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Traumatic brain injury extending to the striatum alters autonomic thermoregulation and hypothalamic monoamines in recovering rats
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The brain cortex is the structure that is typically injured in traumatic brain injury (TBI) and is anatomically connected with other brain regions, including the striatum and hypothalamus, which are associated in part with motor function and the regulation of body temperature, respectively. We investigated whether a TBI extending to the striatum could affect peripheral and core temperatures as an indicator of autonomic thermoregulatory function. Moreover, it is unknown whether thermal modulation is accompanied by hypothalamic and cortical monoamine changes in rats with motor function recovery. The animals were allocated into three groups: the sham group (sham), a TBI group with a cortical contusion alone (TBI alone), and a TBI group with an injury extending to the dorsal striatum (TBI + striatal injury). Body temperature and motor deficits were evaluated for 20 days post-injury. On the 3rd and 20th days, rats were euthanized to measure the serotonin (5-HT), noradrenaline (NA), and dopamine (DA) levels using high-performance liquid chromatography (HPLC). We observed that TBI with an injury extending to the dorsal striatum increased core and peripheral temperatures. These changes were accompanied by a sustained motor deficit lasting for 14 days. Furthermore, there were notable increases in NA and 5-HT levels in the brain cortex and hypothalamus both 3 and 20 days after injury. In contrast, rats with TBI alone showed no changes in peripheral temperatures and achieved motor function recovery by the 7th day post-injury. In conclusion, our results suggest that TBI with an injury extending to the dorsal striatum elevates both core and peripheral temperatures, causing a delay in functional recovery and increasing hypothalamic monoamine levels. The aftereffects can be attributed to the injury site and changes to the autonomic thermoregulatory functions.
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Introduction

Brain injury is a global public health issue that can be caused by traumatic brain injury (TBI) or stroke and can even lead to death or disability (Guzik and Bushnell, 2017; Boursin et al., 2018; Haarbauer-Krupa et al., 2021; Saini et al., 2021; Giner et al., 2022). TBI patients exposed to high temperatures have a poor prognosis, which makes TBI patients with a febrile process or pyrexia more difficult to treat (Thompson et al., 2003; Gaither et al., 2015; Walter et al., 2016). Brain injury-induced hyperthermia can occur in patients with severe TBI and is associated with a poor prognosis (Thompson et al., 2007; Gaither et al., 2015; Atkins et al., 2017). Hyperthermia has been defined as an increase in body temperature, typically ranging from >37°C to >38.5°C (Geffroy et al., 2004; Rincon et al., 2014; Pegoli et al., 2020; Svedung Wettervik et al., 2021). In TBI patients, the incidence of hyperthermia is over 42% in the first 24 h (Rincon et al., 2014), with a prevalence of 68% to 85% during the acute phase (Svedung Wettervik et al., 2021).

Brain injury-induced hyperthermia above 39°C may have a multifactorial effect that includes thermoregulatory alterations in the hypothalamus, which is interconnected with brain areas such as the thalamus and the brain cortex (Risold et al., 1997; Saper, 2000; Thompson et al., 2003; Nomoto et al., 2004; Childs, 2008). The brain cortex is functionally interconnected with different brain regions, such as the striatum, pons, and thalamus, by afferent and efferent axons in the corticostriatal, corticopontine, corticothalamic, and thalamocortical pathways (Haber, 2016; Kremkow and Alonso, 2018; Rockland, 2019; Yahya, 2021; Verduzco-Mendoza et al., 2021b).

The striatum is part of the basal nuclei, and the dorsal striatum is associated with motor, oculomotor and executive/associative functions (Albin et al., 1989; Harting and Updyke, 2006; Liljeholm and O’doherty, 2012; Kandel et al., 2013). However, the role of the striatum in the process of thermoregulation is not yet fully understood. Parkinson’s disease (PD) is a pathology that involves the basal ganglia and autonomic dysfunction, leading in part to thermoregulatory disorders in patients (Coon and Low, 2018; McGregor and Nelson, 2019). PD originates from the progressive degeneration of the substantia nigra pars compacta, which projects specific axons to the dorsal striatum (Björklund and Dunnett, 2007; Surmeier et al., 2017; McGregor and Nelson, 2019). This degeneration results in reduced dopamine (DA) levels in the dorsal striatum and other structures, such as the brain cortex, leading to the presence of motor and nonmotor symptoms (McGregor and Nelson, 2019). A previous study proposed that the reduction in striatal DA synthesis and release could be linked to muscle thermogenesis (Gonzalez et al., 1986).

Hyperthermia induced by brain injury has been replicated in animal models of TBI and stroke (Thompson et al., 2005; Dietrich and Bramlett, 2007; de Jonge et al., 2018). In some studies, noninfectious hyperthermia was associated with changes in brain metabolism (Walter et al., 2016), intracranial pressure (Rossi et al., 2001), periventricular inflammation (Thompson et al., 2005), increased cerebral blood flow (Rossi et al., 2001; Mrozek et al., 2012) and severe injury (Thompson et al., 2003). Core temperature is indicative of the temperature of internal organs, such as the brain, which can be more difficult to measure (Hymczak et al., 2021). In patients with severe brain injury, cerebral core temperature can only be measured during surgical intervention (Rossi et al., 2001) and not in the postsurgical period. In clinical practice, temperature can be measured at central (pulmonary artery, urinary bladder, esophageal, rectal) and peripheral (body surface, oral, axilla, tympanic membrane, nasopharynx, temporal artery, forehead) sites (Niven et al., 2015; Hymczak et al., 2021). Peripheral measurements are less invasive, using infrared, electronic thermistors, chemical dots and glass thermometers (Niven et al., 2015). However, these methods of temperature measurement only use a dot as a reference.

The peripheral temperature is 4°C lower than the core temperature, but both temperatures are modulated by the thermoregulation system, which plays a vital role in homeostasis (Boulant, 2006; Skok et al., 2021). Previous studies have suggested that thermoregulation can be affected after brain injury (Gowda et al., 2018), which is explained by the interconnection between the hypothalamocortical pathway and the peripheral nervous system (Romanovsky, 2007). Hypothalamic monoamines are associated with thermoregulatory function (Feldberg and Myers, 1963; Cooper, 2002), and alterations in their levels may be an indicator of changes in hypothalamic thermoregulation. In the present study, we investigated whether TBI with an injury extending to the dorsal striatum alters peripheral and core temperatures as an indicator of autonomic thermoregulatory function. Additionally, we studied whether thermal modulation is accompanied by hypothalamic and cortical monoamine changes in rats with motor function recovery.



Materials and methods


Animals

Seventy-two male Wistar rats (280–310 g) were provided by Bioterio y Cirugía Experimental of Instituto Nacional de Rehabilitación LGII (INRLGII). All experimental protocols were approved by the Animal Care Committee of INRLGII (numbers 91/17, 06/18 and 82/21) and performed in accordance with the recommendations of the Official Mexican Standards (NOM-062-ZOO-1999, 2001). The animals were acclimatized to the laboratory environments at least 1 week prior to surgery and maintained on a 12-h light/12-h dark cycle, with food and water available ad libitum.



Experimental design

Thirty animals were randomly assigned into the following three groups for the body temperature and motor deficit analysis (10 animals per group; see Figure 1): (1) the sham group, rats with surgery but without injury; (2) the TBI alone group, rats injured using cortical contusion procedures; and (3) the TBI + striatal injury group, animals with cortical contusion and hemorrhagic extension in the striatum.
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FIGURE 1
 Flow diagram of experimental design. Seventy-two animals were divided into three groups: (1) Sham group (surgery, no injury); (2) TBI alone (cortical contusion); (3) TBI + striatal injury (cortical contusion with hemorrhagic extension). Hereof, 30 animals were utilized to measure body temperature and motor deficit analysis. The remaining 42 animals were used for monoamine analysis after 3 and 20 days post-injury, with 21 of them also used to measure core temperature in the external acoustic meatus.


Additionally, a total of 42 animals were used for the analysis of monoamines and measurement of the external acoustic meatus temperature (see Figure 1). These animals were assigned to three groups (sham, TBI alone and TBI + striatal injury), with 14 animals per group, 7 of which were sacrificed at 3 days post-injury and 20 days post-injury.



Brain lesion procedures

All rats were anesthetized with a ketamine-xylazine mixture (80–10 mg/kg i.p.) and positioned in a stereotaxic frame (Stoelting Company, Wood Dale, IL, United States). The skull was exposed and trepanned (1 or 3 mm diameter) into the bone at the following coordinates (Paxinos and Watson, 2013): anteroposterior (AP) coordinates, +0.4 mm from bregma; lateral (L), −2.3 mm from midline; and vertical (V), 0, −2, and −4.5 mm below the dura mater for the sham, TBI alone and TBI + striatal injury groups, respectively. As stated above, the sham group was not injured. Following the surgical procedure, a recovery period of at least 24 h was provided for the rats before conducting the experiments.

The surgical differences for each brain lesion are described below.


Cortical TBI

The stereotaxic coordinates (AP and L) are described above. Brain injury was induced by impact using a stereotaxic impactor (Impact One, Leica Biosystems, Deer Park, IL, United States). The removable tip used was 2 mm in diameter, and a trephine hole of ~3 mm in diameter was used to position the impact accurately. The parameters used were as follows: impact velocity = 6 m/s; dwell time = 150 ms; and penetration depth = −2 mm below the dura mater. The parameters, derived from studies on the controlled cortical impact model, enable precise control of the injury’s force and velocity, in addition to the degree of tissue deformation, providing insight into biomechanical parameters associated with TBI (Edward Dixon et al., 1991; Osier N. and Dixon C. E., 2016; Osier N. D. and Dixon C. E., 2016).



TBI with striatal hemorrhagic injury

Using the same coordinates (AP and L), the animals underwent the cortical TBI procedure previously described. Additionally, in this group (TBI + striatal injury), an iron injection (2 μL of FeCl2, 50 mM; Sigma-Aldrich, St. Louis, MO) was localized in the dorsal striatum as a hemorrhagic extension after TBI. The depth was adjusted vertically (V) to −4.5 mm (below the dura mater). Combined cortical and striatal injury was performed according to the procedures outlined by Avila-Luna et al. (2018), Ramos-Languren et al. (2021), and García-Díaz et al. (2023). The volume and concentration of FeCl2 injected into the rat striatum in this study were directly related to the quantity of extravasated blood deposited within the brain following intracerebral hemorrhage in humans (Triggs and Willmore, 1984). According to Triggs and Willmore (1984), the equivalent dose of blood in the striatum was approximately 12 μL.




Motor deficit analysis

The animals were videotaped and evaluated every 24 h for 20 days post-injury by using the beam-walking test previously validated by Brailowsky et al. (1986) and modified by Bueno-Nava et al. (2008) and Bueno-Nava et al. (2010). Motor deficits were evaluated using a scale from 0 to 6 according to the following criteria: 0 = animals without apparent deficits; 1 = widened base and four toes off the beam bilaterally; 2 = limp in one hind limb (hypotonus); 3 = at least 3 slips and/or 4 toes off the beam (unilaterally); 4 = falls or more than 3 slips; 5 = dragging a limb; and 6 = unable to run (Bueno-Nava et al., 2010). Scores were assigned in four different sections of the beam-walking test, for a maximum possible score of 24. The videotapes were reviewed by an investigator who was unaware of the treatment conditions.



Temperature analysis

Animals were kept under temperature-controlled conditions at approximately 22°C with a humidity of approximately 55% (NOM-062-ZOO-1999, 2001). Images were obtained every 24 h for 20 days before the motor coordination test. The images were obtained using a digital infrared camera (ThermaCam E45, Flir Systems, Boston, MA, United States). A skin emissivity value of 0.98 W/m2 was employed. Each thermogram was obtained at a distance between the camera and animal body of 0.4–0.7 m. The camera was used with the following specifications: thermal resolution, 320 × 240; MSX resolution, 320 × 240; measurement accuracy, ±2°C; thermal sensitivity, <0.04°C; precision ±2°C or 2% of reading at room temperature of 10°C to 35°C; and image frequency, 60 Hz.

Each thermogram was analyzed using specialized software that was compatible with the camera (ThermaCam Researcher Basic 6.4 software, FLIR Systems, Wilsonville, OR, United States). The temperature of the animals was assessed in four specific regions of interest: head, positioned between the eyeball and the temporal bone, specifically near the external acoustic meatus; thoracic, anterior lateral flank located between the scapular region and the posterior diaphragm; abdominal, posterior lateral flank located between the diaphragm and the posterior extremity in the abdominal region; and tail, including proximal, medial and distal regions with respect to the rat body. The tail regions (proximal, medial, and distal) were identified using a previously validated method by El Bitar et al. (2014), which suggested that a proximal region should be placed 3 cm from the root of the tail, an intermediate region at the middle of the tail, and a distal region 3 cm from the tip of the tail. Additionally, the temperature of the external acoustic meatus was measured, as it closely approximates core temperature (Franklin et al., 1993; Bricknell, 1997).



Analysis of catecholamine levels

The existing evidence suggests that neurotransmitters such as monoamines are altered during the acute phase (the initial hours or days) following a TBI, influencing functional recovery through a mechanism dependent on these neurotransmitters (Boyeson and Krobert, 1992; Bueno-Nava et al., 2008, 2010; Verduzco-Mendoza et al., 2021b).

The serotonin (5-HT), DA and noradrenaline (NA) levels were determined at 3 and 20 days post-injury using high-performance liquid chromatography (HPLC) as reported previously (Avila-Luna et al., 2016, 2018). Animals were decapitated, and the brain was rapidly removed and placed on an ice-cold plate to dissect the brain cortex and hypothalamus. In each rat, the brain cortex was separated on the ipsilateral and contralateral sides to the injury. Then, the tissues were homogenized (14,000 rpm at 4°C for 20 min) in 70% perchloric acid (HClO4; 94.6 mM) and sodium metabisulfite (5.26 mM) solution. The supernatant was filtered and injected into the HPLC system. The HPLC system was coupled to an amperometric electrochemical detector (model LC Epsilon (e-5), Bioanalytical Systems, Inc., West Lafayette, IN, United States) using a potential of +800 mV. Catecholamine contents were analyzed by interpolation using 5 standards with known concentrations (10–320 nM). Analytes were separated with an analytical column (Alltech, Adsorbosphere Catecholamine, 100 × 4.6 mm, 3 μm particle size). The mobile phase consisted of a phosphate buffer solution (29 mM, pH 3.1) containing sodium octyl sulfate (2.6 mM), EDTA (0.43 mM) and methanol (16.5% v/v). The flow rate was 1.6 mL/min, which was maintained using an HPLC pump (model LC-20 AD, Shimadzu Scientific Instruments, Inc., Maryland, United States). The peak signals were analyzed using ChromGraph software for Windows.



Statistical analysis

The analysis of motor deficit scores was performed using the nonparametric Kruskal–Wallis test, followed by Dunn’s test. Values are expressed as medians ± interquartile range.

The statistical analyses of temperature and catecholamine levels were performed using one-way ANOVA followed by Tukey’s post hoc test. All values are expressed as the means ± standard errors of the mean (SEMs).

All statistical analyses were performed using the IBM Statistical Package for the Social Sciences (IBM SPSS) for Windows, version 22 (IBM Corp., Armonk, N.Y., United States). The statistical significance of these differences was set at p < 0.05.




Results


Motor coordination deficit

Figure 2 shows that TBI alone significantly increased the motor coordination deficit compared with that in the sham group from Day 1 to Day 7 post-injury. Recovery was observed at 8 days post-injury, and it remained constant for 12 days after the motor deficit period. The TBI alone and TBI + striatal injury groups exhibited significantly increased motor coordination deficits compared with the sham group. In the TBI + striatal injury group, the motor deficit decreased to normal levels on Day 15 post-injury and was sustained for the remaining 6 days. These results confirmed that the TBI + striatal injury group had more severe deficits than the TBI alone group.
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FIGURE 2
 Scores obtained from the beam-walking test in the sham, TBI + striatal injury and TBI alone groups. The severity of motor coordination deficits in the TBI + striatal injury group increased from Day 1 to Day 14. The TBI alone group showed an increase from Day 1 to Day 7. Values are expressed as medians ± interquartile ranges. The statistical analysis of motor deficits was performed with the nonparametric Kruskal–Wallis test, followed by Dunn’s multiple comparisons test. ***p < 0.001, **p < 0.01, *p < 0.05: TBI + striatal injury group vs. the sham group. &&&p < 0.001, &&p < 0.01, and &p < 0.001: TBI + striatal injury group vs. TBI alone group. ΚΚΚp < 0.001, ΚΚp < 0.01, Κp < 0.05: TBI alone group vs. the sham group. The blue and yellow dotted patterns represent the first temporal window associated with motor deficit period. The second window was represented by the motor recovery period, which showed a small, dotted area and without statistical differences.


On the first day post-injury, motor coordination deficits were observed in all lesioned groups, with maximum scores of 5 for some sections of the elevated wooden beam. The TBI alone and TBI + striatal injury groups exhibited the highest motor deficit scores compared to the sham group, in which motor effects were not observed in any animal, with scores between 0 and 2 in most evaluated sections.

For the TBI alone group, the beam walking test revealed two temporal windows: the first was an injury period of 7 days (Figure 2, yellow dotted pattern), and the second was a period with consistent recovery of 13 days, which is shown as a small dotted area with no statistical differences. The TBI + striatal injury group exhibited an injury period between 1 and 14 days post-injury (Figure 2, blue dotted pattern), with a consistent motor recovery period of 6 days.



Head, thorax, abdomen and tail temperature analysis


Head temperature

As shown in Figure 3A, in the motor deficit period, the TBI + striatal injury group had significantly increased (p < 0.05, Tukey’s test) head temperature values at Days 1, 3–6, 8 and 9 compared with the sham group. In this same period, the TBI alone group showed significant differences (p < 0.05, Tukey’s test) in head temperature values at Days 3–6 and 8 compared with the TBI + striatal injury group (Figure 3A) but not with the sham group.
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FIGURE 3
 Peripheral temperatures obtained by infrared thermography measurement in the head (A), thorax (B), and abdomen (C) post-injury. The TBI + striatal injury group showed increased peripheral temperatures. A representative thermogram is presented, illustrating the temperatures in a sham rat and a rat with TBI + striatal injury. Values are expressed as the means ± standard errors (SEM). The statistical analysis was performed with one-way ANOVA followed by Tukey’s test to compare the means between the groups. ***p < 0.001, **p < 0.01, *p < 0.05: TBI + striatal injury group vs. the sham group. &&&p < 0.001, &&p < 0.01, and &p < 0.001: TBI + striatal injury group vs. TBI alone group. ΚΚΚp < 0.001, ΚΚp < 0.01, Κp < 0.05: TBI alone group vs. the sham group.




Thorax temperature

In the motor deficit period, increases (p < 0.05, Tukey’s test) in thoracic temperature values were observed in the TBI + striatal injury group from Day 1 to Day 10 compared with the sham group (Figure 3B).

The TBI alone group showed significant differences (p < 0.05, Tukey’s test) in the thoracic temperature values from Day 3 to Day 8 (compared with the TBI + striatal injury group; Figure 3B).



Abdominal temperature

As shown in Figure 3C, in comparison with the sham group, the TBI + striatal injury group exhibited significantly increased (p < 0.05, Tukey’s test) abdominal temperatures from Day 1 to Day 8. In this same period, the TBI alone group showed significant differences (p < 0.05, Tukey’s test) in abdominal temperatures from Day 1 to Day 8 compared with the TBI + striatal injury group (Figure 3C), except for the second day, which did not show significant changes (p > 0.05, Tukey’s test). In comparison with the sham group, the temperatures in the TBI alone group significantly increased from Day 1 to Day 4. However, in the recovery period, this effect disappeared among the injury groups.



Tail temperature

As shown in Figures 4A–C, compared to the sham group, the TBI + striatal injury group exhibited a significant decrease (p < 0.05, Tukey’s test) in tail temperatures at the proximal, medial, and distal regions from Day 1 to Day 8. The TBI alone group exhibited a significant decrease (p < 0.05, Tukey’s test) in proximal (from Day 2 to Day 4), medial (from Day 2 to Day 8) and distal (from Day 1 to Day 8) tail temperatures compared with the sham group. In both the TBI alone and TBI + striatal injury groups, the effect of reduced temperature remained consistent during the motor deficit period. In the recovery period, however, this effect disappeared, except in the distal tail temperature, which showed an increase in the last 4 days of the study.
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FIGURE 4
 Peripheral temperatures obtained by infrared thermography measurement in the proximal (A), medial (B), and distal (C) sections of the tail following injury. The TBI + striatal injury group exhibited decreased peripheral temperature values. A representative thermogram is shown, displaying temperatures from a sham rat and a rat with TBI + striatal injury. Values are expressed as the means ± standard errors (SEM). The statistical analysis was performed with one-way ANOVA followed by Tukey’s test to compare the means between the groups. ***p < 0.001, **p < 0.01, *p < 0.05: TBI + striatal injury group vs. the sham group. &&p < 0.01 and &p < 0.001: TBI + striatal injury group vs. the TBI alone group. ΚΚΚp < 0.001, ΚΚp < 0.01, Κp < 0.05: TBI alone group vs. the sham group.





External acoustic meatus temperature analysis

As described in the Materials and Methods section, the temperature of the external acoustic meatus was taken as an approximation of the core temperature. As shown in Figure 5, the external acoustic meatus temperatures on Day 1 post-injury were significantly increased in the sham, TBI alone, and TBI + striatal injury groups by approximately 2.3 (p < 0.001, Tukey’s test), 2.9 (p < 0.001, Tukey’s test) and 3.1°C (p < 0.001, Tukey’s test), respectively, compared with the respective values on Day −1 preinjury. The TBI alone (p = 0.047, Tukey’s test) and TBI + striatal injury (p < 0.001, Tukey’s test) groups exhibited significantly increased external acoustic meatus temperatures on Day 1 compared with the sham group. Both the TBI alone and TBI + striatal injury groups showed an increase in external acoustic meatus temperatures from Day 13 (TBI alone group, p < 0.001, Tukey’s test; TBI + striatal injury group, p < 0.001, Tukey’s test) to Day 20 (TBI alone group, p < 0.001, Tukey’s test; TBI + striatal injury, p < 0.001, Tukey’s test) post-injury compared with the sham group (Figure 5).
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FIGURE 5
 Core temperatures obtained by infrared thermography measurement in the external acoustic meatus post-injury. The temperature of the external acoustic meatus was measured as an approximation of the core temperature. A representative thermogram is shown, displaying the temperatures of a sham rat and a rat with TBI + striatal injury. Values are expressed as the means ± standard errors (SEM). The statistical analysis was performed with one-way ANOVA followed by Tukey’s test to compare the means between the groups. x,Τ,zp < 0.001 for the TBI with striatal injury, TBI alone, and sham groups, respectively, vs. their respective basal values. ***p < 0.001, **p < 0.01, *p < 0.05: TBI + striatal injury group vs. the sham group. &&&p < 0.001, &&p < 0.01, and &p < 0.001: TBI + striatal injury group vs. TBI alone group. ΚΚΚp < 0.001, Κp < 0.05: TBI alone group vs. the sham group.




NA, DA and 5-HT levels


Cortical monoamine levels

Cortical NA, DA and 5-HT levels are shown in Figures 6A–F. The TBI and TBI + striatal injury groups showed a significant increase in NA levels in the brain cortex ipsilateral to the injury at 3 days post-injury of 6.33 ± 0.61 (p = 0.015, Tukey’s test) and 6.18 ± 0.43 pg./mg of tissue (p = 0.022, Tukey’s test), respectively, compared with the sham group (3.60 ± 0.76 pg./mg of tissue; Figure 6A). This increase was also observed on the contralateral side for both the TBI and TBI + striatal injury groups at 3 days post-injury, with increase of 5.21 ± 0.17 (p < 0.001, Tukey’s test) and 5.41 ± 0.17 pg./mg of tissue (p < 0.001, Tukey’s test), respectively, compared with the sham group (3.39 ± 0.38 pg./mg of tissue; Figure 6A).
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FIGURE 6
 NA (A-B), DA (C-D), and 5-HT (E-F) levels in the brain cortex ipsilateral and contralateral to the lesion at 3 and 20 days post-injury. Values are expressed as the means ± standard errors (SEM). The statistical analysis was performed with one-way ANOVA followed by Tukey’s test to compare the means between the groups. ***p < 0.001, **p < 0.01, and *p < 0.05 vs. the sham group. +p < 0.05 vs. the TBI without striatal injury group.


A significant decrease in DA levels was observed in the ipsilateral brain cortex at 3 days post-injury in both the TBI alone and TBI + striatal injury groups of 0.30 ± 0.11 pg./mg of tissue (p < 0.001, Tukey’s test) and 0.60 ± 0.08 pg./mg of tissue (p < 0.001, Tukey’s test), respectively, compared with the sham group (1.50 ± 0.09 pg./mg of tissue; Figure 6C). On the contralateral side, the TBI + striatal injury group showed a significant increase in DA levels of 2.87 ± 0.25 pg./mg of tissue at 20 days post-injury compared with the sham (1.76 ± 0.25 pg./mg of tissue; p = 0.009, Tukey’s test) and TBI alone (1.79 ± 0.19 pg./mg of tissue; p = 0.011, Tukey’s test) groups, respectively (Figure 6D).

In the TBI + striatal injury group, a significant increase was observed in 5-HT levels in both the ipsilateral and contralateral cortical sides on Day 3 post-injury of 1.53 ± 0.21 (p = 0.011, Tukey’s test) and 1.45 ± 0.15 pg./mg of tissue (p = 0.045, Tukey’s test), respectively, compared with the sham group (ipsilateral, 0.82 ± 0.16 pg./g of tissue; contralateral 0.93 ± 0.03 pg./mg of tissue; Figure 6E). At 20 days post-injury, a significant decrease was observed in 5-HT levels on the contralateral side of the brain cortex of 1.21 ± 0.05 pg./mg of tissue (p = 0.019, Tukey’s test) compared with the sham group (1.58 ± 0.08 pg./mg of tissue; Figure 6F).



Hypothalamic monoamine levels

The TBI alone group showed a significant increase in NA levels in the hypothalamus at 3 and 20 days post-injury of 20.61 ± 1.73 (p < 0.001, Tukey’s test; Figure 7A) and 17.33 ± 1.28 pg./mg of tissue (p = 0.012, Tukey’s test; Figure 7B), respectively, compared with the sham group, which had levels of 13.28 ± 0.34 and 13.54 ± 0.49 pg./mg of tissue at 3 and 20 days post-injury, respectively. This increase was also observed in the TBI + striatal injury group at 3 and 20 days post-injury, by 21.35 ± 0.74 (p < 0.001, Tukey’s test; Figure 7A) and 17.28 ± 0.40 pg./mg of tissue (p = 0.013, Tukey’s test; Figure 7B), respectively, compared with the respective sham group.

[image: Figure 7]

FIGURE 7
 NA (A-B), DA (C-D), and 5-HT (E-F) levels in the hypothalamus at 3 and 20 days post-injury. Values are expressed as the means ± standard errors (SEM). The statistical analysis was performed with one-way ANOVA followed by Tukey’s test to compare the means between the groups. ***p < 0.001, **p < 0.01, and *p < 0.05 vs. the sham group.


As shown in Figure 7D, the TBI + striatal injury group exhibited a significant increase in DA levels of 3.83 ± 0.34 pg./mg of tissue (p = 0.023, Tukey’s test) at 20 days post-injury compared with the sham group (2.59 ± 0.15 pg./mg of tissue). The TBI alone group showed a significant increase in hypothalamic 5-HT levels at 3 and 20 days post-injury of 3.71 ± 0.49 (p = 0.003, Tukey’s test; Figure 7E) and 2.63 ± 0.12 pg./mg of tissue (p = 0.045, Tukey’s test; Figure 7F), respectively, compared with the sham group, which had levels of 1.79 ± 0.09 and 1.92 ± 0.13 pg./mg of tissue at 3 and 20 days post-injury, respectively. This increase was also observed in the TBI + striatal injury group at 3 and 20 days post-injury, by 3.27 ± 0.35 (p = 0.022, Tukey’s test; Figure 7E) and 2.82 ± 0.28 pg./mg of tissue (p = 0.011, Tukey’s test; Figure 7F), respectively, compared with the respective sham group.





Discussion

In the present study, we demonstrated that TBI with striatal hemorrhagic extension (TBI + striatal injury group) alters peripheral and core temperatures, which are indicators of autonomic thermoregulatory function (Fealey, 2013; Nakamura, 2018; Morrison and Nakamura, 2019). Additionally, thermal modulation was accompanied by changes in hypothalamic and cortical monoamine levels, which occurred during motor deficits and motor function recovery. In both periods, motor deficits and motor recovery in the rats with TBI alone or TBI + striatal injury increased hypothalamic NA and 5-HT levels. Furthermore, NA and 5-HT levels were increased in the brain cortex at 3 and 20 days post-injury.

In the TBI alone group, the motor deficit test showed two temporal windows: an initial 7-day injury period followed by a 13-day recovery period. Both motor deficit and motor recovery periods were demonstrated in our previous studies with the use of cortical ablation and cortical hemorrhagic injury (Bueno-Nava et al., 2008, 2010; Avila-Luna et al., 2018; Gálvez-Rosas et al., 2019; Ramos-Languren et al., 2021). These results were replicated in both the TBI alone and TBI + striatal injury groups, although the TBI + striatal injury led to a motor deficit lasting 14 days compared with the 7 days observed in the TBI alone group. Furthermore, the TBI + striatal injury group exhibited a higher severity than the TBI alone group, confirming the greater impact of the combined condition (Avila-Luna et al., 2018). The striatum receives afferent input from the cerebral cortex, including the areas associated with cognitive functions, sensory processing, and motor commands (Graybiel and Grafton, 2015; Bolam and Ellender, 2016; Grillner and Robertson, 2016; Haber, 2016). Concurrently, the basal ganglia output nuclei (internal segment of the globus pallidus and substantia nigra pars reticulata) send efferent outputs to the thalamus, which is a deep-seated brain structure that acts as a relay center for sensory and motor signals (Bolam and Ellender, 2016; Haber, 2016). Additionally, the striatum receives afferent input from the thalamus, which differs from cortical inputs in its synaptic contacts with striatal neurons (Ding et al., 2008). According to our results, the intrinsic relationship between the striatum, cerebral cortex, and thalamus is crucial for motor coordination, and corticostriatal injury can disrupt this balance, highlighting the significance of this interconnection in normal motor function (Costa et al., 2006; Bueno-Nava et al., 2010; Avila-Luna et al., 2018).

Previous studies have shown that posttraumatic hyperthermia develops after a severe brain injury (Rossi et al., 2001; Thompson et al., 2003, 2005; Gaither et al., 2015; Zakhary and Sabry, 2017). The cerebral core temperature, measured with a thermistor, showed an increase after severe injury (Rossi et al., 2001). Rossi et al. (2001) reported that the temperature in the brain is dependent on local metabolism, cerebral blood flow, and the temperature of the perfused blood. In brain injury, hyperthermia can originate from damage in the hypothalamic thermoregulatory center (Zakhary and Sabry, 2017; Bao et al., 2021). Interestingly, our results demonstrated that TBI and striatal injury increased head, thoracic and abdominal temperatures in the TBI + striatal injury group. However, both the TBI alone and TBI + striatal injury groups showed a significant decrease in distal, medial and proximal tail temperatures compared with the sham group. In rats, the tail occupies 9% of the body area and has the capacity to dissipate only 17% of the body heat (Rand et al., 1965; Gouma et al., 2012; Škop et al., 2020). This could explain why the thermoregulatory capacity of the rat’s tail was not sufficient to dissipate heat from the body surface in the TBI + striatal injury group (Škop et al., 2020).

An explanation for the increase in temperature in the sham and TBI groups between days 8 and 9 post-injury may be related to a variation in the ambient temperature. It is well known that small-scale temperature variation can play an important role in species’ thermal adaptation and can magnify the effects of increasing temperatures (Mota-Rojas et al., 2021; Verduzco-Mendoza et al., 2021a; Laird-Hopkins et al., 2023). It is possible that the temperature increase observed in both the injured and sham groups during this period was a response to ambient temperature variation, a result of thermal adaptation (Mota-Rojas et al., 2021). This may explain the decreased tail temperatures observed during the same timeframe, possibly due to vasoconstriction in response to the temperature variation (Verduzco-Mendoza et al., 2021a). The amplified response in the sham group could be attributed to the fact that they are uninjured subjects (Lezama-García et al., 2022).

Further studies are required to establish the relationship between cerebral and body temperatures after brain injury. In our results, the temperature of the external acoustic meatus closely matched the core temperature (Franklin et al., 1993; Bricknell, 1997). This core temperature increased during motor deficits on Day 1 post-injury in both the TBI-alone and TBI + striatal injury groups compared to the sham group. Subsequently, these groups displayed a trend of decreasing temperature. However, this reduction did not occur in both injured groups, as they continued to exhibit an elevated core temperature during the motor recovery period. In contrast, the core temperatures were reverted to baseline levels in the sham group. This hyperthermia could possibly stem from temperature dysregulation, an indicator of autonomic dysfunction (Takahashi et al., 2015). One hypothesis to explain the sustained hyperthermia from Day 13 to Day 20 post-injury in the injured groups is that it may result from vasospasm. This hypothesis is supported by observations in patients with subarachnoid hemorrhage (SAH), who exhibit non-infectious hyperthermia that persists for several days following the vascular event. This condition has been linked to the development of both vasospasm and symptomatic vasospasm (Rabinstein and Sandhu, 2007). Such non-infectious refractory hyperthermia could also be related to vascular vasospasm, potentially providing a parallel between core and peripheral temperature patterns observed in our study. It is known that vasospasm induces a concomitant increase in cerebral blood flow (CBF) velocity in the brain’s principal arteries (Carr et al., 2013).

The second hypothesis to explain the fluctuations in core and peripheral temperatures can be attributed to severe injury in the injured groups. This severity can be understood by considering the interconnection between the injury site and thermoregulatory centers along the corticohypothalamic, hypothalamocortical, cortex-basal ganglia-hypothalamus pathways (Risold et al., 1997; Saper, 2000; Romanovsky, 2007; Childs, 2008; Saper and Lowell, 2014; Bolam and Ellender, 2016). Additionally, the involvement of the striatum in the basal ganglia provides a further explanation for our findings (Feldman, 1966; Graybiel and Ragsdale, 1979; Risold et al., 1997; Bolam and Ellender, 2016).

The striatum, a key structure within the basal ganglia, is central to numerous brain functions, such as movement, reward, and cognition (Liljeholm and O’doherty, 2012; Kandel et al., 2013). The striatum has an intricate relationship with thermoregulation through direct and indirect connections with the hypothalamus, the primary thermoregulatory center in the brain (Feldman, 1966; Bolam and Ellender, 2016; Kullmann and Veit, 2021). Moreover, the striatum’s involvement in neurotransmitter release, especially dopamine, plays a pivotal role in thermoregulatory processes (Gonzalez et al., 1986; Björklund and Dunnett, 2007;Shin et al., 2011; Jenkins et al., 2018). Given its functions in motor response generation and sensory integration, the striatum might influence behaviors aimed at temperature regulation (Gonzalez et al., 1986). Additionally, diseases affecting the striatum, such as Parkinson’s disease, often exhibit thermoregulatory abnormalities (Coon and Low, 2018; McGregor and Nelson, 2019).

The hypothalamus establishes reciprocal interconnections with the brain cortex, including the medial prefrontal cortex (Kremkow and Alonso, 2018; Hymczak et al., 2021), through the hypothalamocortical and corticohypothalamic pathways. The indirect interconnection between the hypothalamus and brain cortex (Risold et al., 1997) by noradrenergic, dopaminergic and serotonergic projections has been studied (Heym and Gladfelter, 1982; Saper, 2000; Schwarz and Luo, 2015; Jenkins et al., 2016; Reppucci and Petrovich, 2016; Vitrac and Benoit-Marand, 2017; Jenkins et al., 2018). Hypothalamic monoamines are associated with thermoregulatory function (Cooper, 2002; Childs, 2008), and their alteration may be an indicator of changes at the hypothalamic level.

The TBI alone and TBI + striatal injury groups showed an increase in hypothalamic NA and 5-HT levels at 3 and 20 days post-injury compared with the sham group (Figures 7A,E). However, cortical NA and 5-HT levels were increased at 3 days on both the ipsilateral and contralateral sides, with the TBI + striatal injury group showing increased serotonergic levels. Both NA and 5-HT are neurotransmitters associated with temperature regulation (Feldberg and Myers, 1963; Clark and Lipton, 1986; Cooper, 2002). For example, NA and 5-HT injection into the hypothalamus decreases temperature and heat production (Cooper et al., 1976; Cox et al., 1980; Lin et al., 1983). These experiments could, in part, explain the increase in hypothalamic NA and 5-HT levels (Kandel et al., 2013) in our study. DA is another neurotransmitter associated with temperature regulation (Cox et al., 1980; Cooper, 2002), and hypothalamic injection of DA decreases core temperature values (Cox et al., 1980). In our results, the hypothalamic DA levels were increased at 20 days post-injury in the TBI + striatal injury group, an effect that could be associated with recovery. However, cortical DA levels were temporarily reduced in the ipsilateral cortex, an effect that may be associated with cortical injury and motor deficits (Shin et al., 2011; Jenkins et al., 2018). In our study, the discrepancies between cortical and hypothalamic DA levels could be explained by the supply source, as the cortex receives mesostriatal and mesocortical dopaminergic input, whereas the hypothalamus receives local dopaminergic input (Björklund and Dunnett, 2007).

In several neurochemical studies using unilateral lesion techniques, both ipsilateral and contralateral monoaminergic effects have been reported (Adèr et al., 1980; Robinson et al., 1980; Krobert et al., 1994; Bueno-Nava et al., 2008, 2010; Ramos-Languren et al., 2016). The bilateral monoaminergic response could result from cortical monoaminergic axonal injury and neurodegeneration after TBI (Hutson et al., 2011; Dougherty et al., 2020). It is well known that efferent axons from monoaminergic nuclei, such as the locus coeruleus, dorsal raphe, and substantia nigra, are highly collateralized in the brain cortex (Takada and Hattori, 1986; Van Bockstaele et al., 1993; Waselus et al., 2011; Chandler et al., 2014; Schwarz and Luo, 2015). These previous findings could explain why an ipsilateral injury may produce changes in cortical NA, DA, and 5-HT levels on the side contralateral to the lesion.

Potential limitations of our study include analyzing neurotransmitter levels in total cortical and hypothalamic tissue, rather than in specific compartments like the extracellular space, where neurotransmitters are actively released. Future experiments should consider the use of microdialysis to target the cortical and hypothalamic areas. For assessing the presence of alpha-2, D2, and 5-HT1 autoreceptors, immunohistochemical or binding methods should be used. Moreover, using the external acoustic meatus temperature as a proxy for core temperature lacks precision; therefore, implanting intracerebral electrodes may provide more accurate measurements in future research.

In conclusion, our study suggests that TBI with striatal hemorrhagic extension not only influences peripheral and core temperature indicators of autonomic thermoregulatory function but also has a distinct impact on hypothalamic and cortical monoamine levels when compared to TBI alone. The alterations in monoamine levels, specifically NA and 5-HT, are pronounced during both the motor deficit and motor recovery phases and persist in the cortex and hypothalamus for up to 20 days post-injury. The observed changes in hypothalamic monoamines provide indirect evidence of hypothalamic alterations post-injury. Further investigations are essential to correlate cerebral temperature with body temperature following a brain injury.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Instituto Nacional de Rehabilitación LGII/CICUAL/011/2020: 91/17, 06/18, and 82/21. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

AV-M: Data curation, Formal analysis, Investigation, Methodology, Project administration, Visualization, Writing – original draft, Writing – review & editing. DM-R: Conceptualization, Investigation, Methodology, Project administration, Software, Supervision, Writing – original draft, Writing – review & editing. SO: Data curation, Investigation, Project administration, Supervision, Writing – original draft. AG-R: Data curation, Investigation, Project administration, Writing – original draft. AA-P: Data curation, Formal analysis, Investigation, Writing – original draft. JC-A: Methodology, Project administration, Supervision, Conceptualization, Writing – original draft. AA-R: Investigation, Supervision, Validation, Writing – review & editing. CP-C: Conceptualization, Formal analysis, Methodology, Software, Writing – review & editing. AA-L: Data curation, Funding acquisition, Investigation, Validation, Writing – original draft, Writing – review & editing. AB-N: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by INR-LGII (research project numbers: 91/17 and 06/18) and CONACyT (grants: CB-2016-287614 to AB-N and CB-2016-288512 to AA-L).



Acknowledgments

The authors sincerely wish to thank Hugo Lecona Butrón for his support with the housing, care, maintenance, and monitoring of the health of the experimental animals at the Institute (INR-LGII). We wish to thank Miriam Jerónimo-Pérez, Rocío García-Segundo, Juan Torrijos, and Ricardo Mejenes López for their technical support. We finally wish to thank Christian Iván Beltran Rodríguez for his English language review.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Adèr, J. P., Room, P., Postema, F., and Korf, J. (1980). Bilaterally diverging axon collaterals and contralateral projections from rat locus coeruleus neurons, demonstrated by fluorescent retrograde double labeling and norepinephrine metabolism. J. Neural Transm. 49, 207–218. doi: 10.1007/BF01252126

 Albin, R. L., Young, A. B., and Penney, J. B. (1989). The functional-anatomy of basal ganglia disorders. Trends Neurosci. 12, 366–375. doi: 10.1016/0166-2236(89)90074-X

 Atkins, C., Bramlett, H., and Dietrich, W. (2017). Is temperature an important variable in recovery after mild traumatic brain injury? F1000Res 6:2031. doi: 10.12688/f1000research.12025.1 

 Avila-Luna, A., Galvez-Rosas, A., Alfaro-Rodriguez, A., Reyes-Legorreta, C., Garza-Montano, P., Gonzalez-Pina, R., et al. (2018). Dopamine D1 receptor activation maintains motor coordination in injured rats but does not accelerate the recovery of the motor coordination deficit. Behav. Brain Res. 336, 145–150. doi: 10.1016/j.bbr.2017.08.026

 Avila-Luna, A., Verduzco-Mendoza, A., and Bueno-Nava, A. (2016). Effects of dopamine D-1 receptor activation and blockade on dopamine and noradrenaline levels in the rat brain. Neurosci. Lett. 612, 116–120. doi: 10.1016/j.neulet.2015.11.040

 Bao, J., Pan, Z., and Wei, S. (2021). Iatrogenic hypothalamus injury after resection of Subependymoma within the left brain ventricle. Cureus 13:e13044. doi: 10.7759/cureus.13044

 Björklund, A., and Dunnett, S. B. (2007). Dopamine neuron systems in the brain: an update. Trends Neurosci. 30, 194–202. doi: 10.1016/j.tins.2007.03.006 

 Bolam, J. P., and Ellender, T. J. (2016). Histamine and the striatum. Neuropharmacology 106, 74–84. doi: 10.1016/j.neuropharm.2015.08.013

 Boulant, J. A. (2006). Neuronal basis of Hammel's model for set-point thermoregulation. J. Appl. Physiol. 100, 1347–1354. doi: 10.1152/japplphysiol.01064.2005 

 Boursin, P., Paternotte, S., Dercy, B., Sabben, C., and Maïer, B. (2018). Semantics, epidemiology and semiology of stroke. Soins 63, 24–27. doi: 10.1016/j.soin.2018.06.008 

 Boyeson, M. G., and Krobert, K. A. (1992). Cerebellar norepinephrine infusions facilitate recovery after sensorimotor cortex injury. Brain Res. Bull. 29, 435–439. doi: 10.1016/0361-9230(92)90080-H

 Brailowsky, S., Knight, R. T., Blood, K., and Scabini, D. (1986). Gamma-aminobutyric acid-induced potentiation of cortical hemiplegia. Brain Res. 362, 322–330. doi: 10.1016/0006-8993(86)90457-9

 Bricknell, M. C. M. (1997). An evaluation of infra-red tympanic thermometry for thermal physiology research. J. R. Army Med. Corps 143, 149–152. doi: 10.1136/jramc-143-03-04

 Bueno-Nava, A., Gonzalez-Pina, R., Alfaro-Rodriguez, A., Nekrassov-Protasova, V., Durand-Rivera, A., Montes, S., et al. (2010). Recovery of motor deficit, cerebellar serotonin and lipid peroxidation levels in the cortex of injured rats. Neurochem. Res. 35, 1538–1545. doi: 10.1007/s11064-010-0213-4

 Bueno-Nava, A., Montes, S., Delagarza-Montano, P., Alfaro-Rodriguez, A., Ortiz, A., and Gonzalez-Pina, R. (2008). Reversal of noradrenergic depletion and lipid peroxidation in the pons after brain injury correlates with motor function recovery in rats. Neurosci. Lett. 443, 32–36. doi: 10.1016/j.neulet.2008.07.046

 Carr, K. R., Zuckerman, S. L., and Mocco, J. (2013). Inflammation, Cerebral Vasospasm, and Evolving Theories of Delayed Cerebral Ischemia. Neurol. Res. Int. 2013:506584. doi: 10.1155/2013/506584 

 Chandler, D. J., Gao, W. J., and Waterhouse, B. D. (2014). Heterogeneous organization of the locus coeruleus projections to prefrontal and motor cortices. Proc. Natl. Acad. Sci. U. S. A. 111, 6816–6821. doi: 10.1073/pnas.1320827111 

 Childs, C. (2008). Human brain temperature: regulation, measurement and relationship with cerebral trauma: part 1. Br. J. Neurosurg. 22, 486–496. doi: 10.1080/02688690802245541

 Clark, W. G., and Lipton, J. M. (1986). Changes in body temperature after administration of adrenergic and serotonergic agents and related drugs including antidepressants: II. Neurosci. Biobehav. Rev. 10, 153–220. doi: 10.1016/0149-7634(86)90025-4

 Coon, E. A., and Low, P. A. (2018). “Chapter 43—thermoregulation in Parkinson disease” in Handbook of clinical neurology. ed. A. A. Romanovsky (Elsevier), 715–725.

 Cooper, K. E. (2002). Some historical perspectives on thermoregulation. J. Appl. Physiol. 92, 1717–1724. doi: 10.1152/japplphysiol.01051.2001

 Cooper, K. E., Jones, D. L., Pittman, Q. J., and Veale, W. L. (1976). The effect of noradrenaline, injected into the hypothalamus, on thermoregulation in the cat. J. Physiol. 261, 211–222. doi: 10.1113/jphysiol.1976.sp011554

 Costa, R. M., Lin, S.-C., Sotnikova, T. D., Cyr, M., Gainetdinov, R. R., Caron, M. G., et al. (2006). Rapid alterations in corticostriatal ensemble coordination during acute dopamine-dependent motor dysfunction. Neuron 52, 359–369. doi: 10.1016/j.neuron.2006.07.030 

 Cox, B., Kerwin, R. W., Lee, T. F., and Pycock, C. J. (1980). A dopamine-5-hydroxytryptamine link in the hypothalamic pathways which mediate heat loss in the rat. J. Physiol. 303, 9–21. doi: 10.1113/jphysiol.1980.sp013266 

 De Jonge, J. C., Wallet, J., and Van Der Worp, H. B. (2018). Fever worsens outcomes in animal models of ischaemic stroke: a systematic review and meta-analysis. Eur. Stroke J. 4, 29–38. doi: 10.1177/2396987318776421

 Dietrich, W. D., and Bramlett, H. M. (2007). “Hyperthermia and central nervous system injury” in Progress in brain research. ed. H. S. Sharma (Elsevier), 201–217.

 Ding, J., Peterson, J. D., and Surmeier, D. J. (2008). Corticostriatal and thalamostriatal synapses have distinctive properties. J. Neurosci. 28, 6483–6492. doi: 10.1523/JNEUROSCI.0435-08.2008 

 Dougherty, S. E., Kajstura, T. J., Jin, Y., Chan-Cortés, M. H., Kota, A., and Linden, D. J. (2020). Catecholaminergic axons in the neocortex of adult mice regrow following brain injury. Exp. Neurol. 323:113089. doi: 10.1016/j.expneurol.2019.113089

 Edward Dixon, C., Clifton, G. L., Lighthall, J. W., Yaghmai, A. A., and Hayes, R. L. (1991). A controlled cortical impact model of traumatic brain injury in the rat. J. Neurosci. Methods 39, 253–262. doi: 10.1016/0165-0270(91)90104-8

 El Bitar, N., Pollin, B., Karroum, E., Pincedé, I., Mouraux, A., and Le Bars, D. (2014). Thermoregulatory vasomotor tone of the rat tail and paws in thermoneutral conditions and its impact on a behavioral model of acute pain. J. Neurophysiol. 112, 2185–2198. doi: 10.1152/jn.00721.2013

 Fealey, R. D. (2013). “Chapter 7—Interoception and autonomic nervous system reflexes thermoregulation” in Handbook of clinical neurology. eds. R. M. Buijs and D. F. Swaab (Elsevier), 79–88.

 Feldberg, W., and Myers, R. D. (1963). A new concept of temperature regulation by amines in the hypothalamus. Nature 200:1325. doi: 10.1038/2001325a0

 Feldman, S. (1966). Striatal connections and influences on somatosensory and photic projections to the hypothalamus. Electroencephalogr. Clin. Neurophysiol. 21, 249–260. doi: 10.1016/0013-4694(66)90074-5 

 Franklin, P. J., Green, D. J., and Cable, N. T. (1993). The influence of thermoregulatory mechanisms on post-exercise hypotension in humans. J. Physiol. 470, 231–241. doi: 10.1113/jphysiol.1993.sp019856

 Gaither, J. B., Galson, S., Curry, M., Mhayamaguru, M., Williams, C., Keim, S. M., et al. (2015). Environmental hyperthermia in prehospital patients with major traumatic brain injury. J. Emerg. Med. 49, 375–381. doi: 10.1016/j.jemermed.2015.01.038 

 Gálvez-Rosas, A., Avila-Luna, A., Valdés-Flores, M., Montes, S., and Bueno-Nava, A. (2019). GABAergic imbalance is normalized by dopamine D1 receptor activation in the striatum contralateral to the cortical injury in motor deficit-recovered rats. Psychopharmacology (Berl) 236, 2211–2222. doi: 10.1007/s00213-019-05215-1

 García-Díaz, G., Ramos-Languren, L. E., Parra-Cid, C., Lomelí, J., Montes, S., Ríos, C., et al. (2023). Alpha2-adrenergic receptor activation reinstates motor deficits in rats recovering from cortical injury. Neural Regen. Res. 18, 875–880. doi: 10.4103/1673-5374.353501

 Geffroy, A., Bronchard, R., Merckx, P., Seince, P.-F., Faillot, T., Albaladejo, P., et al. (2004). Severe traumatic head injury in adults: which patients are at risk of early hyperthermia? Intensive Care Med. 30, 785–790. doi: 10.1007/s00134-004-2280-y

 Giner, J., Mesa Galán, L., Yus Teruel, S., Guallar Espallargas, M. C., Pérez López, C., Isla Guerrero, A., et al. (2022). Traumatic brain injury in the new millennium: new population and new management. Neurologia 37, 383–389. doi: 10.1016/j.nrleng.2019.03.024 

 Gonzalez, M. C., Arevalo, R., Castro, R., Diaz-Palarea, M. D., and Rodriguez, M. (1986). Different roles of intrahypothalamic and nigrostriatal dopaminergic systems in thermoregulatory responses of the rat. Life Sci. 39, 707–715. doi: 10.1016/0024-3205(86)90018-4

 Gouma, E., Simos, Y., Verginadis, I., Lykoudis, E., Evangelou, A., and Karkabounas, S. (2012). A simple procedure for estimation of total body surface area and determination of a new value of Meeh's constant in rats. Lab Anim. 46, 40–45. doi: 10.1258/la.2011.011021 

 Gowda, R., Jaffa, M., and Badjatia, N. (2018). “Thermoregulation in brain injury” in Handbook of clinical neurology. ed. A. A. Romanovsky (Elsevier), 789–797.

 Graybiel, A. M., and Grafton, S. T. (2015). The striatum: where skills and habits meet. Cold Spring Harb. Perspect. Biol. 7:1691. doi: 10.1101/cshperspect.a021691 

 Graybiel, A. M., and Ragsdale, C. W. (1979). “Fiber connections of the basal ganglia” in Progress in brain research. eds. M. Cuénod, G. W. Kreutzberg, and F. E. Bloom (Elsevier), 239–283.

 Grillner, S., and Robertson, B. (2016). The basal ganglia over 500 million years. Curr. Biol. 26, R1088–R1100. doi: 10.1016/j.cub.2016.06.041

 Guzik, A., and Bushnell, C. (2017). Stroke epidemiology and risk factor management. Continuum 23, 15–39. doi: 10.1212/CON.0000000000000416 

 Haarbauer-Krupa, J., Pugh, M. J., Prager, E. M., Harmon, N., Wolfe, J., and Yaffe, K. (2021). Epidemiology of chronic effects of traumatic brain injury. J. Neurotrauma 38, 3235–3247. doi: 10.1089/neu.2021.0062 

 Haber, S. N. (2016). Corticostriatal circuitry. Dialogues Clin. Neurosci. 18, 7–21. doi: 10.31887/DCNS.2016.18.1/shaber 

 Harting, J. K., and Updyke, B. V. (2006). “Oculomotor-related pathways of the basal ganglia” in Progress in Brain Research. ed. J. A. Büttner-Ennever (Elsevier), 441–460.

 Heym, J., and Gladfelter, W. E. (1982). Serotonergic innervation of the lateral hypothalamus: evidence from synaptosomal uptake studies. Brain Res. Bull. 8, 131–137. doi: 10.1016/0361-9230(82)90039-9

 Hutson, C. B., Lazo, C. R., Mortazavi, F., Giza, C. C., Hovda, D., and Chesselet, M.-F. (2011). Traumatic brain injury in adult rats causes progressive nigrostriatal dopaminergic cell loss and enhanced vulnerability to the pesticide paraquat. J. Neurotrauma 28, 1783–1801. doi: 10.1089/neu.2010.1723

 Hymczak, H., Gołąb, A., Mendrala, K., Plicner, D., Darocha, T., Podsiadło, P., et al. (2021). Core temperature measurement-principles of correct measurement, problems, and complications. Int. J. Environ. Res. Public Health 18:606. doi: 10.3390/ijerph182010606 

 Jenkins, P. O., De Simoni, S., Bourke, N. J., Fleminger, J., Scott, G., Towey, D. J., et al. (2018). Dopaminergic abnormalities following traumatic brain injury. Brain 141, 797–810. doi: 10.1093/brain/awx357 

 Jenkins, P. O., Mehta, M. A., and Sharp, D. J. (2016). Catecholamines and cognition after traumatic brain injury. Brain 139, 2345–2371. doi: 10.1093/brain/aww128 

 Kandel, E. R., Schwartz, J. H., Jessell, T. M., Siegelbaum, S. A., and Hudspeth, A. J. (2013). Principles of neural science.

 Kremkow, J., and Alonso, J.-M. (2018). Thalamocortical circuits and functional architecture. Annual Rev Vis Sci 4, 263–285. doi: 10.1146/annurev-vision-091517-034122 

 Krobert, K. A., Sutton, R. L., and Feeney, D. M. (1994). Spontaneous and amphetamine-evoked release of cerebellar noradrenaline after sensorimotor cortex contusion: an in vivo microdialysis study in the awake rat. J. Neurochem. 62, 2233–2240. doi: 10.1046/j.1471-4159.1994.62062233.x

 Kullmann, S., and Veit, R. (2021). “Chapter 7—resting-state functional connectivity of the human hypothalamus” in Handbook of clinical neurology. eds. D. F. Swaab, F. Kreier, P. J. Lucassen, A. Salehi, and R. M. Buijs (Elsevier), 113–124.

 Laird-Hopkins, B. C., Ashe-Jepson, E., Basset, Y., Arizala Cobo, S., Eberhardt, L., Freiberga, I., et al. (2023). Thermoregulatory ability and mechanism do not differ consistently between neotropical and temperate butterflies. Glob. Chang. Biol. 29, 4180–4192. doi: 10.1111/gcb.16797

 Lezama-García, K., Mota-Rojas, D., Pereira, A. M. F., Martínez-Burnes, J., Ghezzi, M., Domínguez, A., et al. (2022). Transient receptor potential (TRP) and thermoregulation in animals: structural biology and neurophysiological aspects. Animals 12:106. doi: 10.3390/ani12010106

 Liljeholm, M., and O’doherty, J. P. (2012). Contributions of the striatum to learning, motivation, and performance: an associative account. Trends Cogn. Sci. 16, 467–475. doi: 10.1016/j.tics.2012.07.007

 Lin, M. T., Wu, J. J., and Tsay, B. L. (1983). Serotonergic mechanisms in the hypothalamus mediate thermoregulatory responses in rats. Naunyn Schmiedebergs Arch. Pharmacol. 322, 271–278. doi: 10.1007/BF00508342 

 Mcgregor, M. M., and Nelson, A. B. (2019). Circuit mechanisms of Parkinson’s disease. Neuron 101, 1042–1056. doi: 10.1016/j.neuron.2019.03.004 

 Morrison, S. F., and Nakamura, K. (2019). Central mechanisms for thermoregulation. Annu. Rev. Physiol. 81, 285–308. doi: 10.1146/annurev-physiol-020518-114546

 Mota-Rojas, D., Titto, C. G., Orihuela, A., Martínez-Burnes, J., Gómez-Prado, J., Torres-Bernal, F., et al. (2021). Physiological and behavioral mechanisms of thermoregulation in mammals. Animals 11:1733. doi: 10.3390/ani11061733

 Mrozek, S., Vardon, F., and Geeraerts, T. (2012). Brain temperature: physiology and pathophysiology after brain injury. Anesthesiol Res Pract 2012:989487, 1–13. doi: 10.1155/2012/989487

 Nakamura, K. (2018). “Chapter 16—afferent pathways for autonomic and shivering thermoeffectors” in Handbook of clinical neurology. ed. A. A. Romanovsky (Elsevier), 263–279.

 Niven, D. J., Gaudet, J. E., Laupland, K. B., Mrklas, K. J., Roberts, D. J., and Stelfox, H. T. (2015). Accuracy of peripheral thermometers for estimating temperature. Ann. Intern. Med. 163, 768–777. doi: 10.7326/M15-1150

 NOM-062-ZOO-1999 (2001). Especificaciones técnicas para la producción, cuidado y uso de los animales de laboratorio Diario Oficial de la Federación.

 Nomoto, S., Shibata, M., Iriki, M., and Riedel, W. (2004). Role of afferent pathways of heat and cold in body temperature regulation. Int. J. Biometeorol. 49, 67–85. doi: 10.1007/s00484-004-0220-8

 Osier, N., and Dixon, C. E. (2016). “The controlled cortical impact model of experimental brain trauma: overview, research applications, and protocol” in Injury models of the central nervous system: Methods and protocols. eds. F. H. Kobeissy, C. E. Dixon, R. L. Hayes, and S. Mondello (New York, NY: Springer New York), 177–192.

 Osier, N. D., and Dixon, C. E. (2016). The controlled cortical impact model: applications, considerations for researchers, and future directions. Front. Neurol. 7:134. doi: 10.3389/fneur.2016.00134 

 Paxinos, G., and Watson, C. (2013). The rat brain in stereotaxic coordinates. London, UK.: Academic Press.

 Pegoli, M., Zurlo, Z., and Bilotta, F. (2020). Temperature management in acute brain injury: a systematic review of clinical evidence. Clin. Neurol. Neurosurg. 197:106165. doi: 10.1016/j.clineuro.2020.106165 

 Rabinstein, A. A., and Sandhu, K. (2007). Non-infectious fever in the neurological intensive care unit: incidence, causes and predictors. J. Neurol. Neurosurg. Psychiatry 78, 1278–1280. doi: 10.1136/jnnp.2006.112730 

 Ramos-Languren, L. E., Avila-Luna, A., García-Díaz, G., Rodríguez-Labrada, R., Vázquez-Mojena, Y., Parra-Cid, C., et al. (2021). Glutamate, glutamine, GABA and oxidative products in the pons following cortical injury and their role in motor functional recovery. Neurochem. Res. 46, 3179–3189. doi: 10.1007/s11064-021-03417-8 

 Ramos-Languren, L. E., Garcia-Diaz, G., Gonzalez-Maciel, A., Rosas-Lopez, L. E., Bueno-Nava, A., Avila-Luna, A., et al. (2016). Sensorimotor intervention recovers noradrenaline content in the dentate gyrus of cortical injured rats. Neurochem. Res. 41, 3261–3271. doi: 10.1007/s11064-016-2054-2 

 Rand, R. P., Burton, A. C., and Ing, T. (1965). The tail of the rat, in temperature regulation and acclimatization. Can. J. Physiol. Pharmacol. 43, 257–267. doi: 10.1139/y65-025

 Reppucci, C. J., and Petrovich, G. D. (2016). Organization of connections between the amygdala, medial prefrontal cortex, and lateral hypothalamus: a single and double retrograde tracing study in rats. Brain Struct. Funct. 221, 2937–2962. doi: 10.1007/s00429-015-1081-0 

 Rincon, F., Hunter, K., Schorr, C., Dellinger, R. P., and Zanotti-Cavazzoni, S. (2014). The epidemiology of spontaneous fever and hypothermia on admission of brain injury patients to intensive care units: a multicenter cohort study: clinical article. J. Neurosurg. 121, 950–960. doi: 10.3171/2014.7.JNS132470 

 Risold, P. Y., Thompson, R. H., and Swanson, L. W. (1997). The structural organization of connections between hypothalamus and cerebral cortex1Published on the world wide web on 2 June 1997.1. Brain Res. Rev. 24, 197–254. doi: 10.1016/S0165-0173(97)00007-6 

 Robinson, R. G., Shoemaker, W. J., and Schlumpf, M. (1980). Time course of changes in catecholamines following right hemispheric cerebral infarction in the rat. Brain Res. 181, 202–208. doi: 10.1016/0006-8993(80)91271-8 

 Rockland, K. S. (2019). Corticothalamic axon morphologies and network architecture. Eur. J. Neurosci. 49, 969–977. doi: 10.1111/ejn.13910 

 Romanovsky, A. A. (2007). Thermoregulation: some concepts have changed. Functional architecture of the thermoregulatory system. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292, R37–R46. doi: 10.1152/ajpregu.00668.2006

 Rossi, S., Zanier, E. R., Mauri, I., Columbo, A., and Stocchetti, N. (2001). Brain temperature, body core temperature, and intracranial pressure in acute cerebral damage. J. Neurol. Neurosurg. Psychiatry 71, 448–454. doi: 10.1136/jnnp.71.4.448 

 Saini, V., Guada, L., and Yavagal, D. R. (2021). Global epidemiology of stroke and access to acute ischemic stroke interventions. Neurology 97, S6–S16. doi: 10.1212/WNL.0000000000012781

 Saper, C. B. (2000). “Hypothalamic connections with the cerebral cortex” in Progress in brain research (Elsevier), 39–48.

 Saper, C. B., and Lowell, B. B. (2014). The hypothalamus. Curr. Biol. 24, R1111–R1116. doi: 10.1016/j.cub.2014.10.023

 Schwarz, L. A., and Luo, L. (2015). Organization of the Locus Coeruleus-Norepinephrine System. Curr. Biol. 25, R1051–R1056. doi: 10.1016/j.cub.2015.09.039

 Shin, S. S., Bray, E. R., Zhang, C. Q., and Dixon, C. E. (2011). Traumatic brain injury reduces striatal tyrosine hydroxylase activity and potassium-evoked dopamine release in rats. Brain Res. 1369, 208–215. doi: 10.1016/j.brainres.2010.10.096 

 Skok, K., Duh, M., Stožer, A., Markota, A., and Gosak, M. (2021). Thermoregulation: a journey from physiology to computational models and the intensive care unit. Wiley Interdiscip. Rev. Syst. Biol. Med. 13:e1513. doi: 10.1002/wsbm.1513

 Škop, V., Liu, N., Guo, J., Gavrilova, O., and Reitman, M. L. (2020). The contribution of the mouse tail to thermoregulation is modest. Am. J. Physiol. Endocrinol. Metab. 319, E438–E446. doi: 10.1152/ajpendo.00133.2020 

 Surmeier, D. J., Obeso, J. A., and Halliday, G. M. (2017). Selective neuronal vulnerability in Parkinson disease. Nat. Rev. Neurosci. 18, 101–113. doi: 10.1038/nrn.2016.178

 Svedung Wettervik, T. M., Engquist, H., Lenell, S., Howells, T., Hillered, L., Rostami, E., et al. (2021). Systemic hyperthermia in traumatic brain injury—relation to intracranial pressure dynamics, cerebral energy metabolism, and clinical outcome. J. Neurosurg. Anesthesiol. 33, 329–336. doi: 10.1097/ANA.0000000000000695

 Takada, M., and Hattori, T. (1986). Collateral projections from the substantia nigra to the cingulate cortex and striatum in the rat. Brain Res. 380, 331–335. doi: 10.1016/0006-8993(86)90230-1 

 Takahashi, C., Hinson, H. E., and Baguley, I. J. (2015). “Chapter 34—autonomic dysfunction syndromes after acute brain injury” in Handbook of clinical neurology. eds. J. Grafman and A. M. Salazar (Elsevier), 539–551.

 Thompson, H. J., Hoover, R. C., Tkacs, N. C., Saatman, K. E., and Mcintosh, T. K. (2005). Development of posttraumatic hyperthermia after traumatic brain injury in rats is associated with increased periventricular inflammation. J. Cereb. Blood Flow Metab. 25, 163–176. doi: 10.1038/sj.jcbfm.9600008

 Thompson, H. J., Kirkness, C. J., and Mitchell, P. H. (2007). Intensive care unit management of fever following traumatic brain injury. Intensive Crit. Care Nurs. 23, 91–96. doi: 10.1016/j.iccn.2006.11.005 

 Thompson, H. J., Tkacs, N. C., Saatman, K. E., Raghupathi, R., and Mcintosh, T. K. (2003). Hyperthermia following traumatic brain injury: a critical evaluation. Neurobiol. Dis. 12, 163–173. doi: 10.1016/S0969-9961(02)00030-X 

 Triggs, W. J., and Willmore, L. J. (1984). In vivo lipid-peroxidation in rat-brain following intracortical Fe-2+ injection. J. Neurochem. 42, 976–980. doi: 10.1111/j.1471-4159.1984.tb12699.x 

 Van Bockstaele, E. J., Biswas, A., and Pickel, V. M. (1993). Topography of serotonin neurons in the dorsal raphe nucleus that send axon collaterals to the rat prefrontal cortex and nucleus accumbens. Brain Res. 624, 188–198. doi: 10.1016/0006-8993(93)90077-Z

 Verduzco-Mendoza, A., Bueno-Nava, A., Wang, D., Martínez-Burnes, J., Olmos-Hernández, A., Casas, A., et al. (2021a). Experimental applications and factors involved in validating thermal windows using infrared thermography to assess the health and Thermostability of laboratory animals. Animals 11:3448. doi: 10.3390/ani11123448

 Verduzco-Mendoza, A., Carrillo-Mora, P., Avila-Luna, A., Gálvez-Rosas, A., Olmos-Hernández, A., Mota-Rojas, D., et al. (2021b). Role of the dopaminergic system in the striatum and its association with functional recovery or rehabilitation after brain injury. Front. Neurosci. 15:3404. doi: 10.3389/fnins.2021.693404 

 Vitrac, C., and Benoit-Marand, M. (2017). Monoaminergic modulation of motor cortex function. Front Neural Circuits 11:72. doi: 10.3389/fncir.2017.00072

 Walter, E. J., Hanna-Jumma, S., Carraretto, M., and Forni, L. (2016). The pathophysiological basis and consequences of fever. Crit. Care 20:200. doi: 10.1186/s13054-016-1375-5 

 Waselus, M., Valentino, R. J., and Van Bockstaele, E. J. (2011). Collateralized dorsal raphe nucleus projections: a mechanism for the integration of diverse functions during stress. J. Chem. Neuroanat. 41, 266–280. doi: 10.1016/j.jchemneu.2011.05.011 

 Yahya, K. (2021). The basal ganglia corticostriatal loops and conditional learning. Rev. Neurosci. 32, 181–190. doi: 10.1515/revneuro-2020-0047 

 Zakhary, T., and Sabry, A. (2017). Bromocriptine in central hyperthermia after severe traumatic brain injury. Open J Emerg Med 5, 102–109. doi: 10.4236/ojem.2017.53010


OPS/images/fnins-17-1304440-g005.jpg
External acoustic meatus temperature (°C)

394

384

374

364

354

34

External acoustic meatus temperature analysis

~#- Sham -%- TBlalone -@- TBI + striatal injury

T T T T T T T T T T
2345678 91011121314151617181920
Time post injury (days)






OPS/images/fnins-17-1304440-g006.jpg
Cortical monoamines levels

Il TBI + striatal injury

[ sham [ TBl alone

Contralateral

Ipsilateral

Contralateral

Ipsilateral

Day 20 post injury

Day 3 post injury

T T T T

® © <+

(enssy jo BuwyBd)
SI2A9] VN

1T T T T
o = © o~ -
(anssp jo Bui/Bd)

sfeAs| va
(&} w

© o ®w o w®w o
« s

(enssp jo Buybd)

SI9A9) 1H-G





OPS/images/fnins-17-1304440-g003.jpg
>

Head temperature (°C)

L

Thoracic temperature (°C)

o

Abdominal temperature (°C)

33

32:

31

30

29

32+

314

30

204

28+

27+

32+

31+

30

294

28+

273

Body surface temperature analysis

-~ Sham -+ TBlI -@- TBI + striatal injury

P
&

srukBltstriatal injury rat

21.0

SFuR sham rat

TBl+striatal injury rat .

Srum

sham rat

SruR

RN ST T s
56 7 8 91011121314151617181920 srur  sham rat
Time post injury (days)






OPS/images/fnins-17-1304440-g004.jpg
Tail temperature analysis

>

-~ Sham -+ TBI -e- TBI + striatal injury

8

@
-3

s Shamrat

Proximal tail temperature (°C)
n
3

2
2
TBl+striatal injury rat
Srum 241
30+
o
<
£ 284
E
8 ol sham rat
£ 26+
2
3
T 24+
S
o
=
27 H TBl+striatal injury rat
TTT T T T T T T T T T T T I T I T T T T T TT] Srum 3
432101 3 567 8 91011121314151617181920
[
28+

TBl+striatal injury rat
Srum 233

TT T T T T T T T T T T T T I T T I T I TTIT
4-3-2-1012345673891011121314151617181920

Time post injury (days)





OPS/images/fnins-17-1304440-g007.jpg
>

NA levels
(pg/mg of tissue)

m

DA levels
(pg/mg of tissue)

5-HT levels
(pg/mg of tissue)

N
a
I

N
S
1

o
1

>
1

o
1

o

Hypothalamic monoamines levels

@ Sham [] TBlalone [l TBI + striatal injury

ok B

o
1

IS
1

©
1

~
1

o

el
I

IS
f

©
1

N
1

o

_|i

Day 3 post injury Day 20 post injury






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Traumatic brain injury extending to the striatum alters autonomic thermoregulation and hypothalamic monoamines in recovering rats



		Introduction



		Materials and methods



		Animals



		Experimental design



		Brain lesion procedures



		Cortical TBI



		TBI with striatal hemorrhagic injury









		Motor deficit analysis



		Temperature analysis



		Analysis of catecholamine levels



		Statistical analysis









		Results



		Motor coordination deficit



		Head, thorax, abdomen and tail temperature analysis



		Head temperature



		Thorax temperature



		Abdominal temperature



		Tail temperature









		External acoustic meatus temperature analysis



		NA, DA and 5-HT levels



		Cortical monoamine levels



		Hypothalamic monoamine levels















		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnins-17-1304440-g001.jpg
Experimental desing

Day-7+

s

8lo Male Wistar rats (n=72)

£t

Sie

/5
Day 0

(surgery), o
Sham group (n = 24) TBI alone group (n = 24) TBHstriatal injury group
(n=24)

S Body temperature and Body temperature and Body temperature and

£ [  motor deficit analysis —  motor deficit analysis motor deficit analysis

4 (n=10) (n=10) (n=10)

&l

g

Monoamines and core Monoamines and core Monoamines and core
— temperature analysis '— temperature analysis temperature analysis
(n=14) (n=14) (n=14)
DA,NA, 5HT at | | DA, NA,5-HT at | | DA, NA, 5-HT at | | DA, NA, 5-HT at | | DA, NA, 5-HT at || DA, NA, 5-HT at
I3 days post injury| | 20 days post | [3 days post injury| | 20 days post | |3 days post injury|| 20 days post
(n=17) injury (n=7) (n=17) injury (n=7) (n=17) injury (n=7)

Day 20Y.






OPS/images/fnins-17-1304440-g002.jpg
Motor deficit

Motor deficit analysis

—— Sham

— TBl alone
— TBI + striatal injury

oY

T T T
4 6 8 10 12 14

Time post injury (days)

T
16

T
18

1
20





OPS/images/cover.jpg
& frontiers | Frontiers in Neuroscience

Traumatic brain injury extending
to the striatum alters autonomic
thermoregulation and
hypothalamic monoamines in
recovering rats












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Neuroscience






