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Abstract Ocular Surface (OS) somatosensory innervation detects external stimuli producing
perceptions, such as pain or dryness, the most relevant symptoms in many OS pathologies.
Nevertheless, little is known about the central nervous system circuits involved in these perceptions,
and how they integrate multimodal inputs in general. Here, we aim to describe the thalamic
and cortical activity in response to OS stimulation of different modalities. Electrophysiological
extracellular recordings in anaesthetized rats were used to record neural activity, while saline
drops at different temperatures were applied to stimulate the OS. Neurons were recorded in the
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ophthalmic branch of the trigeminal ganglion (TG, 49 units), the thalamic VPM-POm nuclei
representing the face (Th, 69 units) and the primary somatosensory cortex (S1, 101 units). The
precise locations for Th and S1 neurons receiving OS information are reported here for the first time.
Interestingly, all recorded nuclei encode modality both at the single neuron and population levels,
with noxious stimulation producing a qualitatively different activity profile from other modalities.
Moreover, neurons responding to new combinations of stimulus modalities not present in the peri-
pheral TG subsequently appear in Th and S1, being organized in space through the formation of
clusters. Besides, neurons that present higher multimodality display higher spontaneous activity.
These results constitute the first anatomical and functional characterization of the thalamocortical
representation of the OS. Furthermore, they provide insight into how information from different
modalities gets integrated from the peripheral nervous system into the complex cortical networks of
the brain.
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Abstract figure legendMethods: Schematic depiction of the experimental approach, showing the use of several sensory
modalities (intense cold, mild cooling, mild warmth and noxious heating) to stimulate the ocular surface (OS) during
simultaneous electrophysiological recordings of the sensory pathway: trigeminal ganglion (TG), sensory thalamus (Th)
and primary somatosensory cortex (S1). Results: TG, Th and S1 responses to the same stimulus modality are different
in temporal profile and magnitude. Importantly, each sensory modality was processed in a different way inside the
same structure of the sensory pathway, especially Th and Cx. Finally, the percentage of single neurons with multimodal
responses was increased from the TG to Th, reaching higher in Cx. Conclusion: sensory modalities stimulating the OS
are differently processed from the periphery (TG) to the central structures of the somatosensory system, Th and Cx,
which showed increased complexity of response profiles and multimodal integration.

Key points
� Anatomical location of thalamic and cortical ocular surface representation.
� Thalamic and cortical neuronal responses to multimodal stimulation of the ocular surface.
� Increasing functional complexity along trigeminal neuroaxis.
� Proposal of a new perspective on how peripheral activity shapes central nervous system function.

Introduction

Sensory innervation of the ocular surface (OS) has
been intensively studied due to its implication in many
relevant physiological processes, as it transduces external
stimuli and maintains corneal integrity, blinking and
tearing homeostasis (Belmonte et al., 2004, 2017; Gallar

0 Enrique Velasco, better known as Quique, is a PhD andMSc in Neuroscience was originally educated as a physical therapist. His
research has been centred on the functional study of the neural substrate for pain and somatosensation, from brain circuits to
sensory neurons and ion channel biophysics, and is a specialist both in intra- and extracellular electrophysiology. Furthermore,
he is a work leader from a group dedicated to the translation of basic neuroscience to the treatment of pain through physical
therapies, such as electrical stimulation: the Neuroscience in Physiotherapy group (NiP).

et al., 1993; González-González et al., 2017; Parra
et al., 2010; Quallo et al., 2015). Traditionally, corneal
innervation has been divided into three categories of
peripheral receptors: mechanonociceptors detecting
dangerous mechanical stimulus; cold-thermosensitive
receptors activated by cold, reduced moistness, tear
hyperosmolarity and silenced by warming; and

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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polymodal nociceptors detecting touch, chemical
stimulation and noxious heating (Acosta, Belmonte
et al., 2001; Acosta, Tan et al., 2001; Parra et al., 2010;
Quallo et al., 2015). Accordingly, OS-related sensory
perceptions include irritation, pain, freshness and dryness
or gritty eyes. Moreover, aberrant OS sensory inputs due
to accidental or surgical insults, such as cataract and
photorefractive surgeries (Bech et al., 2018; Kovács et al.,
2016; Luna et al., 2021; Piña et al., 2019), could induce
chronic neuropathic symptoms, like trigeminal neuralgia,
dry eye or pain (Gallar et al., 2004; Golan & Randleman,
2018; Kasetsuwan et al., 2013; Kato et al., 2019; Toda,
2018).

It has to be noted that, until now, research involving
the OS sensory system has been centred mainly on the
peripheral innervation of the OS, with minimal attention
towards its central nervous system (CNS) representation.
So far, CNS representation of theOS has only been studied
in brainstem structures such as the principal and spinal
trigeminal nuclei (Marfurt, 1981; Pozo & Cervero, 1993),
in which functional changes produced by pathological
states contribute to the symptom maintenance of chronic
conditions, i.e. dry eye disease (Fakih et al., 2019; Rahman
et al., 2015, 2017). Regarding the study of the functional
responses of the brain toOS stimulation, the only available
evidence is constituted by a promising case study, in
which brain functional imaging was used to point towards
the primary somatosensory cortex as a possible structure
involved in OS-related human pain perception (Moulton
et al., 2012).

This situation generates a gap of knowledge: it is
unknown how information from the OS is computed in
the brain. This gap is especially relevant from a trans-
lational point of view, as the characteristic aberrant
sensory symptomatology produced in patients suffering
from chronic pain pathologies have been related to
plastic changes produced in thalamocortical networks
(Guerrero-Moreno et al., 2020; Meacham et al., 2017;
Sanzarello et al., 2016; Woolf, 1983). Nevertheless,
the location, function and stimulus processing of
thalamocortical networks receiving information from
the OS are yet almost unexplored. Moreover, the capacity
of the OS to detect many modalities of stimulation offers
a good opportunity to use it as a model for the study of
multimodal integration in the CNS.

Consequently, the aim of the present work is
to functionally characterize the OS somatosensory
representation in the CNS, including the peripheral
ophthalmic branch of the trigeminal ganglion (TG),
and the central somatosensory thalamus (Th) and
primary somatosensory cortex (S1). For this purpose,
we performed multi- and single-unit electrophysiological
recordings in anaesthetized rats while stimulating the OS
with stimuli of different modalities. Regarding results,
we first report the stereotaxic coordinates at which

OS-responsive Th and S1 neurons can be recorded.
Afterwards, a characterization of the neuronal responses
of the TG, Th and S1 is described, both for population
and single neurons, and for the diverse modalities
of stimulation applied on the OS. Then we describe
how multimodal integration and spatial organization
of the single units are increased from the periphery
towards the thalamocortical networks. Lastly, these
results are discussed and compared with previously
published evidence to frame their relevance, limitations
and potential impact in future research.

Methods

Experimental model and ethical approval

Animal experiments conformed to the International
Council for Laboratory Animal Science, European
Union Regulation 2010/63/EU and were approved by
the Ethical Committees for Animal Research of Hospital
Nacional de Parapléjicos (Toledo, Spain) with code
177CEEA/2019 and Universidad Miguel Hernandez
with code UMH.IN.JGM.03.20. They were carried out
following the ARVO statement and ARRIVE guidelines
for the use of animals in research. Healthy males from
the Wistar rat strain (n = 17) were used, weighing 250 to
400 g and with age between 2 and 4 months. All animals
were housed in pairs, at 23°C on a 12 h light/dark cycle
and ad libitum access to food and water.

Surgical procedures

Animals were anaesthetized using urethane (i.p. 1.5 g/kg)
and placed in a stereotaxic frame (SR-6R; Narishige
Scientific Instruments, Tokyo, Japan). Anaesthesia was
kept constant at stage III-3 (Friedberg et al., 1999) during
the entire experiment, using redosification if needed.
Body temperature was kept constant at 36.5°C. Bilateral
craniotomies were performed to access S1, Th and TG,
following bregma-based coordinates from (Paxinos &
Watson, 2007). Respect to the stimulated eye, ipsilateral
TG, and contralateral Th and S1 were recorded.

Electrophysiological recordings

Extracellular recordings were performed using tungsten
electrodes (2–5 M� impedance) (TM33B20KT and
TM31C40KT, WPI, Inc., Sarasota, FL, USA). Recordings
were amplified (×500) and filtered in DCmode (0–3 kHz)
using a preamplifier, filter and amplifier sequential circuit
(Neurolog, Digitimer Ltd., Welwyn, UK). Analogue
signals were converted to digital data at 20–50 kHz
and with 64-bit quantization using a CED Power
1401 (Cambridge Electronic Design, Cambridge, UK,

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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1408 E. Velasco and others J Physiol 602.7

RRID:SCR_01 6040) controlled by Spike2 software (v7.12;
Cambridge Electronic Design, RRID:SCR_000903).
To record TG neurons, we used the stereotaxic

coordinates for neurons innervating OS, previously
defined by our research group: AP = −1.5, ML = 2,
DV = 10 mm. Since the stereotaxic coordinates of OS
neurons in the thalamus and S1 had not been described
yet, we used those of periocular tissues described
by Chapin & Lin (1984) for S1, and by Diamond,
Armstrong-James, Budway et al. (1992) and Diamond,
Armstrong-James, Ebner et al. (1992) for the thalamus as a

starting screening point (Fig. 1A). Again, recordings were
contralateral for S1 and Th, and ipsilateral for TG with
respect to the stimulated eye. After recording fromone eye
in an animal, we switched stimulation and electrodes to
record the responses of the other eye. The total numbers
of electrophysiological recordings were 17 in S1, 15 in Th
and eight in TG (Fig. 1B).
To identify units receiving OS information, once

a firing neuron was recognized in the recording,
whiskers, eyebrows, eyelid borders and the cornea were
mechanically stimulated using a fine brush. To further

Figure 1. Experimental approach and protocol
A, schematic representation of the experimental configuration for stimulation and electrical recording over the
canonical ocular surface (OS) sensory pathway. B, coronal brain slice of one of the rats used for thalamic recordings,
showing the electrode’s track reaching the edge between ventral posteromedial (VPM) and posteromedial (POm)
thalamic nuclei. In these areas, ocular surface-evoked activity was successfully recorded. The delimited red and
black areas account for the somatosensory and visual thalamus, respectively. C, stimulation protocol showing the
temperature change produced by each type of stimulus used in this study. The dotted line represents the basal
ocular surface temperature of the rat (28–32°C). D, example of an electrophysiological recording of S1 activity and
its processing, showing the response to an intense cold stimulus (the upper trace corresponds to OS temperature).
A filtering and sorting protocol were applied to obtain values of multiunit (MUA) and single-unit activity. The
artefact (∗) produced by the drop contacting the eye was used as a proxy for stimulus onset, averaging and latency
calculation. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 602.7 Physiology of thalamic and cortical representation of ocular surface 1409

confirm whether a given unit was innervating the OS,
and to be able to detect non-mechanosensitive units, a
drop of ice-cold saline (0.9%, B. Braun) was applied over
it. Noxious stimulation was not used for the screening to
avoid damage to the OS.

Ocular surface stimulation

The OS stimulation consisted of the topical application
of 20 μL saline (0.9%, B. Braun) drops at different
temperatures (range 10–60°C, inducing OS temperature
changes between −20° and +30°C, respect to a basal
OS temperature of 30°C), with 30 s intervals between
stimuli. A calibrated Pasteur pipette with thin tip was
used to deliver the saline drops used as stimulus across
all experiments and animals. In order to avoid additional
mechanical stimulation from the drop falling from a high
altitude, the pipette was manually pressed until the drop
hung from the tip and approximated to the OS.

OS temperature was constantly monitored using a
high-speed thermal microprobe in contact with the
cornea (Clifton, NJ, USA). We used this probe to measure
how much the temperature of the OS changed when
stimulated, from its basal temperature to the maximum
orminimum temperature reached when hot or cold drops
were applied, respectively. This variable was called peak
temperature change (�T). Then, thermal stimuli were
divided into four categories according to their�T: intense
cold (�T greater than −10°C),mild cooling (�T between
−0.1 and −5°C), mild warmth (�T between +0.1 and
+5°C) and noxious heating (at least �T +11°C, reaching
a final temperature above 40°C) (Vandewauw & Voets,
2016). At least 20 stimuli of each category were performed
in every recording and averaged for analysis. The only
exception was noxious heating stimulus, in which five
drops were applied, waiting 5 min between them to mini-
mize sensitization and damage to the OS. Stimuli were
always applied in the same order described here, from
the mildest to the most hazardous: mild cooling → mild
warmth → intense cold → noxious heating (Fig. 1C).

Data analysis

Multiunit activity analysis. To identify neuronal activity,
raw signals were first digitally filtered (0.3–3 kHz). Then,
a threshold for spike detection was set at 2.576× SD (99%
CI) away from background noise. The resulting signal
was termed multiunit activity (MUA), which corresponds
to the extracellular action potential activity of all the
recorded population (Fig. 1D).

The MUA signal was analysed following a previously
established division in Aβ , Aδ, C and post-discharge
components (Castro et al., 2017). Considering a
2 cm distance between the OS and the TG, and the

conduction velocities (CVs) previously reported for
trigeminal sensory neurons (Pinto et al., 2008), no
Aβ responses were detected in our recordings. This is
consistent with previous reports of the OS lacking heavily
myelinated, fast-conducting fibres to avoid impairing
the required transparency of the cornea (López de
Armentia et al., 2000; Müller et al., 2003). Coherently,
our data displayed Aδ, C and post-discharge components,
but as C and post-discharge were frequently fused
in a single component, we pulled them together for
analysis. Therefore, our responses were divided into
two components: the first component in the range of
A-fibre latencies (mainly Aδ); and the second component
representing neuronal activity with longer latencies
due to the slower conduction velocity of C-fibres and
post-discharge.
Considering the CV ranges described for different

axonal types, we calculated the corresponding ranges
of latencies for the distance between OS and the TG
(2 cm). As result, for the Aδ fibres activation (CV range:
1.8–17.4 m/s), neurons in the TG were activated in a
latency range of 1–11 ms; while for the C-fibre activation
(CV range: 0.34–1.3 m/s), the neurons in the TG were
activated in a latency range of 15–59 ms. Therefore,
the TG latency cutoff between the first and the second
components was set at 15 ms.
To calculate the latencies of the response in the Th, we

took the response latencies previously obtained for TG,
and added the antidromic conduction latencies between
the trigeminal nucleus in the brainstem and the thalamus
reported by Minnery and Simmons (2003), plus 1 ms
to account for the synaptic crossing and action potential
firing. Finally, to calculate the latencies to the responses
in S1, 2 ms were added to account for the extra synapse
and the thalamocortical projection. This rendered a cutoff
between the first and second components of 33 and
35 ms for Th and S1, respectively. Components were then
analysed for peak amplitude and peak latencies.

Single-unit activity analysis. To isolate single neuron
activity, we applied a spike-sorting protocol based on
templates over the MUA recording. Said templates were
built based on waveform shape coincidences. This spike
sorting was conducted by homemade scripts using
semi-automated Spike 2 software and Python Anaconda
(Spyder, RRID:SCR_01 7585) (Rossum & Drake, 2009)
(Fig. 1D). A total of 219 single units were extracted from
the different recording locations as follows: 49 from TG
recordings, 69 from Th and 101 from S1.
Peristimulus time histograms (PSTH) were constructed

to characterize the single-unit responses against different
modalities of stimuli. A response was determined as
positive if the PSTH showed at least 1 ms bin displaying
a value 2.576 × SD (99% CI) away from the mean

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 2024, 7, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP285008 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [23/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1410 E. Velasco and others J Physiol 602.7

basal activity in the 2 s prior to stimulation, and then
manually confirmed by the experimenter to avoid random
detections of a single bin response. For units with very
low firing rates, to avoid having only bins with values
of 0 and 1 impulses, the bin size was increased to
5 ms. Afterwards, each neuron was tagged depending on
the specific combination of such modalities (mechanical,
warming, noxious and cold). For example, a neuron
responding to the mechanical stimulus due to the drop
contact on OS, but unaffected by different temperatures
applied was tagged as mechanosensitive; a neuron with
this response, but also responding to noxious stimulation
was identified as responsive to mechanical and noxious
stimulus.

Statistics

The software used were SPSS v25 (IBM Corporation,
RRID:SCR_0 02865) and Excel (Microsoft Corporation,
RRID:SCR_01 6137). Quantitative comparisons between
two independent neurons or recording sites were
performed with independent t tests. For comparisons
within the same recording site, a paired t test was
used. To compare more than one group, one-way
ANOVA with a Bonferroni post hoc correction was
used. When the Shapiro–Wilk test and manual inspection
of the histogram and density curves clearly revealed a
non-normal distribution, equivalent non-parametric
tests (Mann–Whitney’s U test, Wilcoxon’s, and
Kruskal–Walliss with Bonferroni post hoc corrections
over Mann–Whitney’s U, respectively) were used. For
comparing the percentage of units displaying variable
or constant response dynamics, Fisher’s exact test was
employed. Responses to repeated stimulation were
averaged within recording sites for MUA analysis, and
within neurons for single-unit analysis. Therefore,
data points represent a single neuron/recording site,
constructed by averaging all the stimuli applied in that
recording.

Results

The OS is represented in the sensory thalamus and
the primary somatosensory cortex

Thalamic OS responses were located ventrally with
respect to the dorsolateral geniculate nucleus (dLGN)
and in the proximity of α and β vibrissae somatotopic
representations (Clemens et al., 2018) (Fig. 2A). Indeed,
while lowering the electrode, responses to light and
mechanical stimulation were used to ascertain the dorsal
and ventral limits for OS representation, respectively:
when responses to visual stimulation disappeared, usually
responses to OS stimulation appeared (Fig. 2B–C). In

summary, the OS representation was found to be medial
and ventral with respect to visual responses. The thalamic
coordinates in which we found responses towards OS
stimulation were (from bregma): AP −3.5 to −4 mm;
ML 3 to 4 mm; DV 4.2 to 5.1 mm (1/17 at DV 5.7),
corresponding to the most dorsal part of the border
separating the posterior medial complex of thalamus
(POm) from the ventral posteromedial nucleus (VPM),
with recording locations distributed in both nuclei
(Fig. 2A–B).
In S1, the well-known cortical whisker representation

of V2 trigeminal branch innervating the middle face
is caudal to that of trigeminal V3 branch innervating
the jaw and lower face (Deschênes et al., 2005; Furuta
et al., 2009). Following this logic, the representation of
trigeminal V1 (ophthalmic and upper face) should be
located caudal to V2 in the somatosensory cortex, near
the representation of α and β whiskers. This was indeed
the case (Fig. 2D), and for S1 the stereotaxic coordinates
in which we recorded OS-sensitive neurons spanned AP
3.7–5.7 mm; ML 5.2–7.2 mm; DV 0.32–1.4 mm (Fig. 2E).
Themajority of our cortical recordings were located in the
deep IV and V layers, with only one recording in layer
II/III (Fig. 2E).

The modality of the stimulation is encoded by CNS
neurons in different time components of the response

Next, we characterized the physiological responses elicited
by OS sensory stimulation using drops with four different
thermal ranges: warmth, noxious heating, mild cooling
and intense cold. For this purpose, we analysed the
averaged neuronal population responses, based on the
MUA from each recording location in all three studied
structures TG, thalamus and S1.
Mild warmth drops induced a response consisting in

a fast and transient increase of the firing rate in all
recorded structures, with latencies falling within A-δ
ranges (Fig. 3A). Moreover, this component presented
similar amplitude, latency and duration regardless of the
temperature of the drop applied (P > 0.05; ANOVAs
of repeated measurements) (Table 1). Considering pre-
vious studies on corneal receptors showed that there
are no warmth receptors in the OS (Gallar et al., 1993;
González-González et al., 2017), and latencies of the
response are coherent with the mildly myelinated A-δ
mechanosensitive fibres of the OS (López de Armentia
et al., 2000; Müller et al., 2003), we assume that this first
component is a mechanical response towards the saline
drop touching the eye, equally present in all stimulation
modalities.
Noxious heating induced a response with a first and

second component in Th and S1 (to the left and right
of the vertical dotted line within each trace, respectively,

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 602.7 Physiology of thalamic and cortical representation of ocular surface 1411

Figure 2. Ocular surface somatosensory representation in the sensory thalamus and primary
somatosensory cortex (S1)
Thalamic recording sites coordinates are represented on a frontal schema (A), in a 3D projection (B) and for each
individual axis (C). S1 coordinates represented schematically from above (D and inset) and for each individual axis

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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1412 E. Velasco and others J Physiol 602.7

(E). The delimited dark red and black areas account for the somatosensory and visual thalamus, respectively, while
the red arrow in A represents the average coordinates in which OS activity was found. Schemes of the thalamus and
brain primary somatosensory brain cortex are from Paxinos & Watson (2007) and Chapin & Lin (1984), used with
permission of the copyright holders. Other = category comprised paws, trunk, tail and facial areas not included
in the other categories. Box plots of C and E indicate median (line), percentiles 25 and 75 (box range) and SD
(whiskers). Number of recording coordinates (N): Th = 48, S1 = 58, from 17 animals. [Colour figure can be viewed
at wileyonlinelibrary.com]

in Fig. 3B). As previously described, the first component
was the response to the mechanical stimulation of the
drop, which showed a peak latency within the A-δ
range. Moreover, the second component, which was
never observed for warmth stimulation, showed a delayed
latency for the peak of response in all nuclei (P < 0.001,
paired t test, Table 1). In the first place, recorded TG
responses to noxious heating stimulation presented slow
latencies, falling in the C-fibre range (114 (58) ms, see
Fig. 3B). Coherently, the second component of Th and

S1 responses showed consistently delayed latencies 726
(277) and 302 (57) ms, respectively; Fig. 3B; Table 1.
Our interpretation of these results is that while in the
case of TG responses the first component was due to
activation of Aδ-fibres encoding mechanical stimulation
of the drop, the second component is generated by C-fibre
activation, which encoded the noxious heat information
of the stimulus. This assumption is based, on the fact
that polymodal nociceptors detecting noxious heat in
the OS have slower CVs than mechanosensitive fibres

Figure 3. The modality of the ocular surface stimuli is encoded in the central nervous system response
components
A, temperature traces produced by warmth stimulation and averaged multiunit activity (MUA) responses evoked at
the trigeminal ganglion (N = 8 recording sites); the somatosensory thalamus (N = 15 recording sites); Somatosensory
cortex (N = 17 recording sites), from 17 animals). B–C, same for noxious heating and mild/intense cooling. Each
average was calculated with the response to 15–20 stimuli in each recording site using 1 ms bins, except for
noxious heating in which only five stimuli were employed. For a better visualization, a sliding average of 20 ms
was applied to the traces. Black triangles mark the artefact produced by the instillation of the stimulation drop,
used as time zero. The insets represent a zoom in of the trigeminal responses, with the latency cutoff between
the part of the response that is attributable to the A- and C-fibre-evoked response represented as a dotted line.
D, representative individual MUA recordings performed at each structure showing the responses to noxious heat
(red traces) and intense cold stimulation (blue traces). [Colour figure can be viewed at wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 602.7 Physiology of thalamic and cortical representation of ocular surface 1413

Table 1. Characteristics of the multiunit activity (MUA) response of neurons recorded in the trigeminal ganglion (TG), thalamus (Th)
and primary somatosensory cortex (S1) to different thermal stimuli.

First component Second component

Mild warmth Noxious heat Mild cooling Intense cold Noxious heat Mild cooling Intense cold

TG (V1) Peak (imp/ms) 0.13 ± 0.1 0.13 ± 0.1 0.13 ± 0.1 0.14 ± 0.1 0.62 ± 0.2 0.42 ± 0.2 0.53 ± 0.2
Latency (ms) 9.4 ± 3.8 7 ± 3.5 8.1 ± 4.1 7.8 ± 2.4 114 ± 58 56 ± 20.4 52 ± 16

Th Peak (imp/ms) 0.21 ± 0.1 0.31 ± 0.1 0.25 ± 0.1 0.20 ± 0.1 0.52 ± 0.2 0.30 ± 0.1 0.30 ± 0.2
Latency (ms) 20.9 ± 5.5 21.8 ± 5.3 21.9 ± 7.3 19.6 ± 5.7 726 ± 277 121 ± 104 138 ± 144

S1 Peak (imp/ms) 0.23 ± 0.1 0.41 ± 0.1 0.23 ± 0.1 0.21 ± 0.1 0.45 ± 0.2 0.19 ± 0.1 0.23 ± 0.1
Latency (ms) 24.7 ± 6 24.5 ± 6.1 25.8 ± 6.1 26.5 ± 5.8 302 ± 57 297 ± 60 278 ± 74

Latency, in ms, represents the time from the stimulus initiation to the peak of the response. Data are presented as means ± SD. N:
TG = 8 recording sites; Th = 15; S1 = 17, from 17 animals.

(Gallar et al., 1993; Rivera et al., 2000). This same result
was confirmed for our data set (Fig. 4). Regarding the
responses observed in Th and S1, the long latencies
observed for the second component could be either
attributed to the slow CVs of non-myelinated OS afferents
(López de Armentia et al., 2000; Müller et al., 2003),
to a potential transmission of the information through
the paralemniscal pathway, which is slower and has been
described to convey noxious information in other tissues

Figure 4. Conduction velocity of the different functional types
of ocular TG neurons
Conduction velocity (CV, in m/s) of the peripheral axons of TG
neurons innervating the ocular surface was calculated from the
latency between the onset of the stimulus and the moment of their
positive response, and the distance travelled. Considering the
homogeneous size of the animals, a fixed distance of 20 mm from
OS nerve ending to TG soma was used for the calculation. CVs of
nociceptive TG neurons belong to the C range and were significantly
lower than CVs of cold-thermosensitive trigeminal ganglion neurons
(∗∗∗P < 0.01, independent t test), which included C and A-fibres.
Despite the low number of recorded pure mechanosensitive
neurons, both C and A were found.

(Diamond, Armstrong-James, Ebner et al., 1992;Mo et al.,
2017), or to a combination of both. This was particularly
clear in the thalamus, where the second component lasted
well beyond 1 s after stimulation.
Mild cooling and intense cold stimulation also

produced a second component in Th and S1 responses,
consistent with the C-fibre latencies observed in the TG
responses (Fig. 3C, Fig. 4). The latency of the second
component was faster for cold responses than for noxious
heating responses in all structures, reaching significance
in TG (52 (16) vs. 114 (58) ms, respectively; P = 0.009)
and Th (138 (144) vs. 726 (277); P < 0.001) but not in S1
(278 (74) vs. 302 (57); P = 0.294) (Table 1, Fig. 3D). This
is again in agreement with the CVs of peripheral nerve
fibres for TG responses, as cold receptors are faster than
nociceptors detecting noxious heat (Gallar et al., 1993).
This cold-evoked second component presented higher
amplitude for intense cold than for mild cooling in TG
(0.53 (0.2) vs. 0.42 (0.2) imp/ms, respectively; P = 0.036,
paired t test) but not in Th (0.30 (0.2) vs. 0.30 (0.1);
P = 0.911) nor S1 (0.23 (0.1) vs. 0.19 (0.1); P = 0.154)
(Table 1).

Single neurons from the CNS receive multimodal
inputs, producing different response dynamics

Next, we analysed the response of single units to
decipher whether they have a homogeneous behaviour
in response to different stimulation modalities, or if they
show different response profiles that contribute to the
creation of the populational response. Our main finding
is that Th and S1 single neuron responses followed
one of three different dynamics: (A) bimodal responses,
displaying both an initial Aδ and a second C component;
(B) initial-only responses, presenting exclusively the Aδ

component; (C) second-only responses, presenting solely
the late C component. This finding demonstrates that the
population responses based onMUA are composed by the

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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1414 E. Velasco and others J Physiol 602.7

summation of different response dynamics of single units.
Examples of each type are illustrated in Fig. 5A.
We went one step further, characterizing each

single-unit response profile depending on the stimulation
modality. Interestingly, we found that most of the units
showed different response dynamics depending on the
stimulus applied instead of a constant response dynamic
(Fig. 5B, upper charts). In this way, most single neurons
could show at least two of the three profiles described
above depending on the modality of stimulation. For
example: when a heating stimulation is applied, a single
neuron could respond with only the first component
to warmth stimulation, but if the heating was more
intense (noxious heating) the neural response exhibited a
bimodal profile with two components. In fact, most units
showed different response dynamics towards warmth and
noxious heating stimulation (Fig. 5B, middle charts). In
contrast, the proportion of variable responses was smaller
when comparing mild and intense cold responses, both
in S1 and Th (P = 0.001 and P < 0.001, respectively;
Fisher’s exact test) (Fig. 5B, lower charts). These results
indicate that the same unit can respond differently in
function of the combination of the modalities activated.
Therefore, single neurons in the somatosensory Th and
S1 have the capacity to discriminate in their responses
the modality of stimulus applied over the OS, rather than
simply detecting that the OS has been stimulated without
carrying modality information. Finally, populational Th
responses to noxious heating were strikingly long lasting,
as previously described (Fig. 3B). At the single-unit level
the underlying mechanism for this constant response
was revealed: a prolonged recruitment of new units
into the response, with the last neurons being activated
as late as ∼600 ms after stimulation of the OS (data
not shown). The long-lasting activation and new units
observed in Th after nociceptive stimulation could
be due to the cholinergic action that is triggered by
nociceptive stimulation. We consider that the cholinergic
activation could be responsible for the ‘post-discharge’
described in Castro et al. (2017), and physiologically
explained by Castro-Alamancos & Oldford (2002)
and Castro-Alamancos (2004). In our work, this new
long-lasting recruitment due to noxious heat stimulation
was considered part of the second component, and it
contributes to displace the latency to peak of the second
component response far from the onset latency of the
second component.
Next, for each individual neuron, we compared the

specific response produced by warmth stimulation
towards the response to noxious heating specifically,
in Th (Fig. 5C) and S1 (Fig. 5D), to analyse how the
nociceptive modality is being encoded by comparing
a non-noxious stimulation (the mechanically elicited
response of the warmth drop) towards a noxious heating
stimulation. As these graphs show, the majority of

‘varying responses’ are neurons with an ‘initial-only’
response type towards warmth stimulation (a mechanical
response), adopting a ‘bimodal’ or ‘second-only’ response
when challenged with noxious heating. In fact, neurons
responding to the warmth drop with an initial-only
component (mechanical response), and then displaying
a bimodal response to noxious heating (mechanical A +
noxious heating C responses) can be considered as wide
dynamic range neurons (WDR) encoding both noxious
and non-noxious stimulation, using classical terminology.
In contrast, some neurons unresponsive to warmth are
activated by noxious heating, adopting a ‘second-only’
response type. This latter group can be considered as
specific high threshold nociceptive neurons, in contrast
to WDR units.

CNS neurons that respond to OS stimulation have
greater multimodality, exhibiting more diverse
functional populations than in peripheral neurons

As the previous results indicate, the single-unit responses
are not homogeneous or uniform across stimulation
modalities. This could be due to convergence of different
sensory pathway inputs into the same unit. To test this
hypothesis, each single TG, Th and S1 neuron was
classified between 0 and 4, representing howmany sensory
modalities of stimulation (mechanical, warming, noxious
and cold) they were responsive to. Therefore, a neuron
with a 4 is a neuron responding to every sensorymodality.
Furthermore, the specific combination of four stimulus
modalities allows a maximum of 16 theoretical identities
of functional populations (42).
As a first result, the units were increasingly multimodal

along the somatosensory axis (TG<Th<S1; see Fig. 6A),
i.e. a higher percentage of neurons were responsive to
an increased combination of stimulation modalities. In
the TG, units belonging to 7 out of 16 functional types
were found (Fig. 6B), predominantly the units responding
both to cold and noxious stimulation (∼45%). This profile
could be explained by previous work (Acosta et al.,
2014; Belmonte et al., 2017), being 32% of these neurons
identified as polymodal nociceptors, and 68% as cold
thermoreceptor neurons with paradoxical response to
noxious heating. Overall, TG results coincide with pre-
vious reports stating that the OS is innervated mainly
by polymodal nociceptors and cold receptors, with a
minor contribution of mechanosensitive receptors and
a lack of warmth receptors (Belmonte et al., 2017;
González-González et al., 2017). The analysis of thalamus
showed increased complexity of single neuron responses
by reaching 9 out of 16 different functional types, still
with the cold-noxious type predominant (Fig. 6B). Finally,
the higher complexity was observed in S1 single neuron
responses, with a diversity reaching 14 out 16 functional

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 602.7 Physiology of thalamic and cortical representation of ocular surface 1415

Figure 5. Response dynamics of single units in the Th and S1 ocular surface representations
A, representative peristimulus time histograms of the dynamics of the response to intense cold stimulation of
three different S1 units: bimodal response (a), initial-only (b), second-only (c), components. B, percentage of S1
and Th units with the same (Constant) or different types of response (Variable) to warming and noxious stimulation,
intense and mild cooling. (∗∗P < 0.01; ∗∗∗∗P < 0.0001, Fisher’s exact test). C, distribution of response dynamics to
warming and noxious stimulation of the same unit. Each unit was first classified as bimodal, initial-, second-only,
or no response according to its type of response to warming stimulation (upper labels dividing panels); then, the
dynamics of the response of each unit to noxious stimulation was represented (x-axis labels). N: TG = 49 single
units; Th = 69; S1 = 101. Single units were isolated from 17 recording sites in S1, 15 in Th and 8 in TG, from a
total of 17 animals. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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1416 E. Velasco and others J Physiol 602.7

types, including units responsive to the four types of
stimuli (Fig. 6B).
Interestingly, although no peripheral neurons were

warmth-sensitive, we found neurons encoding warmth
stimulation in the second component of their responses
both in Th and S1. Potentially, this positive response in the
CNS can be attributed to the inhibition of peripheral cold
receptor activity produced by warmth stimulation, which
is crucial for warmth perception (Paricio-Montesinos
et al., 2020). Altogether, these results indicate that the
information of distinct modalities, originally separated in
the periphery, later converges, and is integrated into CNS
neurons.

Thalamic and cortical OS representation is spatially
organized in neuronal clusters

We next studied the spatial distribution of the distinct
groups of neurons. For this, we calculated the probability
of finding two neurons responding to the same
combination of stimuli in the same recording coordinates
(Pnear) and compared it with the overall probability of
finding an equal neuron, regardless of recording location
(Pfar). The ratio between both probabilities allowed us
to define the spatial tuning index, which indicates how
much more probable it is to find two equal-type units in
the same recording coordinates vs. in different recording
coordinates (Spatial tuning index = Pnear/P f ar).
Spatial tuning indexes for TG units were around 1,
indicating no spatial clustering (Fig. 7A). On the contrary,
values around 1.5 and 2.5 were obtained for thalamic

and cortical units, respectively (Fig. 7A). Then, to further
study spatial organization, the recording coordinates
in the three axes (DV, AP, ML) were defined for each
neuron. After that, we quantified the distance between
the recording coordinates of each pair of neurons and
determined whether they were functionally equal (in red)
or not (in black, Fig. 7B). The homogeneity of variance test
showed that equal-type units are closer in the three axes
in S1, while in TG and Th, functionally similar units are
only organized in AP axes (Fig 7B). Taken together, these
results indicate that the functional spatial organization of
OS-responsive neurons evolves along the pathway, from
a low spatial organization in the TG, increased in Th,
and maximized at S1, in which tridimensional clusters of
neurons sharing similar sensitivity are formed.

Neuronal spontaneous activity is related to modality
sensitivity

Data show that populational spontaneous activity (median
spikes/s ± IQR) was higher in Th (3.9 ± 4.7), followed by
S1 (3 ± 3.2), while TG showed the lower activity (1.6 ±
2.1) (S1 vs. Th P = 0.028; S1 vs. TG P = 0.006; Th vs. TG
P = 0.001, Bonferroni post hoc comparison).
When considering single neurons, it should be noted

that the spontaneous activity of a given neuron depends
on its own excitability and the external synaptic inputs
that it receives from the circuit in which it is integrated.
Following this logic, a CNS neuron responding to cold can
present different spontaneous activity from another one
not responding to cold, as the first neuron is embedded

Figure 6. Multimodality and functional
diversity of single neurons is increased
along the somatosensory pathway
A, percentages of TG, Th and S1 units with
different degrees of multimodality, a
parameter defined as the number of
different types of stimuli a single unit
responded to, established between 0
(activated by no stimulus, white) and 4
(activated by all four stimuli, black). B,
proportion of single TG, Th and S1 units
with positive response to each possible
combination of stimuli. Notice that neurons
responding to all possible combinations
except for Warmth-Noxious and
Mechano-Warmth-Noxious were found. N:
TG = 49 single units; Th = 69; S1 = 101.
Single units were isolated from 17 recording
sites in S1, 15 in Th and 8 in TG, from a
total of 17 animals. [Colour figure can be
viewed at wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 602.7 Physiology of thalamic and cortical representation of ocular surface 1417

Figure 7. Thalamic and cortical ocular surface representation is spatially organized in neuronal clusters
A, spatial tuning index (STI) calculated for units of the same functional type (explanation of the metric in the
text). STIs from real data were compared with STIs calculated after units were randomly distributed (data shuffled
100 times). Data are represented as medians ± CI 95%. ∗∗P < 0.01, ∗∗∗P < 0.001; Mann–Whitney’s U test for
Data vs. Random, and the Kruskal–Wallis plus post hoc Bonferroni test for comparisons between structures. B,
distribution of equal-type units (red lines) and non-equal-type units (black lines). DV axis of TG is not represented
because recordings were always performed at 10 mm deep. Dotted line represents coordinate 0. Levene’s equality
of variance test was used for comparisons, ∗∗P < 0.01, ∗∗∗P < 0.001. N: TG = 49 single units; Th = 69; S1 = 101.
Single units were isolated from 17 recording sites in S1, 15 in Th and 8 in TG, from a total of 17 animals. [Colour
figure can be viewed at wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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1418 E. Velasco and others J Physiol 602.7

in a circuit carrying cold-related information while
the other one is not. In fact, it has been described
that each functional type of OS innervating peri-
pheral sensory neurons shows different degrees of
spontaneous activity (Belmonte et al., 2017; Gallar
et al., 1993; González-González et al., 2017), a result
confirmed in our in vivo data from TG (Fig. 8A). As a
consequence, a CNS neuron embedded in the cold circuit
is constantly receiving activity from the periphery, while
a non-cold-sensing CNS neuron is not. In this sense,

cold-sensitive neurons have higher spontaneous activity
than non-cold-sensitive neurons, in TG and Th, but not in
S1 (Fig. 8B). Interestingly, noxious heat-sensitive neurons
show higher activity than noxious-unresponsive units in
Th and S1 (Fig. 8C). For warmth and mechano-modality
circuits there were almost no differences (Fig. 8D–E).
Noteworthy, we observed that neurons integrating more
modalities of stimuli present higher spontaneous activity
in general, both for Th and S1 units (Fig. 8F). These results
allow us to propose that neuronal spontaneous activity is

Figure 8. Spontaneous activity of trigeminal, thalamic and S1 units responding or not to different
modalities
A, spontaneous activity of TG units responding to ocular surface (OS) stimulation, classified as mechanoreceptor,
polymodal nociceptor and cold thermoreceptor neurons, the canonical functional types of OS trigeminal neurons.
Mechanoreceptor n = 2 single units; Nociceptor n = 13; Cold receptor n = 29 isolated from 8 TG recordings. B–E,
spontaneous activity of OS units recorded in TG, Th and S1. Values of spontaneous activity of the responding
neurons to a given modality were compared with the spontaneous activity of non-responding neurons of that
modality. F, spontaneous activity of TG, Th and S1 in function of their level of multimodality (see text and Fig. 7
for details on multimodality). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001, Kruskal–Wallis’ and Mann–Whitney’s U tests
with Bonferroni correction for multiple comparisons. N: TG = 49 single units; Th = 69; S1 = 101. Single units were
isolated from 17 recording sites in S1, 15 in Th and 8 in TG, from a total of 17 animals. [Colour figure can be
viewed at wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 602.7 Physiology of thalamic and cortical representation of ocular surface 1419

modulated by the sum of received inputs, pertaining to
different sensory modalities.

Discussion

In this work we have studied the neuronal activity in the
trigeminal ganglia, thalamus and cortex in response to the
stimulation of the OS with different sensory modalities.
While data obtained from TG confirm previous works in
the field (Hatta et al., 2019; Hirata et al., 2017; Kurose
& Meng, 2013; Robbins et al., 2012), this work provides
the first anatomical and physiological characterization of
Th and S1 neuronal populations involved in OS sensory
processing. However, our data raise many questions that
should be discussed in the light of previous research, as
well as others that may be the subject of future research to
better comprehend the thalamocortical circuits implied in
the processing of OS somatosensory information.

Functional representation of the OS at thalamic and
cortical level

The thalamocortical somatosensory representation of
the whiskers (Chapin & Lin, 1984; Clemens et al., 2018;
Deschênes et al., 2005; Furuta et al., 2009; Urbain &
Deschênes, 2007), trunk and extremities (Diamond,
Armstrong-James, Budway et al., 1992; Diamond,
Armstrong-James, Ebner et al., 1992) are pretty well
known, but the OS has been almost neglected until now.
The brainstem constitutes an exception, as solid works
have reported OS representation mainly in the spinal
nucleus of the trigeminus, SpV (Marfurt, 1981;Meng et al.,
1997; Pozo & Cervero, 1993). In the thalamus, OS and
periocular representation coordinates have been reported
in the cat (Yokota et al., 1985), and eyebrow guard hair
has been recorded in rats (Diamond, Armstrong-James,
Budway et al., 1992; Diamond, Armstrong-James, Ebner
et al., 1992). Indeed, the anatomical representations of
the OS in the thalamus and S1 reported in this work
are consistent with previously described somatotopic
arrangement of the body and face, as they form a logical
continuum with other parts of the face at the coordinates
where they are expected, close to the alpha whisker and
the first spinal cord level representations.

In the past, most works studying thalamocortical
properties of the trigeminal sensory system used tactile
stimulation as the main tool to identify neuronal
receptive fields, and this can explain why it was easy
to find responses to eyebrow guard hairs and eyelid
stimulation before, but not to corneal surface. Here,
we changed the paradigm of stimulation from tactile
to thermal stimulation, following the same rationale as
previous studies in the TG and brainstem, and this has
been key to unveiling thalamocortical OS responses. To

the best of our knowledge, there has not been a previous
report of OS functional responses in S1, except for a
case report in a human, in which the authors report
pain-related activation of S1 using fMRI (Moulton et al.,
2012). Therefore, our results are innovative and coherent
with previously described somatotopic organization
(Chapin & Lin, 1984), though we cannot rule out other
possible coordinates in which OS-responsive neurons
could be found.

Functional profiles of the OS neuronal populations
along the somatosensory pathway

Here we report that populational responses to OS
stimulation displayed two components in the Th and
S1. The first component amplitude and latency were not
influenced by the temperature of the drop, and its latency
was coincident with the fastest innervation of the OS,
the Aδ mechanical nociceptors. Moreover, the warming
stimulus evoked only this first fast component, as no
warmth receptors have identified in the cornea (Gallar
et al., 1993; González-González et al., 2017). Therefore,
we interpreted this first component as the mechanical
response towards the saline drop contacting the OS.
Meanwhile, the second component was slower, showing
a latency in the C-fibre CV range. Interestingly, even
when the second component is always within the C-fibre
range, its latency showed differences depending on the
sensory modality of stimulation. In fact, it was faster for
cold stimulation than for noxious heating, matching the
CVs of the peripheral receptors detecting each stimulation
modality (Fowler et al., 1988).
At the single neuron level, three types of response

dynamics were identified: (1) biphasic neurons showing
the same response structure as MUA, which presented
both an initial (first) and second component, (2) neurons
which only contributed to the first initial Aδ mechanical
response, and (3) neurons which only contribute to the
second, C thermal, component. Interestingly, single-unit
analysis revealed that a single neuron can present one
type of response dynamic to one type of stimulation and
not to another modality. For example, a given cell when
stimulated with a cold drop can present only with the first
component, indicating that it is receiving mechanical but
not cold-related information. Then this same cell when
stimulated with noxious heat can respond with both the
first and second component, indicating that it is encoding
both mechanical and noxious stimulation, as a WDR
neuron.
Regarding thermal and noxious stimulation, both

noxious heating and cold responses were characterized
by a second long-lasting component coincident with
C-fibre evoked responses. Indeed, our S1 latencies towards
this component matched previously reported latencies

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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1420 E. Velasco and others J Physiol 602.7

(∼200 ms) for thermal responses recorded through MEG
and EEG in humans (Fardo et al., 2017; Jin et al., 2018;
Wang et al., 2016). Furthermore, its latencies and duration
are coherent with cortical synaptic inputs measured
intracellularly in vivo in mice (Bokiniec et al., 2018;
Milenkovic et al., 2014). Interestingly, mild and intense
cold stimulation produced similar responses differing only
in their amplitude, while warming and noxious stimulus
produced qualitatively different responses. Accordingly,
other authors propose that cold intensity is codified as a
linear increase in activity both in peripheral (Yarmolinsky
et al., 2016) and spinal dorsal horn neurons (Ran et al.,
2016). On the contrary, noxious heat responses are
differentiated from non-noxious responses by a discrete
threshold that activates a differentiated population of
nociceptors (Vandewauw & Voets, 2016), which indicates
that these two types of stimulation are different sensory
modalities. Our results suggest that this thermosensitivity
model is also extensible to OS thalamocortical processing.
Furthermore, thalamic responses against noxious heat
stimulation were strikingly long lasting, and new neurons
were being recruited into the response as late as 600 ms
after stimulation, outlasting the latencies expected for the
slower peripheral fibres.We consider that this long-lasting
‘post-discharge’ activation during the Th response after
nociceptive stimulation could be due to noxious-driven
cholinergic action, as it has been previously described
in Castro et al. (2017). Moreover, the fact that new
units are being recruited during this post-discharge is
also consistent with a cholinergic general activation
(Castro-Alamancos, 2004; Castro-Alamancos & Oldford,
2002). Another possibility to explain this finding is that
activity is reverberating either in the Th local circuit
or that a top-down projection from a cortical area is
activating the thalamic units. Although less noticeable,
thalamic responses to cold were also longer-lasting than
cortical responses,maybe due to higher cortical inhibitory
activity (Adesnik & Scanziani, 2010; Meyer et al., 2011;
Pluta et al., 2019).
A particularly interesting result is the location of

OS responding cells in the Th. Stereotaxic coordinates
correspond to locations distributed in the dorsolateral
border between POm/VPM, including both nuclei. If
these recording sites being distributed in both nuclei
correspond to the biological reality or are due to individual
anatomical differences between animals and the atlas
lies beyond the accuracy of the measurement under-
taken here. Moreover, POm and VPM present a specular
arrangement of their somatotopic representation of the
body (Bureau et al., 2006; Diamond, Armstrong-James,
Budway et al., 1992; Diamond, Armstrong-James, Ebner
et al., 1992). Therefore, it is to be expected that both sides
of the VPM–POm border have an OS representation and
the only way for us to distinguish whether a recording
pertained to POm or VPM is interpreting the functional

features of the responses. In this regard, latencies of our
recorded mechanical responses were slower than those
produced bywhisker stimulation in the lemniscal pathway
involving VPM (Minnery & Simons, 2003; Minnery
et al., 2003; Plomp et al., 2014). Indeed, paralemniscal
pathway latencies for mechanical responses in POm
(10–30 ms) closely resemble our reported latencies in the
thalamus (19–22 ms), in contrast to fast VPM lemniscal
responses (4–6 ms) (Aguilar et al., 2008; Diamond,
Armstrong-James, Ebner et al., 1992). In this sense, it has
been previously reported that mechanosensitive neurons
of the OS are slow-conducting nociceptors (Acosta,
Belmonte et al., 2001; Belmonte et al., 1991, 2017; Gallar
et al., 1993). Considering that corneal innervation is not
myelinated (Müller et al., 2003) and subsequently the
CVs of OS afferents fall within the Aδ–C range (López
de Armentia et al., 2000), a low conduction velocity
can be expected for information reaching both POm
and VPM. In this same line, it has been demonstrated
that corneal afferents enter the CNS through the Sp5,
the first nuclei in the paralemniscal pathway involving
the POm (Marfurt, 1981) and nociceptive information is
classically considered to be conveyed through the POm
(Mo et al., 2017). However, it is important to note that
a direct innervation from SP5 to whisker barreloids in
VPM has been described (Veinante et al., 2000), which
opens the possibility for the OS pathway to reach both
POm and VPM at the same time. Therefore, as our results
show consistently neuronal responses in the border of
POm–VPM, we consider that the paralemniscal pathway
with origin in SP5 could explain responses recorded in
both POm and VPM nuclei. Thus, the common inputs
from SP5 to POm and VPM could explain the overlap
observed in the range of coordinates obtained in our
recordings from both thalamic structures (Fig. 2C).
In conclusion, functional features of OS-responsive

VPM-POm neurons resemble the ones described for the
paralemniscal pathway involving mainly the POm, and
in a different manner the VPM. Further experiments,
such as combined intracellular dying and recording using
neurobiotin, should clarify the pathway throughwhichOS
information is ascending to the cortex.
Another interesting point to discuss is that, although

very few and consequently not contributing to MUA
recordings, there are neurons in the Th and S1 presenting
positive thermal responses to warmth stimulation. How
is this possible if there are no warmth receptors in the
OS? Recently, it has been demonstrated that the inhibition
of cold receptors, driven by temperature increase, is
necessary for warmth perceptions to be produced, and
that warmth receptors are not necessary for this to
happen (Paricio-Montesinos et al., 2020). Consequently, a
tempting hypothesis is that warmth-responsive cells in the
CNS are being activated by the inhibition of cold receptors
in the periphery. It will be very relevant to test this by

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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characterizing the response of thesewarmth-sensitive cells
in the CNS to selective inhibition and activation of peri-
pheral cold receptors; for example, through the use of
optogenetics.

Multimodal integration in the ocular surface
somatosensory pathway

Peripheral innervation of OS is composed by neurons
responding to one to three different modalities (Bech
et al., 2018; Gallar et al., 1993; González-González et al.,
2017), as our results confirmed. To go one step further
in the knowledge of sensory processing of OS, we wanted
to know how modality of the stimulus is represented at
thalamic and cortical level. In this regard, the percentage
of neurons responding to three and four modalities was
increased in thalamus and cortex, as well as the number
of neuronal populations showing distinct combinations
of modalities. Furthermore, neurons responding to the
same combination of modalities were grouped together in
spatial clusters, both in the thalamus and in the cortex.
Figure 9 displays a simple conceptual representation of
this process.

Whether these functional clusters are determined by
common afferent projections (Casas-Torremocha et al.,
2019) or by local connectivity remains an open question.
The anteroposterior axis is the only one in which TG
and Th neurons were organized, while S1 units were
organized in the three spatial axes, with the DV axis being
predominant. This finding in TG is not surprising, as
moving in the ML quickly takes the electrode outside the
ophthalmic branch, no longer representing OS (Launay
et al., 2015), and moving in the DV axis either takes out
the electrode of the TG (dorsal) or crushes it towards
the skull (ventral). In Th, this result is coincident with
the AP organization of noxious, non-noxious and WDR
units innervating the cats’ faces reported by (Yokota et al.,
1985). In S1, the strong influence of the DV axis could
be attributed to the different afferents received by each
cortical layer (Mo et al., 2017): the differing projections
of the lemniscal (layer IV) and paralemniscal (layers I and
V) pathways to S1 could be conferring spatially distributed
multimodality along the DV axis (Sherman, 2017). An
interesting approach to better characterize this cortical
spatial organization would be using high-density electro-
physiological recordings and functional imaging.

Altogether, these results reveal that the ‘labelled’
separated peripheral pathways are integrated into CNS
units in a spatially organized way. This has been
barely explored in other works, probably due to a bias
towards exploring mainly the whisker system, and pre-
ferentially use a single stimulation modality consisting
in tactile stimulus. Trying to give a functional inter-
pretation of our results, we suggest that the low grade

of complexity regarding multimodal integration of TG
neurons is intended to produce early protective responses
through clearly defined physiological reflexes. By contrast,
increased complexity found at the thalamus and cortex
provides the possibility to decipher the nature of stimulus
to create a multimodal perception.

Neuronal spontaneous activity relates to the
modality sensitivity of the neurons

Spontaneous activity (spontaneous firing of single units)
emerges from the local neuronal network of each brain
structure through a combination of intrinsic properties of
neurons, excitatory and inhibitory input balance, as well
as from the action of neuromodulators. Moreover, afferent

Figure 9. Conceptual model of multimodal integration into
single units along the somatosensory axis
Our interpretation is that both divergence and convergence are
produced along the pathway from the periphery to the primary
sensory cortex (S1) in the central nervous system. Information initially
segregated by trigeminal neurons with responsiveness to a specific
set of stimulus modalities is being integrated when converging over
single neurons (mixed colour neurons) at higher levels of the CNS.
Therefore, multimodality is being increased along the pathway, as
well as the functional diversity of the neurons, creating spatial
clusters with similar functional profiles that integrate almost any
possible combination of stimuli. This figure and the colour code
displayed on it does not intend to be realistic or match the data, but
only to provide a simplified schematic representation of our
proposed conceptual model. [Colour figure can be viewed at
wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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inputs play an important role in determining spontaneous
activity, as interruption of ascending pathways or peri-
pheral deafferentation demonstrate (Aguilar et al., 2010;
Alonso-Calviño et al., 2016; Bishop & Zito, 2013;
Fernández-López et al., 2019; Hengen et al., 2013; Teichert
et al., 2017; Zaforas et al., 2021). This notion is further
strengthened by our results, as neurons sensitive to more
modalities of stimulation display higher spontaneous
activity than less polymodal ones. This can contribute
to the understanding of how chronic unbalanced activity
in the peripheral receptors innervating the OS (due to
tissular damage or other pathological conditions) can
modulate CNS activity.

Conclusion

Our work describes the somatotopic representation of
the OS in the CNS somatosensory structures as thalamus
and primary somatosensory cortex. Moreover, we have
characterized the physiology of OS sensory processing
at populational and single neuron levels, showing the
consistency between them, as well as the diversity of
neuronal identities in response to different sensory
modalities. These findings are crucial for the field
of ophthalmology, in which a myriad of highly pre-
valent somatosensory alterations are poorly understood
at the mechanistic level. OS pathologies are presumably
producing relevant (and unknown) plastic changes in the
thalamocortical circuits, such as those reported for dry eye
disease in the brainstem.
Furthermore, we pinpoint some new insights into

modality information processing in a highly poly-
modal tissue like the OS, proposing new principles
of organization that are potentially crucial for our
understanding of how a unified, multimodal conscious
perception is generated. Whether these results are
generalizable for all S1 represented structures is a question
still to be addressed.

Limitations

In addition to previously mentioned limitations, we want
to highlight that the limbus and the conjunctiva of the
rats are almost not exposed to the external environment,
so we are preferentially stimulating the cornea in this
work. Furthermore, we have tried a limited set of stimulus
modalities, and others could appear to be relevant for
the OS field, such as pure mechanical pressure, acid,
osmolarity and dryness stimulation.
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Translational perspective

Here we characterize, for the first time, the neurons in the primary sensory cortex and thalamus that respond
to ocular surface stimulation. This is a milestone for ophthalmology, as it is known that painful diseases modify
the central nervous system, contributing to the maintenance and refractoriness of the symptoms. Therefore,
the characterization of ocular surface representation of the thalamus and cortex will enable an interrogation
of the neural foundation of important diseases such as trigeminal neuralgia and dry eye disease, guiding new
therapeutic approaches such as brain stimulation.

Furthermore, we analysed how stimulus of distinct types (modalities) are integrated, from the sensory neurons
directly innervating the ocular surface to the thalamus and cortex integrating information. Modality integration
in the somatosensory cortex and thalamus has been barely explored, and our contribution here is double: first,
we present the ocular surface as an ideal studymodel, as it is highly sensitive tomanymodalities and is accessible
to stimulation. Secondly, knowing how different modalities are integrated generates a better understanding
of analgesia produced by sensory stimulation, such as cold-induced analgesia or touch/compression-induced
analgesia. These findings are therefore also relevant for pain medicine and somatosensory neuroscience.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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