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Abstract

Prior anterograde tracing work identified somatotopically organized lamina I trigemino- and

spino-thalamic terminations in a cytoarchitectonically distinct portion of posterolateral thalamus

of the macaque monkey, named the posterior part of the ventral medial nucleus (VMpo; Craig,

2004b). Microelectrode recordings from clusters of selectively thermoreceptive or nociceptive

neurons were used to guide precise micro-injections of various tracers in VMpo. A prior report

(Craig and Zhang, 2006) described retrograde tracing results, which confirmed the selective

lamina I input to VMpo and the antero-posterior (head to foot) topography. The present report

describes the results of micro-injections of anterograde tracers placed at different levels in VMpo,

based on the antero-posterior topographic organization of selectively nociceptive units and clusters

over nearly the entire extent of VMpo. Each injection produced dense, patchy terminal labeling in

a single coherent field within a distinct granular cortical area centered in the fundus of the superior

limiting sulcus. The terminations were distributed with a consistent antero-posterior topography

over the posterior half of the superior limiting sulcus. These observations demonstrate a specific

VMpo projection area in dorsal posterior insular cortex that provides the basis for a somatotopic

representation of selectively nociceptive lamina I spinothalamic activity. These results also

identify the VMpo terminal area as the posterior half of interoceptive cortex; the anterior half

receives input from the vagal-responsive and gustatory neurons in the basal part of the ventral

medial nucleus (VMb).
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INTRODUCTION

Lamina I neurons at the margin of the spinal / trigeminal superficial dorsal horn are crucial

for pain and temperature sensations in primates. Modality-selective thermoreceptive and

nociceptive lamina I neurons (Christensen and Perl, 1970; Craig, 2003b; Willis et al., 1974)

contribute approximately half of the ascending spinothalamic fibers in monkeys and humans

(Kuru, 1949, Willis et al., 1979). The advent of anterograde tracing methods using a plant
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lectin (Phaseolus vulgaris leuco-agglutinin, PHA-L; Gerfen + Sawchenko, 1984) and label-

conjugated dextrans (Schmued et al., 1990) provided the high resolution and sensitivity

needed to identify the projections of small-diameter lamina I fibers at spinal, brainstem and

thalamic levels in cat and monkey (Craig, 1993, 1995, 2003a, 2004a).

Anterograde tracing experiments in long-tailed macaque monkeys using these novel tracers

revealed that a cytoarchitectonically distinct structure in posterolateral thalamus receives

trigemino- and spino-thalamic lamina I terminations that are somatotopically organized

along an antero-posterior gradient (head to foot; Craig et al., 1994; Craig, 2004a). It was

named the posterior part of the ventral medial nucleus (VMpo), because together with the

contiguous basal part of the ventral medial nucleus (VMb), it constitutes a topographically

coherent structure that receives ascending input representative of all interoceptive

(homeostatic sensory) activity (Beckstead et al., 1980; Pritchard et al., 2000). The lamina I

terminations in VMpo consist of dense clusters of large boutons that are glutamatergic

(Blomqvist et al., 1996) and form triadic synaptic complexes characteristic of thalamic relay

nuclei (Beggs et al., 2003). Thus, microelectrode recordings that revealed clusters of

thermoreceptive-specific (COOL) and nociceptive-specific (NS) neurons in VMpo that are

topographically organized with the same antero-posterior gradient (head to foot) naturally

suggested that VMpo could serve as a specific relay nucleus for pain and temperature

sensations (Craig et al., 1994). This conclusion was supported by evidence that a greatly

enlarged putative homologue is present in the human posterolateral thalamus (Craig et al.,

1994; Blomqvist et al., 2000) at the appropriate location to match other relevant findings

(Mehler, 1966; Hassler, 1970; Mesulam, 1979; Dostrovsky et al., 1992; Lenz et al., 1993;

Davis et al., 1999).

Preliminary anterograde tracing evidence that VMpo projects to the fundus of the superior

limiting sulcus (SLS) of the posterior insula in monkey (Craig, 1995a, 1995b, 2000; Craig et

al., 1995a) was convincingly corroborated by our quantitative positron emission tomography

(PET) study of graded innocuous cooling sensation in humans (Craig et al., 2000). The

apparent topographic continuity of the VMpo projection with the projections of vagal-

responsive and gustatory neurons in VMb to the anterior half of the fundus of the SLS

(Pritchard et al., 1986; Ito and Craig, 2008a) led to the realization that this entire cortical

area can serve as “interoceptive cortex” (Craig, 2002), a concept which converges with

considerable clinical interests (e.g., Goldman et al., 2010; Herbert and Pollatos, 2012), and

which led to fundamental ideas on the role of interoception and insular cortex in emotional

awareness, in subjective time perception, and in a wide variety of other domains that drew a

considerable portion of my time and attention (Craig, 2005, 2009a,b, 2010a,b, 2011).

Consequently, the detailed evidence on the characteristics and the thalamo-cortical

projections of VMpo neurons in the macaque that was described in meeting reports and

book chapters (cited above) remained unpublished, and in the absence of detailed

documentation, several authors questioned these findings (Wall, 1995; Willis et al., 2001,

2002; Graziano and Jones, 2004).

The present report is the first of a series of articles that will document in detail the

physiological characteristics and the cortical projections of VMpo and neighboring sites in

posterolateral thalamus of the long-tailed macaque monkey. The results described here
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validate the physiological localization of VMpo and document the antero-posterior (head to

foot) topographic gradient of selectively nociceptive neurons in VMpo. Its main projection

to the cytoarchitectonically distinct area centered at the fundus of the SLS is shown, and the

topographic organization of VMpo terminations in this area is demonstrated. This cortical

area has mistakenly been included in the second somatosensory field in atlases. In the

accompanying description of the architectonic organization of insular cortex in the macaque

(Evrard et al., xxxx), we identify this as a distinct area and call it the posterior dorsal fundus

of the insula, or Idfp. Some of these data were illustrated in preliminary reports (Craig,

1995a,b, 2000; Craig et al., 1995a).

MATERIALS AND METHODS

The material presented in this report was obtained from 15 adolescent or adult long-tailed

(cynomolgus) macaque monkeys (Macaca fascicularis), of either sex and weighing 2.0–5.0

kg; these cases were selected from a series of 103 experiments performed over a period of

almost 20 years (as explained below). The animals were treated according to the guidelines

of the American Physiological Society and the NIH, and according to protocols approved by

the Institutional Animal Care and Use Committee of the Barrow Neurological Institute.

Each animal was tranquilized with ketamine (25 mg i.m.) and then anesthetized with

pentobarbital administered through an angiocath placed in the right saphenous vein (40

mg/kg, with supplements given as needed to maintain areflexia). Dexamethasone (10 mg)

was administered; prophylactic broad-spectrum antibiotics were used in survival cases. Each

animal was mounted in a stereotaxic frame, and a hole in the right or left calvarium was

made aseptically. The dura was excised, and extracellular recordings were made with a

tungsten-in-glass microelectrode (tip ~20 um, plated with platinum black, impedance ~200

KOhm).

Physiological localization of VMpo

Based on the histological location of VMpo (Craig, 2004a), the following strategy was

designed for locating it using microelectrode recordings; (1) obtain recordings from clusters

of units with large spikes responsive to low-threshold cutaneous (mechanoreceptive) or deep

(proprioceptive) stimulation of the contralateral body in the main somatosensory nuclei, the

ventral posterior medial (VPM; face representation) and ventral posterior lateral (VPL; arm,

leg and body representation) nuclei, aiming first at the representation of the medial digits of

the hand at AP +7.0, ML +8.0.; (2) make successive penetrations progressively further

medial and posterior in steps of 0.25 or more, guided by the well-defined classical maps of

somatosensory thalamus (macaque monkey: Mountcastle and Henneman, 1952; raccoon:

Welker et al., 1964; cat: Rose and Mountcastle, 1952), in order to obtain recordings

sequentially from the mechanoreceptive representations of the ear, cheek, nose, lips, and

finally contralateral and ipsilateral intraoral surfaces (Bombardieri et al., 1975; Jones et al.,

1986); (3) in the first penetration in which no such low-threshold responses are obtained at

the same depths (taking care to note the intervening presence of CM most medially), use

appropriate search stimuli that could be expected to activate neurons that receive a dense,

selective input from lamina I spinothalamic neurons, viz. innocuous cool, pinch, noxious
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heat, deep pressure and noxious cold (in order of increasing potential trauma), beginning

most anteriorly with stimulation of the face (VMpo; as shown previously in Fig. 1 of Craig

et al., 1994, and Fig. 1 of Craig and Zhang, 2006). In the following, “clusters” are multi-unit

recordings selectively activated by a single stimulus modality from a common RF or closely

overlapping RFs, and "background activity" refers to acoustic hash that was interpreted to

signify activation of neuropil within 200 µm of the microelectrode tip.

The manual search stimuli used were based on experience gained in prior

electrophysiological experiments in which lamina I spinothalamic neurons were functionally

characterized in cats (e.g., Craig and Kniffki, 1985; Craig and Dostrovsky, 1991; Craig and

Hunsley, 1991; Craig and Serrano, 1994; Craig et al., 2001), and also from lamina I

recordings made in monkeys in order to guide the precise placement of anterograde tracer

injections (Craig, 1993, 1995, 2004a). It was important to use search stimuli that were just

adequate for driving lamina I neurons, because excessive noxious stimulation can quickly

cause sensitization, resulting in multireceptive responses, and eventually can cause

nociceptive lamina I neurons and VMpo neurons to become almost completely silent in a

barbiturate-anesthetized cat or monkey. A crucial advantage was the use of platinum-plated

tungsten-in-glass microelectrodes custom-built in this laboratory (Craig et al., 2001),

because an excellent microelectrode, appropriately shaped and plated, can provide not only

clear recordings of clusters and isolated single units in VMpo, but also background signals

that, with good-quality audio equipment, can enable a discriminating ear to hear recorded

activity from neighboring sources (clusters of cells and incoming afferent fibers) in the

surrounding neuropil. Brief pinch stimuli were regularly applied to densely innervated

regions, such as the lips, nares, eyebrow, ear, hand, shoulder, hip and foot, and audible

background activity often revealed that responsive neurons were very near at that depth.

Such background activation provided invaluable guidance which supported the identification

of selectively nociceptive neurons with a small RF (receptive field) in an obscure location,

such as the lateral chest (see Results, case m154, AP 6.1, ML 7.2).

Cool and cold were applied with a small plastic beaker filled with crushed ice (cooling-

sensitive units almost always responded immediately, or even prior to contact; the beaker

was never applied longer than 30 sec), pinch was applied with a flat 6” anatomical forceps

(thermoneutral), warmth and heat were applied with a radiant heat lamp (made with a

standard 150W projector bulb) from appropriate distances (noxious threshold after

approximately 5 sec; Craig et al., 2001), and deep pressure was applied using fingers,

fingernails and an anatomical forceps with 1 cm wide flat plates affixed to each side (Mense,

1985). Analog records were preserved on tape and on a PC computer using the program

Spike2 (CED, Cambridge, UK).

Anatomical tracer injections

Nearly all experiments were survival experiments, in which injections of neuroanatomical

tracers were made at selected sites by withdrawing the microelectrode and replacing it with

a micropipette. Because systematic recordings and injections in VMpo were nearly

impossible due to its small size (as explained in Results), micro-injections of different

neuroanatomical tracers were made according to the particular recordings that were
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serendipitously obtained in each animal. Eventually, a thorough coverage and an adequate

number of cases in which the micro-injection was appropriately placed could be expected,

based on the natural variation in the shape and size of VMpo and the variation in

microelectrode and micro-injection placement. In general, each case was processed

completely before the next injection procedure, in order to identify and address any

unexpected problems.

The injection micropipette (tip ca. 15 µm) was filled with cholera toxin subunit b (CTb; 1%,

List Biological, Campbell, CA, or Sigma, St. Louis, MO) or one of several conjugated

dextrans (10K dextran conjugated with biotin, rhodamine, fluorescein, Alexa 546, Alexa

594, or Alexa 488; 10% in 0.01M phosphate buffer [PB], Molecular Probes / Invitrogen,

Palo Alto, CA). Stereotaxic calibration was performed by aligning the micropipette with a

mark on the edge of excised bone using a dissection microscope; re-alignment accuracy was

estimated as better than +/− 100 µm in each dimension, based on visual inspection and

recordings made with a different microelectrode in prior penetrations. In addition, care was

taken to ensure that the external contour of the micro-pipette matched the contour of the

microelectrode; if it did not, then as it traveled through 25 mm of brain tissue to reach

VMpo, it compressed the tissue differently, and the tracks simply did not align.

Iontophoretic injections were made by passing 2–7 µA pulsed positive current (5s on, 5s off)

for 10–40 min. Pressure injections were made by applying pneumatic pressure pulses

(Picopump, WPI, Sarasota, FL) repeatedly until a calibrated amount had been delivered, as

measured using an eyepiece reticle on a dissection microscope. (In order to maximize the

utilization of animals, multiple anterograde tracer injections using different tracers were

generally made, sometimes on both sides of the brain, to study thalamo-cortical

connections.)

The animals survived 2–4 wks, and then were tranquilized with ketamine and deeply

anesthetized with pentobarbital. Intravenous heparin was administered (10000 IU), a lethal

dose of pentobarbital (60 mg/kg iv) was administered, and 90 sec later the animals were

perfused transcardially with 1 liter warm heparinized phosphate-buffered saline (0.1M PBS,

0.9% NaCl, 10000 IU heparin, pH 7.4, 37°C), followed by fixation with 1 liter 4%

paraformaldehyde and 0.2% picric acid in PB at room temperature, and then 1.5 liter cold

(10°C) 4% paraformaldehyde and 0.05% glutaraldehyde containing 10% sucrose in PB.

Histological processing

The brainstem was removed from the diencephalon by a transverse cut at the ponto-

mesencephalic boundary, and the spinal cord was separated from the brainstem at the C1–2

junction. Tissue blocks were stored in 30% sucrose in PB at 4°C for 3–30 days. Serial 50 µm

frozen sections (sometimes at other thicknesses, e.g., 60 µm) were cut in the coronal plane

from the diencephalon and cortex and collected in Tris-buffered saline (0.1M TBS, 0.9%

NaCl, pH 7.4); alternate sections were stained with thionin for injection site localization. In

some cases, the thalamus was separated from the cortex and processed separately. The

brainstem and spinal cord were processed as described earlier, if necessary (Craig and

Zhang, 2006).
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If need be, the sections were processed immunohistochemically for visualization of CTb

with the ABC/DAB protocol at room temperature on a shaker table, as described before

(Craig et al., 2002). Our protocol is as follows: using ample rinsing between steps in TBS

and TBS-T (with 0.1% Triton-X and 0.1% NaN3), the sections are treated with: 0.02%

NaIO4, 15 min; 0.1% NaBH4, 15 min; 0.5% egg white, 30 min; 2% normal horse serum

(NHS), 2 hr; rabbit anti-CTb (1:40,000, List) in 2% NHS, 40–48 hr; biotinylated goat anti-

rabbit IgG (1:800, Vector), 4–8 hr; ABC solution (Vector) 1 hr; and lastly, a DAB reaction

(0.025% diaminobenzidine and 0.02% hydrogen peroxide for 3–7 min). The sections were

mounted from TBS onto gelatin-dipped slides, air-dried, rinsed in alcohol/chloroform (30

min) and Citrisolv (a non-toxic substitute for xylene, Fisher), and coverslipped with

Permount (Sigma). Fluorescent labeling was examined as soon as possible, since in some

cases the fluorescent tracer labeling faded within hours after coverslipping. Fluorescent-

labeled material was stored in a refrigerator (4°C) until analysis was complete.

Sections containing biotin-conjugated dextran (BDA) were simply incubated with the ABC

solution followed by a DAB reaction, and sections containing fluorescent tracers were

mounted, cleared and coverslipped, as described before (e.g., Ito and Craig, 2008b).

Labeling was documented by two or more observers in many cases. Injection sites were

plotted on individual camera lucida drawings at 14X, photographed, and re-plotted on a

standard cytoarchitectonic chart of the thalamus based on one case (m18; Craig, 2004).

Cytoarchitectonic delineations of the thalamus were made according to Craig (2004), using

Stepniewska et al. (2003) for additional guidance. The VMpo was identified according to the

cytoarchitectural criteria documented in the detailed report of anterograde labeling from

lamina I (Craig, 2004a). Labeling in cortex was plotted on camera lucida drawings and then

re-plotted on a standard cytoarchitectonic chart based on serial levels shown in the macaque

atlas of Szabo and Cowan (1984). Color photomicrographs were made using push-processed

Fujicolor 400, and digital photographic images were obtained with a Leaf Microlumina

scanner (3380×2253 pixels), a Hamamatsu Orca-HR CCD camera (4000×2624 pixels), or a

Nikon DS-Fi1 color CCD camera (2560×1920 pixels) and printed from Adobe Photoshop

after contrast enhancement and sharpening. Histological processing and analysis of each

case lasted approximately 4–6 weeks.

The quantitative estimates of micro-injection site locations shown in Table 1 are based on

the ordinal value of the section containing the injection site in relation to the total number of

coronal sections in which VMpo is visible in each brain. For example, if VMpo is visible on

10 consecutive thionin-stained sections (whether 1-in-2 or 1-in-4) and the micro-injection

site was located on the 9th section (counting from posterior to anterior), then it was located

at the level that is 90% of the length of the nucleus. The quantitative estimates of the antero-

posterior location of the anterogradely labeled terminal field in Idfp for each case were

calculated similarly, that is, on the basis of the ordinal numbers of the sections containing

the terminal labeling field in relation to the total number of sections between the posterior

limit of the SLS, where it joins the inferior limiting sulcus to become the lateral sulcus, and

the limen insulae, the first section in which the frontal lobe is separate from the temporal

lobe. If there are 100 sections between the posterior end of the SLS and the limen insulae,

and the terminal labeling is on sections 50–60 of that set (counting from posterior to

anterior), then the labeling is at levels 50–60%.
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RESULTS

The 15 experiments presented in this report were selected from 74 survival and 29 acute

recording experiments performed in the years 1991–2006, in which 208 isolated single units,

187 small units (i.e., not cleanly isolated), and 680 clusters were recorded in VMpo. Most of

the remaining experiments provide evidence regarding modality-selective details of VMpo’s

projections or the characteristics and projections of neighboring regions in posterolateral

thalamus, which are currently being analysed.

The long series of experiments was deemed necessary, because systematic recordings and

accurately placed tracer micro-injections in VMpo could not be achieved with present

technology, for several reasons: (1) VMpo is a small and structurally variable nucleus that is

difficult to find with a microelectrode; (2) functional identification of selectively nociceptive

neurons with small RFs located anywhere on the contralateral body is not trivial; (3)

microelectrode penetrations at the required 0.25 mm intervals are difficult to reconstruct

histologically, due to inevitable swelling and tissue distortion. Most importantly, as

documented below, (4) precise placement of tracer micro-injections in posterolateral

thalamus using a separate micro-pipette is unreliable. A double-barreled micro-electrode /

micro-pipette constructed in this laboratory was inadequate for recording from single units

or clusters in VMpo, though it provided satisfactory recordings of vagal-evoked potentials

(Ito and Craig, 2008b).

Thus, goals were set, but in each experiment injections were placed according to the

recordings that were serendipitously obtained, and the results were categorized according to

the eventual, histologically verified location of the recordings and the injections. The scope

of the project naturally grew to include several neighboring portions of posterolateral

thalamus. As expected, the variation in microelectrode and micro-injection placement

eventually provided a sufficient number of cases in which nearly the entire extent of VMpo

had been sampled and in which the micro-injections were appropriately placed. The

variation in the size of VMpo was considerable, and it clearly varied with the source of the

monkeys; its entire antero-posterior extent was generally in the range 1.0–1.4 mm, but in

some monkeys it was only 0.6 mm long, and in a few it was very difficult to identify VMpo

anatomically (particularly in batches from China).

In the following, three early cases are described that validate the physiological localization

of VMpo and document the unreliability of micro-injection placement. Next, the antero-

posterior (head to foot) topographic gradient of selectively nociceptive neurons in VMpo is

demonstrated with the results from five cases in which recordings were obtained from units

and clusters with RFs distributed from head to foot, and in which the histological

reconstruction showed that nearly the entire antero-posterior extent of VMpo had been

sampled. Next, a single case with a large injection centered in VMpo is presented, which

shows the main cortical projection of VMpo to area Idfp and ancillary projections. Finally,

six cases are presented in which tracer micro-injections were made at different antero-

posterior levels in VMpo; together, these cases document the antero-posterior topography of

the main VMpo projection to the dorsal posterior insula.
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Localization of VMpo recording sites as targets for tracer micro-injections

Figure 1 presents histological evidence from two experiments. The photomicrograph of a

thionin-stained section shown in the top panel documents histologically the recordings from

VMpo neurons in monkey m30. The sequence of recordings was as follows. The recordings

on penetration #9 disclosed no further clusters of large spikes responsive to low-threshold

mechanoreceptors, rather only background activity was heard in response to tapping the

teeth. Somewhat deeper in the same penetration, background activation was heard in

response to innocuous cooling applied to the contralateral lips and tongue. At that same

depth in a new penetration (#10) made just 0.25 mm further posterior, small units were

recorded that responded only to innocuous cooling applied to the contralateral tip of the

tongue. Deeper in the penetration, units that responded only to pinch and noxious heat

applied to small RFs on the lips were identified. In a new penetration made 0.25 mm further

posterior, beginning at that depth and extending over a vertical distance of almost 1 mm,

several single units and clusters were recorded that responded selectively to pinch applied to

small RFs on the nose, cheek, or maxillary face. The final recording penetration was made

another 0.25 mm further posterior, and at the same depths single units and small clusters

were recorded that responded selectively to pinch applied to the hand (digits 1–3; response

shown at bottom left of Fig. 1), anterior lower arm, and dorsal ear (at successively deeper

sites). The microelectrode was then used to make a penetration 2 mm lateral to that final

recording penetration, and a marking lesion was electrically burned (5 µA, 20 sec) at the

depth corresponding to the middle of the dorso-ventral range of nociceptive recordings in

the final penetration. The microelectrode was then replaced with a micropipette, which was

inserted to the same depth at an antero-posterior position between the last two recording

penetrations, where an iontophoretic injection of the tracer CTb (2 µA, 17 min) was made.

The photomicrograph in the top panel of Figure 1 shows the thionin-stained section which

best displays the marking lesion burned with the microelectrode (indicated by the long arrow

on the right) and the histological trace of the CTb injection micro-pipette. The lesion lies at

the same depth as the micro-injection of CTb (indicated by the long arrow on the left), as

intended. That depth lies within the cytoarchitectonic limits of VMpo, which are denoted by

the large triangular arrowheads. That localization verifies that the single units and clusters

that were recorded with thermoreceptive- and nociceptive-specific responses were in fact

obtained from VMpo neurons.

However, the photomicrograph also shows that the CTb micro-pipette did not penetrate in

exact alignment with the recording microelectrode. The injection was located at the intended

depth and very close to the intended medio-lateral position, but it was almost 200 µm too

posterior.

The photomicrograph in the lower panel of Figure 1 shows the histological verification of

VMpo recordings made during an acute experiment (vm1). In this monkey, dye-marked

penetrations were used to align the histological plane of section as closely as possible with

the direction of the recording microelectrode penetrations, and serial thalamic sections were

stained with thionin. The weakly gliotic histological traces of three recording penetrations

through VMpo are visible in the section displayed in the lower panel of Figure 1. Single

units and clusters of units that were recorded over a vertical extent > 1 mm during these
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penetrations evinced responses selectively to pinch and/or noxious heat and/or deep noxious

pressure applied within small RFs on the ear or the hand. Marking lesions were made at the

dorsal and ventral borders of this physiologically-defined region in the most medial

penetration of the three shown in Figure 1; as can be seen, these lesions lie on the dorsal and

ventral boundaries of the histologically visible VMpo, which is delimited by the large

triangular arrowheads. Thus, the recordings were again identified as VMpo units. (An image

of these lesions and quantitative records from this case were shown in the original report

[Craig et al., 1994.])

Figure 2 presents histological evidence from another experiment (m36) demonstrating

different issues with the placement of anterograde tracer injections in VMpo. The

photomicrograph in the top panel shows the histological traces of two recording

penetrations; in the lateral penetration (#7), a series of single units and clusters selectively

responsive to pinch applied to the ear, eyelid and lips were recorded, and in the medial

penetration (#8), a similar series of nociceptive responses was preceded by recordings from

single units selectively responsive to innocuous cooling applied to the lips. The

photomicrograph in the lower panel shows the histological trace of the final penetration (#9)

in the next consecutive (alternate) thionin section; this penetration was made 0.25 mm

posterior to penetrations #7 and #8, and single units and clusters were recorded that were

selectively responsive to pinch and/or noxious heat applied to the medial hand and fingers

D1–2. Following the recordings, a micro-pipette was inserted in order to make an

iontophoretic injection of Gdx (FITC-labeled dextran) at the site of the units responsive to

pinch on the face in penetration #7, and a second micro-pipette was used to make an

injection of Rdx (TRITC-labeled dextran) at the site of units responsive to pinching the hand

in penetration #9.

The histological trace of the micro-pipette used to make the Gdx injection is visible in the

upper panel; it followed the track of penetration #7 closely, as intended. However, that

injection failed; for some unknown reason, almost no fluorescent tracer was deposited.

The histological trace of the micro-pipette used to make the Rdx injection is visible in the

lower panel; the inset shows the fluorescent injection site, which was centered in the next

posterior adjacent (fluorescent) section. These images show that the Rdx injection was

located within VMpo, however, it lies almost 0.5 mm medial to the intended target in

penetration #9. Fortunately, anterogradely labeled terminations were found in the dorsal

posterior insula, which provided the first evidence for the cortical projection of VMpo.

Nevertheless, this case clearly showed that the accurate placement of a tracer micro-

injection at an identified recording site in VMpo using a separate micro-pipette was an

unreliable event.

The topographic gradient of selectively nociceptive VMpo neurons

In order to document the basic antero-posterior topography of recorded VMpo neurons, the

stereotaxic coordinates of units and clusters responsive selectively to pinch (i.e., with no

initial sensitivity to low-threshold mechanical stimulation) were collated from 5 experiments

in which (1) responses were obtained from RFs located in all three major regions of the

body: the face, head, ear and neck (region 1); hand, arm, shoulder, and chest (region 2); and
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foot, leg, abdomen, rump, and tail (region 3), and in which (2) microelectrode penetrations

were made through nearly the entire antero-posterior extent of VMpo. The

photomicrographs in Figure 3 illustrate all of the microelectrode penetrations in two of these

cases, m154 (left panels) and m57 (right panels). The penetrations in both of these cases

include very posterior (upper panels) and very anterior (lower panels) levels of VMpo that

were at or near (within 1–2 sections) its extreme limits. These photomicrographs can be

directly compared with the 3-dimensional plots in Figures 4A and 4B, which show the

distribution of recording sites with RFs in regions 1, 2 and 3 that were obtained in these two

cases. These graphs document the finding that the recording sites with RFs in region 1 (face)

were generally located most anteriorly, whereas the recording sites with RFs in region 3

were generally located most posteriorly, while the recording sites with RFs in region 2 were

located in the middle. These plots also show the medial-to-lateral shift in the stereotaxic

location of VMpo across its antero-posterior extent.

In particular, in case m154 (left panels of Figure 3, 3-dimensional graph in Figure 4A), the

overall distribution of RFs in regions 1, 2, and 3 was (9, 5, 7). Recordings from VMpo units

and clusters selectively responsive to pinch were obtained in microelectrode penetrations at

all three antero-posterior levels (AP 6.7, 6.3, and 6.1); in each portion of VMpo, test stimuli

were applied in all three regions, and in each penetration, very few units and no clusters

were recorded that remained unidentified. At the most anterior level (lower left panel of

Figure 3), AP 6.7, four recording sites with region 1 RFs were identified in the medial

penetration (ML 5.9; upper lip, ear, lower lip, tongue; in order of increasing depth) and one

in the lateral penetration (ML 6.3; lateral upper lip). At the next posterior level (middle left

panel of Figure 3), AP 6.3, two recording sites in the medial penetration (ML 6.9) had RFs

in region 1 (eyelid, mid cheek), and in the lateral penetration (ML 7.2) one site had an RF in

region 1 (ear) and two had an RF in region 2 (lateral hand, ventral lower arm). Finally, at the

most posterior level (top left panel of Figure 3), AP 6.1, one recording site in the medial

penetration (ML 7.2) had an RF in region 1 (ear), two recording sites had a region 2 RF

(dorsal hand, lateral chest) and three sites had a region 3 RF (lateral abdomen, posterior leg,

lateral thigh), and in the lateral penetration (ML 7.5) one recording site had an RF in region

2 (lateral shoulder) and four sites had an RF in region 3 (lateral hip, lateral foot, anterior

knee).

Similarly, the RFs identified in the 3-dimensional graph shown in Figure 4B correspond

with the visible microelectrode penetrations through VMpo that are indicated with arrows in

the photomicrographs shown in the right panels of Figure 3 for case m57. The overall

distribution of RFs in m57 was (11, 7, 1). In this case, it is obvious from the histology that

additional microelectrode penetrations through the lateral portions of VMpo (visible at the

two more anterior levels of m57 in Fig. 3B2 and B3) would have been beneficial, but that is

hindsight; it was good fortune simply to have recorded and identified VMpo units and

clusters with RFs in all 3 regions in penetrations that covered nearly the entire antero-

posterior extent of VMpo. As noted above, the five cases that are collated here satisfied

those two criteria.

The 3-dimensional graph in Figure 4C shows the regional distribution of RFs for selectively

nociceptive, pinch-responsive VMpo neurons recorded in five cases (m57, m65, m86, m154,
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and m177). The total numbers of RFs in regions 1, 2, and 3 for these five cases were (38, 18,

15). These data were collated by aligning the centers of region 2 recordings in each case

(that is, by superimposing the geometric means on all three axes). This graph clearly shows

that region 1 RFs (head) were distributed generally in the anterior portion of VMpo, region 3

RFs (foot) were found generally in the posterior portion of VMpo, and region 2 RFs (hand)

were found generally in the middle of VMpo. In other words, pinch-responsive units and

clusters in VMpo display an antero-posterior somatic topography that is consistent with the

antero-posterior gradient of the somatotopy that was observed both globally and at high

resolution for the anterogradely labeled lamina I terminations in VMpo (Craig, 2004).

These extracellular microelectrode recordings did not reveal a fine-grained somatotopy;

individual units within multi-unit clusters always displayed overlapping RFs within a

moderately small region, and closely neighboring units and clusters in a single

microelectrode penetration often had RFs at closely neighboring skin locations, but large

jumps in RF location in a penetration were commonly observed, as these data demonstrate.

The spatial resolution of these methods is sufficient to demonstrate the overall topographic

gradient of VMpo, but not the organization within the individual groups of neurons in VMpo

or the relationships between these groups. Nevertheless, in each animal, the same overall

antero-posterior topographic gradient was consistently observed for nociceptive VMpo

units. The thermoreceptive-specific (COOL) VMpo neurons were always found in the most

antero-medial part of VMpo; they are not described further in the present report.

Identification of the main cortical projection of VMpo to the dorsal posterior insular cortex

Representative evidence is shown in Figures 5 and 6 from a case in which a large pressure

injection (400nL) of 1% CTb was made with a micro-pipette that was directed at the site of

recordings of clusters selectively responsive to pinch and heat applied to the hand (m70).

The photomicrograph (Fig. 5A) and the drawing (Fig. 5B) show that the dense ‘core’ of the

physiologically-guided injection (dark grey in Fig. 1B) filled nearly all of the posterior

portion of VMpo and spread dorsally into SG, ventrally and laterally into the remnant of Po,

and ventromedially into APT and the mesencephalon. The surrounding ‘halo’ (light gray)

spread dorsally into Pla and Plm, and laterally into the posterior aspect of VPL. The

injection core and halo also extended anteriorly and filled nearly the entire trigeminal

portion of VMpo (not shown). As reported previously (Craig and Zhang, 2006), this large

injection produced strong retrograde labeling of lamina I and other spinothalamic neurons

throughout the spinal cord and medulla.

The main field of anterogradely-labeled terminations in this case occupies the fundus and

nearby walls of the posterior portion of the superior limiting sulcus (SLS). As shown in

Figure 5C, there is dense terminal labeling in layers 3b and 4, accompanied by terminal and

retrograde labeling in layer 6; this labeling extends an equal distance (approximately 1 mm

measured in layer 4) away from the center of the fundus on both the medial and lateral

walls. Comparably dense labeling is present in this distinct area beginning at the posterior

end of the insula (i.e., at the union of the SLS with the LS) and extending anteriorly nearly

to the antero-lateral end of the central sulcus, that is, through most of the posterior half of

the SLS (see Fig. 6). Figure 5C also shows sharply delimited fields of less intense labeling
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that extend ventrally through the entire insular cortex at this posterior level, and the borders

of these terminal labeling fields correspond well with the distinct cytoarchitectonic areas

that are marked in the adjacent Nissl-stained section shown in Figure 5D. As described in

detail in the accompanying report (Evrard et al., xxxx), we refer to the area centered at the

fundus of the SLS in the posterior insula that receives the main projection of VMpo as the

posterior portion of the dorsal fundus of the insula (Idfp). The remaining areas at this level

that receive input from neighboring portions of posterolateral thalamus are the dorsal and

ventral granular insular areas (Igd and Igv) and the posterior portion of the ventral fundus of

the insula (Ivfp; note that the leading “I” is omitted from all labels in Fig. 5C for clarity;

Evrard et al., xxxx).

Figure 6 depicts the overall distribution of terminal labeling in case m70, plotted directly

onto drawings of the original sections (top), and transposed onto the series of standard

coronal sections of the macaque monkey brain that was used to collate these data and make

overall comparisons (bottom), which covers the entire antero-posterior extent of insular

cortex (copied with permission from the atlas of Szabo and Cowan, 1984).

Successful experiments, in which cortical labeling was observed from physiologically-

guided, histologically verified injections of anterograde tracers in VMpo, always contained

dense terminal labeling in Idfp. The main cortical projection of VMpo matches the

cytoarchitectonic demarcation of Idfp. Ancillary projections from VMpo that are not

described here in detail include patches of labeling in the convex belly of the macaque insula

(e.g., levels A13.4, 14.6 and 15.5 in Fig. 6; see also Fig. 5E,F), particularly in the

dysgranular mound area (Idm; see companion report, Evrard et al., xxxx), the fundus of the

cingulate sulcus (area 24c; not shown), and the fundus of the central sulcus (area 3a; e.g.,

levels A12.1 and 13.4, Fig. 6) .

The topographic gradient of the VMpo projection to the dorsal posterior insula

Anterograde labeling in the dorsal posterior insular cortex that was obtained following a

single tracer micro-injection in VMpo is shown here for 6 cases. These data document the

antero-posterior topographic gradient of the main VMpo projection to Idfp.

Table 1 presents the specific details of these six cases, and Figure 7 illustrates the injection

site in each case. Both are organized so that the case with the most posterior injection site

(m55R) is shown first and cases with progressively more anterior injection sites are shown

in succession, ending with the case in which the injection was placed in the most anterior

portion of VMpo (m58R). Because each brain is structurally unique and because the cutting

plane always varied somewhat, it is not easy to estimate the antero-posterior level of each

micro-injection in VMpo from these photomicrographs and drawings. Accordingly, a

quantitative estimate of injection site location is provided in Table 1, based on the ordinal

value of the section containing the injection site in relation to the total number of coronal

sections in which VMpo is visible in each brain. Thus, the micro-injection of BDA in case

m55R is in the third section from a total of 16, in other words, it was centered at a level

approximately 3/16 or 19% of the distance between the posterior and anterior limits of

VMpo. Similarly, the micro-injection of BDA in case m54R is in the ninth section of eleven

overall, or at a level approximately 82% of the entire posterior to anterior extent of VMpo.
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The main anterograde middle-layer terminal labeling in the cortex of each of these cases was

located in the fundus and adjacent walls of the posterior SLS, that is, in Idfp. For example,

photomicrographs of the labeling in Idfp in case m54R are shown in Figure 8, and the

original plotted sections for that case are shown in Figure 9. Figure 8A shows darkfield

images of the labeling in consecutive 1-in-5 60 µm-thick sections. Proceeding from posterior

to anterior in sections with decreasing number from upper left towards lower right, the main

burst of terminal labeling begins in the ventral portion of the medial wall in section 10c,

occupies the entire fundus of the SLS in sections 9c through 9a, and finally wanes in the

lateral wall in sections 8a and 7c. The pair of photomicrographs in Figure 8D,E show that

the medio-lateral extent of the field of labeling at its center in section 9b matches the

cytoarchitectonic limits of area Idfp, marked by the arrowheads. The field of labeling is

essentially continuous, and there is no labeling at other levels of Idfp, yet the labeled field

contains discrete patches of high density. The terminal labeling is most dense in layers 3b

and 4, with more modest anterograde (and retrograde) labeling in layer 6 and in layer 3a.

The supragranular labeling extends all the way to layer 1, which clearly receives weak input

in some cases (Fig. 8B,C), though such labeling is not visible in all cases.

The plotted labeling illustrated in Figure 9 shows two ancillary VMpo projections in this

case; small patches of dense labeling in case m54R are located in the dysgranular portion of

insular cortex as well as in the fundus of the central sulcus (area 3a). The patch of terminal

labeling visible in section 5c in Figure 9 is located in the dysgranular mound area Idm,

similar to the discrete patches of labeling shown for case m70 in Figures 3 and 4.

Figure 10 presents a standardized comparison of the antero-posterior location of the terminal

labeling in Idfp in each of these six cases, progressing from the case with the most posterior

micro-injection in VMpo on the left (m55R) to the case with the most anterior micro-

injection (m58R) on the right. The standard drawings of insular cortex at each antero-

posterior level are taken directly from the coronal drawings of the Szabo and Cowan (1984)

atlas, as indicated by the numerical labels. The standardized representations of labeling

emphasize the coherence of labeling across the fundus, but also show the patchiness at the

ends of each field, as can be appreciated by directly comparing the actual labeling shown for

case m54R in Figure 8 with the original plots in Figure 9 and with the standardized plot in

Figure 10. The curling or spiral pattern of labeling in the main VMpo projection to Idfp,

progressing from the posterior medial wall to the fundus to the anterior lateral wall, that is

visible in case m54R is a common pattern across the entire data set, and it occurs in four of

the six cases presented in Figure 10 (cases m137R, m175R, m54R and m58R). In other

cases, the patchiness of the labeling in Idfp is more pronounced, often appearing only on one

wall or the other with a sharp border at the center of the fundus (e.g., case m120R in Fig. 10)

or occupying the central fundus without extending further into the nearby walls (e.g., case

m55R in Fig. 10). Nevertheless, the plots in Figure 10 indicate that a single coherent field of

anterograde labeling was present at a particular antero-posterior level in Idfp in all six of the

illustrated cases, consistent with the presence of a single coherent somatotopic map in

VMpo. These plots show that the terminal labeling in Idfp was found at progressively more

anterior locations in Idfp as the tracer micro-injection site was placed at successively more

anterior locations in VMpo, moving from left to right in Figure 10. Thus, the antero-

posterior topographic gradient of VMpo is maintained in its main projection to dorsal
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posterior insular cortex, and it provides the basis for a similarly coherent somatotopic map in

Idfp, with head anterior and foot posterior.

A different representation of the same antero-posterior gradient is presented in Table 1. The

quantitative estimate of the antero-posterior location of each micro-injection in VMpo, as

presented in column four and described above, can be compared directly to the quantitative

estimate of the antero-posterior location of the anterogradely labeled terminal field in Idfp

for each case, which is provided in the right-most two columns of Table 1. These show the

location of the center of the terminal field (column 5) and its longitudinal extent (column 6)

for each case on the basis of the ordinal numbers of the sections containing the labeling in

relation to the total number of sections between the posterior limit of the SLS (i.e., the

junction with the inferior limiting sulcus and the lateral sulcus) and the limen insulae (a

morphologically distinct point marked by the separation from the temporal lobe). These

values clearly show that as the location of the micro-injection in VMpo shifted further

towards the anterior end of VMpo, so too the location of the field of terminal labeling in

Idfp shifted further towards the anterior end of insular cortex, thus documenting again the

antero-posterior (head to foot) topographic gradient of the VMpo projection to Idfp.

The VMpo projection to the fundus of the SLS occupies approximately the posterior half of

its entire extent. The SLS extends approximately 2–3 mm further anterior than the limen

insulae, and thus approximately the anterior half of the overall extent of the SLS, or area

Idfa, remains unlabeled; the homeostatic afferent input that ascends via the VMb nucleus is

represented in that region (Pritchard et al., 2000; Ito and Craig, 2008a).

DISCUSSION

The present report provides detailed documentation on the topographic organization of

VMpo and its main cortical projection to the fundus of the posterior half of the SLS in the

long-tailed (cynomolgus) macaque monkey. A topographic (head to foot) gradient of

selectively nociceptive clusters and units was demonstrated over the antero-posterior extent

of VMpo. That matches the gradient of the somatotopically organized lamina I

spinothalamic terminations in VMpo (Craig, 2004) and of lamina I neurons retrogradely

labeled following micro-injections of the tracer CTb in VMpo (Craig and Zhang, 2006).

Precise micro-injections of anterograde tracers in VMpo reliably produced a single coherent

field of dense, patchy terminal labeling in the cytoarchitectonically distinct granular area

centered in the fundus of the posterior SLS; we refer to this area as the posterior dorsal

fundus of insular cortex (Idfp), as described in the companion report (Evrard et al., xxxx).

The location of the VMpo termination field in Idfp shifted along an antero-posterior gradient

consonant with the antero-posterior location of the injection site in VMpo. These data

indicate that a somatotopic representation of selectively nociceptive lamina I spinothalamic

activity exists in area Idfp of the macaque monkey that is organized along an antero-

posterior (head to foot) topographic gradient. Together with prior findings and the

comparative evidence discussed below, these results identify this VMpo projection field as

the posterior half of interoceptive cortex, and indicate that a homologous interoceptive

representation is present in humans.
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Comparison with prior anatomical and physiological findings in posterolateral thalamus of
the macaque

Soon after the first descriptions of PHA-L-labeled lamina I trigemino- and spinothalamic

terminations in the macaque monkey (Craig, 1990, 1991, 1992), my colleagues and I

published a short report announcing the discovery of the cytoarchitectonically distinct,

antero-posteriorly somatotopic lamina I trigemino- and spino-thalamo-cortical relay nucleus

VMpo in monkey and human, based on double-label anterograde tracing, microelectrode

recordings, cytoarchitectonic analyses, retrograde labeling and immunohistochemical

staining (Craig et al., 1994). Our report built upon the first descriptions of dense

spinothalamic terminations in posterolateral thalamus of the macaque monkey by Boivie

(1979) and by Berkeley (1980). Dense spinothalamic terminations in the “posterior /

suprageniculate (Po-SG) region” were ascribed to ascending lamina I axons also by Ralston

and Ralston (1992), though they did not perceive a cytoarchitectonically distinct nucleus or

a topographic organization, probably because they conflated it with VPI. The detailed

description of the cytoarchitectonic characteristics of VMpo and the somatotopic

organization of PHA-L-labeled and anterogradely double-labeled terminations in the

macaque monkey was published a few years later (Craig, 2004a). The present observations

are consistent with those findings.

The article that has been cited as the first report of nociceptive-specific neurons in

posterolateral thalamus of macaque monkeys states that the units had bilateral, often whole

body RFs, and the investigators concluded the responses were likely due to neuronal

irritation by the microelectrode (Perl and Whitlock, 1961). Some thirty years later, a study in

squirrel monkeys reported that only 8 of 21 units in the posterior region were

“nociresponsive”, while 23 of 46 units in VPI were, of which 10 were nociceptive-specific

(Apkarian and Shi, 1994). Most of the nociceptive-specific units in VPI had trigeminal RFs.

Those were likely VMpo neurons, because VPI receives no trigeminal lamina I input (Craig

et al., 1999; Craig, 2004a), and in New World monkeys it abuts anterior VMpo, as we

observed in our examinations of VMpo in the owl monkey (Blomqvist et al., 1996; Craig et

al., 1999).

Our antidromic activation study of lamina I spinothalamic neurons that project to VMpo in

the macaque monkey revealed that thermoreceptive-specific (COOL), nociceptive-specific

(NS) and polymodal nociceptive (HPC) cells all project to VMpo (Dostrovsky and Craig,

1996); these are the same three major categories of spinothalamic lamina I neurons that are

found in the cat (see Craig et al., 2001; Yu et al., 2005; Zhang et al., 2006). Our study in the

owl monkey documented recordings from both COOL and selectively nociceptive clusters in

VMpo, and large clusters of COOL cells with RFs on the nares were identified in antero-

medial VMpo at the site of dense PHA-L-labeled terminations from a specialized cluster of

trigeminal COOL lamina I cells (Craig et al., 1999). These prior findings are entirely

consistent with the present results, and they support the view that VMpo relays “labeled

lines” that serve discriminative, modality-specific sensations of temperature and pain.

The original description of VMpo was questioned by several authors (Wall, 1995; Willis et

al., 2001, 2002; Ralston, 2003; Graziano and Jones, 2004; Davidson et al., 2008). Rebuttals

to all criticisms have been published with detailed anatomical analyses and positive
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anatomical and physiological counter-evidence (Craig et al., 1995b; Craig and Blomqvist,

2002; Craig, 2004a,b, 2006, 2008, 2011). Independent anatomical confirmation of VMpo

was included in a study of spinothalamic terminations in motor thalamus in the macaque

monkey (Stepniewska et al., 2003). Strong corroboration was provided by the demonstration

of dense anterograde labeling in VMpo (“Po-SG”), VPI, and the medial thalamus (ventral

caudal MD) following cervical spinal injections of a viral tracer in the New World Cebus

monkey (Dum et al., 2009). As the authors stated, those sites correspond precisely to the

major lamina I spinothalamic termination sites that I identified with PHA-L in the macaque

(Craig, 2004).

The present findings demonstrate that selectively nociceptive clusters and units in VMpo are

topographically organized along an antero-posterior gradient (head to foot); the RFs in

anterior VMpo were located on rostral parts of the body, and RFs in posterior VMpo were

located on caudal parts of the body. This topographic gradient fits with the prior anterograde

and retrograde tracing observations, and it supports the conclusion that VMpo serves as a

thalamo-cortical relay nucleus for pain and temperature sensations. As noted in Results,

however, the histological reconstructions of these extracellular microelectrode recordings

had insufficient spatial resolution to determine whether a continuous, fine-grained

somatotopic representation is present, and disjunctive shifts in RF location in a single

penetration were almost always observed. A coherent somatotopic organization seems

likely, because: (1) systematic RF shifts in successive units and clusters were often observed

in single microelectrode penetrations (e.g., down the arm, or across the face); and, (2) a

single, coherent field of anterogradely labeled terminations was observed in Idfp in every

case. Nevertheless, the topographic organization in VMpo clearly differs from the fine-

grained lemniscal somatotopy in the much larger somatosensory thalamic nuclei (VPM and

VPL), in both precision and magnification factor. The structural anchors and the trophic

patterns underlying the 3-dimensional organization of VMpo neurons remain to be

determined.

Comparison with prior findings in posterior insular cortex of the macaque

Microelectrode recordings from sparse, antero-posteriorly topographic nociceptive-specific

neurons in the fundus of the SLS of the barbiturate-anesthetized macaque monkey were first

reported at a meeting by Dostrovsky and Craig (1996; documented in Fig. 1 of Craig, 2010).

Laser-evoked potentials (LEPs) were recorded from the scalp of macaque monkeys

anesthetized with Saffan (alfaxolone/alfadolone) by Baumgärtner et al. (2006), and they

showed convincing evidence of an antero-posterior (head to foot) topographic gradient. The

3-dimensional source reconstructions (based on a pediatric human model) indicated a

somatotopically organized current source in the dorsal posterior insular cortex, consistent

with the present results. Later, Huang and Craig (2007, 2008) reported at meetings their use

of an intracortical multi-electrode array to identify the focus of antero-posteriorly organized

LEPs in the fundus of the SLS in Saffan-anesthetized macaque monkeys. They showed with

retrograde labeling from the insular cortical LEP focus that the thalamic origin of the

cortical LEP they had identified was VMpo neurons at the precise location where a focal

LEP from the same stimulation site was recorded with a shorter latency.
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Anterograde transneuronal viral labeling in the New World Cebus monkey was reported in

the dorsal posterior (“granular”) insula, the dorsal bank of the lateral sulcus, and the fundus

of the cingulate sulcus by Dum et al. (2009), which they attributed to ascending lamina I

terminations in VMpo (“Po-SG”), VPI, and ventral caudal MD, respectively, as noted above.

Their findings are consistent with the PHA-L-labeled lamina I terminations (Craig, 2004a)

and with thalamo-cortical labeling data in this laboratory, except that the labeled patches

they illustrated in the dorsal posterior insula were not centered in the fundus of the SLS.

This discrepancy could be due to the fact that they labeled only a portion of the entire VMpo

projection field; it could also reflect selectivity in the transneuronal viral labeling technique

(see Discussion in Evrard and Craig, 2008). By contrast, the present data reveal the entire

extent of the topographically organized VMpo projection field in Idfp. The present data also

reveal ancillary VMpo projections to dysgranular insular cortex, the fundus of the central

sulcus, and the fundus of the cingulate sulcus.

Prior neuroanatomical investigations of somatosensory areas in the lateral sulcus and

parietal operculum recognized a border on the medial wall of the SLS approximately 0.5–1.0

mm from the center of the fundus, consistent with the medial limit of Idfp indicated by

VMpo terminations in the present study (Roberts and Akert, 1963; Jones and Burton, 1976;

Friedman et al., 1980; Mesulam and Mufson, 1982). However, our architectonic study of

insular cortex is the first to delimit area Idfp (Evrard et al., xxxx); prior investigators

included the fundus of the posterior SLS in the second somatosensory area (S2), based on

recording studies that were interpreted to indicate a mixed antero-posterior (head-to-foot)

and medio-lateral somatotopy, and also on tracing studies that showed interconnections with

somatosensory areas in thalamus and cortex (Burton and Jones, 1976; Robinson and Burton

1980; Friedman et al., 1980). Those recording studies were later re-interpreted in support of

a double representation organized from lateral to medial (face to foot) somatotopically

(Whitsel et al., 1969; Burton et al., 1995; Krubitzer et al., 1995), which modern studies

confirmed in humans (Eickhoff et al., 2006b, 2007). But, the early tracing studies that

produced labeling in the fundus of the monkey SLS that was interpreted as S2 have yet to be

explained. This neuroanatomical confusion needs to be clarified, because in monkey and

human atlases the fundus of the SLS is labeled as S2.

The present findings provide a precise anatomical explanation for those tracing results. For

example, tracer injections in the portions of S1 that represent face, hand and foot in one

study produced well-delimited, antero-posteriorly topographic labeling in the fundus of the

SLS, separate from patches of labeling in the operculum (see cases CM63R, CM74 and

CM75 in Figs. 7, 8, and 11 of Friedman et al., 1980). The injection sites in S1 in each case

included the fundus of the central sulcus, and since that region (i.e., area 3a) is

topographically interconnected with VMpo, according to tracing material in this laboratory,

it is likely topographically interconnected with Idfp as well (see also Whitsel et al., 2009). In

fact, labeling in the posterolateral thalamus was illustrated for one of those prior cases just

posterior to VPM, at the location of anterior VMpo, consistent with this explanation (see

levels 230, 260 in Fig. 7, case CM74; Friedman et al., 1980). In another study, a tracer

injection interpreted as “posterior VPM” in the thalamus produced well-delimited, dense

labeling in the fundus of the posterior SLS (see Fig. 6, case RM17R in Burton and Jones,

1976), which was interpreted as the face representation of S2. But, modern evidence
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indicates that the face representation of the S2 areas actually lies at the lateral edge of the

operculum, almost 20 mm away. The illustrated tracer injection in that case was centered in

the region between VPI and VMb at the posterior end of VPM, at the same location just

described in the study of Friedman et al. (1980). However, that region was identified as the

anterior-most portion of VMpo by anterogradely labeled trigemino-thalamic lamina I

terminations, and it was carefully documented with photomicrographs, because these prior

studies had mis-interpreted it as VPM (see Fig. 13 in Craig, 2004a). This explanation is

confirmed by the fact that the labeling in the fundus of the SLS in cases CM74 and RM17R

of the prior studies lies at the topographically appropriate level for projections from the most

anterior part of VMpo, according to the results displayed in the present report (i.e., near the

antero-lateral end of the central sulcus, similar to case m58R in Figure 10 of this report).

Thus, area Idfp, the distinct area centered at the fundus of the posterior half of the SLS, is

NOT part of the second somatosensory areas. It is the main terminal projection field of the

lamina I spino-thalamo-cortical relay nucleus VMpo. It contains the primary cortical

representations of the discriminative sensations of cool, warm, sharpness, pricking pain and

burning pain. Further, it is the posterior half of interoceptive cortex, as I discuss later.

The lamina I spinothalamic pathway includes three major response categories, COOL, NS,

and HPC, and all three types of neurons project to VMpo. Each of these physiological types

of lamina I spinothalamic cells is associated with a distinct feeling from the body that can be

localized well in humans. That certainly suggests that a distinct somatotopic map for each

response category exists within Idfp, that is, that each “labeled line” terminates in its own

somatotopically organized cortical map. The present observations show that "selectively

nociceptive" VMpo neurons are topographically organized antero-posteriorly over nearly the

entire extent of VMpo. Both NS-like and HPC-like neurons are included in the set of

"selectively nociceptive" VMpo neurons. In the present data, each anterograde tracer

injection in VMpo produced a single coherent termination field in Idfp, which must contain

the projections of both NS-like and HPC-like VMpo neurons. If there are separate maps,

they could form parallel strips, as suggested by the sharp border at the center of the fundus

of the SLS in particular cases, such as m120R and m58R (see Fig. 10); alternatively, they

could be intertwined, as suggested by the curling (spiral or helical) pattern of labeling in

several cases, such as m137R, m175R, and m54R, as well as by certain functional imaging

data in humans (see below; Brooks et al., 2005; Henderson et al., 2011). The present

findings do not resolve this question, although they do indicate that the primary sensory

cortex for nociception is located in Idfp. The present anterograde tracing data do not

distinguish any physiological categories; they show that projections from the entire extent of

VMpo to Idfp are antero-posteriorly topographic. Thus, since the thermoreceptive-specific

COOL lamina I spinothalamic neurons are represented in the most antero-medial portion of

VMpo, then the tracing data described in the present study strongly suggest that they project

to the most antero-medial portion of Idfp. Physiological evidence identifying these three

classes in VMpo, histological documentation of their distributions within VMpo, and

anterograde tracing evidence of their terminations in Idfp are currently being analysed and

will be described later.
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Finally, a “ventral somatosensory” field (VS) has been suggested to exist in the depths of the

LS or the SLS lateral to S2/PV, in the neighborhood of the VMpo terminus in area Idfp, but

its identity is unclear. The characteristics of VS have been reported as follows: low-

threshold responses in the lower bank of the LS with a well-defined lateral-to-medial

somatotopy in owl monkeys (Cusick et al., 1989); low-threshold responses in the lower bank

of the LS in one long-tailed macaque, but in posterior insula in another, with no apparent

topography (Krubitzer et al., 1995); low-threshold responses in posterior insula and the

lower bank of the LS, with a lateral-to-medial gradient in one marmoset monkey, but an

anterior-to-posterior gradient in another (Qi et al., 2002); and, mostly high-threshold or deep

somatic responses in posterior insula with “variable” topography in titi monkeys, interpreted

to indicate a rostral and a caudal VS (Coq et al., 2004). Some of those recordings may have

originated from sensitized nociceptive neurons in Idfp, but it seems likely that recordings

were made in one or more different areas in the upper and lower banks of the LS and the

granular face of the posterior insula that receive somatosensory, thermosensory, nociceptive,

auditory, and/or vestibular inputs, which remain to be identified. The thalamo-cortical

labeling data in this laboratory support that possibility.

Comparison with relevant anatomical and physiological evidence in posterolateral
thalamus of humans

Dense small-fiber spinothalamic terminations in posterolateral thalamus were identified by

R. Hassler using silver-stained fiber degeneration after an anterolateral cordotomy in a

baboon; he called that region “ventrocaudalis portae” (V.c.po.), or the gateway (portal) to

the main somatosensory nucleus and related it directly to pain (Hassler and Riechert, 1959,

Hassler, 1960, 1970). At about the same time, Mehler (1966) described a dense, small-fiber

termination field in a cytoarchitectonically distinct region posterior and inferior to the main

somatosensory nucleus in one human anterolateral cordotomy patient, which he called “the

ventral caudal portion of the ventrocaudalis nucleus”; his report was later confirmed by

Mesulam (1979). We identified that region of the human posterolateral thalamus as VMpo,

based on cytoarchitectonic and immunohistochemical analyses indicating a structural

homology with VMpo of the macaque (Blomqvist et al., 2000). It is enormously enlarged

with respect to the macaque VMpo, as it is also in the common chimpanzee, the bonobo, and

the gorilla (Craig et al., 2007). The name “ventrocaudalis portae” suitably describes its

histological appearance in humans and great apes, because it visibly enwraps the lemniscal

and spinothalamic fibers entering posterolateral thalamus (see Figs. 1B, 6B and 7B in

Blomqvist et al., 2000; Craig et al., 2007); however, that name inappropriately associates it

with the main somatosensory nucleus, which relays mechanoreceptive and proprioceptive

activity, that is, exteroceptive activity.

Micro-stimulation in that region, posterior and inferior to the main somatosensory nucleus,

can produce reports of well-localized pricking or burning pain sensations in awake human

patients, in stark contrast to reports of tingling or buzzing voiced upon stimulation in the

main somatosensory thalamus. Hassler originally associated stimulation-evoked pain with

the “ventrocaudalis portae” (Hassler and Riechert, 1959, Hassler, 1960, 1970), but later he

focused on the “ventrocaudalis parvicellularis” (V.c.pc.), which is equivalent to the

monkey’s VPI. Stimulation-evoked pain was also reported by Halliday and Logue (1972),
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Tasker (1984), Dostrovsky et al. (1992, 2000), Lenz et al. (1993), and Davis et al. (1995,

1996, 1999). Consistent with the present findings, nociceptive-specific units were recorded

in the same region (Dostrovsky et al., 1992, 2000; Lenz & Dougherty 1997; Davis et al.,

1996). Cool sensations were also elicited by stimulation in this region. Davis et al. (1999)

recorded cooling-sensitive thermoreceptive-specific units at the same sites from which they

elicited reports of cool sensations with micro-stimulation, and they reconstructed those sites

to the same region that we identified anatomically as the human VMpo (Blomqvist et al.,

2000).

Attempts to identify VMpo in human thalamus based on magnetic resonance images of

infarcts that produced thermanesthesia and central (thalamic) pain in single patients were

unsuccessful (Montes et al., 2005; Kim et al., 2007; Krause et al., 2012), until a rigorous

mathematical alignment method was used to merge the images from a group of 10 patients

(Sprenger et al., 2012). That study identified the epi-center of such lesions at MNI (x,y,z)

coordinates (−14, −23, 0 or 1), which matches the center of the area we identified

histologically as the human VMpo, in their notation (−13.75, −22.25, 0). Our description of

that location was a range of values (“A −0.5 to +2.0, L 12.0 to 16.0, H −1.0 to +1.0”) that

must be averaged. It must be corrected by AP-23.0 mm, since we measured distance from

the posterior commissure, as the anterior commissure was not visible in our sections (Craig

et al., 1994; Blomqvist et al., 2000), and the AC-PC distance in the standard template

Colin27 used by Sprenger et al. (2012) is 23.0 mm.

Comparison with relevant evidence in posterior insular cortex of humans

Our PET study of discriminative thermal sensation showed that the only site in contralateral

cortex with activation that was linearly correlated with the innocuous cool stimulus

temperatures was centered in the fundus of the SLS in human posterior insular cortex (Craig

et al., 2000). Lamina I neurons provide the only ascending pathway that conveys a linear

representation of innocuous cool stimulus temperatures (Craig et al., 1994, 2001;

Dostrovsky and Craig, 1996; Craig, 2004a); thus, our PET data provided convincing

evidence that the projection target of thermoreceptive-specific VMpo neurons in human

cortex matches the VMpo projection to Idfp identified by our tracing data, which are

documented in the present report. Subsequent functional magnetic resonance imaging

(fMRI) studies corroborated the location of human thermosensory (cooling) cortex

(Maihofner et al., 2002; Hua et al., 2005), and electroencephalographic (EEG) analyses

suggested a comparable location for warm activation (Iannetti et al., 2003; Stancak et al.,

2006). In addition, we showed an antero-posterior topographic gradient in the dorsal

posterior insula for innocuous cool stimulation in humans, consistent with the gradient

identified by the present findings (Hua et al., 2005).These results strongly imply that the

cortical projection target of nociceptive VMpo neurons in humans is also located in the

fundus of the posterior SLS and has an antero-posterior topography.

Specific nociceptive activation in the dorsal posterior insular cortex recognized to indicate a

potential primary nociceptive cortical sensory area was reported for these sub-modalities of

painful stimuli (in chronological order): noxious heat, Brooks et al. (2002); C-fiber LEP,

Kakigi et al. (2003); noxious esophageal distension, Strigo et al. (2003); intramuscular
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hypertonic saline injection (muscle pain), Kupers et al. (2004); graded noxious heat, Keltner

et al. (2006); and, pinprick, Baumgartner et al. (2010). The assertion that this region contains

primary nociceptive cortex is supported also by the attention-related enhancement of activity

when subjects perform a nociceptive discrimination task (Schlereth et al., 2003) and by the

findings that this region is a source of the earliest cortical LEP and that its magnitude

correlates with stimulus strength and perceived pain intensity (Iannetti et al., 2005).

Studies in humans indicating that nociceptive activation in the dorsal posterior insular cortex

is somatotopically organized along an antero-posterior (head to foot) gradient include these

sub-modalities of painful stimuli: LEPs, Vogel et al. (2003); noxious heat, Brooks et al.

(2005), Baumgartner et al. (2010); both intracutaneous and intramuscular hypertonic saline

injection, Henderson et al. (2007, 2011); and, pinprick, Baumgartner et al. (2010). This

gradient is distinct (orthogonal) from the lateral to medial (head to foot) gradient of non-

specific activation in the neighboring opercular somatosensory areas (S2/PV, or OP1/OP4 in

human). These studies in human are clearly consistent with the antero-posterior topographic

gradient of VMpo terminations in Idfp demonstrated in the present report, and they fulfill

the prediction made by the present results. These data strongly support the conclusion that

the dorsal posterior insula of humans contains a VMpo terminus that is homologous with the

VMpo projection field in Idfp documented by the present evidence in the macaque monkey.

Corroborative evidence in humans is also provided by clinical studies in which intracerebral

depth electrodes were used for electrical stimulation in human epilepsy patients. A recently

published summary of one team’s experience over 12 years states definitively that dorsal

posterior insular cortex is the only region of cortex in which stimulation can reproducibly

evoke reports of localized contralateral pain sensations in awake humans (Mazzola et al.,

2012). The authors concluded that activation of a distributed network must be involved,

rather than a specific sensory cortical representation, because pain was evoked in only 10%

of stimulation trials in the insula. However, Figure 3 of their report shows data that fit with

the present findings. That figure shows the location of every stimulation site in a subgroup

of patients, plotted as distance from the dorsal posterior pole of the insula, and colored to

show whether stimulation at that site produced a pain sensation or not. The graph indicates

very clearly that stimulation produced a pain report at 100% (15/15) of sites within 2 cm of

the dorsal posterior pole, at 53% (10/19) of sites between 2 and 3 cm distant, at 22% (6/27)

of sites between 3 and 4 cm distant, and at 0% (0/15) of sites beyond. To my mind, those

findings support the conclusion that primary nociceptive sensory cortex is located in the

dorsal posterior insular cortex of humans, consistent with the present experimental results in

monkeys.

This conclusion is also supported by reports that a lesion of this same region of cortex can

cause localized contralateral loss or dysfunction of pain and temperature sensibilities in

humans (Schmahmann and Liefer, 1992; Greenspan et al., 1999; Birklein et al., 2005). In

contrast, large lesions of S1 and S2 do not reduce pain sensation, unless they involve area 3a

(see Perl, 1984; Vierck et al., 2013) or the dorsal posterior insula (see discussion of Ploner et

al., 1999, in Craig and Blomqvist, 2002; Craig, 2003b). The clinical effects of lesions can

vary, though, due to various factors that cannot be controlled in inhomogeneous samples

(e.g., compensatory plasticity, undetected damage, ipsilateral pathways; see Olausson et al.,
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2001; Voets et al., 2006), which might explain two contradictory reports (Starr et al., 2009;

Veldhuijzen et al., 2010).

Recent anatomical studies of the operculo-insular region of human cortex medial to S2/PV

(OP1/OP4) identified two cytoarchitectonically distinct granular areas, OP2 and OP3, which

occupy the fundus of the SLS at the posterior pole of insular cortex, where the SLS merges

with the inferior limiting sucus (ILS) and becomes the LS (Eickhoff et al., 2006a; Kurth et

al., 2010). The more posterior area OP2, which extends into the LS, was identified as

primary vestibular cortex (Eickhoff et al., 2006c). In macaques, primary vestibular cortex is

the retroinsular area (Ri) in the fundus of the LS (Chen et al., 2010), which is adjoined

anteriorly by area Idfp in the fundus of the SLS. Thus, if the human equivalent of Ri is OP2,

then the human equivalent of Idfp could be OP3. The human area OP3 was suggested to

correspond to VS of primates (Eickhoff et al., 2007); however, as noted above, area VS in

monkeys remains to be defined. The granular area OP3 defined anatomically in the fundus

of the SLS in human cortex, just anterior to the primary vestibular cortex in OP2, seems

appropriately positioned to correspond with the functional imaging evidence cited above and

with area Idfp in the macaque monkey. Future studies can test this hypothesis. Another

possibility is that area OP3 in human is homologous with the combined areas Idfp and Idfa

in monkey (i.e., interoceptive cortex); if not, then there should be another granular area in

the fundus of the SLS anterior to OP3 that will correspond with the vagal-responsive and

gustatory area Idfa of the macaque.

Area Idfp is the posterior half of interoceptive cortex

Lamina I neurons were formerly regarded as "pain and temperature" neurons. However,

lamina I neurons receive input from small-diameter afferents that relate the mechanical,

thermal, metabolic and vascular status of skin, muscle, joint, and visceral tissue

compartments; that is, lamina I neurons receive homeostatic afferent input that represents

the physiological condition of all tissues of the body that are sympathetically innervated.

The spinal and brainstem projections of lamina I neurons validate this conclusion (Craig,

1993, 1995). The ascending lamina I spinothalamic pathway is an interoceptive pathway,

which in humans provides the basis for affective feelings from the body and the sense of the

"material me" (Craig, 2002).

In addition to the discriminative sensations of temperature and pain, the ascending lamina I

pathway to VMpo and dorsal posterior insula includes other physiological categories that

generate distinct, affective feelings from the body in humans, such as itch, muscle ache/

burn, warm, and C-tactile (“slow brush”) affective touch. Little comparative physiological

evidence related to these categories is available (see Andrew and Craig, 2001; Wilson et al.,

2002), but functional imaging evidence in humans indicates that these feelings are

represented in dorsal posterior insular cortex. Specific activation of dorsal posterior insular

cortex was reported for dynamic and passive cycling (Williamson et al., 1997), graded

histamine-induced itch (Drzezga et al., 2001), and C-tactile affective touch (Olausson et al.,

2002). In addition, an antero-posterior topographic gradient in the dorsal posterior insula

was convincingly demonstrated for C-tactile affective touch in single subjects using multi-

variate analysis (Bjornsdotter et al., 2009). All of these sensations can at least roughly be
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localized on the body. Thus, in concert with the present results and the findings discussed

above, these observations suggest that the dorsal posterior insular cortex contains

somatotopic representations of these, and perhaps all, affective feelings from the body. The

dorsal posterior insula in humans does not contain simply the primary thermosensory and

nociceptive representations.

The lamina I pathway to VMpo and Idfp is complemented by the solitary nucleus pathway

to VMb and Idfa, which like the lamina I pathway is phylogenetically unique to primates

(Beckstead et al., 1980; Pritchard et al., 1986, 2000; Carmichael and Price, 1996; Ito and

Craig, 2008a). The combined structure VMpo+VMb provides a complete representation of

homeostatic afferents, that is, the sensory complements of both the spinal (sympathetic;

VMpo) and the cranial (parasympathetic; VMb) divisions of the autonomic nervous system.

Areas Idfp and Idfa in the macaque monkey together form a continuous strip over the entire

length of the fundus of the SLS, which constitutes interoceptive cortex (Craig, 2002; Evrard

et al., xxxx). Similarly, in humans, vagal and gustatory stimuli activate the region in dorsal

mid/posterior insula just anterior to the region activated by noxious and thermal stimuli

(e.g., Henderson et al., 2003; Veldhuizen et al., 2011; Wang et al., 2008), consistent with the

presence of a coherent interoceptive representation of all homeostatic afferent activity.

The present findings directly support this concept by demonstrating that area Idfp contains a

topographic representation of ascending lamina I activity. Area Idfp is the posterior half of

interoceptive cortex. Prior to the observations described in this and the companion article

(Evrard et al., xxxx), the posterior fundus of the SLS has been regarded as part of S2, and

the anterior fundus either as gustatory cortex or as a premotor area. By recognizing the

continuity of the discrete granular area centered at the fundus of the SLS over its entire

length, and by demonstrating the complete, topographically continuous representation of

homeostatic afferent input in Idfp+Idfa by way of VMpo+VMb, our observations establish

the neuroanatomical foundation for the concept of interoceptive cortex.

Conclusions

These data document the topographic organization of selectively nociceptive neurons in the

macaque monkey’s VMpo, and they demonstrate the topographically organized projection

of VMpo neurons to Idfp, the distinct granular area centered at the fundus of the SLS in

dorsal posterior insular cortex. These findings predict the presence of an antero-posteriorly

somatotopic primary nociceptive sensory cortex in area Idfp in monkey, and similarly in

area OP3 in humans. This prediction is strongly supported already by the studies in human

cited above.

The organization of representations of all distinct affective feelings in dorsal posterior

insular cortex remains to be shown, including in particular the putative distinct

representations of NS (first, pricking pain) and HPC (second, burning pain) activity. The

primary nociceptive sensory cortex in dorsal posterior insula is part of interoceptive cortex,

a larger area that represents the homeostatic afferent input from all tissues of the entire body,

from both sympathetically (lamina I, VMpo) and parasympathetically (solitary nucleus,

VMb) innervated tissues and organs. I have suggested that interoceptive cortex serves as the

tensile anchor for the formation of the operculated insula in anthropoid primates (Craig,

Craig Page 23

J Comp Neurol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2011; see Discussion in Evrard et al., xxxx), and as the basis for the homeostatic integration

that underlies the role of anterior insular cortex in such distinctly human domains as music,

time perception and subjective awareness (Craig, 2009, 2010a). The future identification of

distinct, topographically-organized modules within interoceptive cortex and the insula of

monkeys and humans, using functional imaging, in vivo optical imaging and molecular

genetic architectonic markers, could provide crucial insights into the proposals that

homeostatic valuation guides emotional behavior and that a fundamental neural construct for

an interoceptive feeling from the body ultimately engenders any subjective feeling in

humans (Craig, 2009, 2010a; Seth et al., 2011; Fitzgerald et al., 2012).
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Figure 1.
Evidence verifying the localization of selectively nociceptive or thermoreceptive units and

clusters in VMpo. (A) shows a photomicrograph of a thionin-stained coronal section from

case m30 (on Dec. 17, 1992). The arrow at the top indicates the vertical gliotic trace of the

micro-pipette used to make a micro-injection of CTb at the dark spot indicated by the long

thin arrow from the left. That spot is at the same depth as the gliotic lesion burned with the

microelectrode in a penetration 2 mm further lateral, which is marked by the long thin arrow

from the right. That equivalence verifies that the recordings described in the text were made
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within the cytoarchitectonic boundaries of VMpo, which are delimited by the large

arrowheads. Bar=0.5 mm. (B) shows a photomicrograph of a coronal section from case vm1.

The arrows at the top that point downwards indicate the histological traces of three

microelectrode penetrations in which recordings from selectively nociceptive neurons were

obtained. The larger arrow at the top indicates the trace in which two lesions were made,

first at the lower border and immediately afterwards a larger one at the upper border of the

region in which these recordings were obtained. The long thin arrows from the left indicate

the two lesions, which in fact lie at the boundaries of VMpo, as delimited by the large

arrowheads. Bar=0.5 mm. (C) shows sample recordings from multi-unit clusters in VMpo

responsive selectively to pinch (left, case m30, at the depth of the spot in panel A, RF =

lateral upper lip, total bar length = 4 sec) or to cool (right, case mop2, RF = medial glabrous

hand, bar = 2 sec). Abbreviations: CM, centre median; MG, medial geniculate; Pla, anterior

pulvinar; VPL, ventral posterior lateral nucleus.
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Figure 2.
Evidence of barriers to the precise placement of tracer micro-injections in VMpo. The

photomicrographs show the histological traces of microelectrode penetrations #7 and #8 (A)

and #9 (B) in case m36, where the recordings described in the text were obtained. The

histological trace of the micro-pipette used to make an iontophoretic micro-injection of Gdx

is visible in (A), and the trace of the Rdx micro-pipette is visible in (B), while (C) shows the

Rdx micro-injection and a faint histological trace of microelectrode penetration #9. The Gdx

injection site was barely 200 µm medial to the intended target, but almost no tracer was
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deposited. The Rdx micro-injection is visible and produced good cortical labeling, but it was

placed 500 µm medial to the intended target; nevertheless, it was still within the confines of

VMpo (delimited by the large arrowheads). Bar=0.5 mm.
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Figure 3.
Photomicrographs of coronal sections showing the histological traces of the microelectrode

penetrations made in case m154 (left, panels A, B, C) and in case m57 (right, panels D, E,
F). The borders of VMpo are indicated by large arrowheads. In each case, these

photomicrographs show that penetrations were made through a very posterior level of VMpo

(top panels, A, D), the middle of VMpo (middle panels, B, E), and a very anterior level of

VMpo (bottom panels, C, F). The penetrations in which recordings were obtained from

selectively nociceptive or thermoreceptive units and clusters are indicated by the thin
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vertical arrows, and the histology shows that these penetrations passed through VMpo. Bar =

0.5 mm. Abbreviations: CM, centre median; L, nucleus limitans; MG, medial geniculate; Pf,

parafascicular nucleus; Pla, anterior pulvinar; Pli, inferior pulvinar; Plm, medial pulvinar;

SG, suprageniculate nucleus; VPL, ventral posterior lateral nucleus; VPM, ventral posterior

medial nucleus.
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Figure 4.
Three-dimensional graphs showing the topographic stereotaxic distribution of selectively

nociceptive units and clusters recorded in VMpo . (A) shows case m154 and (B) shows case

m57, the two cases for which histological evidence is shown in Figure 3 (C) shows a

collation of five cases (m57, m65, m86, m154, and m177), in which the geometric means

were aligned for the recordings with RFs on the hand in each case. Units and clusters with

RFs in region 1 (face, head, ear and neck) are indicated by filled circles, in region 2 (hand,

arm, shoulder, and chest) by open squares, and in region 3 (foot, leg, abdomen, rump, and

tail) by crossed diamonds. The vertical dimension indicates recording depth, the left top

angled dimension the Medio-Lateral stereotaxic coordinate, and the right top angled

dimension the Antero-Posterior coordinate, all in units of millimeters.
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Figure 5.
Representative insular cortical labeling following a large CTb injection centered in VMpo.

(A) shows a photomicrograph of the injection site. (B) shows a drawing of its location in

thalamus. (C) shows a photomicrograph of the anterograde and retrograde labeling in insular

cortex in section 19b, for which a drawing is shown in the top panel of Figure 6, and (D)

shows the adjacent thionin-stained section. The tick marks in (C) mark sharp changes in the

pattern and density of the labeling in the middle layers, and they correspond well with the

locations of the tick marks in (D), which delimit cytoarchitectonically distinct insular

cortical areas as identified in the companion article (Evrard et al., xxxx; the initial capital I is

suppressed). Panels (E) and (F) show another pair of adjacent CTb-labeled (#15a) and

thionin-stained sections from a more anterior level, between sections 14c and 15b in the top

panel of Figure 6 and equivalent to A15.5 in the bottom panel of Figure 6. Bar=1 mm (C,
D), 0.5 mm (E, F). Abbreviations: CM, centre median; dd, dorsal dysgranular area of insula;
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dm, mound dysgranular area of insula; dv, ventral dysgranular area of insula; gd, dorsal

granular area of insula; gv, ventral granular area of insula; L, nucleus limitans; LG, lateral

geniculate; LP, lateral posterior nucleus; mc, magnocellular part of the medial geniculate;

MD, medial dorsal nucleus; MG, medial geniculate; Pf, parafascicular nucleus; Pla, anterior

pulvinar; Pli, inferior pulvinar; Plm, medial pulvinar; R, reticular nucleus; SG,

suprageniculate nucleus; vfp, posterior ventral fundus of insula; VMpo, posterior part of the

ventral medial nucleus; VPI, ventral posterior inferior nucleus.
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Figure 6.
The anterograde middle-layer terminal labeling in the cortex of case m70, shown on the

original plotted sections in a coronal series from anterior (top row, left) to posterior (second

row, right) sections (top) and also transposed onto the standardized series that was used to

collate all cases with anterograde labeling over the entire antero-posterior extent of insular

cortex (taken with permission from the atlas of the macaque monkey brain by Szabo and

Cowan, 1984). Bar = 5 mm.
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Figure 7.
The injection sites in the six cases that demonstrate the topographic organization of the

VMpo projection to dorsal posterior insular cortex. The top panel (A – F) shows for each

case a photomicrograph of the coronal thionin-stained section in which the histological trace

of the micro-pipette and the micro-injection placement are best seen. A solid circle or oval

indicates the outline of the micro-injection , as seen in that or an adjacent (fluorescent)

section; the large arrowheads indicate the cytoarchitectonic boundaries of VMpo. The lower

panel (G – L) shows for each case a line drawing of the section shown above; together,
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these demonstrate the placement of each micro-injection at a different antero-posterior level

of VMpo, progressing from a very posterior level (upper left, A and G, case m55R) to a very

anterior level (lower right, F and L, case m58R). Bar = 1 mm for both. Abbreviations: CL,

central lateral nucleus; CM, centre median; L, nucleus limitans; LD, lateral dorsal nucleus;

LG, lateral geniculate; LH, lateral habenula; LP, lateral posterior nucleus; mc, magnocellular

part of the medial geniculate; MD, medial dorsal nucleus; MG, medial geniculate; MH,

medial habenula; Pf, parafascicular nucleus; Pla, anterior pulvinar; Pli, inferior pulvinar;

Plm, medial pulvinar; R, reticular nucleus; SG, suprageniculate nucleus; VL, ventral lateral

nucleus; VMpo, posterior part of the ventral medial nucleus; VPL, ventral posterior lateral

nucleus; VPM, ventral posterior medial nucleus.
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Figure 8.
Photomicrographs of labeling in Idfp. (A) shows darkfield photomicrographs of every

consecutive 1-in-5 section from case m54R, from posterior (upper left, section 10c) to

anterior (lower right, section 7c), in order to document the spiral pattern of labeling across

the fundus of the SLS. The section numbers correspond with the levels shown in the coronal

drawings in Figure 9. The bright middle-layer terminal labeling is most dense in the ventral

aspect of the medial wall in 10c and at a more dorsal location in 10b; it extends across the

fundus in sections 9c–a, is dense in the lateral wall in sections 8c–a, and wanes in the lateral
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wall with almost no labeling remaining in the medial wall and fundus in 7c. (B) shows at

higher magnification the labeling in the lateral portion of the fundus in section 9b. The

labeling is dense in layers 3b-4, and axons with boutons can be seen in the supragranular

layers, including layer 1. (The vessel entering at approximately the center of the fundus can

be seen both in (A) and at the upper left in (B).) (C) shows the supragranular labeling more

clearly from a triple-labeling case (m178, 10K dextran coupled to Alexa 546) that will be

described in detail in a subsequent report. (D, E) show bright-field photomicrographs of the

adjacent thionin and the CTb-labeled sections numbered #9b. The labeling extends

continuously across the fundus between the medial and lateral borders of Idfp, which are

indicated by the arrowheads. (The borders are clearly visible, in spite of the ice artifact that

mars this thionin section. The potential sub-partition at the center of the fundus that is

described in the companion article is also obvious.) Bar = 1 mm (A, D, E), 0.1 mm (B, C).
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Figure 9.
Original plots showing the distribution of labeling in case m54R on the outlines of the

individual named sections. The labeling in the dorsal bank of the LS shown in section 15a

does not originate from VMpo. Top left most anterior, bottom right most posterior. Bar = 5

mm.
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Figure 10.
The topographic distribution of VMpo projections to Idfp is shown by representations of the

labeling observed in six cases on a standard composite of line drawings, extracted from the

drawings of Szabo and Cowan (1984) at the indicated levels. Only the posterior half of

insular cortex is shown.

Craig Page 48

J Comp Neurol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Craig Page 49

T
ab

le
 1

D
et

ai
ls

 f
or

 S
ix

 C
as

es
 S

ho
w

in
g 

T
op

og
ra

ph
y 

of
 V

M
po

 P
ro

je
ct

io
n 

to
 I

df
p

C
as

e
T

ra
ce

r
Su

rv
iv

al
In

j 
lo

ca
ti

on
T

er
m

 lo
ca

ti
on

T
er

m
 r

an
ge

m
55

R
B

D
A

19
d

3/
16

 =
 1

9%
5/

45
=

11
%

3–
7 

=
 7

–1
6%

m
12

0R
G

dx
29

4/
16

 =
 2

5%
10

/5
2 

=
 1

9%
7–

13
 =

 1
4–

25
%

m
13

7R
R

dx
28

6/
13

 =
 4

6%
13

/4
9 

=
 2

7%
9–

17
 =

 1
8–

35
%

m
17

5R
L

Y
dx

 (
40

nL
)

22
9/

12
 =

 7
5%

27
/8

0 
=

 3
4%

16
–3

8 
=

 2
0–

48
%

m
54

R
B

D
A

21
9/

11
 =

 8
2%

20
/4

3 
=

 4
6%

13
–2

7 
=

 3
0–

63
%

m
58

R
R

dx
22

11
/1

2 
=

 9
2%

16
/3

0 
=

 5
3%

12
–2

0 
=

 4
0–

67
%

J Comp Neurol. Author manuscript; available in PMC 2015 January 01.


