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Abstract
Mediodorsal thalamic nucleus (MD) is a critical relay of nociception. This study recorded responses of MD neurons to nox-
ious mechanical and thermal stimuli in isoflurane anesthetized rats. We found the threshold of noxious mechanical stimula-
tion was 141 gw and that of noxious heat stimulation was 46 °C. A significantly higher percentage of noxious inhibitory 
neurons were found in the medial and central part of the MD, whereas a higher percentage of noxious excitatory neurons 
were found in the lateral part of the MD and adjacent intralaminar nuclei. The differential distribution of excitatory and 
inhibitory neurons implies functional differentiation between the medial and lateral part of the MD in nociception process-
ing. Furthermore, by an analysis of the stimulus–response function (SRF), we found 80% of these excitatory neurons had 
a step-function or hat-shape-like SRF. This suggests that most of the MD neurons may serve as a system to distinguish 
innocuous versus noxious stimuli.

Keywords Mediodorsal thalamic nucleus · Intralaminar thalamic nuclei · Stimulus–response function · Multiple single-unit 
recording

Introduction

Mediodorsal thalamic nucleus (MD) contains numerous 
nociceptive neurons [1]. They are mostly noxious-specific, 
containing a large receptive field including visceral organs 
[2]. The neurons of MD directly project to the medial pre-
frontal cortex [3, 4] and insular cortex [5]. These target 
cortex are consistently activated by noxious stimulations 

in humans [6–8] and in rodents [9, 10]. Medial thalamic 
lesioned rats, which had major lesions in MD, showed tem-
porary antinociception to inflammatory nociception [11] 
and to visceral nociception [12]. The study using activity-
dependent tracing technique indicated that the projection 
from MD to medial prefrontal cortex was more activated 
by noxious than innocuous electrical stimulation, and the 
activation was inhibited by morphine administration [13]. 
These results support that MD is a critical relay of nocicep-
tion information.

The MD of rats contains three subnuclei, which are 
medial (MDm), central (MDc), and lateral (MDl) subnu-
cleus. The cortical projections of rats of each MD subnu-
cleus have been investigated by anterograde tracers injected 
in MD [3, 14]. The MDm projected to prelimbic cortex and 
dorsal agranular insular cortex; the MDc projected to ventral 
agranular insular cortex and lateral orbital cortex; the MDl 
projected to anterior cingulate cortex and medial precentral 
cortex. Retrograde tracing from various cortex showed that 
the ventral part of MDm projected to medial orbital cortex 
and dorsal part of MDl projected to ventral orbital cortex 
[15, 16]. Although the cortical connections are different, it 
is unclear whether the nociceptive responses of each MD 
subnucleus are different.
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Furthermore, a linear stimulus–response function (SRF) 
indicates the coding capability of stimulus intensity, and a 
sigmoidal SRF is interpreted as providing a detection signal 
of stimulus occurrence [17, 18]. The SRFs of entire MD to 
visceral noxious stimuli of anesthetized rats [2] and to laser-
heat of conscious rats [19] were reported, however, there was 
no study to access the nociceptive responses in subnuclei of 
MD qualitatively and quantitatively.

The goal of the present study was to investigate the details 
of nociceptive responses in MD, including the types of noci-
ceptive neurons and their distributions in subnuclei. By mul-
tichannel microelectrode recording and SRF analysis, we 
found that more noxious-inhibitory units were aggregated 
in the medial and central part of the MD, and the shape of 
SRFs suggested MD and adjacent intralaminar nuclei (IL) 
were better at distinguishing occurrences of noxious stimuli 
rather than coding intensity. A part of the results of the pre-
sent study were previously published in abstract form [20].

Materials and methods

Ethical approval

All experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of 
National Taiwan University and adhered to guidelines 
established by codes for experimental use of animals from 
the Council of Agriculture, Executive Yuan, Taiwan. This 
guideline is based on the “Guide for the Care and Use of 
Laboratory Animals” (Guide 2011 Edition), the “Checklist 
of the Office of Laboratory Animal Welfare” in the National 
Institutes of Health in the United States, and further revised 
according to the requirements of the Association for Assess-
ment and Accreditation of Laboratory Animal Care, Inter-
national (AAALAC).

Animal preparation

Thirteen male Wistar rats (300–450 g) were used in this 
study. Rats were initially anesthetized with ketamine 
(90 mg/kg; i.p.) and xylazine (10 mg/kg; i.p.). A trache-
otomy was performed, and the left jugular vein was cannu-
lated. The anesthetic was switched to 2% isoflurane when 
the rat showed signs of lightly and quickly breathing or 
whisker vibrating. Craniotomies were performed over 
an area that ranged 0.5–2 mm lateral to the midline and 
2–4 mm posterior to the bregma, and the recording depth 
was 4.8–6.4 mm ventral to the cortical surface. Rats were 
paralyzed by gallamine (50 mg/kg, i.v., with the same sup-
porting dose given every hour) and artificially ventilated. 
Rats were allowed occasional windows without paralysis 
so that their flexor reflex and anesthetic condition could be 

checked. The body temperature was maintained at 37.5 °C 
with a homeothermic blanket (Harvard Apparatus, Hol-
liston, MA, USA).

Experimental protocol

After a craniotomy, the concentration of isoflurane was 
adjusted to 0.7%, which was maintained through the end of 
the experiment.

A 16-channel linear Michigan probe with a 100-μm 
interelectrode distance (A1 × 16–10 mm-100-413, Neu-
roNexus Technologies, Ann Arbor, MI, USA) was inserted 
into the target nuclei of the right thalamus. The reference 
electrode was a stainless-steel wire inserted in the neck mus-
cle. The signals were filtered at 150–8000 Hz, amplified at 
10,000–32,000, and sampled at 40 kHz. The Michigan probe 
was advanced slightly until a position to yield maximal num-
ber of single unit and held this position for 30 min to record 
neuronal activities evoked by stimulation protocol. Complex 
waveforms for all 16 channels were sorted and discriminated 
into single unit by an interface package and recorded to a 
computer (MEA Workstation, Plexon, Dallas, Texas, USA).

The 0.7% isoflurane was close to 1 minimal alveolar 
concentration which determined by a series of experiments. 
First, three rats underwent the same initial anesthesia as the 
aforementioned. Once the ketamine/xylazine anesthesia 
became too light, 2% isoflurane was given through a mask 
for 30 min, which mimicked the period required for a crani-
otomy and electrode insertion. Then, the concentration was 
adjusted to 1% for 15 min to test the pinch reflex with a 
vessel clip (with a jaw size of 1.5 × 10 mm; World Preci-
sion Instruments, Sarasota, FL, USA) that was applied to 
the hind paw digits for 15 s. Depending upon the response, 
the anesthetic concentration was increased or decreased by 
0.2%. After an equilibration time of 15 min, the clip was 
reapplied. This process was continued until the anesthetic 
concentration was found that just prevented minimal with-
drawal. At this concentration, 1 ml of blood from a tail 
vein was sampled to determine the plasma concentration of 
isoflurane by gas chromatography [21]. The results for the 
three rats were 0.72, 0.79, and 0.57% (mean, 0.7% ± 0.1%). 
Second, we monitored blood pressure of three rats by addi-
tional femoral arterial cannulation under the same anesthesia 
treatment. Noxious pinch stimulations (up to 1200 g, hand-
held pincher, RP-1, Bioseb, Chaville, France) were applied 
to the intact hind paw every hour to 5 h. Blood pressure and 
heart rate results showed a gradual increasing trend, how-
ever, no fluctuations caused by noxious mechanical stimuli 
was observed (one example in Fig. 1). Therefore, we used 
0.7% isoflurane in the present study. All rats in the prelimi-
nary tests were the same gender and body weight as the 
experimental rats.
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Noxious mechanical stimulation

The receptive fields of units were defined by pinching the 
four extremities, bilateral ears, and tail. A vessel clip (with 
a jaw size of 1.5 × 10 mm. World Precision Instruments) 
was applied for 10 s. The inter-stimulus interval was at least 
1 min. Following the receptive field mechanical stimulation, 
the SRF was assessed by a calibrated hand-held pincher (RP-
1, Bioseb, Chaville, France) to produce a ramp-increased 
force onto the receptive fields. The pinching force level 
was processed with a PC-based system (sampled at 1 kHz) 
that signal was recorded to synchronize with the neuronal 
signals.

Contact heat stimulation

Contact heat stimulation was applied after the noxious 
mechanical stimulation. A customized thermoelectric cool-
ing chip coupled with a copper probe was used as the stimu-
lation probe. The tip area for heat stimulation was 25 mm2, 
and a thermistor was attached to the lateral surface of this 
area as a feedback control for the stimulation. The stimula-
tion probe was held by a manipulator so that it lightly con-
tacted the skin of the rat. The contacting surfaces of the 
stimulator and skin were moistened with a drop of saline 
for better thermal conduction. The baseline temperature was 
held at 35 °C for 3 min then gradually heated to 40, 45, 
or 50 °C. The heating process lasted 30 s, and the cooling 
process took 100 s back to the baseline temperature (see an 
example trace in Fig. 6c). Each stimulus was separated by a 
3-min interval of the baseline temperature to avoid the skin 
being overstimulated. After the 50 °C stimulation, the skin 

turned red in all cases, but no permanent tissue damage was 
observed; the experiment was then terminated.

Histology

Each animal received only one microelectrode penetration. 
At the end of each experiment, a small electrolytic lesion (20 
μA for 30 s, anodal DC) was made at the deepest channel of 
the recording electrode, and then after withdrawing the elec-
trode by 1 mm, a second lesion was made. After the electri-
cal lesions were made, the rats received one lethal bolus 
injection of sodium pentobarbital (80 mg/kg, i.v.) and were 
perfused with saline followed by 4% formalin. The brains 
were sectioned at 50 µm thick with a freezing microtome. 
Sections containing the recording track were examined fresh 
unstained using a ZEISS Axioplan 2 system equipped with a 
1.25X Plan-NEOF objective to delineate the fiber-rich MDm 
[22], and stained for either acetylcholinesterase histochem-
istry [23] or cresyl violet. MD subnuclei were identified 
(Fig. 2) and each recording site was reconstructed to the 
nearest coronal atlas plate [24].

Data analysis

A commercial offline spike-sorting program was used 
(OfflineSorter, Plexon). Spikes were sorted by their wave-
form characteristics (e.g., principle components, peak-volley 
amplitudes et al.). Each spike can be plotted in a space which 
was defined by two or three waveform characteristics (2-D 
or 3-D feature space). Spikes with similar waveforms will 
cluster in the feature space. The single unit was defined as 
a distinguishable cluster in feature-space. Rate histograms 
and stimulus–response function analysis were carried out 
using NeuroExplorer (Nex Technologies, Littleton, MA, 
USA) and MatLab (MathWorks, Natick, MA, USA). Neu-
ronal firings evoked by pinching and contact heat stimuli 
were determined from a histogram with a 1-s bin. Frequen-
cies of neuronal firings were normalized to their baseline 
activities (60 s preceding the stimuli) and were represented 
by Z scores [25]. During the stimulus period, firings that 
exceeded a score of 2.33 (at the 99% confidence level) and 
were sustained for 3 s were considered to be excitatory 
responses. Since inhibitory responses were either entirely 
or partially silenced, they could not fit the definition as the 
excitatory responses (that is, the firings that exceeded a 
score of − 2.33 during the stimulus period), so we defined 
the inhibitory response as bin values during noxious stimuli 
were significantly lower than baseline activities (according 
to a two-tailed Student’s t test). The bin numbers of baseline 
activities were the same as that of noxious stimuli.

Units with repeated responses to pinching were regarded 
as pinch-responsive units; units that responded to 45/50 
or 50  °C stimulation alone were regarded as contact 

Fig. 1  No cardiovascular responses to noxious pinch stimuli (lowest 
traces reflecting the stimulus strength in gw). Blood pressure (BP), 
mean blood pressure (MBP), and heart rate (HR) did not obviously 
change before and after noxious pinch stimuli (> 1000 gw) over 5 h 
among three rats. One example showed
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heat-responsive units. Units were catalogued as mechano-
nociceptive alone (pinch, P), thermo-nociceptive alone (heat, 
H), both mechano- and thermo- nociceptive (PH), and non-
responsive (NR) units. PH and P units that were activated 
during ramp pinching were used to calculate the mechanical 
SRFs, whereas PH and H units that were activated during 
heating to 50 °C were used to calculate the thermal SRFs. 
Coding units were defined as firing rate increased with 
stronger stimulation.

Distribution of excitatory and inhibitory units over tha-
lamic nuclei was analyzed by a Chi-square test or by Fisher’s 
exact test if any observation was < 5. Percentage of excita-
tory and inhibitory units over thalamic nuclei was analyzed 
by a Z test. Neuronal activities between groups were ana-
lyzed with the nonparametric Kruskal–Wallis one-way 
analysis of variance (ANOVA) on ranks, and Dunn’s test 
was used as a post hoc analysis to detect sources of signifi-
cant difference between groups. The statistical significance 

threshold was set to 0.05. All statistics were calculated using 
SigmaStat 3.5 for Windows (Systat Software, Chicago, IL, 
USA).

Results

In total, 179 units had been isolated (2.2 ± 0.1 units/chan-
nel of microelectrode) and histological confirmed within the 
MD/IL from the thalamus of 13 rats (Fig. 3). The units were 
recorded from MDm (n = 25), MDc (n = 40), MDl (n = 50), 
and IL (n = 64, Table 1). No unit had responses when the 
mechanical or thermal stimulator gently touched on the 
rat’s skin. One hundred and twelve units responded to either 
noxious pinching or heating in form of excitatory (n = 73), 
inhibitory (n = 29), or mix (n = 10). Mix units had excita-
tory responses on some receptive fields and had inhibitory 
responses on other receptive fields. We further distinguished 
units into PH, P, and H (Table 2); these functionally classi-
fied units were intermingled each other (Fig. 3). Since we 
pinched four limbs of every rat, we can describe the pinch 
receptive fields (pinch-RFs) over four limbs (Table 3). Most 
neurons had bilateral pinch-RFs. Minor portion of neurons 
had pinch-RFs contained only contralateral limbs. It was 
worth noting that only noxious-excitatory neurons had ipsi-
lateral pinch-RFs.

Differential distribution of noxious‑excitatory 
and noxious‑inhibitory units

Inhibitory units were all recorded from the MDm and MDc 
thalamic nuclei except one from the central medial (CM) 
nucleus. A 2-by-4 Chi-square test indicated that there was a 
significant correlation (Table 1, p < 0.001) between response 
types (excitatory/inhibitory) and MDm/MDc/MDl/IL tha-
lamic nuclei. Two-by-two Chi-square tests further showed 
no differences between the MDm and MDc thalamic nuclei 
(p = 0.47), or between the IL and MDl thalamic nuclei 
(p = 1, Fisher’s exact test). However, different distributions 
were found for MDm/MDc and IL/MDl thalamic nuclei 
(p < 0.001, * in Table 1). The percentage of inhibitory units 
over responsive units in the MDm/MDc thalamic nuclei was 
60% (28/47), which was higher than that in the MDl/IL tha-
lamic nuclei (1/65 = 1.5%, Z test, p < 0.001). The percent-
age of excitatory units over responsive units in the MDm/
MDc thalamic nuclei was 23% (11/47), which was lower 
than that in the MDl/IL thalamic nuclei (62/65 = 95%, Z test, 
p < 0.001). Thus, our data demonstrated a large number of 
noxious-inhibitory units aggregated in the MDm/MDc tha-
lamic nuclei, whereas a larger number of noxious-excitatory 
units aggregated in the MDl/IL.

Fig. 2  Histological method for identifying MD subnuclei. a Photomi-
crograph of the medial thalamus in a wet unstained frozen section. 
b The same section after AChE histochemical staining. Note MDc is 
fiber-rich and can be clearly distinguished in the wet freshly prepared 
section in a and the MDl is AChE-rich and clearly distinguishable in 
the AChE stained section in b. C MDc, ILN intralaminar nuclei, M 
MDm, L MDl. Calibration bar is 1 mm
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Stimulus–response functions of noxious‑excitatory 
and noxious‑inhibitory neurons

Sixty of 65 excitatory and mixed PH and P units were suc-
cessfully tested by ramp pinching. Eight units with after-
discharge responses were excluded from the mechanical 
SRFs since they were not activated during ramp pinching. 

Figure 4a shows an example of one unit with coding prop-
erty for which firing increased with an increasing pinch 
force (upper raster); while the other (lower raster) showed 
a trend as a hat-function like for which firing was strongest 
at 424 gw but diminished at higher intensity. Eighty per-
cent (42/52) of units were classified as non-coding units 
which fired extremely at certain intensity and sustained or 
declined responses at higher intensity. We further sepa-
rated these non-coding units into two types based on the 
features of SRFs, one is the hat-function like and another 
is step-function like. The averaged SRF of neurons with 
hat-function like feature (25/52, 48%) had significant fir-
ing at 141 gw, reached peak at 247 gw and diminished 
with increasing force (Fig. 4b(a)). For the step-function 
like group (17/52, 33%), the averaged SRF was stepped 
up a plateau of 565-1062 gw (Fig. 4b(b)). The averaged 
SRF of coding group (10/52, 19%) was proportional to the 
pinching force (Fig. 4b(c)). Half (13/25, 52%) of the hat-
function- like units were recorded from IL and the others 
were from MDc (6/25, 24%), MDl (4/25, 16%), and MDm 
(2/25, 8%). Equal amounts of step-function-like units were 
from IL (7/17, 41%) and MDl (7/17, 41%) and the others 
were from MDc (2/17, 12%), and MDm (1/17, 6%). Equal 
amounts of units of coding units were from IL (4/10, 40%), 
MDc (3/10, 30%), and MDl (3/10, 30%).

Fig. 3  Recording sites. a An 
exemplary photomicrograph of 
a wet unstained thalamic section 
showing the method for locali-
zation. Two electrolytic lesions 
(asterisk), separated by 1 mm, 
were made in the recording 
track. Sixteen equally spaced 
recording sites were identified 
by interpolation. The subnuclei 
were confirmed with acetyl-
cholinesterase staining. Scale 
bar: 1 mm. b–d Distribution 
of the recording sites in all rats 
is shown on coronal diagrams 
of the medial thalamus in a 
standard atlas [24], 2.8 (b), 3.3 
(c), and 3.6 (d) mm caudal to 
the bregma. Eight categories 
of units were identified: open 
circles, pinch excitatory; open 
squares, heat excitatory; open 
triangles, pinch and heat excita-
tory; solid circles, pinch inhibi-
tory; solid squares, heat inhibi-
tory; solid triangles, pinch and 
heat inhibitory; dashes, units 
responding to neither stimuli; 
and slash, mix responsive. Scale 
bar of (b–d): 0.5 mm

Table 1  Distribution of units in subnuclei of the MD and adjacent IL

E excitatory, I inhibitory, Mix inhibitory in one limb and excitatory 
in other limbs, NR non-responsive to pinch nor contact heat, MDm, 
MDc, MDl medial, central, and lateral part of the mediodorsal tha-
lamic nucleus, IL intralaminar thalamic nuclei including centrolateral, 
paracentral, oval paracentral, and central medial thalamic nuclei
a Excitatory units of MDl/IL (95%) was higher than that of MDm/
MDc (23%), Z test, p < 0.001
b Inhibitory units of MDm/MDc (60%) was higher than that of MDl/
IL (1.5%), Z test, p < 0.001

Subnuclei MDm MDc MDl IL Total

Total 25 40 50 64 179
NR 4 14 19 30 67
Responsive 21 26 31 34 112
E 4 (19%) 7 (27%) 29 (94%)a 33 (97%)a 73 (65%)
I 15 (71%)b 13 (50%)b 0 (0%)a 1 (3%) 29 (26%)
Mix 2 (10%) 6 (23%) 2 (7%) 0 (0%) 10 (9%)
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Thirty-two of 36 PH and H units were excited by 50 °C 
ramp stimulation and the remaining units were exclu-
sively excited by 40 (n = 2) and 45 °C (n = 2). Three units 

had delayed responses to 50 °C and thus were excluded 
from the SRF analysis. One example unit showed a robust 
response to 45 °C and 50 °C, but not to 40 °C (Fig. 5a). 
In Fig. 5b, color-coded responses of 36 PH and H units 
revealed that more neurons responded to 50 °C (30/36, 
83%) than to 45 °C (18/36, 50%), and more units showed 
after-discharge phenomena emerged after 50 °C. In addi-
tion, the cyan color bands (arrows in Fig. 5b) indicated 
that most units had similar response thresholds. Figure 5c 
illustrated one example unit with coding property (upper 
unit) and one example unit with non-coding property 
(lower unit) to 50 °C. Seventy-six percent (22/29) of units 

Table 2  Distribution of 
mechanonociceptive-
alone (pinch, P) and 
thermonociceptive-alone (heat, 
H) units in subnuclei of the MD 
and adjacent IL

Other abbreviations refer to Table 1
PH mechano- and thermonociceptive (pinch-heat, PH)

Subnuclei MDm MDc MDl IL

Responsive E I Mix Total E I Mix Total E I Mix Total E I Mix Total

PH 1 7 0 8 1 1 3 5 7 0 1 8 6 0 0 6
P 2 6 2 10 4 10 3 17 15 0 1 16 19 1 0 20
H 1 2 0 3 2 2 0 4 7 0 0 7 8 0 0 8

Table 3  Pinch-receptive fields (pinch-RFs) of noxious-excitatory (E), 
noxious-inhibitory (I), and mix units (Mix)

Pinch-RFs E I Mix

Bilateral 44 (80%) 17 (68%) 6 (60%)
Contralateral 7 (13%) 8 (32%) 4 (40%)
Ipsilateral 4 (7%) 0 0

Fig. 4  The stimulus–response functions (SRFs) of noxious-excit-
atory units to graded pinching. a Raster plots of the responses of 
two units (upper two panels) and the corresponding applied forces 
(lower panel) by a hand-held pincher. The light-gray unit in the upper 
panel had coding property, i.e., its firing frequency increased with 
an increasing pinching force. In contrast, the black unit in the lower 
panel showed that its firing frequency was the strongest at a certain 
threshold of the pinching force, but firing frequency did not increase 

any further with an increasing force. The two examples are from two 
different rats. b (a) Averaged SRF (mean ± SE) of 25 units with hat-
function-like features reached threshold at 141 gw, peaked at 247 gw, 
and diminished with an increasing pinching force. (b) Averaged SRF 
of 17 units with step-function-like features reached a peak at 565 
gw. (c) Averaged SRF of 10 units with coding property significantly 
increased at 727 gw. *p < 0.05, compared to the baseline data
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demonstrated step-function-like features characterized by 
the strongest firing at a certain threshold temperature, and 
the averaged SRF exhibited a plateau from 46 to 50 °C 
(Fig. 5d). Twenty-four percent (7/29) of units showed cod-
ing property with the averaged SRF significantly higher at 

49–50 °C (Fig. 5e). Most units of the step-function-like 
group were from MDl (11/22, 50%), IL (8/22, 36%), and 
the remaining were from MDc (3/22, 14%). Most units of 
the coding group were from IL (5/7, 71%) and the others 
were from MDm (2/7, 29%).

Fig. 5  The stimulus–response functions (SRFs) of noxious-excitatory 
units to contact heat stimuli. a An example response of a MD tha-
lamic nuclear unit to 40, 45, and 50  °C contact heat applied to the 
fore paw. The baseline temperature of the probe was held at 35  °C. 
Bin = 6  s. b The responses of all MD/IL thalamic nuclear units 
(n = 36) plotted against time. Each row represents data from a sin-
gle unit, and units’ activities are represented by the color-coded 
Z score. Note that there was a sudden increase in activity for most 
heat-responsive units (arrows). c The firing histograms of two exam-
ple units responding to 50  °C contact heat applied to the fore paw. 
The upper and lower units, respectively, show coding and non-coding 

properties. The two units were recorded at the same time in the same 
rat. The baseline temperature was held at 35 °C. At 10 s, the Peltier 
thermal probe was turned on, and it had reached 50  °C by the end 
of the 30-s heating period. The 50 °C stimulation-response data were 
used to construct the SRFs. d Averaged SRF (mean ± SE) of 22 units 
with step-function-like features showed the responses significantly 
increased from 46 to 50 °C. e Averaged SRF (mean ± SE) of 7 units 
with coding property showed the responses significantly increased 
from 49 to 50  °C. *p < 0.05, compared to the baseline activity at 
35 °C (Kruskal–Wallis one-way ANOVA on ranks, post hoc analysis: 
Dunn’s test)
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Twenty-five units were inhibited by noxious pinch stimuli. 
Twenty-one units were further tested by pincher (one exam-
ple unit in Fig. 6a). The averaged SRF showed the thresh-
old of inhibitory response was 455 gw. The units did not 
respond differently when the pinch intensity was larger than 
the threshold, and the shape of the averaged SRF was similar 
to step-down function (Fig. 6b). Twelve units were inhibited 
by contact heat stimuli (one example unit in Fig. 6c). The 
averaged SRF showed the responses significantly attenuated 
when the temperature higher than 48 °C (Fig. 6d).

Discussion

By multi-channel recording, we found a higher percentage of 
noxious-inhibitory units aggregated in MDm and MDc and 
noxious-excitatory units aggregated in MDl and IL thalamic 
nuclei. Through the quantitative analysis, we found that most 
noxious-excitatory and noxious-inhibitory units had SRFs 
that peaked at a lower but noxious intensity followed by sus-
tained or declined responses when stimulus increased. The 
results implied potential difference between MDm/MDc and 
MDl/IL and these units may serve as the role of distinguish-
ing noxious/innocuous stimuli.

Distribution of nociceptive neurons in subnuclei 
of MD and in adjacent IL nuclei

A possible mechanism of the aggregated noxious-inhibitory 
neurons may be the nociceptive, GABAergic neurons that 
preferential projected to the MDm and MDc thalamic nuclei. 
The ventral pallidum, the vertical limb of the diagonal 
band, and the reticular thalamic nucleus are the three major 
GABAergic inputs to the MD thalamic nucleus [26]. No 
study indicated that the vertical limb of the diagonal band 
had nociceptive responses. The reticular thalamic nucleus 
was reported to respond to noxious pinch stimuli [27], how-
ever, the MDm, MDc, and MDl thalamic nuclei all receive 
topographically reticular projections [28]. Neurons in the 
ventral pallidum of rats respond to noxious mechanical [29] 
and noxious thermal stimuli [30]. Locally, electrical stimu-
lation in the ventral pallidum induced inhibitory responses 
or excitatory followed by prolonged inhibitory responses in 
the MD thalamic nucleus [31, 32]. In addition, neurons in 
the ventral pallidum had restricted projections to the MDm 
[28]. Thus, we suggest that the ventral pallidum may have 
contributed to the aggregated noxious-inhibitory responses.

The function of the aggregated noxious-inhibitory neu-
rons in MDm and MDc is poorly understood. However, 
we speculated that it was involved in modulation of pain 
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Fig. 6  The stimulus–response functions (SRFs) of noxious-inhibi-
tory units to graded pinching and to contact heat. a Raster plots of a 
MDm unit responded to applied forces (lower panel) by a hand-held 
pincher. b Averaged (mean ± SE) SRF of 21 noxious-inhibitory units 
showed the response significantly reduced at 455 gw. c Raster plots of 

the same MDm unit responded to 50 °C contact heat (lower panel). 
d Averaged SRF of 12 noxious-inhibitory units showed the response 
significantly reduced at 48  °C. *p < 0.05, compared to the baseline 
data (Kruskal–Wallis one-way ANOVA on ranks, post hoc analysis: 
Dunn’s test)
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threshold through rostral agranular insular cortex (RAIC) 
circuit. Unlike MDl thalamic nucleus predominately projects 
to medial prefrontal cortex [3, 4, 33], MDm and MDc tha-
lamic nuclei have a distinct project to RAIC [5]. Increasing 
local GABA concentration in RAIC produced analgesia in 
freely moving rats. Selectively activation of  GABAB recep-
tor containing neurons in RAIC which projects to amygda-
late produced hyperalgesia [34]. The excitatory and inhibi-
tory neurons in MDm and MDc might modulate this circuit 
from thalamic level.

Step‑function‑like and linear function of SRFs in MD 
and adjacent IL nuclei

A lot of the SRFs of the MD and adjacent IL neurons were 
step-function-like to either noxious mechanical or heat stim-
uli. This type of SRF is supposed better in distinguishing the 
presence of noxious stimuli than coding the stimuli intensity. 
Indeed some units in IL could encode faithfully to pinching 
intensity [35], however, the ensemble response in MD cannot 
follow the intensity of visceral expansion [2]. The ensemble 
response of MD neurons increased when the intensity was 
increased from 20 to 80 mmHg, but declined at 100 mmHg. 
The decline response was also found in inhibitory ensemble 
responses of MD [2]. Ascending modulation by dorsal raphe 
nucleus may account for the reduced responses of medial 
thalamus when receiving extremely hight intensity stimuli. 
Many medial thalamic nuclei, including CL, CM, OPC, PC, 
and MD thalamic nuclei received moderate-to-dense projec-
tions from dorsal raphe [36]. Electrical stimulation at dorsal 
raphe nucleus reduced nociceptive responses of parafascicu-
laris (Pf, one of the IL nuclei) thalamic neurons [37–39].

The coding ability of MD and adjacent IL neurons 
was 0.01 spikes/g (see the slope of c in Fig.  4b). In 
contrast, the coding ability of rat wide-dynamic range 
neurons in the ventrobasal (VB) thalamic complex is 
0.8–0.9 spikes/g [40, 41], and that of noxious-specific 
neurons is 0.125 spikes/g [40]. Thus, the coding ability 
of medial thalamic neurons is much weaker than that of 
the VB complex. This situation is the same as that with 
contact heat for which slopes were 0.5–1.3 spikes/ °C in 
the MD and adjacent IL (see the slope in Fig. 5e) and 
1–4 spikes/°C in the VB complex [42], however, some 
units also had sigmoid-like SRFs in the VB complex of the 
raccoon [43]. Studies from awake animals demonstrated 
that IL [44] and MD [19] thalamic neurons can encode 
stimulus intensity. Bushnell et al. [44] demonstrated one 
CM neuron of awake monkey had excellent coding ability, 
which was 6.6 spikes/°C from 46 to 49 °C. However, the 
coding ability of ensemble response was shown at lim-
ited temperature of 37, 45, and 47 °C. It was unknown 
that the ensemble responses to temperature higher than 

47 °C. Zhang et al. [19] had demonstrated coding ability 
of MD neurons to noxious laser heat. Either the number 
of responded neurons or the ensemble activities showed 
sigmoidal SRFs with plateau from 150 to 180 mJ. By lin-
ear regression of SRFs, coding ability of MD neurons to 
laser-heat stimuli was 0.018 z-score/mJ.

The hat- and step-function-like non-coding neurons 
may be comparable with the thresholds of noxious-tap 
and the nociceptive–specific neurons of IL neurons of cats 
[35]. The threshold of noxious-tap neurons was 50–200 gw 
and the threshold of nociceptive-specific neurons was 
500–700 gw [35]. Medial thalamic neurons of rats were 
classified as nociceptive-specific and noxious-tapping [1, 
45, 46] but the responsive thresholds were not quantified. 
Our data indicated that there were also low (141 gw for 
hat-function-like) and high (565 gw for step-function-like 
units and 726 gw for coding units) mechanical thresholds 
of MD and adjacent IL in rats. Furthermore, our data 
showed the neuronal activities sustained or declined even 
the stimulus intensity increased.

Functional interpretation of step‑like non‑coding 
neurons in MD and adjacent IL

Different patterns of SRF may show different functional 
characteristics of a neuron. The step-function-like feature 
of SRF would show a neuron could discriminate two dif-
ferent types of stimuli. In our case, such step-function-
like features of these non-coding neurons imply they could 
discriminate noxious and non-noxious stimuli. This may 
indicate that they serve as an “alarm” function, not only 
did these units have step-function-like responses, but also 
most of them had a fairly high threshold.

The medial thalamus receives strong inputs from mes-
encephalic reticular formation and thus is regarded as an 
anterior part of ascending reticular arousal system [47]. 
Infarctions of medial thalamus caused conscious defi-
ciencies in patients [48]. The cerebral blood flow of the 
IL thalamic nucleus increased when the subjects became 
attentive in human [49]. The firing rate and firing patterns 
of the IL thalamic nucleus changed correlatively with the 
sleep–wake cycles in cats [50]. Moreover, conscious level 
of rats decreased by abolishing neuronal activities [51] 
and increased by activating the neuronal activities of IL 
thalamic nucleus [52, 53]. Electrical stimulation of the 
IL thalamic nucleus can desynchronize EEG in cats [54], 
and this technique was adapted to improve the arousal of 
patients in a minimally conscious state [55]. By combining 
the above-mentioned knowledge, the MD and adjacent IL 
neurons may provide a robust activation to cortex, and this 
activation may elevate arousal and allow the organism to 
be more aware of further noxious stimuli.
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Conclusions

The medial aggregated of inhibitory and lateral aggregated 
of excitatory neurons in the MD and adjacent IL highlights 
the differences of the related pain-pathways. The step-func-
tion-like SRFs implied that many of the MD neurons may 
serve the function of distinguishing innocuous versus nox-
ious stimuli.
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