopulation of
unmyelinated cold thermoreceptor axons responding only to
strong cooling and osmolality was originally reported in the cat
in 1993 by Gallar et al.,>* who named them “cold”
nociceptors. More recently, corneal “dry-sensitive” neurons
responding to weak or strong levels of ocular surface
desiccation, hyperosmolarity, and menthol and exhibiting
parallel high or low sensitivity to corneal cooling were
reported in the TG of the rat.3%32°° Here, we unambiguously
identified and characterized these two subclasses of cold-
thermosensitive neurons in the mouse cornea and propose
their inclusion within the general class of cold thermoreceptor
primary sensory neurons.

The sensitivity of cold thermoreceptor neurons to low
temperatures is primarily determined by the expression of
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TRPMS8, a nonselective cationic channel gated by moderate
cold and also by menthol and hyperosmolar solutions.!¢1:62
TRPMS channel opening contributes to an excitatory, depolar-
izing current in sensory neurons named I.,q that triggers
propagated impulse responses to cooling (for review see Refs.
63, 64). It has been shown that the cell bodies of cold-
thermosensitive neurons in dorsal root and trigeminal sensory
ganglia display a wide range of thresholds for cold stimuli.®>-%°
This heterogeneity of cooling thresholds is determined to large
extent by variability in the density of TRPM8 channels, but is
also attributed to the absence or limited expression of the
potassium channels Kv1.1-1.2.7%7! These K* channels sustain
an outward current termed Ixp in most primary sensory
neurons that opposes the inward current generated by cold
activation of TRPMS, thereby acting as an excitability break
that prevents unspecific cold-induced depolarization.®> In TG
cold-sensitive neurons in culture, it has been convincingly
demonstrated that low-threshold cold thermoreceptor neurons
virtually lack Ixp, while in high-threshold cold thermoreceptor
neurons, which respond only to stronger cooling, this current
is prominent.”! Accordingly, cold threshold and cooling-
evoked firing rate in cold thermoreceptor sensory neurons
depend on a balance between the expression levels of TRPM8
and Kv1 channels.®>-71-72 Therefore, it is conceivable that HB-
LT cold thermoreceptor terminals of the mouse cornea belong
to TG cold-sensitive neurons presenting a high expression of
TRPMS8 channels and low or no expression of Kvl channels,
whereas LB-HT terminals originate from TG cold-sensitive
neurons with lower levels of TRPM8 channels and a significant
presence of Kv1 channels.”®7!

It is worth noting that the two subtypes of corneal cold
thermoreceptor terminals found in the mouse cornea also
responded to stimuli such as heat, osmolality changes,
mechanical forces, menthol, and a variety of other irritant
agents. A variable sensitivity of canonical cold thermoreceptors
to these stimuli has been reported earlier.!7-19-24,29,30,32,35,55
This is not exceptional. Other classes of peripheral somato-
sensory receptors equipped with specific transducing chan-
nels that confer preferential sensitivity for a particular form of
stimulating energy, also express transduction channels for
other stimulus qualities.”> Our data suggest that this is a
prominent characteristic of corneal cold thermoreceptors,
where the expression of multiple transduction channels equips
the ocular surface with a set of sensory receptors particularly
tuned for the detection of the main physical parameters
associated with changes in corneal surface wetness (temper-
ature, osmolality, cell shrinking).>®

It is generally accepted that corneal mechanonociceptor
axons, preferentially tuned to fire phasically in response to
mechanical stimulation, and polymodal nociceptors tonically
activated by a large variety of noxious chemical, mechanical,
and thermal stimuli, are the peripheral substrate of acute and
chronic eye pain.5?74 Second-order neurons of this pathway
are mainly located at the caudal levels of the spinal trigeminal
nucleus, in the transition area between nucleus caudalis and
cervical spinal cord (Vc/C1).7577 In contrast, there is
considerable evidence that a majority of corneal HB-LT cold
thermoreceptors project to second-order neurons located at
the transition zone between the spinal trigeminal subnucleus
caudalis and subnucleus interpolaris (Vi/Vc), an area proposed
as the processing center for neural regulation of lacrimation
and blinking via the superior salivatory nucleus (SSN) and the
facial motor nucleus.?%:3278 The SSN and facial motor nucleus
also receive an input from Vc/Cl neurons connected to
corneal nociceptors for reflex motor and autonomic ocular
responses evoked by injurious stimuli.””-”® The location in the
brainstem of the second-order neurons connecting with LB-HT
cold thermoreceptors is not certain. Kurose and Meng?°
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reported the activation of a subset of second-order neurons of
the Vi/Vc region only by strong cooling. These neurons were
also activated by acidic stimulation of the cornea, suggesting
that they may receive inputs from both LB-HT and polymodal
nociceptor corneal fibers. In conditions such as experimental
chronic eye dryness where the LB-HT cold thermoreceptors
become selectively sensitized,??:31:3680 there is enhanced
neural activity in ocular responsive neurons in both the Vi/
Ve and Vc/Cl1 regions.®® It has been suggested that LB-HT
neurons contribute importantly to discomfort sensations
accompanying chronic eye surface dryness.3*>° Hence it is
tempting to speculate that this subclass of cold thermorecep-
tor primarily projects into nociceptor-driven second-order
neurons of the Vc¢/C1 region evoking discomfort and, also
together with the polymodal nociceptors reaching that area, on
the neurons of the Vi/Vc involved in the regulation of tearing
and blinking.

Under normal environmental conditions, it has been
postulated that small changes in ocular surface temperature
and osmolality resulting from tear fluid evaporation at the
exposed eye surface are encoded by HB-LT cold thermorecep-
tors17,23,24,28,29,3558,59 an( transmitted to second-order Vi/Vc
neurons.?®78 When there is excessive evaporation and/or
hyperosmolarity of tear film, the LB-HT cold thermoreceptors
may also be recruited, and evoke a sense of irritation through
the same pain-labeled pathways as corneal mechano- and
polymodal nociceptor nerve fibers. These three sensory
receptors types may also be activated by cell shrinkage and
local inflammation caused by dryness. Together, this multi-
receptor sensory message evokes augmented tearing and
blinking as well as the irritative, unpleasant dryness sensations
associated with chronic dry eye.’®>° A similar, variable
involvement of the different functional classes of peripheral
sensory receptors is expected to occur after injury or
pathologic processes affecting the ocular surface.

Electrophysiological classification of somatosensory recep-
tor types, based both on the form of energy to which they
preferentially respond and on the stimulus intensity required
for their activation, has been a useful approach to correlate
stimulus modalities and activation of specific sets of peripheral
sensory neurons leading to qualitatively distinct sensations, but
has a number of technical limitations. Repeated application of
different stimuli may cause tissue damage, favoring the
apparition of inactivation, fatigue, or sensitization.®! This is
particularly true for polymodal nociceptors, whose stimulus
threshold is by definition close to injurious intensities. The
discovery in sensory receptor neurons of specific membrane
transducing molecules for different forms of energy®2-84 served
as an essential tool to refine the identification of peripheral
receptor classes. Still, there is considerable variability in
transducing molecule expression within neurons of the same
functional receptor category; moreover, neurons with periph-
eral terminals responding preferentially to a specific stimulus
often express also transducing molecules for other stimulus
modality.”%-85 Although the functional specificity of the various
populations of primary sensory neuron for a particular class of
stimulus is well defined, this molecular promiscuity determines
their potential excitation by other modalities of stimuli,
particularly under abnormal conditions. It is conceivable that
the molecular heterogeneity of neurons belonging to a general
functional type may be, at least in part, behind the striking
variability of the peripheral sensory messages generated at
ocular surface tissues under pathological conditions, including
inflammation and injury.

The present work has been performed in mice, an
experimental model particularly suitable to study the molec-
ular basis of eye surface sensations. It defines in this species the
electrophysiological characteristics of the different classes of
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sensory nerve endings innervating the cornea, providing new
data that can in our view be used for a multidisciplinary
approach to the study of normal and pathological eye
sensations.
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