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Abstract 53 

 54 

In the past, we showed that large electrolytic lesions of the dorsomedial hypothalamus 55 

(DMH) promoted hypothermia in cold-exposed restrained rats, but attenuated 56 

hypothermia in rats challenged with a high dose of bacterial lipopolysaccharide (LPS) 57 

in a thermogradient apparatus. The goal of this study was to identify the thermoeffector 58 

mechanisms and DMH representation of the two phenomena and, hence, understand 59 

how the same lesion could produce two opposite effects on body temperature. We found 60 

that the permissive effect of large electrolytic DMH lesions on cold-induced 61 

hypothermia was due to suppressed thermogenesis. DMH-lesioned rats also could not 62 

develop fever autonomically: they did not increase thermogenesis in response to a low, 63 

pyrogenic dose of LPS (10 μg/kg, i.v.). In contrast, changes in thermogenesis were 64 

uninvolved in the attenuation of the hypothermic response to a high, shock-inducing 65 

dose of LPS (5,000 μg/kg, i.v.); this attenuation was due to a blockade of cold-seeking 66 

behavior. To compile DMH maps for the autonomic cold defense and for the cold-67 

seeking response to LPS, we studied rats with small thermal lesions in different parts of 68 

the DMH. Cold thermogenesis had the highest representation in the dorsal hypothalamic 69 

area. Cold seeking was represented by a site at the ventral border of the dorsomedial 70 

nucleus. Because LPS causes both fever and hypothermia, we originally thought that the 71 

DMH contained a single thermoregulatory site that worked as a fever-hypothermia 72 

switch. Instead, we have found two separate sites: one that drives thermogenesis, and 73 

the other, previously unknown, that drives inflammation-associated cold seeking. 74 

  75 

76 
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Significance Statement 77 

 78 

Cold-seeking behavior is a life-saving response that occurs in severe systemic 79 

inflammation. We studied this behavior in rats with lesions in the dorsomedial 80 

hypothalamus (DMH) challenged with a shock-inducing dose of bacterial endotoxin. 81 

We built functional maps of the DMH and found the strongest representation of cold-82 

seeking behavior at the ventral border of the dorsomedial nucleus. We also built maps 83 

for cold-induced thermogenesis in unanesthetized rats and found the dorsal 84 

hypothalamic area to be its main representation site. Our work identifies the neural 85 

substrate of cold-seeking behavior in systemic inflammation and expands the functional 86 

topography of the DMH – a structure that modulates autonomic, endocrine, and 87 

behavioral responses and is a potential therapeutic target in anxiety and panic disorders. 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

101 
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Introduction 102 

 103 

The tight control of deep body temperature (Tb) observed in homeothermic animals is 104 

achieved by the multi-sensor, multi-effector thermoregulation system, which functions 105 

as a federation of relatively independent thermoeffectors loops (Romanovsky, 2007b; 106 

Werner, 2010). The effectors include autonomic (physiological) and behavioral, and 107 

each of them is controlled by a unique combination of signals from peripheral and 108 

central thermosensors (for review, see Romanovsky, 2014) through an independent 109 

neural pathway (Roberts, 1988; McAllen et al., 2010). The neural pathways for 110 

autonomic thermoeffectors in rodents are well described (Morrison, 2016), but little is 111 

known about the pathways controlling thermoregulatory behaviors. 112 

Systemic inflammation, the main cause of death in hospitalized patients, 113 

changes the regulation of Tb in such a way that either fever or hypothermia occurs 114 

(Romanovsky et al., 2005; Rudaya et al., 2005; Steiner and Romanovsky, 2007). In 115 

rodent models, aseptic systemic inflammation is often induced by intravenous 116 

administration of bacterial lipopolysaccharide (LPS, endotoxin), which causes fever, 117 

hypothermia, or a combination of the two, depending on LPS dose and ambient 118 

temperature (Ta). Lower doses of LPS, especially when administered in a thermoneutral 119 

or warm environment, typically cause fever. Higher, shock-inducing doses of LPS, 120 

especially when administered in a subneutral (cool) environment, cause hypothermia. 121 

The two main effector mechanisms for LPS hypothermia are: (i) inhibition of 122 

thermogenesis on the autonomic side (Romanovsky et al., 1996b) and (ii) active cold 123 

seeking on the behavioral side (Romanovsky et al., 1996b; Almeida et al., 2006a). 124 

Whereas fever is associated with motor agitation, arterial hypertension, arousal, 125 

and hyperalgesia, the hypothermic response is associated with motor depression, 126 
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hypotension, sleepiness, and analgesia (Romanovsky et al., 1996a; Romanovsky and 127 

Szekely, 1998). These two syndromes, which we termed the early and the late sickness 128 

syndrome, respectively, correspond to the light and severe forms of systemic 129 

inflammation. They also represent two types of adaptation to inflammation or infection: 130 

fight/flight (energy expenditure) and depression/withdrawal (energy conservation). 131 

Hypothermia is a central symptom of the late sickness syndrome. When rats are allowed 132 

to seek their preferred Ta (as in a thermogradient apparatus) to decrease their Tb 133 

(Romanovsky et al., 1997), or when they are cooled by being placed at a lower Ta (Liu 134 

et al., 2012), their survival rate in severe systemic inflammation increases drastically. 135 

Even though the hypothermic response in systemic inflammation can be a life-136 

saver, it is not well studied. In particular, its neural mechanisms are unknown, except 137 

that LPS-induced cold-seeking behavior in rats has been found to be mediated by 138 

neuronal bodies located in the dorsomedial hypothalamus (DMH) and neuronal fibers 139 

passing through the paraventricular hypothalamus (PVH) (Almeida et al., 2006a). 140 

Interestingly, the DMH and PVH are the only two diencephalic areas that show a 141 

stronger expression of c-Fos protein, a marker of neuronal activation, during LPS 142 

hypothermia than during LPS fever (Wanner et al., 2013). 143 

There is a contradiction, however. Almeida et al. (2006b) reported that the same 144 

DMH lesion both promoted hypothermia (in cold-exposed restrained rats) and blocked 145 

it (in rats challenged with LPS in a thermogradient apparatus). Knowing that DMH 146 

neurons in and around the dorsal hypothalamic area (DA) mediate cold defenses, 147 

especially nonshivering thermogenesis in brown adipose tissue (BAT) and shivering 148 

(DiMicco and Zaretsky, 2007; Morrison, 2016), we thought that a single 149 

thermoregulation-related site (DA) was responsible for both phenomena reported by 150 

Almeida et al. (2006b) and possibly determined the direction of the thermoregulatory 151 
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response (fever or hypothermia) in inflammation. We thought that when the DA was 152 

lesioned, the animal could neither increase thermogenesis in response to cold nor inhibit 153 

thermogenesis in response to a high dose of LPS. Because the cold-seeking behavior is 154 

often coupled with metabolic inhibition (Romanovsky, 2004), the same DA lesion could 155 

also result in suppressed cold seeking. The present study rejects this explanation. It 156 

shows that DA neurons that drive thermogenesis are not involved in LPS-induced cold 157 

seeking, and that cold-seeking behavior in systemic inflammation depends on a 158 

different, previously unknown, neuronal group. 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 
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Material and Methods 177 

 178 

Animals 179 

Experiments were performed in 225 adult male Wistar rats (Harlan). At the time of 180 

electrolytic, thermal, or chemical lesioning of the DMH, the rats had a body mass of 181 

280-320 g. Rats were housed in standard “shoe box” cages placed in a rack equipped 182 

with a Smart Bio-Pack ventilation system and Thermo-Pak temperature control system 183 

(Allentown Caging Equipment). The incoming air temperature was maintained at 28 C. 184 

The room was on a 12:12 h light-dark cycle (lights on at 7:00 A.M.). The rats had free 185 

access to tap water and standard rat chow (Harlan Teklad). All rats were extensively 186 

habituated to the experimental setups as follows. Each rat designated for an experiment 187 

in the thermocouple or respirometry setup (see Experimental setups) was habituated to 188 

staying in a wire-mesh confiner by going through 8 training sessions of increasing 189 

duration (from 30 min to 4 h). The confiner limited back-and-forth movement and 190 

prevented the rat from turning around. The same confiners were used later in the 191 

experiments. Each rat designated for an experiment in the thermogradient apparatus was 192 

acclimated to a channel of the apparatus by going through 8 habituation sessions of 193 

increasing duration (from 2 to 8 h); during long (8 h) habituation sessions, rats had 194 

unlimited access to food and water. On the day before an experiment, rats were placed 195 

inside the apparatus at 6:00 P.M. and left there overnight to further acclimate to the 196 

experimental conditions. At the end of experiments, rats were killed by exsanguination 197 

under anesthesia with a ketamine-xylazine-acepromazine cocktail (55.6, 5.5, and 1.1 198 

mg/kg, respectively, i.p.). All protocols were approved by the St. Joseph’s Hospital and 199 

Medical Center Animal Care and Use Committee. 200 

 201 
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Surgery and brain tissue lesioning 202 

Anesthesia and perioperative care. For all surgical and brain lesioning 203 

procedures, the rats were anesthetized with ketamine-xylazine-acepromazine (55.6, 5.5, 204 

and 1.1 mg/kg, respectively, i.p.) and received an antibiotic prophylactically 205 

(enrofloxacin, 1.2 mg/kg, s.c.). During surgery, each rat was kept on a Deltaphase 206 

isothermal pad (Braintree Scientific) to prevent hypothermia. After surgery, all rats 207 

were examined daily for signs of dehydration (which often occurred in rats with large 208 

bilateral electrolytic DMH lesions). If a rat lost more than 15% of its body mass over 24 209 

h after brain lesioning or exhibited a slow recovery from the initial loss of body mass, it 210 

received isotonic saline (10 ml, s.c.). 211 

Electrolytic brain tissue lesioning. To produce a large bilateral electrolytic lesion 212 

of the DMH, a rat was anesthetized, and the head skin over the frontal and parietal 213 

bones was shaved and scrubbed. The rat was fixed to a stereotaxic apparatus (David 214 

Kopf) with the incisor bar set at 3.3 mm ventral to interaural line. The skin was incised 215 

over the sagittal suture, and the periosteum was detached from the bone and excised. 216 

The level of the incisors bar was adjusted to make sure that bregma and lambda were at 217 

the same level. A small hole was drilled on each side of the skull using an antero-218 

posterior coordinate (AP) of −3.0 mm and a mediolateral coordinate (ML) of 0.5 mm 219 

(Paxinos and Watson, 2007). A stainless steel electrode (250 μm diameter, Frederic 220 

Haer) was inserted into the brain through the drilled hole to a dorso-ventral coordinate 221 

(DV) of −9.0 mm. A second electrode (an ‘‘alligator’’ clip) was attached to the edge of 222 

the surgical wound on the head. To lesion the brain tissue, a precision lesioning 223 

instrument (Ugo Basile) was used. A constant anodal current (1 mA) was passed 224 

through the electrodes for 30 s. After the structure of interest was lesioned on one side, 225 

the electrode was removed and inserted contralaterally. After the second lesion was 226 
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made, the electrode was removed, and the scalp wound was sutured. Sham-lesioned rats 227 

were prepared similarly, but the tip of the electrode was placed at a DV coordinate of 228 

−7.0 mm (just above the mammillothalamic tract), and no current was passed. 229 

Thermal brain tissue lesioning. Small bilateral thermal lesions within the DMH 230 

were produced by the passage of an alternating (radio-frequency) current. A rat was 231 

prepared as for electrolytic lesioning; holes were drilled into the skull; and a probe 232 

consisting of an electrode (to lesion tissue) and a thermocouple (to measure tissue 233 

temperature inside the lesion) was inserted into the brain. To place lesions in different 234 

areas, throughout the entire DMH, the coordinates used varied widely between rats: AP, 235 

from −2.28 mm rostrally to −3.60 mm caudally; ML, from 0.20 mm medially to 0.80 236 

mm laterally; and DV from −7.60 mm dorsally to −9.20 mm ventrally. The electrode 237 

was connected to a generator RFG-4A (Radionics), and a current was rapidly (within a 238 

few seconds) increased from 0 to a value corresponding to the brain temperature of 70-239 

75 C and kept at this level for 45 s. Thereafter, the probe was removed and inserted to 240 

the same coordinates contralaterally. Sham-lesioned rats were prepared similarly, but 241 

the tip of the probe was placed at a DV coordinate of −7.0 mm, and no current was 242 

passed. 243 

Chemical (excitotoxic) brain tissue lesioning. Small bilateral chemical lesions 244 

within the DMH were produced by ibotenic acid. To prevent the cardiovascular side 245 

effects of the intrabrain administration of ibotenic acid, rats were pretreated with a 246 

ganglionic blocker (hexamethonium, 30 mg/kg, i.p.). For lesioning the targeted area 247 

within the DMH, a stainless steel injector needle (OD 210 m) was inserted to the 248 

following tip’s coordinates: AP = −3.48 mm; ML = 0.40 mm (or −0.40 mm); and DV = 249 

−9.00 mm. Ibotenic acid (10 ng/nl) in 0.01 M PBS (pH 7.4) was delivered (7.5 nl/min, 250 

10 min) with the help of an infusion pump (model 220, KD Scientific), and the injector 251 
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needle was left in place for an additional 5 min. Sham-lesioned rats were prepared the in 252 

same way, but received an infusion of PBS instead of ibotenic acid. 253 

Jugular catheterization. Ten days after brain tissue (or sham) lesioning, each rat 254 

was anesthetized for a second time. A 1-cm longitudinal incision was made on the 255 

ventral surface of the neck, and the left jugular vein was exposed, freed from its 256 

surrounding connective tissue, and ligated. A silicone catheter (OD 0.9 mm) filled with 257 

heparinized pyrogen-free saline (10 U/ml) was passed into the superior vena cava 258 

through the jugular vein and secured in place with ligatures. The free end of the catheter 259 

was knotted, tunneled under the skin to the nape, and exteriorized. The surgical wound 260 

on the ventral surface of the neck was sutured. After jugular catheter implantation, the 261 

catheter was flushed with heparinized saline daily (0.3 ml; 10 U/ml).  262 

Temperature data logger implantation. Each rat assigned to an experiment in the 263 

thermogradient setup was implanted with a miniature temperature data logger (SubCue 264 

Dataloggers) to record abdominal temperature. Immediately after jugular catheterization 265 

(under the same anesthesia), a midline laparotomy was performed, and a data logger 266 

was inserted in the peritoneal cavity and sutured to the lateral abdominal wall. The data 267 

logger had been programmed to acquire data every 5 min. The surgical wound was 268 

sutured in layers. 269 

 270 

Experimental setups 271 

Thermocouple thermometry setup. A rat was placed in a confiner and equipped 272 

with a copper-constantan thermocouple (Omega Engineering) to measure deep (colonic) 273 

Tb. The colonic thermocouple was inserted 10 cm beyond the anal sphincter and fixed to 274 

the base of the tail with a loop of adhesive tape. Six rats instrumented with colonic 275 

thermocouples were placed simultaneously, in their confiners, inside a climatic chamber 276 
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(model 3940; Forma Scientific). Thermocouple wires were passed through a wall port 277 

outside the chamber and fed into a data logger (Cole-Parmer). Based on the method 278 

developed in our laboratory (Romanovsky et al., 2002), we determined in preliminary 279 

experiments that the thermoneutral zone for the rats used in this study in this setup was 280 

centered at ~28 C, which is 1.8 C lower than in our earlier study (Romanovsky et al., 281 

2002). The midpoints of the thermoneutral zones for adult male Wistar rats in all 282 

experimental setups used are shown in Table 1.   283 

Respirometry setup. A rat was placed in a confiner and equipped with a colonic 284 

thermocouple (as in the thermocouple setup) and a tail-skin thermocouple. The latter 285 

was positioned on the lateral surface of the tail, at the boundary of the proximal and 286 

middle thirds, and insulated from the environment with tape. Each rat had a 287 

preimplanted jugular catheter, which was connected to a PE-50 extension filled with 288 

LPS suspension (in saline) or saline. Each rat in its confiner was then placed inside a 289 

cylindrical Plexiglas metabolic chamber (Sable Systems). The catheter extension and 290 

thermocouple wires were passed through a port of the metabolic chamber. The port was 291 

sealed with paraffin, and the metabolic chamber was continuously ventilated. The 292 

airflow was maintained at 600 ml/min (standard conditions for temperature and 293 

pressure) with the aid of a mass flow controller (Sierra Instruments). The air leaving 294 

each metabolic chamber was automatically sampled, dried, and passed through an 295 

oxygen analyzer (Sable Systems). Six metabolic chambers were placed inside a large 296 

climatic chamber, which allowed for the study of six rats simultaneously. The catheter 297 

extensions and thermocouple wires were then passed through a wall port of the climatic 298 

chamber. Each extension was connected to a syringe loaded onto an infusion pump 299 

(model 220, KD Scientific), and the thermocouples were plugged into the data logger. 300 
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Ta values of 25.0-27.0°C (as measured inside the environmental chamber, but outside 301 

the metabolic chambers) are neutral for rats in this setup (Table 1). 302 

Thermogradient setup. The thermogradient apparatus used was described in 303 

detail previously (Almeida et al., 2006a). Briefly, this apparatus consists of six 200-cm-304 

long aluminum channels with acrylic double-walled lids at the top. The raised floor of 305 

each channel is made of a stainless-steel grid and hosts an animal during experiments. 306 

At each end, all channels share a common aluminum wall, which separates the channels 307 

from a large tank. The tank at the “warm” end of the channels is filled with water heated 308 

by two electric heating units (PolyScience) to maintain air temperature inside the 309 

channels at this end at 30.0°C. The tank at the opposite (“cold”) end is constantly 310 

perfused with 30% ethylene glycol by an external-circulation cooling/heating pump 311 

(model 9501; PolyScience) to maintain air temperature inside the channels at this end at 312 

15.0°C. In this setting, all channels have a common, nearly-linear longitudinal 313 

temperature gradient of 0.075°C/cm. In each channel, the rat’s position is monitored 314 

with 56 infrared emitters (which send transversal infrared beams) evenly spaced (3.5 cm 315 

apart) on one long wall of the channel, and the corresponding 56 receivers on the 316 

opposite wall. The thermoneutral zone for adult male Wistar rats in our apparatus is 317 

centered at ~24°C (Table 1), which is a typical preferred Ta of well-adapted rats in this 318 

setup (Almeida et al., 2006a). 319 

  320 

Experiments 321 

In the thermocouple setup, we studied the ability of restrained rats with 322 

electrolytic, thermal, or excitotoxic (ibotenic acid) lesions and of their corresponding 323 

sham-lesioned controls to defend their Tb against cold or heat by using autonomic 324 

(physiological) effectors only. To test autonomic defense against cold, we first kept the 325 
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rats at a neutral Ta of ~28 C for 90 min and then gradually lowered it to 7-10 C. In 326 

experiments in rats with electrolytic and excitotoxic lesions, the cooling was performed 327 

over 120 min. In experiments with thermal lesions, we wanted to increase the 328 

magnitude of the hypothermic response (to achieve a better resolution of the functional 329 

maps) by exposing rats to cold for a longer time, so the cooling was performed over 150 330 

min. To study the autonomic defense against heat (these experiments were performed 331 

only in rats with electrolytic lesions of the DMH and in their sham-lesioned controls), 332 

we first kept the rats in a slightly subneutral environment (Ta of ~26 C) for 90 min and 333 

then gradually (over 120 min) raised the Ta to ~32 C. Colonic Tb was continuously 334 

recorded (Table 1). 335 

In the respirometry setup, rats were subjected to two experiments designed to 336 

investigate whether the electrolytic DMH lesions impaired their ability to recruit 337 

autonomic thermoeffectors in the thermoregulatory responses to LPS, viz., hypothermia 338 

and fever. Hypothermia was caused by a bolus injection of a high, shock-inducing dose 339 

of LPS (5,000 μg/kg, i.v.) in a cold environment (Ta of 21 C). Fever was induced by 340 

administering a low, pyrogenic dose of LPS (10 μg/kg, i.v.) at thermoneutrality (Ta of 341 

26 C). In control experiments, pyrogen-free saline was injected in DMH- or sham-342 

lesioned rats at the corresponding Ta. The rate of oxygen consumption (VO2), colonic 343 

Tb, and tail-skin temperature (Tsk) were continuously recorded (Table 1). 344 

In the thermogradient setup, two experiments were conducted. First, we 345 

investigated whether electrolytic DMH lesions (as compared to sham lesions) impaired 346 

the ability of rats to recruit the warmth-seeking behavior in response to the low, 347 

pyrogenic dose of LPS (10 μg/kg, i.v.), which typically causes polyphasic fever and 348 

warmth seeking (Almeida et al., 2006a). The controls received saline instead of LPS. 349 

Second, we investigated whether electrolytic, thermal, and chemical lesions within the 350 



JN-RM-0100-17-R1 – Dorsomedial hypothalamic site drives cold seeking – Page 15 
 

 15 

DMH impaired the ability of rats to recruit the cold-seeking behavior in response to the 351 

high, shock-inducing dose of LPS (5,000 μg/kg, i.v.). High doses of LPS typically cause 352 

hypothermia and cold seeking (Romanovsky et al., 1996b; Almeida et al., 2006a). 353 

Abdominal Tb and preferred Ta were recorded (Table 1). 354 

 355 

Drugs and drug administration 356 

A stock suspension of E. coli 0111:B4 LPS in pyrogen-free saline (10 mg/ml) was 357 

stored at 4 C. On the day of the experiment, the stock was diluted to a final 358 

concentration of 10 or 5,000 g/ml. In the experiments conducted in the thermogradient 359 

setup, LPS (10 μg/kg, i.v., to cause fever, or 5,000 μg/kg, i.v., to cause hypothermia) or 360 

saline (1 ml/kg, i.v.) was administered as a bolus through the jugular catheter, after the 361 

rat was gently restrained by hands in its channel of the thermogradient apparatus. In the 362 

experiments conducted in the respirometry setup, LPS (same doses) or saline was bolus-363 

infused through a jugular catheter extension, without disturbing the rat.  364 

 365 

Histological verification 366 

Rats were deeply anesthetized with ketamine-xylazine-acepromazine and perfused (15 367 

ml/min) through the ascending aorta (right atrium cut) with 75 ml of saline, followed by 368 

300 ml of 10% formalin. The brains were removed, post-fixed in 10% formalin at 4 C 369 

overnight, and transferred to 30% sucrose in 0.01 M PBS (pH 7.4) thereafter. To ensure 370 

cryoprotection, the brains were kept in the sucrose solution at 4ºC for 48 h and then 371 

frozen on dry ice and sectioned into 50- m slices. Sections containing the structures of 372 

interest were collected, mounted on glass slides, and stained with cresyl violet (stains 373 

Nissl bodies in the cytoplasm of neurons purple-blue). Multiple photomicrographs of 374 

the slides containing lesions were taken for all lesioned brains. 375 
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Measuring the size of a thermal lesion  376 

The center of a thermal lesion was determined as an estimated center of mass of the 377 

lesion’s image on the slide where the lesion was largest. For a round lesion, this was the 378 

geometric center. To determine the stereotaxic coordinates of the center, a 379 

photomicrograph of the section containing the lesion center was superimposed on the 380 

best-matched coronal schematic from the digitized Paxinos and Watson (2007) atlas 381 

using Microsoft PowerPoint. The anatomical landmarks used to find the best-matching 382 

image from the atlas included the mammillothalamic tract, fornix, dorsomedial 383 

hypothalamic nucleus (DM), especially its compact portion (DMC), third ventricle, and 384 

median eminence. The same schematic was used to determine the lesion diameter. 385 

 386 

Data processing and analysis 387 

Heat loss index (HLI). The HLI was used as a measure of tail-skin vasomotor 388 

tone. It was calculated according to the formula HLI = (Tsk − Ta) / (Tb − Ta) 389 

(Romanovsky et al., 2002). 390 

Thermogenesis. As in the past (Garami et al., 2011; Almeida et al., 2012), VO2 391 

was used as an index of thermogenesis. It was calculated by comparing the oxygen 392 

fraction in the air that exited the metabolic chamber occupied by the rat of interest (FO2-393 

rat) to the oxygen fraction in the air that exited an empty chamber (FO2-chamber). The 394 

following formula was used: VO2 = [air flow  (FO2-chamber − FO2-rat)] / (1 − [(1 − 395 

respiratory quotient)  FO2-chamber]) / rat’s body mass, where the respiratory quotient was 396 

considered to be 0.71. The equation term that includes the respiratory quotient accounts 397 

for the fact that carbon dioxide produced by the rat was not extracted from the air that 398 

was passed though the oxygen analyzer in our experimental setup. 399 
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Assessment of autonomic cold-defense impairment. The relative decrease in deep 400 

(colonic) Tb was calculated as an index of autonomic cold-defense impairment for all 401 

thermally-lesioned rats and used for computing representation maps of the DMH for the 402 

autonomic cold defense. First, the Tb change during the cold exposure was determined 403 

for each rat as the difference between the mean Tb for the last 10 min of and the last 10 404 

min just before the cold exposure. The mean change in Tb of 10 sham-lesioned rats was 405 

also calculated. Then, for each DMH-lesioned rat, the relative decrease in Tb during the 406 

cold exposure was calculated as a difference between the mean change in Tb of 10 407 

sham-lesioned rats and the individual change in Tb of the rat of interest. This number 408 

was used as a measure of the autonomic impairment caused by the lesion: a strong 409 

impairment (the rat could not defend its Tb) corresponded to a high positive value, 410 

whereas no impairment corresponded to a near-0 value (the rat defended its Tb as 411 

strongly as the controls) or even a negative value (the rat defended its Tb against cold 412 

even better than the controls).  413 

Assessment of impairment of LPS-induced cold-seeking behavior. For all 414 

thermally-lesioned rats, an index of impairment of the cold-seeking response to LPS 415 

was calculated as a relative increase in preferred Ta. This index was used for computing 416 

representation maps of the inflammation-associated cold-seeking behavior in the DMH. 417 

For each rat, the lowest Ta it selected in the thermogradient apparatus between 25 and 418 

65 min after LPS administration was determined. This time interval corresponded to the 419 

period of the most pronounced cold-seeking behavior exhibited by rats in response to 420 

the same dose of LPS (Almeida et al., 2006a, 2006b). The mean lowest Ta of 10 sham-421 

lesioned rats was also calculated. For each DMH-lesioned rat, the relative change in 422 

preferred Ta was then determined as the difference between the lowest Ta of this 423 

lesioned rat and the mean lowest Ta of 10 sham-lesioned rats. The resultant number 424 
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showed whether the cold-seeking behavior of the lesioned rat in response to LPS was 425 

stronger (no impairment; negative values), weaker (positive values), or the same (0), as 426 

compared to sham-lesioned rats.  427 

 Construction of functional representation maps. Based on the functional 428 

impairment values obtained in 83 rats with bilateral thermal lesions and 10 rats with 429 

sham lesions, we computed DMH maps for the autonomic cold-defense and the LPS-430 

induced cold-seeking behavior as follows. The lesions on the two sides of the brain 431 

received the same impairment value, and, for mapping purposes, were treated as two 432 

lesions. The number of lesions used to compute the autonomic cold-defense maps was 433 

166; the number of lesions used to compute the cold-seeking maps was 162.  The 434 

mapped brain space extended from AP = −1.81 mm rostrally to AP = −4.49 mm 435 

caudally, from ML = 0.00 mm medially to ML = 1.37 mm laterally, and from DV = 436 

−6.86 mm dorsally to DV = −9.97 mm ventrally, thus covering a volume of 11.42 mm3. 437 

This space was conceptualized as a 3D grid with equally-spaced nodes (0.01 mm apart 438 

along each of the AP, ML, and DV axes), and the nodes were treated as points within 439 

this space. Each thermal lesion was approximated with a ball within this space. The 440 

Paxinos and Watson (2007) coordinates of the center and the diameter of each ball were 441 

determined as described above (see Measuring the size of thermal lesions). Each point 442 

within each ball was assigned a functional value equal to either the relative decrease in 443 

Tb during cold exposure (an index of the autonomic impairment) or the relative increase 444 

in the preferred ambient temperature after LPS administration (an index of the 445 

behavioral impairment), as obtained from experiments in the rat with that particular 446 

lesion. For each point in the mapped brain space, a subset of lesion balls containing this 447 

point was determined, and since each lesion had a functional value, this procedure 448 

defined the corresponding subset of functional values for this point. Next, from this 449 
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subset of values, we computed a single functional value for the corresponding point of 450 

the mapped brain space. The mathematical formula for that value depended on the 451 

number (N) of balls intersecting at that point. For N = 1, the functional value of the only 452 

lesion ball that contained this point was selected as the point’s value. For N = 2, the 453 

mean of the two values was taken. For 2 < N < 7, the values corresponding to all balls 454 

that contained this point were sorted in ascending order, and the median value was 455 

considered to be this point’s value. For N > 7, three median values were determined, 456 

and their mean was considered to be the point’s value. This algorithm (median filtering) 457 

allowed us to decrease the noise in the resulting maps. For each function, the mapped 458 

space contained 719 2D maps. Of those, 26 maps that represent the planes shown in the 459 

Paxinos and Watson (2007) atlas (12 coronal, 4 sagittal, and 10 transverse, or 460 

horizontal) were examined closely. The software for map generation was developed in 461 

C++. A similar technique was utilized earlier for producing 2D cerebellar maps for 462 

motor control impairments (Shimansky et al., 1999). 463 

Statistical analyses. Data on deep Tb (whether abdominal or colonic), and 464 

measures of thermoeffector activities (viz., HLI, VO2, and preferred Ta), were compared 465 

between groups and across time points using two-way ANOVA with post hoc 466 

comparisons, as appropriate. We also identified the peak (or nadir) value of a Tb 467 

response or a thermoeffector response for each rat and compared it with the baseline 468 

value or with the corresponding value in another group using a paired or unpaired t-test, 469 

respectively. When more than two experimental groups were compared (chemical 470 

lesions), a one-way ANOVA was used. All parametric analyses were performed only 471 

when a normal distribution of data was confirmed with a Shapiro-Wilk test. For non-472 

normally distributed data, Wilcoxon, Mann-Whitney, rank ANOVA, and Spearman 473 
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rank tests were used. All analyses were performed using Sigma Plot 11 (Systat 474 

Software). Unless stated otherwise, the data are reported as means ± SE. 475 

 476 

Anatomical nomenclature 477 

In the text and figures, all brain structures are named and abbreviated according to 478 

Paxinos and Watson (2007). Additionally, we use the following three abbreviations: 479 

BNST (to refer to the entire bed nucleus of the stria terminalis) and PVH and DMH (to 480 

refer to the relatively large areas located medially within the middle and posterior 481 

hypothalamus, respectively). Defined this way, the DMH consists of the DMC and 482 

dorsal and ventral portions (DMD and DMV, respectively) of the DM and some 483 

adjoining structures, including the DA. 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 
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Results 499 

 500 

Electrolytic lesions of the DMH: gross anatomy 501 

To reexamine our earlier findings (Almeida et al., 2006b) that a large bilateral 502 

electrolytic lesion of the DMH both promoted hypothermia (in response to cold 503 

exposure) and attenuated hypothermia (caused by a high dose of LPS), we produced 504 

similar lesions in 53 rats (and sham lesions in 59 rats), and then studied the effects of 505 

these lesions in greater detail. The lesions were large, typically involving both the 506 

rostral (Fig. 1A) and caudal (Fig. 1B) aspects of the DMH and spreading from the DA 507 

and dopamine cell group A13 (A13) dorsally to the dorsal aspect of the ventromedial 508 

hypothalamic nucleus (VMH) ventrally, while involving the perifornical part of the 509 

lateral hypothalamus (PeFLH) laterally, as well as several other adjacent structures (Fig. 510 

1A and 1B, left panels). As typical for this lesioning technique, the shape of an 511 

electrolytic lesion was irregular, asymmetric, and varied greatly among rats (Fig. 1A and 512 

1B, middle and right panels), even though the same stereotaxic coordinates and 513 

lesioning parameters (current and duration) were used for all lesions. The lesioned 514 

tissue had areas of extensive gliosis and seemed to be separated from normal tissue by a 515 

wide zone of secondary damage. 516 

 517 

Electrolytic lesions of the DMH attenuate the autonomic defense against cold, but 518 

not against heat 519 

In response to cold exposure in the thermocouple setup (Ta decreasing from 28.3  0.1 520 

to 10.0  0.2 C over 120 min), sham-lesioned rats successfully defended their Tb, 521 

whereas DMH-lesioned rats failed to do so (lesion type × time interaction: F(1,2250) = 522 

145.12; p < 0.001; Fig. 2A). At the end of the 2-h exposure, the difference in Tb between 523 
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sham- and DMH-lesioned rats was ~2.9 C (p < 0.001). We then tested how rats were 524 

able to defend their Tb against heat (Ta increasing from 25.8  0.1 to 32.0  0.1 C over 525 

120 min). Large electrolytic DMH lesions did not weaken the autonomic defense of Tb 526 

against heat (lesion type × time interaction: F(1,630) = 0.59; p = 0.962; Fig. 2B). At the 527 

end of the 2-h heat exposure, the increase in Tb in the DMH-lesioned rats (1.3 ± 0.2 C) 528 

was nearly identical to that in the sham-lesioned rats (1.4 ± 0.2 C; p = 0.701). A 529 

selective effect of large DMH lesions on the autonomic defense against cold, but not 530 

against heat, was observed by Almeida et al. (2006b). Importantly, in the heating 531 

experiment (Fig. 2B), the initial Ta was relatively low (~26 C), and the baseline Tb in 532 

this cool environment was ~0.2 C lower in DMH-lesioned rats than in sham-operated 533 

controls (p = 0.073). Low values of Tb in DMH-lesioned rats exposed to room 534 

temperature were also reported by others (Chou et al., 2003; Gooley et al., 2006).  535 

 536 

Electrolytic lesions of the DMH attenuate LPS-induced cold-seeking behavior and 537 

hypothermia, but not LPS-induced warmth-seeking behavior or fever 538 

We then tested the ability of DMH-lesioned rats to develop hypothermia and cold-539 

seeking behavior in the thermogradient setup in response to a high, shock-inducing dose 540 

of LPS (5,000 μg/kg, i.v.) (Fig. 3A). Whereas sham-lesioned rats displayed strong cold-541 

seeking behavior (a 4.8 ± 0.7 C maximum decrease in preferred Ta at 47 ± 3 min post-542 

LPS; p < 0.001), which was coupled with a 0.9 ± 0.1 C decrease in abdominal Tb (nadir 543 

at 69 ± 3 min; p < 0.001), both responses were strongly attenuated in DMH-lesioned 544 

rats. Lesioned rats exhibited a 1.8 ± 1.2 C maximum decrease in preferred Ta (at 44 ± 5 545 

min; p = 0.033 for the lesion-sham difference) and a 0.4 ± 0.2 C decrease in abdominal 546 

Tb (at 69 ± 3 min; p = 0.011 for the lesion-sham difference). In response to a high dose 547 

of LPS, the hypothermic response is often followed by fever (e.g., Almeida et al., 548 
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2006a; Steiner and Romanovsky, 2015); the same pattern was observed in the present 549 

study (Fig. 3A). The fever portion of the response was associated with warmth-seeking 550 

behavior (a 4.8 ± 0.6 C maximum increase in preferred Ta at 126 ± 11 min post-LPS; p 551 

< 0.001). DMH lesioning did not affect this part of the response (a 3.7 ± 1.3 C 552 

maximum increase in preferred Ta at 132 ± 17 min post-LPS; p = 0.391). 553 

 In a separate experiment, rats were injected with a low, pyrogenic dose of LPS 554 

(10 g/kg i.v.), which causes fever and warmth-seeking behavior (e.g., Almeida et al., 555 

2006a). In the present study, this dose also triggered warmth-seeking behavior 556 

(preferred Ta increased by 4.3 ± 0.7 C at 143 ± 20 min post-LPS; p < 0.001) and fever 557 

(Tb increased by 1.5 ± 0.1 C at 190 ± 12 min; p < 0.001), without causing hypothermia 558 

(Fig. 3B). Neither the warmth-seeking behavior (preferred Ta increased by 5.5 ± 1.1 C 559 

at 149 ± 29 min post-LPS) nor fever (Tb increased by 1.6 ± 0.1 C at 162 ± 12 min) was 560 

affected by DMH lesioning (p = 0.383 and 0.257, respectively; lesion-sham 561 

differences). Saline-treated controls, whether sham-lesioned or DMH-lesioned, 562 

exhibited no marked changes in either their preferred Ta or deep Tb (data not shown). 563 

 In this experiment, LPS (Figs. 3A and 3B) or saline (data not shown) was 564 

administered as a bolus infusion through the preimplanted jugular catheter. Each rat was 565 

briefly restrained hands in its channel of the thermogradient apparatus. This procedure 566 

caused a small and short-lasting (but reproducible) hyperthermic response. In saline-567 

treated sham-lesioned rats, this stress hyperthermia reached a peak of 1.1 ± 0.1 C at 14 568 

± 2 min (p < 0.001). Under the same conditions, DMH-lesioned rats exhibited blunted 569 

stress hyperthermia with a maximum Tb increase of only 0.6 ± 0.1 C (p < 0.003). 570 

 Hence, by conducting a large number of experiments in a slightly different 571 

paradigm and with longer recording times, we were able to reproduce the two 572 

phenomena discovered by Almeida et al. (2006b): 1) the suppression of LPS-induced 573 
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cold-seeking behavior and of hypothermia (but not of LPS-induced warmth-seeking 574 

behavior or fever) and 2) the suppression of autonomic cold defense by DMH ablation. 575 

It was imperative to do so, as both phenomena have only ever been demonstrated in that 576 

single paper. As a new observation, we now show a large DMH lesion attenuates stress 577 

hyperthermia (the hyperthermic response to handling).  After confirming that a large 578 

bilateral electrolytic lesion of the DMH both promotes hypothermia (in response to cold 579 

exposure) and attenuates hypothermia (caused by a high dose of LPS), we attempted to 580 

reconcile these seemingly contradicting findings by examining their thermoeffector 581 

patterns and neuroanatomic substrates.  582 

 583 

Autonomic effectors are not involved in the attenuation of LPS hypothermia by 584 

DMH lesions 585 

In our experiments, the response to cold exposure was studied in rats that were confined 586 

to their restrainers and could not use behavioral thermoregulation. Hence, the 587 

hypothermia-promoting effect of DMH lesions in this setup was due to an effect on the 588 

autonomic cold defense. On the other hand, the response to LPS was studied in the 589 

thermogradient setup, where rats could use both behavioral and autonomic effectors to 590 

regulate their Tb. In this setup, DMH lesions blocked cold-seeking behavior, but 591 

whether they also affected autonomic effectors was not tested. 592 

To test whether an impairment of autonomic thermoeffectors also contributes to 593 

the inability of DMH-lesioned rats to develop hypothermia in response to the high dose 594 

of LPS, we studied the Tb, oxygen consumption, and HLI of restrained rats in the 595 

respiratory setup. Two experiments were performed. The first experiment was 596 

conducted at a subneutral Ta of 21 C (Table 1). At this Ta, sham-lesioned rats responded 597 

to the high dose of LPS with hypothermia (a maximum Tb decrease of 1.7 ± 0.3 C at 598 
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158 ± 18 min; p < 0.001) and a 21% drop in metabolic rate (a maximum VO2 decrease 599 

of 3.1 ± 0.6 ml/kg/min at 111 ± 21 min; p < 0.001; Fig. 4A). In DMH-lesioned rats, both 600 

the hypothermic response and the decrease in metabolism were not attenuated, but 601 

markedly exaggerated (lesion type × time interaction: F(1,729) = 10.11 and 3.70, 602 

respectively; p < 0.001 for both). At 4 h after LPS administration, the Tb of DMH-603 

lesioned rats was 2 C lower than in controls (34.0 ± 0.4 C versus 36.0 ± 0.3 C; p < 604 

0.001). At the same time, VO2 values in DMH-lesioned rats were suppressed by 24% as 605 

compared to sham-lesioned controls (12.5 ± 1.1 versus 9.5 ± 0.4 ml/kg/min; p = 0.015). 606 

Since the experiments were performed at a subneutral Ta, all rats (whether DMH-607 

lesioned or sham-lesioned) exhibited continuous tail-skin vasoconstriction throughout 608 

the experiment (near-0 HLI values). These results show that, when rats cannot regulate 609 

their Tb behaviorally, DMH lesions do not block LPS-induced hypothermia. These 610 

results further suggest that the attenuation of LPS hypothermia observed in the 611 

thermogradient setup was not due to an effect on thermogenesis, because the LPS-612 

induced decrease in thermogenesis is not attenuated, but exaggerated, by DMH lesions. 613 

Because the thermoregulatory response to LPS strongly depends on both LPS 614 

dose and Ta, we performed a second experiment in the respirometry setup. This was 615 

conducted at a neutral Ta of 26 C (Table 1) and involved the low dose of LPS (10 616 

μg/kg, i.v.). In response to this dose, sham-lesioned rats developed a low-grade fever: at 617 

120 min, their Tb increased by 0.4 ± 0.1 C relative to baseline values (p = 0.050; Fig. 618 

4B). The effector pattern of this response included a short-lived burst in the metabolic 619 

rate (a ~15% increase in the peak VO2, at 40 ± 3 min; p < 0.001) and two phases of 620 

cutaneous vasoconstriction. The vasoconstriction response was masked by the fact that 621 

the sham-lesioned rats were already vasoconstricted (had a low HLI) at the time of LPS 622 

administration; nevertheless, the observed additional decrease in the HLI was 623 
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statistically significant (p = 0.028). These febrile (lesion type × time interaction: F(1,324) 624 

= 7.19; p < 0.001) and thermogenic (lesion type × time interaction: F(1,324) = 2.01; p = 625 

0.002) responses to LPS were completely blocked in DMH-lesioned rats. The tail-skin 626 

vasoconstriction response did not occur in DMH-lesioned rats either, but the tails of 627 

DMH-lesioned rats already showed strong vasoconstriction at the time of LPS 628 

administration. Similar to the experiment with the high dose of LPS conducted at a 629 

subneutral Ta, the experiment with the low dose of LPS administered at a neutral Ta did 630 

not reveal any autonomic thermoeffector response that could have contributed to the 631 

attenuation of LPS-induced hypothermia by DMH lesions observed in experiments in 632 

the thermogradient setup. Hence, our present and previous (Almeida et al., 2006) 633 

studies dealt with two distinct, unrelated effects of large electrolytic DMH lesions: on 634 

thermogenesis (attenuation of the thermogenic response to cold, LPS, and perhaps 635 

stress) and on behavior (attenuation of the cold-seeking response to high doses of LPS). 636 

We then proposed that the two effects were due to lesioning of different sites within the 637 

DMH and attempted to identify the responsible sites. 638 

 639 

Thermal lesions within the DMH: gross anatomy 640 

To produce smaller and better-delineated DMH lesions, we used the technique of 641 

thermal coagulation by alternating (radio frequency) current. We wanted to place small 642 

symmetric bilateral lesions that cumulatively would cover the entire area of the large 643 

electrolytic lesions described above (Fig. 1). Hence, for thermal lesions, we always used 644 

the same stereotaxic coordinates on the left and right sides, but varied the coordinates 645 

between rats (see Thermal brain tissue lesioning); 83 DMH-lesioned rats (and 10 sham-646 

lesioned rats) were used. Examples of three pairs of lesions (in three rats) are shown in 647 

figure 5. In drastic contrast to electrolytic lesions, thermal lesions had a clearly defined, 648 
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regular, near-round shape, with a diameter ranging from 300 to 1,000 m. All lesions 649 

passed a test for symmetry: a pair of lesions was considered acceptable when each 650 

lesion, in the section that included its center, overlapped by > 50% (area) with the 651 

mirror image of the lesion from the opposite side. The demarcation zone between the 652 

missing tissue and normal tissue for thermal lesions was narrow, and the basic 653 

histological examination of cresyl violet-stained sections revealed no obvious changes 654 

in brain tissue characteristics beyond this narrow zone.  655 

 656 

The effects of thermal lesions within the DMH on the autonomic cold defense and 657 

LPS-induced cold-seeking behavior 658 

Each rat with a bilateral thermal lesion was subjected to two tests. In the first test, we 659 

exposed it to cold (Ta decreasing from 28.0  0.0 to 8.8  0.2 C over 150 min) in the 660 

thermocouple setup, where it could not use behavioral thermoregulation. We then 661 

compared the Tb response of each DMH-lesioned rat (individual response) with the 662 

mean Tb response of 10 sham-lesioned rats (Fig. 6). In the second test, we studied the 663 

cold-seeking behavior in response to LPS (5,000 g/kg, i.v.) in the thermogradient 664 

apparatus, where a rat could select its preferred thermal environment. The preferred Ta 665 

response of each DMH-lesioned rat (individual response) was then compared to the 666 

mean preferred Ta response of 10 sham-lesioned rats. Figure 6 shows the individual 667 

responses of four DMH-lesioned rats, compares them to the mean responses of 10 668 

sham-lesioned rats, and illustrates four different outcomes. These outcomes are: (i) the 669 

lesion caused no autonomic impairment (did not block or attenuate the autonomic cold 670 

defense) and no behavioral impairment (did not block or attenuate LPS-induced cold-671 

seeking behavior) (Fig. 6A); (ii) the lesion caused an autonomic impairment (blocked or 672 

attenuated the autonomic cold defense), but no behavioral impairment (Fig. 6B); (iii) the 673 
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lesion caused a behavioral impairment (blocked or attenuated LPS-induced cold-seeking 674 

behavior) but no autonomic impairment (Fig. 6C); and (iv) the lesion caused both 675 

impairments (Fig. 6D). These experiments clearly showed that the two impairments 676 

observed (autonomic and behavioral) were independent of each other.  677 

 678 

DMH representation of the autonomic and behavioral impairments: preliminary 679 

analysis 680 

We then asked whether the two impairments were caused by lesioning different sites 681 

within the DMH. For each lesioned rat, we calculated two indices: (i) the index of 682 

autonomic cold defense impairment and (ii) the index of impairment of LPS-induced 683 

cold-seeking behavior (see Data processing and analysis). In brief, the index of 684 

autonomic impairment was calculated as the relative decrease in colonic Tb of the rat of 685 

interest, as compared to the mean decrease of 10 sham-lesioned rats. For a rat with a 686 

strong autonomic impairment (compromised ability to defend Tb against cold; see Fig. 687 

6B or 6D), the impairment index is a high (up to 5°C) positive number. If there is no 688 

impairment, the index has a near-0 value, either positive or negative (Figs. 6A and 6C).  689 

The behavioral impairment index was calculated as the relative increase in the preferred 690 

ambient temperature of a lesioned rat after LPS administration (as compared to the 691 

mean of 10 sham-lesioned rats). For a rat with a strong behavioral impairment 692 

(compromised ability to decrease the preferred Ta in response to the high dose of LPS; 693 

Figs. 6C or 6D), the impairment index is a high (up to 8°C) positive number. If there is 694 

no impairment, the index has a near-0 value (Fig. 6A or 6B). 695 

We then plotted the two indices for each rat against each other (Fig. 7). To be on 696 

the conservative side, we selected relatively high thresholds for the autonomic and 697 

behavioral impairments: 1.0 and 2.5 C, respectively. The higher threshold for 698 
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behavioral impairment was chosen because the preferred Ta varies in a much wider 699 

range than deep Tb. This plot allowed us to reveal the same four experimental outcomes 700 

as shown in figure 6. 701 

We then mapped lesions that caused different effects (Figs. 7B-7D). In this 702 

preliminary analysis, the coordinates of the lesion center were determined by averaging 703 

the coordinates for the right and left lesions, and each rat was represented by a single set 704 

of coordinates. This analysis revealed that the autonomic impairment was caused by 705 

lesions in and around the DA (red and green symbols in figures 7B and 7C). Five rats 706 

with the most compromised ability to defend Tb autonomically against cold had the 707 

mean autonomic impairment index of 3.6 ± 0.3 C and the following mean coordinates 708 

of the lesion center: AP = −3.03 ± 0.11 mm; ML= 0.58 ± 0.05 mm; and DV = −8.26 ± 709 

0.04 mm. The point with these coordinates belongs to the DA. Compared to the 710 

autonomic impairment, the behavioral impairment was caused by lesions located more 711 

caudally (compare the ratio between the number of blue to red symbols in figures 7B-712 

7D) and more ventrally (compare the distribution of blue and red symbols in figure 7C). 713 

This impression, however, was not confirmed definitively when we looked at the five 714 

rats with the most compromised ability to respond to the high dose of LPS with cold-715 

seeking behavior (behavioral impairment index of 6.4 ± 0.4 C). The mean coordinates 716 

of lesion center for these rats were: AP = −3.37 ± 0.16 mm; ML = 0.72 ± 0.06 mm; and 717 

DV = −8.34 ± 0.21 mm. 718 

We have also established that the impairments caused by the lesions did not 719 

depend on the extent of brain tissue damage. Neither the autonomic impairment (r = 720 

0.054; Spearman rank test) nor the behavioral one (r = -0.129; p = 0.250) correlated 721 

significantly with the lesion diameter. Hence, the differences in effects caused by 722 

various lesions were not due to lesion sizes but rather lesion locations.  723 
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DMH topography of the autonomic defense against cold and of LPS-induced cold-724 

seeking behavior 725 

We built detailed representation maps to localize, more precisely, the unknown site that 726 

drives cold-seeking behavior in severe systemic inflammation (and, as a control, the 727 

known site that drives cold-induced thermogenesis) in 3D space. Our procedure (see 728 

Construction of functional representation maps) accounted not only for the lesion 729 

location, but also for the lesion size, as well as for the magnitude of impairment at each 730 

location. For each impairment studied, 26 maps were closely examined, and four maps 731 

are shown in figure 8. The top row of images includes a schematic of the sagittal brain 732 

section (0.40 mm from the midline; Plane A) and the corresponding representation maps 733 

for the two functions of interest. For this plane, the first map shows that the autonomic 734 

cold defense (thermogenesis) critically depends on a relatively small (~0.4 x 0.5 mm) 735 

area of darker colors in the ventrocaudal aspect of the DA and the most dorsal aspect of 736 

the DMD. The second map shows that the cold-seeking behavior critically depends on 737 

the site located ~0.5 mm caudally and ~0.5 ventrally from the site that controls 738 

thermogenesis. In Plane A, the projection of this site has the shape of a crescent, but 739 

cumulatively, all maps presented in figure 8 indicate that the 3D shape of this site is a 740 

hemisphere of ~1 mm in diameter, which sits on top of the caudal aspect of the VMH, 741 

like a bowl, and supports/contains the central aspect of the DM (the DMD-DMC-DMV 742 

complex). We then made two coronal sections through the centers of the two sites, 743 

Planes B and C. The first section (Plane B, 2.76 mm caudal to bregma) contains the 744 

thermogenesis-driving site, whereas the second section (Plane C, third row, 3.48 mm 745 

caudal to bregma) contains the site that drives cold-seeking behavior. In Plane B, the 746 

thermogenesis-driving site closely corresponds to the DA, with limited spreading into 747 

the surrounding structures: the medial aspect of A13 and the most ventral aspect of the 748 
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reuniens thalamic nucleus, dorsally; the dorsal aspect of the periventricular nucleus 749 

(Pe), medially; the most dorsal aspect of the DMD, ventrally; and the dorsomedial 750 

aspect of the PeFLH, laterally. In Plane C, cold-seeking behavior has the highest 751 

representation (dark blue) in the ventral aspect of the DM (involving all three 752 

subdivisions: the DMD, DMC, and DMV) and extends laterally towards the PeFLH. 753 

The bottom row of images (Plane D) shows the cold-seeking behavior-driving site as a 754 

ring, which represents the “wall or the bowl” sitting on top of the VMH. In this plane, 755 

the site extends into the DMD, caudally, and into the Pe, medially. 756 

 The diameters of the thermal lesions were determined based on the area lacking 757 

neuronal tissue (Fig. 5A). However, the area of lost tissue might have been separated 758 

from normal, fully functional tissue with a zone of functional deficiency (e.g., due to 759 

inflammation around the lesion), thus making the “functional lesion” area greater than 760 

the area of missing tissue. Hence, we might have underestimated the size of thermal 761 

lesions, and this might have distorted the representation maps. To test how sensitive our 762 

maps were to the lesion size, we computed an additional series of maps, in which the 763 

diameter of each lesion was increased by 10-100% over the measured diameter (Fig. 9). 764 

This series demonstrates that our maps are reasonably robust, as the location, shape, and 765 

size of the site that drives cold-seeking behavior do not change much in the range 100-766 

140% of the measured lesion diameter. With a further increase in the lesion diameter, 767 

the site slowly shifts in the ventral direction and extends laterally, until it starts 768 

disintegrating at a diameter of 200% (which corresponds to a lesion volume of 800% of 769 

the measured volume of lost tissue). The demonstrated robustness of the map warrants 770 

that the determined location and size of the site that drives cold-seeking behavior in 771 

severe systemic inflammation are reasonably accurate, even if we somewhat 772 

underestimated the size of “functional lesions.” 773 
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LPS-induced cold-seeking behavior, but not the autonomic defense of Tb against 774 

cold, critically depends on neuronal bodies at the identified site 775 

We have shown previously that the ability of rats to respond to a high dose of LPS with 776 

cold seeking can be impaired not only by large electrolytic lesions, but also by large 777 

excitotoxic (ibotenic acid) lesions, of the DMH (Almeida et al., 2006b). This indicates 778 

that LPS-induced cold-seeking behavior critically depends on neuronal bodies (rather 779 

than fibers of passage) somewhere within the DMH. Based on the constructed 780 

functional maps (Fig. 8), we determined the stereotaxic coordinates of this neuronal 781 

group as follows: AP, 2.90-3.80 mm caudal to bregma; ML, 0.10-0.90 mm from the 782 

midline; and DV, 8.90-9.50 mm below bregma (Fig. 8). To confirm the location and 783 

response-specificity of the neuronal group that drives cold-seeking behavior in systemic 784 

inflammation (as revealed by our mapping approach), we infused ibotenic acid into the 785 

newly identified site in 14 rats; six additional rats were used as sham-lesioned controls. 786 

To produce smaller excitotoxic lesions we used the same concentration of ibotenic acid 787 

as in the Almeida et al. (2006b) study (10 ng/nl), but decreased the volume from 300 to 788 

75 nl. At this concentration, ibotenic acid causes neuronal loss, as we confirmed 789 

histologically (Almeida et al., 2006b), but the area of loss cannot be clearly delineated 790 

at a lower magnification. At a higher magnification, at which the border between 791 

lesioned and intact tissue can be determined more reliably, the lesion spans over 792 

multiple visual fields, and it becomes difficult to determine the lesion center in a 793 

reproducible way. To circumvent this problem, we identified the lesion center by 794 

extending the injector cannula track with a straight line and finding a point at which this 795 

line intersected the −9.22 mm (DV) transverse plane (Paxinos and Watson, 2007), as 796 

illustrated in figure 10A. This way, the two coordinates that vary the most due to any 797 

imperfection in the stereotaxic injection procedure and individual variations between 798 
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rats (viz., the AP and ML coordinates) were determined directly, based on the injector 799 

track, whereas the third, the least likely to vary coordinate (DV), was determined by 800 

adding 0.22 mm to the depth to which the injector cannula tip was inserted (9.00 mm 801 

below bregma).  We then plotted all lesion centers on the −9.22 mm transverse plane 802 

and separated the animals into two groups: those that had the centers of excitotoxic 803 

lesions on both sides of the brain within (yellow circles) and outside (red circles) the 804 

targeted site (Fig. 10B).  The rats that had excitotoxic lesions outside the targeted site, 805 

and also sham-lesioned rats, responded to the shock-inducing dose of LPS with marked 806 

cold-seeking behavior (an ~5°C decrease in the preferred Ta in the thermogradient 807 

apparatus; p = 0.007 and p = 0.028, respectively), whereas the rats that had excitotoxic 808 

lesions within the targeted site did not develop cold-seeking behavior (Fig. 10C). 809 

During the time period of 40-50 min after LPS administration, these rats’ 810 

thermopreferendum was 2.4 C higher on average than that of the sham-lesioned rats (p 811 

< 0.05). On the other hand, there was no difference in the autonomic response to 812 

environmental cooling (a decrease in the Ta from 28.2  0.1 to 7.3  0.2 C over 120 813 

min) between rats with excitotoxic lesions within the targeted site versus outside the 814 

targeted site versus with sham lesions (F(2) = 1.34; p = 0.285; Fig. 10D). All three 815 

groups of rats were able to successfully defend their Tb autonomically, thus confirming 816 

that the DMH site essential for LPS-induced cold-seeking behavior is different from the 817 

DA site that drives thermogenesis. 818 

 819 

 820 

 821 

 822 

 823 
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Discussion 824 

 825 

Thermoregulatory effects of large DMH lesions 826 

In our earlier (Almeida et al., 2006b) and present studies, restrained rats with large 827 

electrolytic lesions of the DMH responded to cold exposure with hypothermia, whereas 828 

sham-lesioned rats successfully defended their Tb (Fig. 2A). However, when allowed to 829 

select their preferred Ta in a thermogradient apparatus, DMH-lesioned rats responded to 830 

a high dose of LPS with a smaller hypothermic response than sham-lesioned rats (Fig. 831 

3A). How can the same lesion both promote and attenuate hypothermia? We show that 832 

these two effects differ in their thermoeffector mechanisms and DMH representations. 833 

 834 

The permissive effect of lesions on cold-induced hypothermia involves autonomic 835 

thermoeffectors only and is mediated by the DA 836 

Both in our previous (Almeida et al., 2006b) and current (Fig. 2A) works, the Tb 837 

response to cold was studied in restrained rats that could not use behavior to select their 838 

preferred Ta. The development of hypothermia in this setup was an autonomic 839 

(physiological) effect. A priori, it could involve impairment in any of the three 840 

thermoeffectors: nonshivering thermogenesis (in BAT and other tissues), shivering, and 841 

skin vasoconstriction in the specialized heat-exchange organs (which, in the rat, is 842 

primarily the tail). However, cutaneous vasoconstriction in the rat tail does not critically 843 

depend on the DMH (Rathner et al., 2008). By contrast, both BAT thermogenesis (the 844 

most important heat-production effector in the rat; see Cannon and Nedergaard, 2004) 845 

and shivering critically depend on the DMH (for review, see DiMicco and Zaretsky, 846 

2007; Morrison, 2016). For both effectors, glutamatergic DMH neurons receive 847 

inhibitory input from GABA-ergic preoptic neurons and project to glutamatergic 848 
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premotor neurons in the rostral medullary raphé. In anesthetized rats, inhibition of 849 

DMH neurons with muscimol, a selective agonist of the GABAA receptors, attenuates 850 

both BAT activation (Zaretskaia et al., 2003; Madden and Morrison, 2004; Nakamura 851 

and Morrison, 2007) and shivering (Tanaka et al., 2001; Nakamura and Morrison, 2011) 852 

induced by either skin cooling or the intrabrain administration of prostaglandin E2 853 

(PGE2), the ultimate mediator of fever (Ivanov and Romanovsky, 2004). Lesioning the 854 

DMH electrolytically, thermally, or chemically renders unanesthetized rats incapable of 855 

defending their Tb autonomically against cold (Almeida et al., 2006b; present work). 856 

Experiments in anesthetized rats with intra-preoptic administration of PGE2 have 857 

suggested that febrile thermogenesis is driven by the DMH (for review, see DiMicco 858 

and Zaretsky, 2007; Nakamura, 2015). However, the intrabrain PGE2 does not replicate 859 

the entire febrile cascade that occurs when an animal is challenged with an exogenous 860 

pyrogen (e.g., LPS), and anesthesia strongly affects the thresholds for cold defenses 861 

(Sessler, 2016). The present study is a first demonstration of the inability of 862 

unanesthetized DMH-lesioned rats to mount LPS fever autonomically (Fig. 4B). We 863 

also show that stress hyperthermia (associated with the brief restraint needed for drug 864 

administration in experiments in the thermogradient apparatus) is attenuated in DMH-865 

lesioned rats (Figs. 3A and 3B). The latter finding agrees with studies in rats showing 866 

that disinhibition of DMH neurons by the GABAA receptor antagonist bicuculline 867 

causes “stress-like” increases in BAT thermogenesis and Tb (Zaretskaia et al., 2002; Cao 868 

et al., 2004; de Menezes et al., 2006), whereas inactivation of DMH neurons by 869 

muscimol blocks stress hyperthermia (Kataoka et al., 2014). 870 

Maps for the autonomic cold defense in unanesthetized rats show the strongest 871 

representation of this function in a site centered on the DA (Fig. 8), which agrees with 872 

multiple reports in anesthetized rats cited above. The location and size of our site 873 
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correspond well to the area of the highest density of DMH neurons retrogradely labeled 874 

from the raphé (Samuels et al., 2004; Nakamura et al., 2005; Yoshida et al., 2009; 875 

Kataoka et al., 2014), especially of those subsets of the raphé-projecting neurons that 876 

express c-Fos in response to cold (Cano et al., 2003; Yoshida et al., 2009) or social 877 

stress (Kataoka et al., 2014). Our site also partially overlaps with the DMH areas in 878 

which neuronal activation produces tachycardia (Samuels et al., 2004; Tanaka and 879 

McAllen, 2008) and a plantar vasoconstrictor response (Tanaka and McAllen, 2008),  880 

but does not overlap with the area triggering the phrenic nerve response (Tanaka and 881 

McAllen, 2008).  882 

 883 

DMH lesions attenuate hypothermia in LPS shock by blocking cold-seeking 884 

behavior, an effect mediated by neurons at the DM-VMH border 885 

In our earlier (Almeida et al., 2006b) and present (Fig. 3A) studies, a blockade of cold-886 

seeking behavior clearly contributed to the attenuation of LPS-induced hypothermia in 887 

DMH-lesioned rats, but this does not exclude an involvement of autonomic 888 

mechanisms. When we measured the autonomic thermoeffectors, we found that DMH-889 

lesioned rats never responded to LPS with higher thermogenesis or stronger tail-skin 890 

vasoconstriction than sham-lesioned rats (Fig. 4). Hence, the attenuation of LPS-891 

induced hypothermia by DMH lesions (Fig. 3A) is solely due to an effect on cold-892 

seeking behavior.  893 

Functional maps show that the site for this behavior is located not in the DA, but 894 

at the border between the middle aspect of the DM and the caudal aspect of the VMH 895 

(Fig. 8). When ibotenic acid was injected into this site to lesion neuronal bodies (while 896 

sparing fibers of passage), rats with such injections did not seek cold in response to 897 

LPS, but had an intact autonomic defense against cold (Fig. 10). Hence, LPS-induced 898 
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cold-seeking behavior critically depends on neuronal bodies at the newly identified DM 899 

site, but not on the DA. Our results to some extent mirror the reports that implicated 900 

DM (but not DA) neurons in the circadian control of multiple behaviors (Chou et al., 901 

2003; Gooley et al., 2006). 902 

LPS-induced cold seeking also critically depends on neural fibers passing 903 

through the PVH, because large electrolytic lesions, but not excitotoxic lesions, of the 904 

PVH block this behavior (Almeida et al., 2006b). Since rats with electrolytic lesions of 905 

the DMH or PVH have normal behavioral thermoregulatory responses to ambient 906 

cooling and warming (Almeida et al., 2006b), the DMH and PVH are involved in a 907 

stimulus-specific (LPS-induced) component of cold seeking. We speculate that this 908 

could be the affective or motivational (but not sensory or motor) component. The DMH 909 

sends marked projections to the septum and amygdala (ter Horst and Luiten, 1986; 910 

Thompson et al., 1996; Onat et al., 2002), the structures that control the affective and 911 

motivational components of various behaviors (Gallagher and Chiba, 1996; Phelps and 912 

LeDoux, 2005; Heimer and Van Hoesen, 2006). Moreover, the septum has been shown 913 

to drive warmth-avoiding (cold-seeking) behavior in rats (Roberts and Mooney, 1974). 914 

A major route for ascending projections from the DMH runs through the periventricular 915 

zone, including the Pe (Thompson et al., 1996; Thompson and Swanson, 1998), and this 916 

route is likely to be interrupted by electrocoagulation of the PVH, but not by lesioning 917 

with ibotenic acid. The site revealed in the present study may be overlapping with the 918 

areas that contain PVH-projecting neurons activated by leptin (Elmquist et al., 1998) or 919 

stress (Kataoka et al., 2014). 920 

Our DM site is also anatomically similar to the area containing neurons that 921 

express neuropeptide FF (NPFF), which is thought to mediate analgesia and modulate 922 

spatial recognition and arterial blood pressure (Panula et al., 1999; Ayachi and Simonin, 923 
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2014). According to Aarnisalo and Panula (1995), this area is “located in the medial 924 

hypothalamus between the dorsomedial, ventromedial, and periventricular hypothalamic 925 

nuclei” and has strong projections to the limbic system and the Pe. The limbic targets of 926 

NPFF-containing neurons are the septum, BNST, and several amygdalar subnuclei. The 927 

septum and BNST also have some of the highest densities of type-1 NPFF receptors in 928 

the rat and human brains (Bonini et al., 2000; Goncharuk et al., 2004).  929 

Cold-seeking behavior in systemic inflammation may be considered a transition 930 

symptom between the motor agitation, hyperalgesia, hypertension, and fight/flight 931 

behavior characteristic of mild systemic inflammation and the motor depression, 932 

hypothermia, analgesia, hypotension, and behavioral withdrawal characteristic of severe 933 

inflammation (see Introduction). This transformation of the sickness syndrome, 934 

occurring when mild inflammation becomes severe, resembles the progression of 935 

symptoms during innate fear responses to environmental threats. In these responses, 936 

escape behavior, tachycardia, hypertension, and other dramatic manifestations of panic 937 

are followed by a depression/withdrawal state and antinotiception (Freitas et al., 2013). 938 

Remarkably, this behavioral sequence can be triggered by disinhibiting neuronal 939 

clusters in the ventral DM or VMHDM with bicuculline (Freitas et al., 2013; Dos 940 

Anjos-Garcia et al., 2016). Furthermore, both the panic behavior and subsequent 941 

analgesia can be attenuated by a cannabinoid-1 (CB1) receptor antagonist, administered 942 

in the VMHDM (Dos Anjos-Garcia et al., 2016) or prelimbic medial prefrontal cortex 943 

(Freitas et al., 2013). Both structures contain CB1 receptors (Wittmann et al., 2007; Tan 944 

et al., 2010; Reguero et al., 2011). Intrabrain (but not peripheral) CB1 receptors have 945 

also been implicated in the development of LPS-induced hypothermia in rats (Steiner et 946 

al., 2011). 947 

 948 
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Conclusions 949 

By conducting experiments in conscious, unanesthetized rats and using a functional 950 

mapping technique, we show that the DMH contains at least two thermoregulation-951 

related sites. The first site is centered in the DA and is critical for the autonomic defense 952 

of Tb against cold, as well as for mounting the fever response to LPS and stress 953 

hyperthermia. The second site is located at the ventral border of the DM. Neurons at this 954 

site are critical for LPS-induced cold-seeking behavior, perhaps the affective or 955 

motivational component of this behavior. 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 

 968 

 969 

 970 

 971 

 972 

 973 
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Figure legends 1196 

 1197 

Figure 1. Large bilateral electrolytic lesions of the DMH in rats. The constant anodal 1198 

current (1 mA, 30 s) produced lesions spreading over both the rostral (A) and caudal (B) 1199 

aspects of the DMH. The two left panels show coronal hypothalamic sections (modified 1200 

from Paxinos and Watson, 2007) at the specified distances from bregma (AP 1201 

coordinates). The two middle panels show bright-field photomicrographs of two 1202 

representative lesions in the same coronal sections, as shown on the left (cresyl violet; 1203 

the scale is indicated). The two right panels contain reconstruction images (contour 1204 

drawings) of nine different bilateral lesions. The two lesions shown in the 1205 

photomicrographs (middle panels) are drawn with thicker red lines. 3V, third ventricle; 1206 

A13, A13 dopamine cells; DA, dorsal hypothalamic area; DMC, compact part of the 1207 

dorsomedial hypothalamic nucleus; DMD, dorsal part of the dorsomedial hypothalamic 1208 

nucleus; DMV, ventral part of the dorsomedial hypothalamic nucleus; f, fornix; mt, 1209 

mammillothalamic tract; Pe, periventricular hypothalamic nucleus; PeFLH, perifornical 1210 

part of lateral hypothalamus; PH, posterior hypothalamic nucleus; PHD, dorsal part of 1211 

the posterior hypothalamic area; VMHDM, dorsomedial part of the ventromedial 1212 

hypothalamic nucleus; VRe, reuniens thalamic nucleus. 1213 

 1214 

Figure 2. Rats with large electrolytic DMH lesions show gross insufficiency of the 1215 

autonomic defense against cold (A), but not heat (B). The experiments were conducted 1216 

in the thermocouple setup. Shaded areas indicate the periods of cooling (Ta decreasing 1217 

from ~28 to 10 C, A) and heating (Ta increasing from ~26 to 32 C, B), which started at 1218 

0 (arrows) and lasted for 120 min. The number of rats in each experimental group (n) is 1219 

indicated. 1220 
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Figure 3. Electrolytic DMH lesions block hypothermia and cold-seeking behavior 1221 

induced by the high dose of LPS (5,000 μg/kg, i.v., A), but not fever or warmth-seeking 1222 

behavior induced by the low dose (10 μg/kg, i.v., B), in rats freely moving in a 1223 

thermogradient apparatus. Baseline values for abdominal Tb of DMH-lesioned rats 1224 

were: 36.2  0.2°C (high dose of LPS) and 36.4  0.2°C (low dose). Baseline values for 1225 

Tb of sham-lesioned rats were: 36.5  0.1°C (high dose) and 36.6  0.1°C (low dose). 1226 

Please note that here and in Figure 4, the nadirs and peaks of the curves are not the same 1227 

as the mean maximum and minimum values of the corresponding variables listed in the 1228 

text, because the maxima and minima were reached by different rats at different times.  1229 

 1230 

Figure 4. Thermoeffector pattern of the responses of DMH-lesioned and sham-lesioned 1231 

restrained rats to LPS in the respirometry setup. The level of thermogenesis in DMH-1232 

lesioned rats is always lower than in sham-lesioned rats. The high dose of LPS (5,000 1233 

μg/kg, i.v.) was administered at a subneutral Ta (21°C; A); the low dose (10 μg/kg, i.v.) 1234 

was administered at a neutral Ta (26°C; B). Baseline values for colonic Tb of DMH 1235 

lesioned rats were: 37.1  0.2°C (high dose of LPS) and 37.4  0.1°C (low dose). 1236 

Baseline values for Tb of sham-lesioned rats were: 37.3  0.1°C (high dose) and 37.5  1237 

0.2°C (low dose). 1238 

 1239 

Figure 5. Representative bilateral thermal lesions in the rostral (A), central (B), and 1240 

caudal (C) aspects of the DMH. To produce a lesion, the brain tissue was heated locally 1241 

to 70-75°C with alternating (radio frequency) current. Most lesions have a near-round 1242 

shape (circles are drawn for comparison) and a well-defined, narrow demarcation zone 1243 

(arrows), without marked secondary tissue damage beyond this zone. Cresyl violet; the 1244 

AP coordinates (Paxinos and Watson, 2007) and the scale are indicated.  1245 
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Figure 6. The effects of a bilateral thermal lesion within the DMH on the autonomic 1246 

cold-defense response and on the cold-seeking behavior associated with systemic 1247 

inflammation. The left panels show the autonomic effect. In each left panel, the colonic 1248 

Tb response of a DMH-lesioned rat to external cooling (a Ta decrease from ~28 to 9 C 1249 

over 150 min) is shown and compared to the mean response of 10 sham-lesioned rats.  1250 

The right panels show the behavioral effect. In each right panel, the preferred Ta 1251 

response of a DMH-lesioned rat to a shock-inducing dose of LPS (5,000 μg/kg, i.v.) is 1252 

shown and compared to the mean response of 10 sham-lesioned rats. The four outcome 1253 

combinations were observed: no impairment found by either test (A); an impaired 1254 

autonomic defense of Tb against cold without impairment of the cold-seeking response 1255 

to the high dose of LPS (B); an impaired LPS-induced cold-seeking response but no 1256 

impairment of the autonomic cold defense (C); and impairments of both the autonomic 1257 

defense against cold and the cold-seeking response to LPS (D). 1258 

 1259 

Figure 7. Preliminary analysis of the DMH representation of autonomic and behavioral 1260 

impairments. The four possible combinations of the two impairments (see figure 6) are 1261 

shown by plotting the autonomic impairment index (the relative decrease in colonic Tb) 1262 

against the behavioral impairment index (the relative increase in preferred Ta) (A). The 1263 

location of lesion centers corresponding to the four outcome combinations is shown for 1264 

the three thick coronal sections of the DMH: from 2.52 to 3.00 mm caudal to bregma 1265 

(B); from 3.12 to 3.24 mm caudal to bregma (C); and from 3.36 to 3.60 mm caudal to 1266 

bregma (D). The number of rats (each with a bilateral DMH lesion) is shown. All 1267 

abbreviations of the names of brain structures are according to Paxinos and Watson 1268 

(2007) and are the same as in figure 1. 1269 

 1270 
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Figure 8. Autonomic cold defense and LPS-induced cold-seeking behavior: 1271 

representation maps. The left panels show a sagittal section (top row; Plane A), two 1272 

coronal sections (second and third rows; Planes B and C), and a transversal DMH 1273 

section (bottom row; Plane D) at the specified coordinates (modified from Paxinos and 1274 

Watson, 2007). The middle and right columns show the corresponding representation 1275 

maps for the autonomic cold defense and for LPS-induced cold-seeking behavior, 1276 

respectively. In each map, arrows and letters indicate the lines at which the plane of this 1277 

map is crossed by all other planes shown. The magnitude of the autonomic and 1278 

behavioral impairments used for constructing these maps is coded by color. All 1279 

abbreviations of the names of brain structures are according to Paxinos and Watson 1280 

(2007) and are the same as in figures 1 and 7. 1281 

 1282 

Figure 9. The effects of increasing the diameter of thermal lesions on the size, shape, 1283 

and location of the DMH representation site for LPS-induced cold-seeking behavior. 1284 

The left panel in the top row shows a coronal DMH section at 3.48 mm caudal to 1285 

bregma (modified from Paxinos and Watson, 2007). The middle panel in the top row 1286 

shows a representation map for LPS-induced cold-seeking behavior, which was 1287 

constructed assuming that the area of lost function for each thermal lesion equaled the 1288 

area of lost tissue (lesion diameter, 100%); the same map is shown in figure 8. Other 1289 

panels show how this functional topography would change if we were to use larger 1290 

diameters (110-200%) for all thermal lesions. All abbreviations of the names of brain 1291 

structures are the same as in figures 1, 7, and 8. 1292 

 1293 

Figure 10. Excitotoxic (ibotenic acid) lesions of the newly defined site at the DM-VMH 1294 

border block LPS-induced cold-seeking behavior but do not affect the autonomic 1295 
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defense of Tb against cold. A representative photomicrograph of a rat brain with a 1296 

bilateral lesion induced by ibotenic acid shows that the lesion center on each side was 1297 

determined as the intersection point of a straight-line extension (white dashed line) of 1298 

the injector cannula track (white arrow) and the −9.22 mm (DV) transverse plane 1299 

(Paxinos and Watson, 2007) (A). Of 14 rats with excitotoxic lesions, 9 (yellow circles) 1300 

had lesion centers within the targeted site (colored with dark blue) and five (red circles) 1301 

had lesion centers outside this site, as shown on the schematic of the −9.22 mm (DV) 1302 

transverse brain section (B). Sham-lesioned rats (white circles) and rats with lesion 1303 

centers outside the targeted site showed typical cold-seeking behavior in response to the 1304 

high dose of LPS (5,000, μg/kg i.v.), whereas rats with lesion centers within the targeted 1305 

site did not select a lower Ta in response to LPS (C). Sham-lesioned rats and rats with 1306 

excitotoxic lesions, regardless of their location, were all able to successfully defend 1307 

their Tb autonomically against environmental cooling (from ~28 to 7 C) in the 1308 

thermocouple setup (D). 1309 

 1310 

 1311 

 1312 

 1313 

 1314 

 1315 

 1316 

 1317 

 1318 

 1319 

 1320 
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Table 1. Experiments performed, parameters recorded, and ambient temperatures used in each experimental setup. For each ambient temperature, 1321 
its relation to the thermoneutral zone in the given setup is indicated.   1322 
Setup Experiment Parameter(s) 

recorded 
Ambient 
temperature(s) used 

Midpoint of the thermo-
neutral zone1 (reference) 

Thermocouple Electrolytic (or sham) DMH lesion + 
cold exposure 

Colonic Tb 
 

28°C (neutral)  
10°C (deep subneutral) 

28°C (current study) 

 Electrolytic (or sham) DMH lesion + 
heat exposure  

 26°C (light subneutral)  
32°C (supraneutral) 

 

 Thermal (or sham) DMH lesion + 
cold exposure  

 28°C (neutral)  
9°C (deep subneutral) 

 

 Chemical (or sham) DMH lesion + 
cold exposure 

 28°C (neutral)  
7°C (deep subneutral) 

 

Respirometry Electrolytic (or sham) DMH lesion + 
LPS, 5,000 μg/kg (or saline) i.v.  

Colonic Tb, tail 
Tsk, HLI, VO2 

21°C (subneutral) 
 

26°C (Steiner et al., 2007) 

 Electrolytic (or sham) DMH lesion + 
LPS, 10 μg/kg (or saline) i.v. 

 26°C (neutral)  

Thermogradient Electrolytic (or sham) DMH lesion + 
LPS, 5,000 μg/kg, i.v. 

Abdominal Tb, 
preferred Ta 

Freely selected from 15-30°C 
(subneutral to supraneutral) 

24°C (Almeida et al., 2006a) 

 Electrolytic (or sham) DMH lesion + 
LPS, 10 μg/kg, i.v. 

   

 Thermal (or sham) DMH lesion + 
LPS, 5,000 μg/kg, i.v. 

  

 Chemical (or sham) DMH lesion + 
LPS, 5,000 μg/kg, i.v. 

   

1Please note that the same animal has different thermoneutral zones in different experimental setups, because the heat exchange between the body 1323 
and the environment depends not only on the Ta, but on several other physical factors (Romanovsky et al., 2002; Romanovsky, 2007a). 1324 
 1325 






















