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Abstract
Physical (exteroceptive) stimuli and emotional (interoceptive) stimuli are thought to influence
stress-related physiologic and behavioral responses through different neural mechanisms. Previous
studies have demonstrated that stress-induced activation of brainstem serotonergic systems is
influenced by environmental factors such as temperature. In order to further investigate the effects
of environmental influences on stress-induced activation of serotonergic systems, we exposed
adult male Wistar rats to either home cage control conditions or a 15 min swim in water
maintained at 19 °C, 25 °C, or 35 °C and conducted dual immunohistochemical staining for c-Fos,
a marker of immediate-early nuclear activation, and tryptophan hydroxylase (TPH), a marker of
serotonergic neurons. Changes in core body temperature were documented using biotelemetry. As
expected, exposure to cold (19 °C) swim, relative to warm (35 °C) swim, increased c-Fos
expression in the external lateral part of the parabrachial nucleus (LPBel), an important part of the
spinoparabrachial pathway involved in sensation of cold, cutaneous stimuli, and in serotonergic
neurons in the raphe pallidus nucleus (RPa), an important part of the efferent mechanisms
controlling thermoregulatory warming responses. In addition, exposure to cold (19 °C) swim,
relative to 35 °C swim, increased c-Fos expression in the dorsal raphe nucleus, ventrolateral part/
periaqueductal gray (DRVL/VLPAG) and dorsal raphe nucleus, interfascicular part (DRI). Both of
these subregions of the dorsal raphe nucleus (DR) have previously been implicated in
thermoregulatory responses. Altogether, the data are consistent with the hypothesis that midbrain
serotonergic neurons, possibly via activation of afferents to the DR by thermosensitive
spinoparabrachial pathways, play a role in integration of physiologic and behavioral responses to
interoceptive stress-related cues involved in forced swimming and exteroceptive cues related to
cold ambient temperature.
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Environmental factors influence physiologic and behavioral responses to aversive stimuli.
For example, water temperature during forced swimming has profound influences on core
body temperature (Tb) that are associated with changes in behavioral stress coping
responses in rats (Linthorst et al., 2008; Pinter et al., 2011). The neural mechanisms
underlying the interactions between environmental factors and stress coping behaviors are
not clearly understood, but may involve integration of physiologic and behavioral responses
by brainstem neuromodulatory systems, including serotonergic systems. In support of this
hypothesis, environmental temperature alters extracellular serotonin (5-hydroxytryptamine;
5-HT) concentrations in forebrain limbic structures controlling stress-induced emotional
behavior (Linthorst et al., 2008).

It is clear that brainstem neuromodulatory systems, including serotonergic systems, play an
important role in control of both emotional behavior and thermoregulatory responses. For
example, serotonergic systems are thought to play an important role in proactive versus
reactive emotional coping behavior (Chung et al., 1999; Chung et al., 2000; Koolhaas et al.,
2007). In addition serotonergic systems are known to be involved in thermoregulation
(Hedlund and Sutcliffe, 2004; Hodges and Richerson, 2010; Ray et al., 2011; Morrison and
Nakamura, 2011) and therefore may be important for the integration of behavioral and
thermoregulatory responses during exposure to aversive stimuli. For example, medullary
serotonergic systems in the raphe pallidus nucleus (RPa) of the brainstem are thought to
project to the intermediolateral column of the spinal cord, where they act on 5-HT2A
receptors to promote cutaneous vasoconstriction and on 5-HT1A receptors to promote brown
adipose tissue (BAT) thermogenesis. In contrast to the well-established role of medullary
serotonergic systems in thermoregulation, it is less clear what role serotonergic systems play
within the midbrain raphe complex, including the dorsal (DR) and median raphe nuclei
(MnR), in the integration of cold thermosensory and efferent thermoregulatory warming
responses. Several lines of evidence suggest that serotonergic neurons in the midbrain raphe
complex are important for the integration of these responses. First, cells in the DR show
increased c-Fos induction in response to acute cold ambient temperature (Bratincsak and
Palkovits, 2004). Second, serotonergic neurons in the midbrain raphe complex are sensitive
to local decreases in temperature (Cronin and Baker, 1977). Third, electrical stimulation of
the DR increases BAT (Dib et al., 1994). Fourth, direct microinjection of 5-HT into the
medial preoptic area (MPO) can induce a pronounced hyperthermia (Huttunen et al., 1988;
Datta et al., 1988). A role for midbrain serotonergic systems in the effects of exteroceptive
stimuli such as temperature on physiologic and behavioral responses to aversive stimuli is
supported by findings that water temperature profoundly alters extracellular 5-HT
concentrations in limbic forebrain structures during exposure to aversive stimuli (Linthorst
et al., 2008). Specifically, exposure of rats to swim stress (SS) at 35 °C results in increased
extracellular 5-HT and 5-HT metabolite (5-hydroxyindoleacetic acid, 5-HIAA)
concentrations in the ventral hippocampus, while exposure of rats to SS at 19 °C results in
delayed increases in extracellular 5-HT and 5-HIAA concentrations. The delayed 5-HT/5-
HIAA increases coincide with the onset of thermoregulatory warming following exposure to
SS. Also, while 5-HIAA concentrations are increased following SS at 35 °C, extracellular 5-
HIAA concentrations are dramatically decreased during exposure to swimming at 19 °C
suggesting that exposure to cold swim decreases mesolimbocortical serotonergic
neurotransmission during SS.
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The ability to thermoregulate in response to cold ambient temperature is important for
survival of all endotherms. Although physiological responses to cold ambient temperature,
for example cutaneous vasoconstriction, BAT thermogenesis and shivering thermogenesis,
have been well characterized in rodent models (Rathner and McAllen, 1998; Golozoubova et
al., 2001; Cano et al., 2003; Cannon and Nedergaard, 2004; Nason, Jr. and Mason, 2004;
Golozoubova et al., 2006; Nason, Jr. and Mason, 2006), the thermoafferent pathways, and
integration of afferent information to elicit physiological responses are less well understood.
Recent studies have demonstrated that afferent signals from peripheral cold sensors are
relayed to the brain via a spinoparabrachial pathway synapsing in the lateral parabrachial
nucleus (LPB) (Bester et al., 1997; Kobayashi and Osaka, 2003; Nakamura and Morrison,
2008; Nakamura and Morrison, 2010). Glutamatergic neurons in the LPB in turn project to
the MPO, where they control, via multisynaptic descending pathways, thermoregulatory
warming responses, including vasoconstriction of cutaneous blood vessels, activation of
BAT thermogenesis, and activation of shivering thermogenesis (Morrison and Nakamura,
2011).

Based on previous studies demonstrating that subpopulations of serotonergic neurons within
the DR are thermosensitive (Hale et al., 2011), we hypothesized that a subpopulation of
serotonergic neurons in the DR is cold-sensitive and therefore may mediate interactions
between interoceptive and exteroceptive stimuli controlling neurochemical and behavioral
responses under aversive conditions. In order to test this hypothesis, we exposed rats to a 15
min forced swim session at 19 °C, 25 °C, or 35 °C and performed dual
immunohistochemical staining for c-Fos, the protein product of the immediate-early gene, c-
fos, and tryptophan hydroxylase (TPH), a marker of serotonergic neurons. We then explored
correlations between Tb, activation of the spinoparabrachial pathway, as evidenced by
increases in c-Fos expression in cold-sensitive subregions of the LPB, and activation of
midbrain and medullary serotonergic systems, as evidenced by increases in c-Fos expression
in the DR and RPa.

1. Experimental Procedures
1.1 Animals

Adult male Wistar rats (HSD-WI, Harlan Labs, Indianapolis, IN, USA; 225–250 g) were
used throughout the course of the experiment. Thirty-five experimental rats were pair
housed in transparent Plexiglas® cages (26 cm W × 47.6 cm L × 20.3 cm H; Cat. No.,
RC88D-PC, Alternative Designs, Siloam Springs, AR, USA) using standard cage bedding
(Teklad Laboratory Grade Aspen Bedding, Harlan, Madison, WI, USA). Both food (Cat No.
2018, Teklad Global 18% Protein Rodent Diet, Harlan, Madison, WI, USA) and tap water
were provided ad libitum for the duration of the experiment. Rats were kept on a standard 12
h: 12 h light/dark cycle, with lights on 0700 h. Rats were allowed to acclimate to housing
conditions for 5–9 days prior to any experimental procedures. All experiments were
conducted in accordance with the Guide for the Care and Use of Laboratory Animals,
Eighth Edition (Institute for Laboratory Animal Research, The National Academies Press,
Washington, D.C., 2011) and were submitted to, and approved by, the University of
Colorado Institutional Animal Care and Use Committee. All possible efforts were made to
minimize the number of animals used and their suffering.

1.2 Surgical procedures
Telemetric probes were implanted into the peritoneal cavity. The surgery was performed
under inhaled isoflurane anesthesia (5% initial and 2% maintenance). Briefly, following
anesthesia the rat was placed onto its back, the rat’s abdominal hair was shaved, and its skin
was disinfected with a 10% povidone-iodine solution (Qualitest Pharmaceuticals, Huntsville,
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AL, USA), and with 70% ethanol. A 1 cm midline incision was made through both the
dermis and abdominal muscle wall, starting just caudal to the xiphoid process of the
sternum. A telemetric probe (Model No. TAF-40; Data Sciences International (DSI), St.
Paul, MN, USA) was sterilized with Actril (Cat. No. 176-02-046, Minnetech, Minneapolis,
MN, USA) and implanted into the peritoneal cavity. Following probe implantation the
abdominal wall was sutured using 3-0 non-absorbable silk surgical suture (Cat. No.
MV-684, Med-Vet International, Mettawa, IL, USA) in a simple interrupted pattern (3
stitches). The dermal tissue was rejoined using two sterile stainless steel wound clips (Cat.
No. 12032-09, Fine Science Tools Inc., Foster City, CA, USA). Antibacterial wound wash
(Nolvasan, Fort Dodge Animal Health, Fort Dodge, IA, USA) was applied following
suturing, and the rat was placed on a 37 °C heating pad until full recovery. Upon recovery a
5 mg/kg dose of the post-surgical analgesic carprofen (Rimadyl, Pfizer Animal Health, New
York, NY, USA) was administered subcutaneously. After the surgery, all rats were single-
housed in clean cages with fresh bedding. Rats were allowed to recover from surgery and
acclimate for 10 days post-surgery before behavioral testing.

1.3 Experimental design
Four treatment groups were used in the experiment: a home cage control group (n = 8) that
was left undisturbed and rats that were forced to swim at 19 ± 1 °C (n = 9), 25 ± 1 °C (n= 9),
or 35 ± 1 °C (n = 9). All rats in this study were implanted with biotelemetry probes to
measure core body temperature (°C) and motor activity (arbitrary units). Swim stress
consisted of a 15 minute swim period. Two hours following the end of the swim session rats
were deeply anesthetized with sodium pentobarbital (90 mg/kg; Fatal-Plus, Vortech
Pharmaceutical, Dearborn, MI, USA) prior to perfusion and collection of brain tissue for
immunohistochemical procedures.

Swim stress (SS)—Swim stress (SS) was performed using a Pyrex® glass cylinder (45.7
cm H × 30.5 cm diameter; Cat No. 36360-201, VWR, West Chester, PA, USA), and a water
depth of 30 cm. Briefly, rats were placed into a glass cylinder filled with water of the
appropriate temperature for 15 minutes and allowed to explore the environment. Following
the 15 minute SS, rats were dried with a towel and placed back into their home cages.
Digital video cameras (Sony Handycam Model No. DCR-HC35E and DCR-H52, Sony
Corporation of America, New York, NY, USA) were used to record behavior from a
horizontal viewing plane during the SS, and the rats’ behaviors during the SS was scored
later using a behavioral computer software (The Observer® XT, Noldus Information
Technology, Wageningen, The Netherlands). Briefly, the rat’s behavior during SS was
categorized into ‘swimming’, ‘climbing’, and ‘immobility’, using continuous sampling.
Swimming was defined as any movement across the water surface that was more than
necessary for the rat to keep its head above water. Climbing was defined as upward
movement directed to the sides of the forced swim chamber, with the front paws breaking
the water surface. Immobility was defined as lack of activity other than that required to
maintain the rat’s head above water (Detke et al., 1995). Dives (submersion of the rat’s
entire body) were classified as instantaneous events outside of the ongoing continuous
sampling. The scorer was blind to the treatment groups.

1.4 Biotelemetry
Three rats at a time were exposed to SS (19 °C, 25 °C, and 35 °C), while a fourth rat
remained in its home cage (HC control group). Core body temperature (C) and motor
activity (recorded as arbitrary units) were monitored continuously at a frequency of 128 Hz
during five-second samples in one-minute intervals. Recording began 125 min prior to the
onset of the 15-min long SS, and continued for 2 h after termination of SS. Telemetric
receivers (DSI Physiotel® Receiver, Model No. RPC-1) placed below the rat’s home cage
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transmitted signals to a computer before and after the SS session. During the SS session, Tb
was recorded with the receivers placed below the forced swim cylinder. Telemetric signals
were processed and recorded using the software ‘Dataquest ART’ (version 3.0, DSI).

1.5 Tissue fixation and sectioning
Following the induction of anesthesia, rats were transcardially perfused with ice-cold 0.05
M phosphate-buffered saline (PBS, pH 7.4) followed by an ice-cold 4% paraformaldehyde
solution (prepared using 80 g paraformaldehyde, 30 g sucrose, 4.8 mL sodium hydroxide,
808 ml 0.2 M Na2HPO4·7H2O, 192 ml NaH2PO4·H2O, 1 L distilled H2O (dH2O)).
Following fixation, the brains were removed and post-fixed in 4% paraformaldehyde
solution for 24 h at 4 °C and were then rinsed in 0.1 M sodium phosphate buffer (PB; 80.8%
0.1 M Na2HPO4·7H2O and 19.2% 0.1 M NaH2PO4·H2O) twice for 12 h each. The brains
were then placed in 30% sucrose in 0.1 M PB until they had sunk, dissected into forebrain
and hindbrain with a cut in the coronal plane at the caudal border of the mammillary bodies
(approximately −5.80 mm bregma) using a rat brain matrix (RBM-4000C, ASI Instruments,
Warren, MI, USA) to ensure a consistent coronal plane of sectioning, rapidly frozen in
isopentane chilled on dry ice, and then stored at −80 °C. The hindbrains were sectioned (30
μm) using a cryostat (Leica CM1900, North Central Instruments, Denver, CO, USA) and
stored in cryoprotectant (prepared using 270 ml ethylene glycol, 160 ml glycerol, 202 ml 0.2
M Na2HPO4·7H2O, 48 ml 0.2 M NaH2PO4·H2O, and 320 ml dH2O) at −20 °C as 6 alternate
sets of sections until immunohistochemical procedures were conducted.

1.6 Antibodies
For immunodetection of tryptophan hydroxylase (TPH), an affinity-isolated antibody (sheep
anti-TPH antiserum, Cat. No. T8575, Lot No, 047K1223, Sigma-Aldrich, St. Louis, MO,
USA), raised against recombinant rabbit TPH was used. Briefly, the antibody was isolated
as inclusions bodies from Escherichia coli and purified by preparative sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), as immunogen was used. This
antibody has been characterized previously, and has been shown to bind both TPH1 and
TPH2 isoforms (Hale et al., 2011). For immunodetection of the protein product of the
immediate-early gene c-fos, an affinity-isolated antiserum (rabbit anti-c-Fos polyclonal
antibody, Cat. No. PC38 (Ab-5), Lot No. 88552, 1:3000; EMD Biosciences, San Diego, CA,
USA), raised against a synthetic peptide (SGFNADYEASSSRC) corresponding to amino
acids 4–17 of human c-Fos protein was used. This antibody has previously been
characterized and has been shown to bind specifically to amino acids 4–17 of the human c-
Fos protein (Rinaman et al., 1997).

1.7 Immunohistochemistry
Immunohistochemistry for c-Fos and TPH was conducted on free-floating tissue in 12-well
tissue culture plates in 1.5 mL of solution and gently shaken on an orbital shaker throughout
the staining process. Unless stated otherwise, tissue was washed for 15 min. Tissue was
rinsed twice in 0.05 M phosphate buffered saline (PBS) followed by washing in 0.05 M PBS
containing 1% hydrogen peroxide (H2O2). Tissue was then was rinsed twice in 0.05 M PBS
followed by one wash in 0.05 M PBS containing 0.1% Triton X-100 and 0.01% sodium
azide (NaN3) (0.1% PBST + 0.01% NaN3). Sections were then incubated overnight at room
temperature with 1:3000 rabbit anti-c-Fos polyclonal antibody in 0.1% PBST + 0.01%
NaN3. After 16 hours, tissue was washed twice in 0.05 M PBS followed by incubation with
1:200 biotinylated donkey anti-rabbit IgG (Cat. No. 711-065-152, Lot No. 89828, Jackson
Immunolabs, West Grove, PA, USA) in 0.05 M PBS for 90 min. Tissue was then washed
twice in 0.05 M PBS followed by incubation with an avidin-biotin peroxidase complex
(Elite ABC reagent, Cat. No. PK-6100, 1:200; Vector Laboratories, Burlingame, CA, USA)
in 0.05 M PBS for 90 min. Tissue was washed twice in 0.05 M PBS then placed in a
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peroxidase substrate solution (SG substrate, Cat. No. SK4700, Vector Laboratories, diluted
as recommended by the vendor) in 0.05 M PBS for 10 min. Immediately after the
chromogen reaction, sections were washed twice in 0.05 M PBS followed by one wash in
1% H2O2 in 0.05 M PBS. Tissue was then washed twice in 0.05 M PBS followed by an
overnight incubation in sheep anti-TPH in 0.1% PBST+ 0.01% NaN3. After 16–20 hours,
tissue was washed twice in 0.05 M PBS followed by a 90-min incubation in biotinylated
rabbit anti-sheep IgG (Vectastain Elite, Cat. No. PK-6016, 1:200; Vector Laboratories) in
0.05 M PBS. After incubation, tissue was washed twice in 0.05 M PBS followed by
incubation with an avidin-biotin peroxidase complex (Elite ABC reagent; Cat. No. 6100,
1:200; Vector Laboratories) in 0.05 M PBS for 90 min. Tissue was washed twice in 0.05 M
PBS followed by an 18 minute incubation in 0.01% 3–3′-diaminobenzidine
tetrahydrochloride (DAB, Cat. No. D9015, Sigma-Aldrich) in 0.05 M PBS with 0.0066%
H2O2. Immediately following the chromogen reaction tissue was rinsed twice in 0.05 M
PBS to stop the reaction. Brain sections were stored in 0.1 M PB with 0.01% NaN3 at 4 °C
until tissue mounting. Lastly, brain sections were rinsed in 0.1 M PB and then in 0.15%
gelatin in dH2O, before being mounted on glass microscope slides (VistaVision UniMark
microscope slides, Cat. No. 16005-106; VWR Scientific, West Chester, PA, USA),
dehydrated through an ascending alcohol series and cleared with xylene. Sections were
preserved with cover slips and mounting medium (Entellan; Cat. No. RT14082, EM
Sciences, Hatfield, PA, USA).

1.8 Cell counting
1.8.1 Dorsal raphe nucleus (DR)—Five rostrocaudal levels of the DR were chosen for
analysis (−7.46, −8.00, −8.18, −8.54, and −8.72 mm bregma; Figure 1). The subdivisions of
the DR studied included the dorsal raphe nucleus, dorsal part (DRD) and dorsal raphe
nucleus, ventral part (DRV) at −7.46 mm bregma, the DRD, DRV, and dorsal raphe nucleus,
ventrolateral part/ventrolateral periaqueductal gray (DRVL/VLPAG) at −8.00 mm bregma,
the DRD, DRV, DRVL/VLPAG, and dorsal raphe nucleus, interfasicular part (DRI) at
−8.18 mm bregma, the DRI and dorsal raphe nucleus, caudal part (DRC) at −8.54 mm
bregma, and the DRI and DRC at −8.72 mm bregma. Rostrocaudal levels and anatomical
divisions of the midbrain raphe complex were based on comparison of immunostained
sections to a stereotaxic rat brain atlas (Paxinos and Watson, 1998), and an atlas of TPH
immunostaining in the rat DR (Abrams et al., 2004). Cell counting of c-Fos-immunoreactive
(ir)/TPH-ir, c-Fos-ir/TPH-immunonegative (−), and total TPH-ir neurons was performed.
Cells were counted from both left and right sides of the DRVL/VLPAG and summed to give
a total number of cells. In a limited number of cases (N = 9 out of 70 sections) from all rats
at all rostrocaudal levels sampled where one side of the DRVL/VLPAG was damaged,
unilateral counts were doubled for use in statistical analysis and graphical representations of
the data. All remaining cell counts were from midline subdivisions. Cell counts were
performed under brightfield microscopy at a total magnification of 100x. If necessary, a total
magnification of 400x was used to verify double immunostaining. The experimenter was
blind to the treatment groups throughout cell counting.

1.8.2 Lateral parabrachial nucleus (LPB)—Three rostrocaudal levels of the LPB were
chosen for analysis (−9.16, −9.34, and −9.70 mm bregma; Figure 2), based on previous
studies of thermosensitive neurons in the LPB (Nakamura and Morrison, 2010). The
subdivisions of the LPB studied include the LPB, external lateral part, (LPBel) and LPB,
dorsal part (LPBd) at −9.16 mm bregma, the LPBel, and LPBd at −9.34 mm bregma, and
the LPBel at −9.70 mm bregma. Rostrocaudal levels and anatomical divisions of the LPB
were based on comparison of immunostained sections to a stereotaxic rat brain atlas
(Paxinos and Watson, 1998). Cell counting of c-Fos-ir cells was performed using grid
analysis. Grid sizes were 0.4 mm × 0.2 mm for the LPBel and LPBd at −9.16 mm bregma,
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0.4 mm × 0.2 mm for the LPBel and 0.5 mm × 0.2 mm for the LPBd at −9.34 mm bregma,
and 0.4 mm × 0.2 mm for the LPBel at −9.70 mm bregma (Figure 2). Cells were counted
from both left and right sides of the LPBel and LPBd and summed to give a total number of
cells. In a limited number of cases (N = 26 sections, 15.3% of total data for the LPB) where
one side of the LPB was damaged, unilateral counts were doubled for use in statistical
analysis and graphical representations of the data. Cell counts were performed under
brightfield microscopy at a total magnification of 100x. The experimenter was blind to the
treatment groups throughout cell counting.

1.8.3 Raphe pallidus nucleus (RPa)—Three rostrocaudal levels of the RPa were
chosen for analysis: −11.24, −11.60, and −11.78 mm bregma (Figure 3). Rostrocaudal
levels of the RPa were based on comparison of immunostained sections to a stereotaxic rat
brain atlas (Paxinos and Watson, 1998). Cell counting of c-Fos-ir/TPH-ir, c-Fos-ir/TPH–,
and total TPH-ir neurons was performed. Cell counts were performed under brightfield
microscopy at a total magnification of 100x. If necessary, a total magnification of 400x was
used to verify double immunostaining. The experimenter was blind to the treatment groups
throughout cell counting.

1.9 Image capture
Representative photomicrographs were taken using a Nikon 90i microscope and a Nikon
DS-Fi1 digital camera linked to a computer with NIS Elements 3.00 imaging software (A.G.
Heinze Inc., Lake Forest, CA, USA).

1.10 Statistical analysis
All statistical analyses were performed using PASW statistics (Version 18 for Windows,
SPSS Inc., Chicago, IL, USA). Data in figures are presented as group means + SEMs.
Statistical significance is denoted in the graphs.

1.10.1 Swim stress data—A one-way analysis of variance (ANOVA) with water
temperature as a between-subjects factor was used to determine the effect of water
temperature on swimming, immobility, climbing, and diving behaviors during SS. Grubbs
test (Grubbs, 1969) was used to identify any outliers (N = 2, 1.85% of the total dataset; 1
outlier immobility (35 °C), 1 outlier climbing (19 °C)) and outliers were removed. When
appropriate, Fisher’s Protected Least Significant Difference (LSD) tests were used for post
hoc comparisons. Statistical significance was accepted at the level of p < 0.05 for both the
ANOVA and post hoc comparisons.

1.10.2 Telemetric data—A multifactor ANOVA with repeated measures was used to
analyze telemetric data for Tb (°C), expressed as the average temperature in 5 minute time
bins. Core body temperature was analyzed using treatment (four levels: Home cage (HC), 19
°C, 25 °C, and 35 °C SS) as a between-subjects factor and time (52 levels) as a within-
subjects factor for the repeated measures analysis. A Greenhouse-Geisser epsilon correction
(ε) was used for repeated measures to correct for violation of the sphericity assumption.
Grubbs test was used to identify and remove any outliers (temperature, N = 435, 3.10%).
Replacement data for missing data (temperature, N = 435, 3.10%) for the multifactor
ANOVA with repeated measures were calculated using the Petersen method (Petersen,
1985). Replacement data were not used in graphical representations of the data or in planned
pairwise comparisons. Significance was accepted at the level of p < 0.05. If significance was
reached in the multifactor ANOVA with repeated measures, Bonferroni tests were used for
planned pairwise comparisons.

Kelly et al. Page 7

Neuroscience. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1.10.3 Cell count data—Cell counts within the DR for the numbers of c-Fos-ir/TPH-ir
(serotonergic) neurons, the numbers of c-Fos-ir/TPH– (non-serotonergic) cells and the total
numbers of TPH-ir neurons sampled were analyzed separately using a multifactor ANOVA
with repeated measures using treatment (four levels: Home Cage (HC), 19 °C, 25 °C, and 35
°C SS) as a between-subjects factor and brain region (13 levels) as a within-subjects factor
for the repeated measures analysis. A Greenhouse-Geisser epsilon correction (ε) was used
for repeated measures to correct for violation of the sphericity assumption. Grubbs test was
used to identify outliers (c-Fos-ir/TPH-ir neurons, N = 1, 0.19%; c-Fos-ir/TPH– cells, N = 3,
0.57%; total TPH-ir neurons, N = 2, 0.38%) and outliers were removed. Replacement values
for missing data (c-Fos-ir/TPH-ir neurons, N = 25, 4.76%; c-Fos-ir/TPH– cells, N = 25,
4.76%; total TPH-ir neurons, N = 26, 4.95%) for the multifactor ANOVA with repeated
measures were calculated using the Petersen method (Petersen, 1985). Replacement data
were not used in graphical representations of the data or in planned pairwise comparisons.
Significance was accepted at the level of p < 0.05. If significance was reached in the
multifactor ANOVA with repeated measures, Fisher’s Protected LSD tests were used for
planned pairwise comparisons.

Cell counts within the LPB for the number of c-Fos-ir cells were analyzed using an analysis
of variance (ANOVA) with treatment (four levels: HC, 19 °C, 25 °C, and 35 °C SS) as a
between-subjects factor and brain region (5 levels) as a within-subjects factor for the
repeated measures analysis. A Greenhouse-Geisser epsilon correction (ε) was used for
repeated measures to correct for violation of the sphericity assumption. Grubbs test was used
to identify outliers (N = 3, 0.98% of the total data set) and outliers were removed.
Replacement data (N = 11, 6.47% of the total data set) for the multifactor ANOVA with
repeated measures was calculated using the Petersen method. Replacement data were not
used in graphical representations of the data or in planned pairwise comparisons.
Significance was accepted at the level of p < 0.05. If significance was reached in the
multifactor ANOVA with repeated measures, Fisher’s Protected LSD tests were used for
planned pairwise comparisons.

Cell counts within the RPa for the numbers of c-Fos-ir/TPH-ir (serotonergic) neurons, the
numbers of c-Fos-ir/TPH– (non-serotonergic) cells and the total numbers of TPH-ir neurons
sampled were analyzed using methods similar to those used for analysis of cell counts in the
DR except that brain region only had 3 levels, outliers (c-Fos-ir/TPH-ir neurons, N = 1,
0.95%; c-Fos-ir/TPH– cells, N = 1, 0.95%; total TPH-ir neurons, N = 0) and replacement
values (c-Fos-ir/TPH-ir neurons, N = 8, 7.62%; c-Fos-ir/TPH– cells, N = 8, 7.62%; total
TPH-ir neurons, N = 8, 7.62%).

1.10.4 Correlations—The average numbers of c-Fos-ir serotonergic neurons from each
rat, based on cell counts from all sampled rostrocaudal levels of the DRVL/VLPAG, DRI
and RPa, and the average numbers of c-Fos-ir cells from each rat, based on cell counts from
all rostrocaudal levels of the LPBel, were used for correlations with each other and with
ΔTb. All Tb recordings before SS (120 minutes) were averaged for each rat to create a
baseline value. All Tb recordings during SS (15 minutes) were averaged for each rat during
the SS. For ΔTb, the absolute value of the difference between baseline Tb and average Tb
during SS for each rat was used. Correlation analyses were performed on these data using
Pearson’s correlation.

2. Results
2.1 Swim stress behavior

Water temperature altered specific behaviors during the SS test, including immobility
(F(2,24) = 19.30, p < 0.001), swimming (F(2,24) = 14.18, p = 0.001) and total number of dives
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(F(2,24) = 11.83, p = 0.001) but did not affect climbing behavior. Rats in 19 °C water spent
more time immobile when compared to rats exposed to 25 °C or 35 °C water (Figure 4A). In
addition, rats in 19 °C water spent less time swimming when compared to rats exposed to 25
°C or 35 °C water, and rats in 35 °C water dove more frequently than rats exposed to either
19 °C or 25 °C water (Figure 4A and B).

2.3 Core body temperature
The mean pre-swim (−120 to 0 min) baseline TbS were 37.6 °C ± 0.1, 37.6 °C ± 0.1, 37.6
°C ± 0.1, and 37.7 °C ± 0.1 in HC, 19 °C, 25 °C, and 35 °C swim groups, respectively.
Swim stress at 19 °C, 25 °C and 35 °C decreased Tb (as measured via biotelemetry)
throughout the test (treatment × time point interaction: F(153,1581) = 150.80, p < 0.001, ε =
0.066). Swim stress at different water temperatures differentially affected Tb relative to the
HC control condition (Figure 5). Swim stress exposure at 19 °C, relative to HC controls,
decreased Tb from 0 to 70 minutes (p < 0.001 from 0–65 minutes, p < 0.01 at 70 minutes)
and increased Tb from 90 to 130 minutes (p < 0.05 at 90 minutes; p < 0.01 at 95 minutes; p
< 0.001 from 100–120 minutes; p < 0.01 from 125–130 minutes) after the onset of swim
stress. Swim stress exposure at 25 °C, relative to HC controls, resulted in decreased Tb from
0 to 55 minutes (p < 0.001 0–50 minutes and p < 0.05 55 minutes) and increased Tb from 90
to 100 minutes (p < 0.05 at 90 and 100 minutes; p < 0.01 at 95 minutes) after the onset of
swim stress. Swim stress exposure at 35 °C, relative to HC controls, resulted in decreased
Tb from 5 to 20 minutes (p < 0.05 at 5 minutes and p < 0.01 from 10–20 minutes) after the
onset of swim stress.

In addition, swim stress at colder temperatures resulted in greater decreases in Tb relative to
warmer temperatures. Swim stress exposure at 19 °C, relative to 25 °C, decreased Tb from 0
to 75 minutes (p < 0.001 from 0–65 minutes, p < 0.01 at 70 minutes, and p < 0.05 at 75
minutes) and increased Tb from 110 to 130 minutes (p < 0.01 from 110–115 minutes; p <
0.001 at 120 minutes, and p < 0.05 from 125–130 minutes) after the onset of swim stress.
Swim stress exposure at 19 °C, relative to 35 °C, decreased Tb from 0 to 75 minutes (p <
0.001 from 0–65 minutes, p < 0.01 at 70 minutes, and p < 0.05 at 75 minutes) and increased
Tb from 95 to 130 minutes (p < 0.05 at 95 minutes; p < 0.01 from 100–105 minutes; p <
0.001 from 110–115 minutes, and p < 0.01 from 120–130 minutes) after the onset of swim
stress. Swim stress exposure at 25 °C, relative to 35 °C, resulted in decreased Tb from 0 to
55 minutes (p < 0.001 from 0–50 minutes and p < 0.01 at 55 minutes) after the onset of
swim stress. Home cage control rats only displayed small fluctuations in Tb throughout the
experiment (Figure 4C)

2.4 Immunohistochemistry
2.4.1 c-Fos-ir/TPH-ir neurons in the DR—Exposure to SS increased c-Fos-ir/TPH-ir
(serotonergic) neurons in subdivisions of the DR (treatment × brain region interaction:
F(36,372) = 1.78, p = 0.032, ε = 0.482). Exposure to SS at 19 °C, relative to home cage
control conditions, increased c-Fos expression in serotonergic neurons in all subdivisions
sampled except the DRI at −8.54 mm bregma (Figures 5, 6). Exposure to SS at 25 °C,
relative to home cage control conditions, increased c-Fos expression in serotonergic neurons
in multiple subdivisions of the DR, including the DRV and DRD at −8.00 and −8.18 mm
bregma, the DRC at −8.54 and −8.72 mm bregma, and the DRI at −8.72 mm bregma
(Figures 5,6). In contrast, exposure to SS at 25 °C had no effect in the rostral DR (DRV and
DRD at −7.46 mm bregma), or the DRVL/VLPAG (−8.00 and −8.18 mm bregma). The
effects of SS at 25 °C on c-Fos expression in serotonergic neurons in the DRI were
inconsistent, with increases at −8.72 mm bregma, as mentioned above, but not at two other
rostrocaudal levels (−8.18, −8.54 mm bregma). The effects of SS at 35 °C were the same as
the effects of SS at 25 °C, with the exception that SS at 35 °C increased c-Fos expression in
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serotonergic neurons in the rostral DR (both the DRV and DRD at −7.46 mm bregma), and
had no effect at any level of the DRI studied. Swim stress at 19 °C resulted in a greater
increase in c-Fos expression in serotonergic neurons, relative to SS at 25 °C in the DRVL/
VLPAG (−8.18 mm bregma; this effect approached significance at −8.00 mm bregma (p =
0.085). Swim stress at 19 °C also resulted in a greater increase in c-Fos expression in
serotonergic neurons relative to SS at 35 °C in the DRI (−8.18 mm bregma).

2.4.2 c-Fos-ir non-serotonergic cells in subdivisions of the DR—Exposure to SS
increased c-Fos immunostaining in non-serotonergic cells in subdivisions of the DR
(treatment × brain region interaction: F(36,372) = 3.73, p < 0.001, ε = 0.435; Table 1).
Exposure to SS at 19 °C, 25 °C or 35 °C relative to home cage control conditions, increased
c-Fos expression in all subdivisions of the DR that were sampled. Swim stress at 19 °C
resulted in a greater increase in c-Fos expression relative to SS at 25 °C in the DRV (7.46,
−8.18 mm bregma), DRVL/VLPAG (−8.00, −8.18 mm bregma), and the DRI (−8.18 mm
bregma). Swim stress at 19 °C resulted in greater c-Fos expression, relative to SS at 35 °C in
the DRV (−7.46 mm bregma), DRVL/VLPAG (−8.18 mm bregma), and DRI (−8.18, −8.72
mm bregma). Swim stress exposure at 35 °C resulted in greater c-Fos expression, relative to
25 °C in the DRV (−8.18 mm bregma). Exposure to SS at 25 °C resulted in greater c-Fos
expression, relative to 35 °C, in the DRI (−8.72 mm bregma).

2.4.3 TPH-ir neurons in subdivisions of the DR—Swim stress had no effect on the
number of TPH-ir neurons in subregions of the DR (treatment × brain region interaction:
F(36,372) = 0.73, p = 0.766, ε = 0.469; treatment: F(3,31) = 0.35, p = 0.789; Figure 6). As
expected, different subregions of the DR had different numbers of TPH-ir neurons,
independent of treatment (brain region: F(12,372) = 349.93, p < 0.001, ε = 0.469).

2.4.4 c-Fos-ir cells in the LPB—Exposure to SS increased the numbers of c-Fos-
immunostained cells in subdivisions of the LPB (treatment × brain region: F(12,120) = 6.29,
p < 0.001, ε = 0.783; Figure 7). Exposure to SS at 19 °C and 25 °C increased c-Fos
expression, relative to home cage controls, in all subdivisions of the LPB studied, excluding
the LPBd at −9.34 mm bregma, where neither exposure to SS at 19 °C nor 25 °C had any
effect (Figure 7). In contrast, SS exposure at 35 °C differed from SS exposure at 19 °C and
25 °C, with increases in c-Fos expression, relative to home cage controls, found only in the
LPBel (−9.16 and −9.70 mm bregma). Swim stress at 19 °C resulted in a greater increase in
c-Fos expression relative to SS at 35 °C in the LPBel (−9.16 and −9.34 mm bregma) and the
LPBd (−9.16 mm bregma). Swim stress at 25 °C resulted in a greater increase in c-Fos
expression relative to SS at 35 °C in the LPBel and the LPBd (both at −9.16 mm bregma).

2.4.5 Immunohistochemistry for c-Fos and TPH in the RPa—Exposure to SS
increased numbers of c-Fos-ir/TPH-ir neurons in the RPa (treatment: F(3,31) = 7.43, p =
0.001; Figure 8A). Exposure to SS at 19 °C increased c-Fos expression in serotonergic
neurons, relative to home cage controls, at all three levels of the RPa studied (−11.24,
−11.60, and −11.78 mm bregma). Swim stress exposure at 25 °C had no effect on c-Fos
expression in serotonergic neurons of the RPa relative to home cage controls. Exposure to
SS at 35 °C increased c-Fos expression in serotonergic neurons, relative to home cage
controls, within the rostral and caudal parts of the RPa (−11.24 and −11.78 mm bregma).
Exposure to SS at 19 °C resulted in a greater increase in c-Fos expression in serotonergic
neurons, relative to SS exposure at 25 °C or 35 °C, in the RPa at −11.60 mm bregma.

2.4.6 c-Fos-ir non-serotonergic cells in the RPa—Exposure to SS increased c-Fos
expression in non-serotonergic cells in the RPa (treatment × level: F(6,62) = 2.87, p = 0.018,
ε = 0.932; Figure 8B). Exposure to SS at 19 °C increased c-Fos expression, relative to home
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cage controls, at all rostrocaudal levels of the RPa that were sampled (−11.24, −11.60, and
−11.78 mm bregma). Swim stress exposure at 25 °C increased c-Fos expression, relative to
home cage controls, in the RPa at −11.60 mm bregma. Exposure to SS at 35 °C did not
increase c-Fos expression relative to home cage controls. Exposure to SS at 19 °C resulted
in greater c-Fos expression, relative to groups exposed to SS at 25 °C or 35 °C, at all levels
of the RPa analyzed.

2.4.7 TPH-ir neurons in the RPa—Swim stress had no effect on the numbers of TPH-ir
neurons in the different rostro-caudal levels of the RPa studied (treatment × level
interaction: F(6,62) = 1.42, p = 0.224, ε = 0.943; treatment: F(3,31) = 0.54, p = 0.660; Figure
8A). As expected different rostrocaudal levels of the RPa had different numbers of TPH-ir
neurons, independent of treatment (level: F(2,62) = 112.69, p < 0.001, ε = 0.943).

2.5 Correlations
The ΔTb predicted the numbers of c-Fos-ir neurons in the LPB, and the numbers of c-Fos-ir
serotonergic neurons in the DRVL/VLPAG, DRI, and RPa. The ΔTb during SS was
positively correlated with the numbers of c-Fos-ir cells in the LPBel (r = 0.679, p < 0.001)
(Figure 9A). The ΔTb during SS was also positively correlated with numbers of c-Fos-ir
serotonergic neurons in the DRVL/VLPAG (r = 0.406, p = 0.017; Figure 9B), the DRI (r =
0.397, p = 0.018; Figure 9C), and the RPa (r = 0.382, p = 0.024; Figure 9D).

The numbers of c-Fos-ir cells in the LPBel predicted the numbers of c-Fos-ir serotonergic
neurons in the DRVL/VLPAG, DRI, and RPa, consistent with the hypothesis that the
spinoparabrachial pathway contributes to activation of brainstem serotonergic neurons
following exposure to SS at different temperatures. The numbers of c-Fos-ir cells in the
LPBel were positively correlated with the numbers of c-Fos-ir serotonergic neurons in the
RPa (r = 0.474, P = 0.005; Fig. 10A), the DRVL/VLPAG (r = 0.373, P = 0.033; Fig 10B),
and the DRI (r = 0.374, P = 0.029; Fig 10C).

The numbers of c-Fos-ir serotonergic neurons in the DRVL/VLPAG predicted the numbers
of c-Fos-ir serotonergic and non-serotonergic neurons in the RPa. The numbers of c-Fos-ir
serotonergic neurons in the DRVL/VLPAG and the DRI were positively correlated with the
numbers of non-serotonergic c-Fos-ir cells in the RPa (r = 0.483, p = 0.004; Figure 10D) and
(r = 0.594, p < 0.001; Figure 10E), and with the numbers c-Fos-ir serotonergic neurons in
the RPa (r = 0.357, p = 0.038; Figure 10F).

The numbers of c-Fos-ir serotonergic neurons in subregions of the DR (DRV, DRD, DRVL,
DRI, DRC) were not found to predict any of the following behaviors: diving, immobility, or
swimming (data not shown). In contrast, the numbers of c-Fos-ir non-serotonergic cells in
the DRV and DRD were found to predict the total immobility time (DRV, r = 0.469, p =
0.016; DRD, r = 0.396, p = 0.045). The numbers of c-Fos-ir non-serotonergic cells in the
DRV were found to predict the total swim time (r = 0.452, p = 0.018). No other significant
correlations were found between the numbers of c-Fos-ir non-sertotonergic cells in the DR
and behavior.

Discussion
In these studies, we provide evidence for subpopulations of serotonergic neurons in the DR
and RPa that are differentially activated following exposure of rats to cold versus warm
water swim. These subpopulations are likely to be involved in the interaction of
exteroceptive and interoceptive factors influencing stress-related physiology and behavior.
Exposure of rats to a 15 min SS at 19 °C, 25 °C, or 35 °C decreased Tb, with the greatest
decreases in Tb in the 19 °C group. Exposure of rats to SS increased c-Fos expression in
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both serotonergic and non-serotonergic neurons in multiple subdivisions of the DR,
regardless of the temperature; however, SS at 19 °C, which led to increased immobility
during SS, resulted in a greater increase in c-Fos expression in serotonergic neurons, relative
to either 25 °C or 35 °C, in two subregions of the DR that have previously been shown to be
thermosensitive, the DRVL/VLPAG and DRI. ΔTb values during SS were correlated with c-
Fos expression in a putative thermosensitive spinoparabrachial-raphe circuit, including the
LPBel and serotonergic neurons in the DRVL/VLPAG, DRI, and RPa. Activation of the
spinoparabrachial pathway, as evidenced by increased c-Fos expression in the LPBel, was
correlated with activation of serotonergic neurons in the DRVL/VLPAG and DRI; activation
of serotonergic neurons in the DRVL/VLPAG was in turn correlated with increased c-Fos
expression in serotonergic and non-serotonergic cells within the RPa, an important part of
the efferent thermoregulatory pathways controlling vasoconstriction in cutaneous vascular
beds of the paws and tail, BAT thermogenesis and shivering thermogenesis.

Swim stress at 35 °C, 25 °C, and 19 °C resulted in temperature-dependent decreases in Tb.
Maximal average decreases in Tb were observed at the end of the 15 min swim period;
recovery to baseline Tb took considerably longer following exposure to colder temperatures,
from approximately 37 ± 4.1 min in rats exposed to 35 °C, to 64 ± 3.0 min and 71 ± 2.7 min
in rats exposed to 25 °C, and 19 °C, respectively. A slight overshoot in Tb was observed in
rats exposed to 19 °C, with temperature rising to a maximum of 0.9 ± 0.2 °C above baseline
between 73 min to 2 h following the SS. The mean minimum Tb in response to each swim
condition was almost identical to that observed in a previous study (Linthorst et al., 2008).
The mean minimum Tb of approximately 30 °C in response to SS at 25 °C is also similar to
that observed following exposure of rats to an 80 minute intermittent cold SS paradigm
using a temperature of 20 °C (Drugan et al., 2005). In contrast, exposure of rats to cold
ambient temperature (4 °C for 120 min) results in relatively insignificant changes in rectal
temperature, but dramatic decreases in skin surface temperature (reaching approximately 25
°C) (Bratincsak and Palkovits, 2005). Although we did not measure skin surface temperature
in our study, studies in humans suggest that immersion of the hand in 12 °C for 5 min results
in profound decreases in skin temperature to 15 °C, measured using an infrared skin
thermometer immediately after removal of the hand from the water, as measured by an
infrared skin thermometer (Traynor and MacDermid, 2008). Thus, it’s likely that decreases
in Tb were associated with skin temperatures that approximated the water temperature in
each condition. In studies using jackets perfused with cold water on rats, the threshold skin
temperature to activate BAT sympathetic nerve activity is 37.5 °C (Ootsuka and McAllen,
2006), while the threshold skin temperature to activate tail sympathetic nerve activity is
higher, 38.8–40.1 °C (Tanaka et al., 2007). At an ambient temperature of 24 °C, rat tail skin
temperature has been measured to be between 26 °C to 27 °C (Sakurada et al., 1993; Cerri et
al., 2010). Thus, it is likely that 19 °C and to some extent 25 °C water temperature
conditions in our study resulted in activation of these two sympathetic pathways involved in
cold defense.

Exposure of rats to a 15 min SS at 19 °C resulted in an increase in immobility. A recent
study found no effects of water temperature on immobility during a 5 minute test session of
forced swim at 20 °C, 25 °C, or 30 °C, using a water depth of 30 cm, although levels of
immobility were decreased during 15 °C swim relative to 30 °C swim (Pinter et al., 2011).
Consistent with findings by Pinter and colleagues, Jefferys and Funder (1994) found that
rats exposed to 20 °C water during the first 15 minute forced swim exposure had lower
levels of immobility compared to rats exposed to either 25 °C or 30 °C water. It’s unclear
why these previous studies found that cold swim decreases immobility, while our study
found that cold swim increases immobility. These discrepancies could be due to
methodological differences in the forced swim procedure, or to differences in behavioral
coding. During our 15 minute swim stress exposure, rats exposed to 19 °C displayed a
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stereotyped behavior wherein the rat would position itself horizontally at the water’s surface
for extended periods of time, displaying only small forelimb movements for lateral stability;
we classified this behavior as immobility in our study. It is plausible that this behavior was
not possible for rats in the studies by Pinter and colleagues and by Jefferys and Funder as
they used smaller diameter swim tanks (14 cm or 18 cm diameter, respectively, versus 30
cm diameter in our study). The unique behavior observed in rats exposed to 19 °C in our
study may be functionally quite different from immobility under other conditions, and is
likely to account for the differential effects of cold swim on immobility in our study
(increased immobility) and previous studies (decreased immobility). Previous work has
shown that water depth affects immobility time on the second day of the forced swim test
when performed at either 25 °C or 30 °C; shallower water depths result in increased
immobility, in part due to the ability of the rat to support its body with its tail (Abel, 1994;
Pinter et al., 2011). It is currently unknown how water depth affects behavior in the first day
of the forced swim test. Our studies intentionally used a water depth that prevents the rat
from supporting its body with its tail, as recommended by Lucki and colleagues (Detke et
al., 1995), and this fundamental difference may have influenced the way the rats coped with
the stressor under different temperature conditions.

Regardless of the temperature conditions, SS increased c-Fos expression in serotonergic and
non-serotonergic neurons in the multiple subdivisions of the DR. The widespread activation
of serotonergic systems in our study is inconsistent with a previous study in which SS (15
min; 25 °C) resulted in regionally specific increases in c-Fos expression in serotonergic
neurons in the caudal part of the DR (DRC) and DRI (Commons, 2008). These differences
may be due to the fact that in the studies by Commons (2008), quantification of c-Fos
expression was conducted using immunofluorescence whereas our studies used
immunoperoxidase staining methods, and the sensitivity of these methods for detection of c-
Fos may differ.

Swim stress at 19 °C resulted in a greater increase in c-Fos expression in serotonergic
neurons, relative to either 25 °C or 35 °C, in the DRVL/VLPAG and DRI. Activation of a
small number of serotonergic neurons in the DRVL/VLPAG and DRI regions following SS
is consistent with previous studies examining the effects of SS on c-Fos expression within
DR serotonergic neurons (Commons, 2008; Roche et al., 2003). Both the DRVL/VLPAG
and DRI have been implicated in responses to warm ambient temperature (Hale et al., 2011)
and responses to the pyrogen, lipopolysaccharide (Hollis et al., 2006), suggesting that these
subregions of the DR may be uniquely thermosensitive. Supporting this hypothesis, local
warming of the midbrain results in increased neuronal firing rates within the DRVL/VLPAG
and DRI regions (Cronin and Baker, 1977). In our studies, activation of DRVL/VLPAG and
DRI serotonergic neurons is likely due to afferent signaling from thermoreceptors in the
skin, via a spinoparabrachial pathway that synapses within the LPB (Nakamura and
Morrison, 2008; Nakamura and Morrison, 2010). Selective activation of serotonergic
neurons in the DRVL/VLPAG and DRI at 19 °C, relative to 25 °C or 35 °C, may be due to
selective afferents to these regions from neural circuits controlling thermoregulatory
responses, including the LPB and MPO. The LPB gives rise to glutamatergic projections to
the DR (Lee et al., 2003). Although a number of subregions of the DR, including the mid-
rostrocaudal DRD and DRV, DRVL/VLPAG, and DRC/DRI, appear to receive some
afferents from the LPB, it remains possible that a cold-sensitive subpopulation of afferents
selectively targets the DRVL/VLPAG and DRI subregions. The anterior hypothalamic/MPO
also projects to the DR, and these projections densely innervate the DRVL/VLPAG and DRI
regions (Holstege, 1995); therefore, the topographically specific activation of the DRVL/
VLPAG and DRI regions by cold temperature exposure could be due to afferents from the
LPB, the thermoregulatory component of the MPO, or both.
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It seems paradoxical that both warm ambient temperature (Hale et al., 2011) and cold swim,
in our study, selectively activated serotonergic neurons in the DRVL/VLPAG and DRI
regions. If these are the same serotonergic neurons, then is seems unlikely that they are
involved in thermoregulatory responses, as the thermoregulatory requirements are opposite
under these conditions. However, it is likely that warm- versus cold-activated serotonergic
neurons represent different populations of neurons within the same subregions of the DR. In
support of this possibility, studies in anesthetized cats have shown that both cold-sensitive
and warm-sensitive neurons can be found in close proximity within the DRVL/VLPAG
region (Cronin and Baker, 1977).. Therefore, although exposure to warm and cold stimuli
both activate serotonergic neurons in the DRVL/VLPAG and DRI regions, it is possible that
these are different populations of neurons. This hypothesis could be tested using currently
available mouse models that permit visualization of sequential activation of populations of
neurons in the same organism (Reijmers et al., 2007), or chronic recording. The greater
increase in c-Fos expression in the DRVL/VLPAG and DRI regions at 19 °C, relative to
either 25 °C or 35 °C, could reflect a greater aversiveness of cold temperature exposure,
rather than cold temperature per se. This seems unlikely, however, as a number of aversive
stimuli fail to activate serotonergic neurons in these regions (Lowry et al., 2008; Lowry and
Hale, 2010; Hale and Lowry, 2010) and cold swim on the second day of forced swim
paradigm, relative to swimming at warmer water temperatures, does not potentiate SS-
induced activation of the HPA axis measured immediately after a 5 minute forced swim
(Pinter et al., 2011).

A previous study by Linthorst and colleagues (2008) found that, while extracellular 5-HT
and 5-HIAA concentrations in the dorsal and ventral fields of the temporal pole of the
hippocampus are increased during swim exposure at 35 °C, there was no increase in either
extracellular 5-HT or 5-HIAA concentrations during swim exposure in rats tested at 19 °C;
in contrast, extracellular 5-HIAA concentrations decreased during swim exposure. These
findings seem contradictory to our findings, where cold swim exposure increased c-Fos
expression in the DRVL/VLPAG and DRI regions. One potential explanation is that the
delayed increases in extracellular serotonin and 5-HIAA concentrations following exposure
to SS at 19 °C, which were evident from 45 min to 2 h following the end the 15 min swim
session and tightly coupled to the period of thermoregulatory warming, could account for
the potentiation of c-Fos expression in the DRVL/VLPAG and DRI regions in our studies.
Another potential explanation is that DRVL/VLPAG serotonergic neurons inhibit
serotonergic neurons in the DRV or MnR (not included in our analysis) projecting to the
ventral hippocampus. This hypothesis is supported by previous studies involving selective
lesions of DRVL/VLPAG serotonergic neurons, which resulted in increases in tryptophan
hydroxylase mRNA expression selectively in the DRV region (Ljubic-Thibal et al., 1999),
which is known to give rise to extensive projections to the ventral hippocampus (Kohler and
Steinbusch, 1982; McKenna and Vertes, 2001, Lowry et al., 2008; Lowry and Hale, 2010).
While comparing studies using c-Fos immunostaining with studies using microdialysis, it
should be noted that a limitation of c-Fos immunohistochemistry is that it is not a viable
marker for reductions in cellular activity (e.g. decreases in electrophysiological firing rates;
for review see Kovacs, 1998). Moreover, cellular responses can occur independent of c-Fos
induction, therefore the absence of c-Fos may not reflect a lack of cellular response to a
given treatment (Morgan and Curran, 1989; Chan et al., 1993; Cullinan et al., 1995).

Cold swim stress (19 °C), relative to swim stress at 35 °C, resulted in increased activation of
c-Fos in both serotonergic neurons and non-serotonergic cells in the RPa, specifically at
−11.60 mm bregma. The RPa contains both serotonergic (Nakamura et al., 2004; Stornetta
et al., 2005) and glutamatergic (Nakamura et al., 2002) sympathetic premotor neurons that
control cutaneous vasoconstriction and brown adipose tissue thermogenesis. Glutamatergic
and serotonergic terminals have been found to synapse onto sympathetic preganglionic
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neurons in the intermediolateral column of the spinal cord (Madden and Morrison, 2004).
Consistent with these anatomical findings, microinjections of muscimol into the RPa at
−11.60 mm reduce stress-induced increases in heart rate and blood pressure (Samuels et al.,
2002; Zaretsky et al., 2003) and decrease core body temperature in a home cage
environment at an ambient temperature of 24–25 °C (Zaretsky et al., 2003). Confirmation of
the neurochemical phenotype of the c-Fos-ir non-serotonergic cells in this region of the RPa
in our study will require further studies.

Activation of DRVL/VLPAG and DRI serotonergic neurons was positively correlated with
increased c-Fos expression in the LPB, an important part of the thermoafferent signaling
pathway from the skin to the central nervous system (Nakamura and Morrison; 2008;
Nakamura and Morrison, 2010). Studies by Nakamura and colleagues have shown that
exposure of rats to either warm or cold ambient temperature activates glutamatergic neurons
in the LPB that project to the MPO (Nakamura and Morrison, 2008; Nakamura and
Morrison, 2010), and that cold-sensitive LPB neurons are predominantly located in the
LPBel and LPBc subdivisions. Consistent with these findings, we found a greater number of
c-Fos-ir cells in the LPBel in rats exposed to 19 °C SS, compared to rats exposed to 35 °C
SS. Future studies could examine whether or not inactivation of the LPB is able to block the
effects of 19 °C SS-induced activation of DR serotonergic subpopulations.

Activation of DRVL/VLPAG serotonergic neurons was positively correlated with increased
c-Fos expression in both serotonergic and non-serotonergic cells within the RPa. The
DRVL/VLPAG region projects to the RPa region (Hermann et al., 1997; Bago et al., 2002),
and the RPa has been shown by a number of investigators to be part of the efferent
thermoregulatory pathways controlling vasoconstriction in cutaneous vascular beds of the
tail (Ootsuka et al., 2004), BAT thermogenesis (Morrison et al., 1999; Morrison, 1999;
Morrison, 2001) and shivering thermogenesis (Tanaka et al., 2006). Intra-RPa
microinjections of glycine or muscimol inhibit BAT thermogenesis (Cao et al., 2004),
vasoconstriction in cutaneous vascular beds (Ootsuka and Blessing, 2005) and shivering
thermogenesis (Tanaka et al., 2007) in response to thermogenic stimuli. Furthermore,
disinhibition of RPa neurons using bicuculline results in increases in interscapular BAT
(IBAT) sympathetic nerve activity and IBAT temperature (Morrison, 1999; Morrison, 2001;
Morrison et al., 1999). Previous tracing studies have shown that both serotonergic and non-
serotonergic neurons in the DRVL/VLPAG project to the MPO (Rizvi et al., 1992; Kanno et
al., 2008) and to the RPa (Hermann et al., 1997; Bago et al., 2002). Thus, neurons in the
DRVL/VLPAG may either influence RPa activity indirectly via projections to hypothalamic
thermoregulatory systems that in turn control RPa function, or directly via projections to
RPa.

Activation of DRI serotonergic neurons was correlated with increased c-Fos expression in
non-serotonergic cells within the RPa. There is evidence for both serotonergic and non-
serotonergic projections from the DRI to the MPO (Tillet, 1992) and therefore DRI
serotonergic neurons may also play a role in thermoregulation. Previous studies have
characterized expression of 5-HT1A (Marvin et al., 2010) and 5-HT1B (Pazos and Palacios,
1985) receptors in the MPO, and have shown neuromodulatory effects of 5-HT on MPO
neurons via 5-HT1A and 5-HT1B receptors (Lee et al., 2008). Superfusion of the 5-HT1A
selective agonist, 8-hydroxy-N,N-dipropyl-2-aminotetralin, decreases GABAergic miniature
inhibitory postsynaptic current frequencies and superfusion of a 5-HT1B selective agonist, 7-
trifluoromethyl-4-(4-methyl-1-piperazinyl)pyrrolo[1,2-a]-quinoxaline dimaleate, decreases
miniature excitatory postsynaptic current frequencies (Lee et al., 2008). Previous findings
have also shown functional responses to 5-HT in the MPO through intra-MPO injection of
5-HT resulting in either hypothermia (Ruwe and Myers, 1982; Lin et al., 1983) or
hyperthermia (Datta et al., 1988; Huttunen et al., 1988). Medial preoptic area responses to 5-
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HT may depend on both the specific anatomical coordinates and the administered dose of
pharmacological agents. A hypothetical model outlining potential DRI-MPO and DRVL/
VLPAG-MPO and/or DRVL/VLPAG-RPa circuits controlling thermoregulatory responses
to cold SS is illustrated in Figure 11.

Activation of non-serotonergic neurons in the dorsal raphe nucleus
In the study by Roche and colleagues (2003) investigating the effects of SS on c-Fos
expression in serotonergic and non-serotonergic neurons in the DR, about 4% of activated
neurons in the DRVL/VLPAG region were serotonergic, and in our study approximately
10% of activated neurons in the DRVL/VLPAG region were found to be serotonergic. Thus,
both studies suggest that serotonergic neurons make up only a small percentage of the total
population of neurons in the DRVL/VLPAG region that is activated following SS. The
neurochemical phenotypes of the SS-sensitive non-serotonergic neurons are unclear, but
include γ-aminobutyric acid (GABA)-ergic and glutamatergic neurons (Roche et al., 2003).
The function of these non-serotonergic neurons in the DRVL/VLPAG neurons is unclear
and will require further investigation.

Conclusions
Our findings are consistent with the hypothesis that subpopulations of serotonergic neurons
in the DR (DRVL/VLPAG and DRI subregions) and RPa contribute to thermoregulatory
responses to cold temperature. Serotonergic neurons in the DRVL/VLPAG are part of a
sympathomotor command system regulating the sympathetic nervous system and motor
function (Kerman et al., 2006). Consequently, this population of serotonergic neurons is
anatomically well situated to modulate sympathetic and motor function in response to cold
ambient temperature. Meanwhile, serotonergic neurons in the DRI project to the MPO and
may modulate hypothalamic thermoregulatory systems. However, the fact that serotonergic
neurons throughout the DR were activated by SS, independent of ambient temperature,
suggests that serotonergic systems are also activated by interoceptive cues related to the
aversive nature of the test, and/or in association with the increases in motor activity. For
example, DRI serotonergic neurons project to forebrain limbic structures (Lowry et al.,
2008) including the hippocampus and medial prefrontal cortex, and therefore may modulate
cognitive and affective responses to cold temperature.
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5-HT2A serotonin receptor, 2A subtype

8-OH-DPAT 8-hydroxy-N,N-dipropyl-2-aminotetralin

ANOVA analysis of variance

BAT brown adipose tissue

DA dorsal hypothalamic area

DAB 3-3′-diaminobenzidine tetrahydrochloride

DMH dorsomedial hypothalamus

DR dorsal raphe nucleus

DRC dorsal raphe nucleus, caudal part

DRD dorsal raphe nucleus, dorsal part

DRI dorsal raphe nucleus, interfascicular part

DRV dorsal raphe nucleus, ventral part

DRVL/VLPAG dorsal raphe nucleus, ventrolateral part/ventrolateral periaqueductal
gray

GABA γ-aminobutyric acid HC, home cage

IBAT intrascapular brown adipose tissue

ir immunoreactive

LPB lateral parabrachial nucleus

LPBel lateral parabrachial nucleus, external lateral part

LPBd lateral parabrachial nucleus, dorsal part

LSD least significant difference

MPO medial preoptic area

MnR median raphe nucleus

PB sodium phosphate buffer

PBS phosphate-buffered saline

PBST phosphate-buffered saline with 0.1% Triton X-100

RPa raphe pallidus nucleus

SS swim stress

Tb core body temperature

TPH tryptophan hydroxylase

TPH1 tryptophan hydroxylase 1

TPH2 tryptophan hydroxylase 2

TRP transient receptor potential

TRPM8 transient receptor potential channel, subfamily M, member 8
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Figure 1.
Low magnification photomicrographs illustrating c-Fos and tryptophan hydroxylase (TPH)
immunostaining from different rostrocaudal levels of the dorsal raphe nucleus (DR). c-Fos
immunostaining can be identified by a dark blue/black nuclear stain. Tryptophan
hydroxylase-immunoreactive (ir) neurons and dendrites can be identified by a red/brown
stain. The rostrocaudal levels selected for analysis were A) −7.46 mm bregma, B) −8.00
mm bregma, C) −8.18 mm bregma, D) −8.54 mm bregma, and E) −8.72 mm bregma. The
subdivisions of the DR that were analyzed at each rostrocaudal level are delineated by
dashed lines. Abbreviations: Aq, cerebral aqueduct; DRC, dorsal raphe nucleus, caudal part;
DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular part;
DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral
part/ventrolateral periaqueductal gray; mlf, medial longitudinal fasciculus. Scale bar, 250
μm.
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Figure 2.
Low magnification photomicrographs illustrating c-Fos and tryptophan hydroxylase (TPH)
immunostaining from different rostrocaudal levels of the medulla containing the lateral
parabrachial nucleus (LPB). C-Fos immunostaining can be identified by a dark blue/black
nuclear stain. Tryptophan hydroxylase-immunoreactive (ir) neurons and dendrites in the
dorsal raphe nucleus, caudal part (DRC) can be identified by a red/brown stain. The
rostrocaudal levels selected for analysis were A) −9.16 mm bregma, B) − 9.34 mm bregma,
and C) −9.70 mm bregma; black boxes indicate regions selected for analysis. The external
lateral part of the LPB (LPBel) was analyzed using a 0.4 × 0.2 mm grid at each rostrocaudal
level. The dorsal subdivision of the LPB (LPBd) was analyzed using a 0.4 × 0.2 mm grid at
−9.16 mm bregma and a 0.5 × 0.2 mm grid at −9.34 mm bregma. Abbreviations: 4V, 4th

ventricle; LPBd, lateral parabrachial nucleus, dorsal part; LPBel, lateral parabrachial
nucleus, external lateral part; mlf, medial longitudinal fasciculus; me5, mesencephalic
trigeminal tract; scp, superior cerebellar peduncle; vsc, ventral spinocerebellar tract. Scale
bar, 500 μm.
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Figure 3.
Low magnification photomicrographs illustrating c-Fos and tryptophan hydroxylase (TPH)
immunostaining from different rostrocaudal levels of the medullary raphe nuclei. c-Fos
immunostaining can be identified by a dark blue/black nuclear stain. Tryptophan
hydroxylase-immunoreactive (ir) neurons and dendrites can be identified by a red/brown
stain. The rostrocaudal levels selected for analysis were A) −11.24 mm bregma, B) −11.60
mm bregma, and C) −11.78 mm bregma. The raphe pallidus nucleus (RPa) was analyzed at
all three levels. Abbreviations: 4V, 4th ventricle; asc7, ascending fibers of the facial nerve;
IOD, inferior olive, dorsal nucleus; IOM, inferior olive, medial nucleus; IRt, intermediate
reticular nucleus; ml, medial lemniscus; py, pyramidal tract; RMg, raphe magnus nucleus;
RPa, raphe pallidus nucleus; ROb, raphe obscurus nucleus. Scale bar, 500 μm.
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Figure 4.
Graphs illustrating the effects of 19 °C, 25 °C, and 35 °C water temperature on 15 minute
swim stress (SS) test behaviors and body temperature (Tb). A) Graph illustrating behaviors
scored continuously during SS including: immobility, swimming, and climbing behaviors
(see methods for descriptions of behaviors); graph displays mean total time + SEM; +++p <
0.001 vs 25 °C, §§§p < 0.001 vs 35 °C; post hoc Fisher’s Protected Least Significant
Difference (LSD) test. B) Graph illustrating the frequency of diving behavior during SS (see
methods for description of behavior); graph displays mean event frequency + SEM; §§§p <
0.001 vs 35 °C; bp < 0.01 vs 25 °C, post hoc Fisher’s Protected Least Significant Difference
(LSD) test (19 °C, n = 9; 25 °C, n = 9; 35 °C, n= 9). C) Line and scatterplot graph displaying
the effects of home cage (HC, n = 8) conditions, or a 15 minute swim stress (SS) with
varying water temperatures (19 °C, n = 9; 25 °C, n = 9; 35 °C, n= 9) on core body
temperature measured using a biotelemetry probe. Core body temperature was sampled for 5
sec every minute; data represent mean Tb ± SEM during 5 min periods. Grey bar indicates
the 15 minute SS period. Home cage rats were left undisturbed during the 15 minute SS.
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Figure 5.
Graphs illustrating the effects of swim stress at different water temperatures on the numbers
of c-Fos-immunoreactive (ir)/tryptophan hydroxylase (TPH)-ir neurons compared with
home cage control (HC) conditions within different subdivisions of the dorsal raphe nucleus
(DR). Open bars represent mean (+ SEM) values for the total numbers of TPH-ir neurons
sampled., closed bars represent mean values for numbers of c-Fos-ir/TPH-ir neurons;
anatomical levels are expressed above each graph as distance from bregma in millimeters.
*p < 0.05 vs HC, **p < 0.01 vs HC, ***p < 0.001 vs HC; +p < 0.05 vs 25 °C, §p < 0.05 vs
35 °C; post hoc Fisher’s Protected Least Significant Difference (LSD) test (HC, n = 8; 19
°C, n = 9; 25 °C, n = 9; 35 °C, n = 9). Abbreviations: DRC, dorsal raphe nucleus, caudal
part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular part;
DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral
part/ventrolateral periaqueductal gray.
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Figure 6.
Photomicrographs illustrate c-Fos/tryptophan hydroxylase (TPH) immunostaining in the
mid-rostrocaudal dorsal raphe nucleus (DR; −8.00 mm bregma) in representative rats from
each treatment group. Photomicrographs illustrate immunostaining in rats exposed to (A-C)
home cage conditions, (D–F) 19 °C swim stress (SS), (G–I) 25 °C SS, and (J–L) 35 °C SS.
Black boxes in A, D, G, and J represent regions displayed at higher magnification in B, C, E,
F, H, I, K, and L. Black boxes in B, C, E, F, H, I, K, and L indicate regions shown at higher
magnification within insets located in the lower right-hand corner of these respective panels.
Black arrows indicate representative examples of c-Fos-immunoreactive non-serotonergic
cells (blue/black nuclear staining); white arrowheads indicate representative examples of
TPH-immunoreactive/c-Fos-immunonegative neurons (red/brown) cytoplasmic staining);
black arrowheads indicate representative examples of c-Fos-immunoreactive/TPH-
immunoreactive neurons (red/brown) cytoplasmic staining with blue/black nuclear staining).
Abbreviations: DRD, dorsal raphe nucleus, dorsal part; DRVL/VLPAG, dorsal raphe
nucleus, ventrolateral part/ventrolateral periaqueductal gray; mlf, medial longitudinal
fasciculus. Scale bar, 250 μm (A, D, G, J); 100 μm (B, C, E, F, H, I, K, L); 50 μm (insets).
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Figure 7.
Graphs illustrating the effect of swim stress at different water temperatures, compared with
home cage control (HC) conditions, on the numbers of c-Fos-ir cells (mean + SEM) within
different subdivisions of the lateral parabrachial nucleus (LPB). *p < 0.05 vs HC, **p < 0.01
vs HC, ***p < 0.001 vs HC, ap < 0.05 vs 25 °C, cp < 0.001 vs 25 °C, §p < 0.05 vs 35 °C, §§p
< 0.01 vs 35 °C; post hoc Fisher’s Protected Least Significant Difference (LSD) test (HC, n
= 8; 19 °C, n = 9; 25 °C, n = 9; 35 °C, n = 9). Anatomical levels are indicated above each
graph as distance from bregma in millimeters. Abbreviations: LPBd, lateral parabrachial
nucleus, dorsal part; LPBel, lateral parabrachial nucleus, external lateral part.
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Figure 8.
Graphs illustrating the effects of swim stress at different water temperatures on c-Fos-
immunoreactive (ir) serotonergic and non-serotonergic cells in the raphe pallidus nucleus
(RPa). A) Graphs illustrating the effect of swim stress at different water temperatures on the
numbers of c- Fos-ir/TPH-ir cells (mean + SEM), compared with home cage control (HC)
conditions, within different levels of the raphe pallidus nucleus (RPa) HC, n = 8; 19 °C, n =
9; 25 °C, n = 9; 35 °C, n = 9). Open bars represent mean (+ SEM) values for the total
numbers of TPH-ir neurons sampled, closed bars represent mean values for numbers of c-
Fos-ir/TPH-ir neurons + SEM; anatomical levels are indicated above each graph as distance
from bregma in millimeters. B) Graphs illustrating the effect of swim stress at different
water temperatures on the numbers of c- Fos-ir/TPH-immunonegative cells (mean + SEM)
compared with home cage control (HC) conditions within different levels of the raphe
pallidus nucleus (RPa). *p < 0.05 vs HC, **p < 0.01 vs HC, ***p < 0.001 vs HC, + p < 0.05
vs 25 °C, ++ p < 0.01 vs 25 °C, +++p < 0.001 vs 25 °C, § p < 0.05 vs 35 °C; post hoc
Fisher’s Protected Least Significant Difference (LSD) test (HC, n = 8; 19 °C, n = 9; 25 °C, n
= 9; 35 °C, n = 9). Anatomical levels are indicated above each graph as distance from
bregma in millimeters.
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Figure 9.
Scatterplots illustrating correlations between average temperature change from baseline
during swim stress (SS; ΔTb) and c-Fos-ir or c-Fos-ir/tryptophan hydroxylase (TPH)-ir
neurons in putative spinoparabrachial-raphe circuits. A) Scatterplots illustrating correlations
between ΔTb and the average number of c-Fos-ir cells in the lateral parabrachial nucleus,
external lateral part (LPBel). Additional scatterplots illustrate correlations between ΔTb and
the average number of c-Fos-ir serotonergic neurons in the B) dorsal raphe nucleus,
ventrolateral part/ventrolateral periaqueductal gray (DRVL/VLPAG), C) dorsal raphe
nucleus, interfascicular part (DRI), and D) raphe pallidus nucleus (RPa).
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Figure 10.
Scatterplots illustrating correlations among numbers of c-Fos-ir cells in the lateral
parabrachial nucleus, external lateral part (LPBel) and c-Fos expression in serotonergic
neurons in subdivisions of the dorsal raphe nucleus (DR) and raphe pallidus nucleus (RPa).
A-C) Scatterplots illustrate correlations between the average number of c-Fos-ir cells in the
lateral parabrachial nucleus and A) RPa, B) the average number of c-Fos-ir/TPH-ir neurons
in the dorsal raphe nucleus, ventrolateral part/ventrolateral periaqueductal gray (DRVL/
VLPAG), and C) the average number of c-Fos-ir/TPH-ir neurons in the dorsal raphe
nucleus, interfasicular part (DRI). D-F) Scatterplots illustrating correlations between
numbers of c-Fos-positive serotonergic neurons in subdivisions of the dorsal raphe nucleus
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(DR) and numbers of c-Fos-positive serotonergic or non- serotonergic neurons in the raphe
pallidus nucleus (RPa). Scatterplots illustrate correlations between D) average number of c-
Fos-ir/TPH-ir neurons in the DRVL/VLPAG and average number of c-Fos-ir
nonserotonergic cells in the RPa, E) average number of c-Fos-ir/TPH-ir neurons in the
dorsal raphe nucleus, interfascicular part (DRI) and the average number of c-Fos-ir
nonserotonergic cells in the RPa, and F) average number of c-Fos-ir/TPH-ir neurons in the
DRVL/VLPAG and average number of c-Fos-ir/TPH-ir serotonergic neurons in the RPa.
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Figure 11.
Hypothetical model illustrating cold-sensitive serotonergic systems. Cold-sensitive transient
receptor potential (TRP) channels, specifically transient receptor potential subfamily M
member 8 (TRPM8), are necessary for relay of cold temperature information from the
periphery to the central nervous system (Dhaka et al., 2007; Colburn et al., 2007; Bautista et
al., 2007). TRPM8 is located on free nerve endings of somatosensory neurons whose cell
bodies are located in the dorsal root ganglia (Peier et al., 2002; McKemy et al., 2002). It is
likely that cold-sensitive ascending ipsilateral and contralateral (Light et al., 1993; Bester et
al., 2000) fibers from the dorsal horn to the lateral parabrachial nucleus (LPB), specifically
the central and external lateral parts, are glutamatergic (Nakamura and Morrison, 2008). The
LPB sends glutamatergic projections to the dorsal raphe nucleus (DR) (Lee et al., 2003).
Both the ventrolateral part of the dorsal raphe nucleus/ventrolateral periaqueductal gray
(DRVL/VLPAG) (Rizvi et al., 1992; Kano et al., 2008) and the dorsal raphe nucleus,
interfascicular part (DRI) (Tillet, 1992) send serotonergic projections to forebrain
thermoregulatory areas including the medial preoptic area. GABAergic and glutamatergic
projection neurons in the MPO are thought to control dorsomedial hypothalamus/dorsal
hypothalamic (DMH/DA) neurons (Nakamura et al., 2005b; Cerri and Morrison, 2006) that
in turn project to the raphe pallidus nucleus (RPa) (Yoshida et al., 2009). Previous work has
provided evidence that MPO neurons (likely GABAergic) innervate glutamatergic neurons
within the DMH that project to the RPa (Nakamura et al., 2005b). Alternatively, there is
evidence for glutamatergic projection neurons from the POA to DMH (Mendoza et al.,
2010). The RPa contains glutamatergic (Nakamura et al., 2002) and serotonergic (Nakamura
et al., 2004; Stornetta et al., 2005) sympathetic premotor neurons that control cutaneous
vasoconstriction and brown adipose tissue thermogenesis. Glutamatergic and serotonergic
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terminals have been found to synapse onto sympathetic preganglionic neurons in the
intermediolateral column of the spinal cord (Madden and Morrison, 2004).
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