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Fever is a common phenomenon during infection or inflammatory conditions. This stereotypic rise in body temperature (Tb) in response
to inflammatory stimuli is a result of autonomic responses triggered by prostaglandin E2 action on EP3 receptors expressed by neurons
in the median preoptic nucleus (MnPO EP3R neurons). To investigate the identity of MnPO EP3R neurons, we first used in situ hybridization
to show coexpression of EP3R and the VGluT2 transporter in MnPO neurons. Retrograde tracing showed extensive direct projections
from MnPO VGluT2 but few from MnPO Vgat neurons to a key site for fever production, the raphe pallidus. Ablation of MnPO VGluT2 but not
MnPO Vgat neurons abolished fever responses but not changes in Tb induced by behavioral stress or thermal challenges. Finally, we
crossed EP3R conditional knock-out mice with either VGluT2-IRES-cre or Vgat-IRES-cre mice and used both male and female mice to
confirm that the neurons that express EP3R and mediate fever are glutamatergic, not GABAergic. This finding will require rethinking
current concepts concerning the central thermoregulatory pathways based on the MnPO EP3R neurons being GABAergic.
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Introduction
Fever is a critical sign of infectious and inflammatory diseases, an
evolutionarily conserved response that may provide an advantage
in fighting against replication of microorganisms (Blomqvist and
Engblom, 2018; Garami et al., 2018). During an immune chal-
lenge, a brain-orchestrated series of autonomic responses pro-
duces the stereotypic rise of the body temperature (Tb), which is
triggered by prostaglandin E2 (PGE2) action on specific median
preoptic (MnPO) neurons (Saper and Breder, 1994; Lazarus et
al., 2007).

Intravenous administration of an inflammatory signal such as
lipopolysaccharide (LPS) leads to a production of PGH2 by cy-

clooxygenase 2 in endothelial cells and microglia along brain
blood vessels (Engström et al., 2012; Eskilsson et al., 2017), and
this is converted to PGE2 by PGE2-synthase in endothelial cells
(García-Bueno et al., 2009). Blockade of cyclooxygenase in the
region of the anterior tip of the third ventricle prevents the fever
response (Scammell et al., 1998), suggesting that the PGE2 that
causes fever is synthesized locally. There are four different PGE2
receptors in the hypothalamus, but only deletion of the EP3 re-
ceptor, either in the whole body or in the brain (Ushikubi et al.,
1998; Oka et al., 2003) or in the MnPO (Lazarus et al., 2007)
prevents fever responses to intraventricular PGE2 or to intrave-
nous LPS.

The EP3R is densely expressed in the MnPO, the most respon-
sive site for producing fever induced by injection of PGE2 in the
brain (Scammell et al., 1996; Nakamura et al., 1999; Oka et al.,
2000; Yoshida et al., 2003) and thought to be an inhibitory recep-
tor (Vasilache et al., 2007). It was expected that fever was due to
PGE2 inhibiting MnPO EP3R inhibitory neurons, and immuno-
histochemical studies showed that these neurons expressed glu-
tamic acid decarboxylase 67 (GAD1; Nakamura et al., 2002). In
addition, MnPO EP3R neurons were shown to project to the dor-
somedial hypothalamic nucleus (DMH)/dorsal hypothalamic
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Significance Statement

Body temperature is regulated by the CNS. The rise of the body temperature, or fever, is an important brain-orchestrated mech-
anism for fighting against infectious or inflammatory disease, and is tightly regulated by the neurons located in the median
preoptic nucleus (MnPO). Here we demonstrate that excitatory MnPO neurons mediate fever and examine a potential central
circuit underlying the development of fever responses.
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area (DHA) and the raphe pallidus (RPa; Nakamura et al., 2009;
Yoshida et al., 2009), two regions critically involved with thermo-
regulatory control (e.g., through thermogenesis and tail artery
vasoconstriction; Nakamura et al., 2004, 2009; Yoshida et al.,
2009; Tanaka et al., 2011, 2013; Machado et al., 2018). Together,
this evidence gave rise to a model of GABAergic MnPO EP3R neu-
rons tonically inhibiting thermogenesis from the RPa or the
DMH/DHA, and that PGE2 inhibited this pathway, thus releas-
ing a fever response (Morrison and Nakamura, 2019).

The role of GABAergic neurons in thermoregulatory control
has recently been questioned by the observation that activation of
preoptic area (POA) neurons that express the vesicular GABA
transporter (Vgat; essential for the synaptic release of GABA and
glycine) produced little or no effect on Tb (Song et al., 2016; Yu et
al., 2016). Conversely, selective stimulation of MnPO neurons
that express the vesicular glutamate 2 transporter (VGluT2;
hence, MnPO VGluT2 neurons) produces a profound reduction of
Tb (Song et al., 2016; Yu et al., 2016; Abbott and Saper, 2017).
Moreover, many of the neurons in the POA that express GAD1 or
GAD2 do not express Vgat, but instead produce VGluT2 (Moffitt
et al., 2018). GAD� but Vgat� cell groups include those ex-
pressing the peptides PACAP and galanin, which cause hypo-
thermia when stimulated (Tan et al., 2016; Kroeger et al.,
2018). These results suggest that some of the GAD1 � and
GAD2 � neurons in the POA may use glutamate, not GABA, as
their neurotransmitter to control body temperature. However, it is
not known whether the MnPOEP3R neurons that cause fever are
glutamatergic.

To investigate this possibility, we first used in situ hybridiza-
tion to reveal whether MnPO EP3R neurons express VGluT2. We
then used a retrograde tracer method in transgenic reporter mice
expressing GFP in either Vgat or VGluT2 neurons to show the
identity of RPa-projecting MnPO neurons, then genetically di-
rected ablation of MnPO Vgat and MnPO VGluT2 neurons to deter-
mine the role of these neurons in regulating fever induced by LPS,
behavioral stress, or thermal challenges. Finally, we crossed EP3R
conditional knock-out mice (EP3R flox mice; Lazarus et al., 2007)
with either VGluT2-IRES-cre or Vgat-IRES-cre mice to cause
deletion of EP3R from excitatory (VGluT2�) or inhibitory
(Vgat�) neurons, respectively, and tested these animals for their
ability to produce a fever response.

Materials and Methods
Animals. All animal care and experimental procedures were approved
by the Beth Israel Deaconess Medical Center Institutional Animal
Care and Use Committee. We used male mice for functional exp-
eriments and male or female mice were used for anatomical inve-
stigations. Prostaglandin E receptor 3 (subtype EP3R) flox mice
(B6;129-Ptger3tm1Csml/J; stock #008349, The Jackson Laboratory) that
has loxP sites flanking exon 1 of the Ptger3 gene (EP3R flox; Lazarus et al.,
2007), VGluT2-crexEP3R flox, and Vgat-crexEP3R flox mice. VGluT2-
crexPtger3 floxed mice were generated by crossing Ptger3 homozygous
flox mice with VGluT2-IRES-cre mice (Slc17a6tm2(cre)Lowl/J; stock
#016963, The Jackson Laboratory), and the resultant offspring that were
heterozygous for Ptger3Rflox and VGluT2-cre were again crossed with
ptger3R homozygous flox mice to get VGluT2-creXEP3R flox mice, in
which exon 1 of ptger3 gene is deleted in the VGluT2-cre neurons. Like-
wise, VgatcrexPtger3 floxed mice were generated by crossing Ptger3Rflox
mice with Vgat-IRES-cre mice (Slc32a1tm2(cre)Lowl/J; stock #016962, The
Jackson Laboratory), and the resultant offspring that are heterozygous
for Ptger flox and Vgat-cre were again crossed with ptger3 homozygous
flox mice to get Vgat-crexEP3R flox mice. In these mice, ptger3 gene is
deleted in the Vgat neurons. We used also Vgat-IRES-Cre male mice,
some of which were mated to Cre-dependent GFP reporter mice (Vgat-
IRES-Cre;R26-loxSTOPlox-L10-GFP), VGluT2-IRES-Cre, VGluT2-

IRES-Cre-GFP (VGluT2-IRES-Cre;R26-loxSTOPlox-L10-GFP), PACAP-
IRES-cre (Todd et al., 2018), and PACAP-IRES-cre-GFP (PACAP-IRES-
Cre;R26-loxSTOPlox-L10-GFP) mice.

The age of mice at the time of experimentation ranged between 12 and
30 weeks. Mice were individually housed in standard plastic cages with
standard corn cob bedding with nesting materials on a 12 h light/dark
cycle at ambient temperatures ranging between 20°C and 24°C. All re-
cordings were performed in the home cages at this temperature, unless
mice were exposed to thermal challenge (4°C or 37°C), in which case the
cage was moved for that experiment to an environmental chamber.
Mouse chow (F6 Rodent Diet 8664, Teklad) and water were provided ad
libitum.

Surgery. All surgeries were performed in sterile conditions. Mice were
anesthetized with ketamine/xylazine (100 and 10 mg/kg, i.p., respec-
tively) with additional doses of 10% of the initial dose throughout
surgery as needed to eliminate the withdrawal reflex. Stereotaxic micro-
injections were made into the MnPO [coordinates from bregma: antero-
posterior (AP) � �0.43 mm, lateral (L) � 0.0, dorsoventral (DV) �
�4.6 mm] and RPa (coordinates from Lambda: AP � �2.2 mm, L � 0.0,
DV � �5.5 mm).

Mice were implanted with a radiotelemetry temperature sensor
(TA-F10, DSI) in the intraperitoneal space via laparotomy. Meloxicam
treatment, for analgesia, was administered before surgery. Mice were
allowed to recover at least 10 d before experimentation. Following recov-
ery, mice showed no signs of discomfort and gained weight normally.

Neural tracers and viral vectors. AAV-iCre-2A-Venus (serotype 8; ti-
ter � 9.4 � 10 12 genome copies/ml) was donated by Dr. Rolf Sprengel
from the University of Heidelberg, Heidelberg, Germany (Tang et al.,
2009). This plasmid was then cloned and sequenced in our laboratory by
Dr. Patrick Fuller and packaged by the Harvard Gene Therapy Initiative,
Boston, MA, by Dr. Jeng-Shin Lee in adeno-associated virus (AAV) and
AAV-GFP was used as a control (Todd et al., 2018). AAV conditionally
expressing subunit A of diphtheria toxin in a Cre-dependent manner
(AAV-lox-mCherry-lox-DTA-lox2; or AAV-Flex-DTA) was prepared by
Dr. Patrick fuller and packaged by Dr. Caroline Bass at SUNY University,
Buffalo, NY (Kaur et al., 2017). Cholera toxin subunit B (CTb; 1–2%
diluted in saline; catalog #103A, List Biological Laboratories) was micro-
injected for retrograde anatomical experiments in a volume of 6 –9 nl.

Intraperitoneal injection. LPS from Escherichia coli 0111:B4 (catalog
#L2630, Sigma-Aldrich) was used at doses of 0.01, 0.02, 0.1, or 1.0 mg/kg,
and compared with saline. When multiple LPS injections were per-
formed, we used a random order at 1 week intervals, between 11:00 A.M.
and 12:00 P.M. EST (Eastern Standard Time).

Body temperature and locomotor activity recordings. Tb and locomotor
activity (LMA) were recorded using the radiotelemetry DSI system. The
signal was sent from the telemetry probes previously implanted to receiv-
ers and converted using the PhysioTel HD and PhysioTel (DSI) hard-
ware, which provides the mean of Tb every 5 min.

Stress protocol. Singly housed mice were switched to an empty cage that
was previously occupied by a single male (cage exchange stress). Stress
protocols were performed between 11:00 A.M. and 12:00 P.M. EST, and
food and water were provided during the protocols ad libitum (Machado
et al., 2018).

Thermal challenge protocol. Singly housed mice were habituated for 3 d
in an environmental chamber at 22°C, then mice were exposed to ther-
mal challenges (4°C, cold; or 37°C, warm) for 4 h starting between 11:00
A.M. and 12:00 P.M. EST. Food and water were provided during the
protocols ad libitum.

Perfusion and brain sectioning. After performing the experimental pro-
tocols or 7–10 d after CTb injections mice were deeply anesthetized with
chloral hydrate (1.5% body weight, i.p., 7% solution) and transcardially
perfused with 30 ml of PBS and then 30 ml of 10% pH neutral formalin
(Thermo Fisher Scientific). Brains were extracted and postfixed over-
night in 10% formalin and then stored in 20% sucrose until sectioned
using a freezing microtome (40 �m coronal sections into three series).
Following sectioning, tissue was stored at 4°C in PBS containing the
preservative sodium azide until processed for histology.

Injection sites. To confirm the injection sites, one series of the tissue was
mounted and coverslipped with hard-set mounting media (Vectashield) for
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native fluorescence (GFP or mCherry). We used a mouse brain atlas
(Franklin and Paxinos, 2008) to determine coordinates for injection
sites. Only animals with the histological confirmation of the region tar-
geted were used for analyses. We used a heatmap showing overlapping of
the AAV-mCherry-DTA � injection sites of every mouse used in these
experiments. To construct the heatmap, we converted the photomicrog-
raphy of the injection site into a binary one, applied a Gaussian filter to
remove remaining noise, and stacked them together using Matlab
(Machado et al., 2018).

In situ hybridization. One or two series of the POA brain sections from
EP3R flox, VGluT2-crexEP3R flox, Vgat-crexEP3R flox, and PACAP-IRES-
cre male or female mice were used for Ptger3 (EP3R) mRNA, Slc17a6
(VGluT2), or Slc32a1 (Vgat) mRNA labeling by RNA scope in situ hy-
bridization. For this, brains were sectioned at 30 �m and then mounted
on Superfrost Plus slides in RNAase-free conditions. The slides were then
warmed in a dry oven for 30 min at 40°C, and an RNAScope Multiplex
Fluorescent Reagent Kit V2 (catalog #323100, Advanced Cell Diagnos-
tics) was applied over the tissue area. All sections were pretreated with
hydrogen peroxide for 20 min at room temperature, and target retrieval
was performed for 5 min by placing the slides in a steamer (�99°C). Then
the sections were dehydrated in 90% alcohol and air dried for 5 min,
followed by a treatment with protease reagent (Protease III) for 30
min at 40°C. After rinsing in sterile water, sections were incubated in
their respective RNA-scope probes for Ptger3-C1 (RNAscope Probe-
Mm-Ptger3; catalog #504481, Advanced Cell Diagnostics), Slc17a6-
C1(RNAscope Probe- Mm-Slc17a6; catalog #319171, Advanced Cell
Diagnostics), and Slc32a1-C1(RNAscope Probe- Mm-Slc32a1; catalog
#319191, Advanced Cell Diagnostics) for 2 h at 40°C for hybridization.
Sections were then incubated in three amplification reagents at 40°C
(AMP1, AMP2 for 30 min each, and AMP3 for 15 min) and followed by
horseradish peroxidase-C1 (HRP-C1) amplification at 40°C for 15 min.
Sections were incubated in TSA (Trichostatin A) plus Fluorescein or Cy5
fluorophores (catalog #NEL741001, PerkinElmer) in a 1:750 concentra-
tion for 30 min to visualize (channel 1 at 488 nm) Ptger3 and VGluT2/
Vgat (at 688 nm) mRNA. In the last step of the process, sections were
subjected to HRP blocking for 15 min at 40°C. After each of the protocol
steps, sections were washed with 1� in the wash buffer provided in the
kit. Slides were dried and coverslipped with Vectashield antifade mount-
ing medium (catalog #H-1400, Vector Laboratories).

Immunohistochemistry. All sections were processed free floating and
conducted at room temperature. For CTb immunofluorescence, the sec-
tions of the tissue were rinsed and incubated in a blocking solution of
10% horse serum, then rinsed and incubated with primary antibody
overnight (Goat anti-CTb; catalog#703, List Biological Laboratories).
The CTb antibody did not stain anything in sections from brains that had
not been injected. For streptavidin immunochemistry, we used the fol-
lowing secondary antibodies: donkey anti-goat biotinylated-IgG (1:1000;
Jackson ImmunoResearch); followed by Invitrogen Cy5-conjugate
streptavidin (1:500; catalog #SA1011, Thermo Fisher Scientific) or Cy3-
conjugate streptavidin (1:500; catalog #016-160-084, Jackson Immu-
noResearch) to visualize fluorescence. Sections were then rinsed and
mounted onto glass slides, slides were dried, and coverslipped with
Vectashield.

Following the VGluT2, Vgat or EP3R RNAscope in situ hybridiza-
tion, immunolabeling of GFP was performed on the same sections.
Sections were incubated in Rabbit anti-GFP (1:7500; Catalog#A6455;
Lot#1220284; Molecular probes) overnight at 4°C, washed in PBS (2 � 2
min) and incubated in secondary antibody (Alexa Fluor 488 donkey
anti-Rabbit; 1:500; catalog #A-21206, Life Technologies) for 2 h at room
temperature. After another round of washes, slides were dried and cov-
erslipped with Vectashield.

Quantitative analyses of histology. For all experiments counting num-
ber of colocalizations in the MnPO, we counted neuronal profiles with
clearly defined nuclei located at two or three levels of coronal sections (30
or 40 �m) from the MnPO. The most rostral coronal section was taken
from the beginning of the third ventricle over and around the dorsal cap
of the organum vasculosum of the lamina terminalis (OVLT; bregma
�0.5 mm; Franklin and Paxinos, 2008). For the second and third coronal
sections, we counted neuronal profiles ventral to and around the middle

of the anterior commissure (ac); the ventral part extended to the upper
border of the third ventricle (bregma �0.14 to �0.38).

To determine the number of colocalizations in the ventrolateral pre-
optic nucleus (VLPO; bregma �0.10 to �0.14), we counted neuronal
profiles from two coronal sections (40 �m) at the level and caudal to the
end of the ac; both sections were rostral to the most rostral part of the
paraventricular nucleus of the hypothalamus. An Abercrombie correc-
tion was applied to all cell counts (Guillery, 2002).

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism version 7 (GraphPad Software). Following a test for normality
(D’Agostino and Pearson omnibus test), significant differences were de-
termined using either repeated-measures one-way ANOVA or two-way
ANOVA both followed by Bonferroni’s correction or, for statistical tests
between two groups, an unpaired t test or paired t test was used. Data are
presented as the mean � SEM. The statistical test used, statistical signif-
icance, and number of animal subjects per group are reported in the
Results or figure legends; data were considered to be statistically signifi-
cant when p � 0.05. We used power analyses (www.biomath.info) using
means and SDs derived from our data, which show that our study was
powered to detect a 0.67°C change in Tb with �80% reliability for
EP3R flox mice. For the VGluT2-crexEP3R flox mice, our study was pow-
ered to detect an effect size of a 0.87°C change in Tb with �80% reliabil-
ity, and for Vgat-crexEP3R flox mice the effect size of a 0.62°C change in
Tb with �80% reliability.

Results
MnPO VGluT2 and VLPO VGluT2 neurons express EP3R
and innervate the RPa
First, we used the RNA-scope in situ hybridization technique to
label Ptger3 (EP3R) exon 1 mRNA (Fig. 1a, red) and Slc17a6
(VGluT2; Fig. 1b,c, green) to determine whether glutamatergic
MnPO neurons coexpress EP3R (Fig. 1c). We found that virtually
all MnPO neurons expressing EP3R mRNA also contained
VGluT2 mRNA [96.48 � 0.18% (mean � SEM) of the EP3R-
expressing MnPO neurons were VGluT2� cells, N � 2]. To iden-
tify the phenotype of MnPO neurons projecting to RPa, we used
a retrograde traditional tracer method (CTb) injected into the
RPa of three VGluT2-IRES-cre � L10-GFP reporter mice (Fig.
1d) and two Vgat-IRES-cre � L10-GFP reporter mice (Fig. 1k).
Using this methodology, we found that 92 � 3.0% (mean �
SEM) of the RPa-projecting (magenta) MnPO neurons were glu-
tamatergic (Fig. 1e,f,i,j, green), while MnPO Vgat neurons (Fig.
1g–j, green) accounted for only 6.63 � 1.63% of RPa-projecting
(red) neurons. This result confirms our previous anterograde
tracing observations of abundant RPa-projecting MnPO VGluT2

innervation, but sparse MnPO Vgat projections to the RPa (Abbott
et al., 2016). Surprisingly, we also revealed a similar percentage of
RPa-projecting glutamatergic and GABAergic neurons in the
VLPO [91.9 � 2.0% of neurons labeled with CTb also expressed
VGluT2� (Fig. 1t–v), while 12.5 � 12% of CTb-labeled neurons
expressed Vgat� (Fig. 1p)]. Together, these anatomical observa-
tions suggest that EP3R-expressing POA VGluT2 neurons may
project to and modulate the activity of the RPa neurons directly.
However, MnPO Vgat and VLPO Vgat neurons have little direct
input to the RPa (Fig. 1p,q). Thus, RPa-projecting MnPO VGluT2

and VLPO VGluT2 neurons may represent at least a subpopulation
of the neurons shown to produce a fall in Tb after chemogenetic
activation or optogenetic stimulation of preoptic glutamatergic
neurons (Abbott and Saper, 2017; Zhao et al., 2017). In addition,
the VLPO Galanin neurons shown by Kroeger et al. (2018) to cause
hypothermia when activated chemogenetically are probably
glutamatergic neurons and are likely to be distinct from the
VLPO Galanin GABAergic neurons that regulate sleep.
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PACAP � neurons in the preoptic area coexpress EP3R
and project to the RPa
Tan et al. (2016) reported that MnPO PACAP/BDNF� cells are
warm-responsive neurons and when activated optogenetically
produced a reduction in Tb (Tan et al., 2016). We therefore used
in situ hybridization for Ptger3 (EP3R) exon 1 mRNA labeling or
VGluT2 mRNA in tissue from MnPO of two PACAP-IRES-Cre-
GFP reporter mice to determine whether the MnPO EP3R neurons
are related to this PACAP population. We found that a majority
of MnPO EP3R (Fig. 2a, red) neurons express PACAP [Fig. 2b,c,
green; 77.06 � 0.13% (mean � SEM) of the EP3R-expressing
MnPO neurons were PACAP� cells, N � 2]. Using CTb as a
retrograde tracer in the RPa (Fig. 2e, red) of PACAP-IRES-cre-
GFP mice, we also found that 76 � 3.6% of the RPa-projecting
MnPO neurons are PACAP� cells (Fig. 2f– h, green). In addition,
a majority of MnPO PACAP neurons were found to be glutamater-
gic (Fig. 2i,k, magenta; 55.66 � 8.67% of the MnPO PACAP neu-
rons show colocalization with VGluT2 mRNA, N � 3), whereas

only 2.21 � 0.27% of PACAP cells in the MnPO show colocaliza-
tion with mRNA for Vgat (N � 3; Fig. 2l–n). Similarly, Zhao et al.
(2017) demonstrated that BDNF� neurons in the MnPO are
mainly glutamatergic (59.8% of BDNF cells in the MnPO were
VGluT2�; 32.9% of BDNF cells in the MnPO were Vgat�). Fi-
nally, 40.5 � 7.8% (N � 3) of the RPa-projecting VLPO neurons
(red) were PACAP� neurons (Fig. 2p–r). Thus, although Tan et
al. (2016) had concluded that most of the PACAP/BDNF warm-
sensitive cells in the MnPO contained GAD2, and were therefore
GABAergic, it appears that most of these cells are instead
glutamatergic.

Ablation of MnPO VGluT2 neurons precludes fever responses
We then used cell-specific ablation (using a Cre-dependent
AAV-DTA that produces diphtheria toxin A in Cre-expressing
neurons) in the MnPO of VGluT2-IRES-cre mice or VGluT2-
IRES-cre-GFP reporter mice (VGluT2-cre-DTA mice; DTA_V-
GluT2), and WT littermates (WT-DTA; DTA_WT) as controls

Figure 1. Glutamatergic neurons in the MnPO and VLPO express EP3R and innervate the RPa. a, RNA-scope in situ hybridization reveal EP3R-expressing neurons (red) in the MnPO of an EP3R flox

mouse [96.48 � 0.18% (mean � SEM) of the EP3R-expressing MnPO neurons were VGluT2 � cells, n � 2]. b, RNA-scope in situ hybridization for VGluT2 (in green). c, White arrows demonstrate
neurons coexpressing EP3R (red) and VGluT2 (green). d, Schematic figure of retrograde traditional tracer (CTb) injected in the RPa of VGluT2-IRES-cre-GFP mouse. e–j, RPa-projecting MnPO neurons
(magenta) with higher mag view (e) of box in f, MnPO Vglut2 neurons (green) with higher mag view (g) in h, and the merged image with of RPa-projecting MnPO Vglut2 neurons (i) showing overlap
(white; 92 � 3.0% of all retrogradely labeled neurons), red arrows demonstrating CTb labeled/VGluT2 � cells, and a white arrow showing a single CTb labeled non-VGluT2 cells, with j showing a
higher mag view. k, Schematic figure of retrograde traditional tracer (CTb) injected in the RPa of Vgat-IRES-cre-GFP. l– q, RPa-projecting MnPO neurons (red) with higher mag view (m); MnPO Vgat

neurons (green) with higher mag view (n, o); and the merged image ( p) with doubly labeled neurons in yellow (6.63 � 1.63%), blue arrows marking the few CTb labeled/Vgat � cells, and white
arrows CTb mark retrogradely labeled non-Vgat cells, with higher mag view (q). r, Schematic figure of retrograde traditional tracer (CTb) injected in the RPa of VGluT2-IRES-cre-GFP mouse. s,
Representative fluorescence image of the CTb injection in the RPa. t–v, RPa-projecting VLPO neurons (magenta; t), VLPO Vglut2 neurons (green; u), and the merged image (white) of RPa-projecting
(magenta) VLPO Vglut2 neurons (green) in the bottom panel (v; 	91.9 � 2.0% of the CTb-labeled neurons show colocalization with VGluT2), red arrows demonstrate colocalization of CTb labeled
in theVGluT2 � cells, and white arrows CTb-labeled non-VGluT2 cells. 3V, Third ventricle.
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(Fig. 3a) to test whether MnPO VGluT2 neurons are necessary for
febrile responses.

Our results demonstrated that ablation of MnPO VGluT2 neu-
rons (n � 6; Fig. 3b,d) at 22°C ambient temperature produced no
change in mean 24 h baseline Tb (DTA_VGluT2, 36.4 � 0.03°C;
DTA_WT, 36.59 � 0.04°C; p � 0.78, two-way ANOVA) or LMA
(DTA_VGluT, 21.7 � 0.1 cpm; DTA_WT, 3.0 � 0.16 cpm; p �
0.80, two-way ANOVA) compared with intact WT-DTA mice
(N � 6) during 24 h of the baseline recording (Fig. 3c).

However, when VGluT2_DTA mice were treated with LPS
(0.2 mg/kg), we found virtually no fever response (peak, 	0.4°C)
compared with the same mice treated with saline (n � 6). By
contrast, WT-DTA mice treated with LPS (n � 6) showed a fever
of 	1.8°C compared with the same WT-DTA mice treated with
saline. Analyses were made during the 2 h peak of fever after the
initial hyperthermia induced by handling stress, 1–3 h after the
LPS or saline injections (Fig. 3e; DTA_VGluT2 LPS, 36.64 �

0.02°C; DTA_VGluT2 saline, 36.23 � 0.04°C; WT_LPS 37.14 �
0.06°C; DTA_WT saline, 35.91 � 0.04°C; ***p � 0.001, ****p �
0.0001; F(3,355) � 102.2, two-way ANOVA, followed by Bonfer-
roni’s post hoc test; N � 6 DTA_VGluT2 LPS; N � 6 DTA_
VGluT2 saline; N � 6 DTA_WT LPS; N � 3 DTA_WT saline).
VGluT2-cre-DTA mice treated with LPS or saline showed no
differences in their LMA patterns, and no changes in LMA were
observed between the two groups treated with LPS (DTA_
VGluT2 LPS, 0.5 � 0.09 cpm; DTA_WT LPS, 0.35 � 0.07 cpm;
DTA_VGluT2 saline, 0.99 � 0.19 cpm; DTA_WT SAL, 1.24 �
0.24; p � 0.09, F(3,350) � 2.1, two-way ANOVA, followed by
Bonferroni’s post hoc test; N � 6 DTA_VGluT2 LPS; n � 6
DTA_VGluT2 saline; N � 6 DTA_WT LPS; N � 3 DTA_WT
saline; Fig. 3e,g).

These same mice were also subjected to a cage exchange stress
protocol (being placed in a cage previously occupied by another
male mouse) to test whether MnPO VGluT2 neurons modulate

Figure 2. PACAP � neurons in the MnPO and VLPO express EP3R and innervate the RPa. a, RNA-scope in situ hybridization reveals EP3R-expressing neurons (red) in the MnPO of a PACAP-IRES-
cre-GFP mouse. b, PACAP � neurons (green) in the MnPO. c, Blue arrows demonstrate neurons coexpressing EP3R (red) and PACAP � neurons (green), and white arrows show EP3R-expressing
MnPO non-PACAP cells [77.06 � 0.13% (mean � SEM) of the EP3R-expressing MnPO neurons were PACAP � cells]. d, Schematic figure of retrograde traditional tracer (CTb) injected in the RPa of
PACAP-IRES-cre-GFP mouse. e–g, RPa-projecting MnPO neurons (red; e), MnPO PACAP neurons (green; f ), and the merged image with yellow doubly labeled neurons (	76 � 3.6%), blue arrows
demonstrate colocalization of CTb and PACAP, and white arrows CTb labeled non-PACAP cells (g). h, Higher magnification image of the RPa-projecting (red) MnPO PACAP neurons (green) from g. i– k,
RNA-scope in situ hybridization for VGluT2 mRNA (magenta) in tissue from PACAP-IRES-Cre-GFP reporter mouse (i), PACAP cells in the MnPO (green; j), and k shows the colocalization (white) of
PACAP and VGluT2 (55.66 � 8.67.4% of the MnPO PACAP neurons show colocalization with VGluT2 �; n � 3). l–n, RNA-scope in situ hybridization for Vgat mRNA (magenta) in tissue from
aPACAP-IRES-Cre-GFP reporter mouse (l ), PACAP cells in the MnPO (green; m), and PACAP neurons and Vgat (only 2.21 � 0.27% of PACAP cells in the MnPO show colocalization with mRNA for Vgat;
n). o, Schematic figure of retrograde traditional tracer (CTb) injected in the RPa of PACAP-IRES-cre-GFP mouse. p–r, RPa-projecting VLPO neurons (red; p), VLPO PACAP neurons (green; q), and the
merged image (yellow) showing RPa-projecting (red) VLPO PACAP neurons (green; 40.5 � 7.8% of the CTb labeled neurons also expressed PACAP), blue arrows demonstrate colocalization of CTb and
PACAP, and white arrows CTb labeled non-PACAP cells (r). 3V, Third ventricle.
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Figure 3. Ablation of MnPO Vglut2 neurons eliminates fever induced by LPS and causes hyperthermia during behavioral stress. a, Schematic figure of AAV-DTA injection in the MnPO of
VGluT2-IRES-cre-GFP, VGluT2-IRES-cre, or WT mice. b, A heatmap of the injection sites of all experimental mice. c, Baseline Tb of VGluT2-Cre mice injected with AAV-DTA (n � 6) or WT mice (n �
6) as control (DTA_VGluT2, 36.4 � 0.03°C; DTA_WT, 36.59 � 0.04°C; two-way ANOVA, p � 0.78 during 24 h) and baseline locomotor activity of the same mice (DTA_VGluT2, 1.7 � 0.1 cpm;
DTA_WT, 3.0 � 0.16 cpm; p � 0.80, two-way ANOVA). d, The top panels show the mCherry (red) expression in the non-VGluT2 neurons in the MnPO outlining the AAV injection site, the middle
panels show the remained VGluT2 neurons (green) in the POA region of a VGluT2-IRES-cre-GFP reporter mouse, and the bottom panels show the efficiency of AAV-DTA ablation of MnPO Vglut2

neurons in two coronal sections from the same VGluT2-IRES-cre-GFP reporter mouse (few if any green VGluT2 neurons are left in the field of red neurons that marks the AAV-DTA injection); no
colocalization of VGluT2 neurons (green) and mCherry (red) was seen. e, VGluT2-cre-DTA mice injected with LPS (0.02 mg/kg; n � 6; red) showed minimal fever responses compared with WT-DTA
mice injected with same dose of LPS (n � 6; black). However, no difference was found in LMA patterns between groups treated with LPS. f, During the cage exchange stress protocol, VGluT2-cre-DTA
mice (red) showed an increase in Tb compared with mice only handled (gray), but not transferred to a dirty cage, and a higher increase in Tb than WT-DTA subjected to same stress protocol (black).
In addition, VGluT2-cre-DTA mice handled, but not transferred to a dirty cage, show a greater increase in Tb compared with WT-DTA handled mice (light gray). VGluT2-cre-DTA mice also show a
greater increase in locomotion compared with WT-DTA mice during both handling and cage exchange stress. g, During the peak of the fever response, VGluT2-cre-DTA mice show a Tb increase of
	0.4°C compared with the same mice treated with saline (n � 6), while WT-DTA mice treated with LPS show an increase of 	1.8°C compared with saline (DTA_VGluT2 (Figure legend continues.)
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hyperthermia induced by stress (Machado et al., 2018). During
the first 2 h of the cage exchange protocol, VGluT2-cre-DTA
mice showed an increase in Tb (	1.65°C) compared with the
same mice handled in the same way, but placed in their own
cages, and a higher increase in Tb (	0.7°C) when compared with
WT-DTA mice subjected to the same stress protocol. In addition,
VGluT2-cre-DTA mice handled, but not transferred to a dirty
cage, show an increase in Tb compared with WT-DTA mice han-
dled in the same way (DTA_VGluT2 STRESS, 38.15 � 0.12°C;
DTA_WT STRESS, 37.47 � 0.12°C; DTA_VGluT2 Handled,
36.5 � 0.9°C; DTA_WT HANDLED, 35.98 � 0.08; ***p � 0.001,
****p � 0.0001, F(4,445) � 280.8 two-way ANOVA, followed by
Bonferroni’s post hoc test; N � 6 DTA_VGluT2 STRESS; N � 6
DTA_VGluT2 HANDLED; N � 6 DTA_WT STRESS; and N � 3
DTA_WT Handled). VGluT2-cre-DTA mice subjected to the
cage exchange protocol also show an increase in LMA when com-
pared with the same mice when handled or WT-DTA mice dur-
ing the first 2 h of stress (DTA_VGluT2 STRESS, 7.39 � 0.7 cpm;
DTA_WT STRESS, 3.8 � 0.5 cpm; DTA_VGluT2 HANDLED,
1.3 � 0.2 cpm; DTA_WT HANDLED, 0.8 � 0.2 cpm; ***p �
0.001, ****p � 0.0001, F(3,425) � 89.78 two-way ANOVA, fol-
lowed by Bonferroni’s post hoc test; n � 6 DTA_VGluT2 STRESS;
n � 6 DTA_VGluT2 HANDLED; n � 6 DTA_WT STRESS; n �
3 DTA_WT HANDLED; Fig. 3f,h). Thus, the MnPO VGluT2 neu-
rons are not required for hyperthermic stress responses, and de-
letion of MnPO VGluT2 neurons does not prevent normal daily
thermoregulation or other hyperthermic responses at 22°C.

Role of MnPO Vgat neurons during fever induced by LPS or
stress-induced hyperthermia
We then injected Cre-dependent AAV-DTA in the MnPO of
Vgat-IRES-cre mice or Vgat-IRES-cre-GFP mice (Vgat-cre-DTA
mice; DTA_Vgat), and WT littermates (WT-DTA; DTA_WT) as
controls (Fig. 4a) to investigate the role of MnPO Vgat neurons in
regulating Tb and LMA responses to LPS injection and during
cage exchange stress or thermal challenges.

Under baseline conditions, ablation of MnPO Vgat neurons
(n � 7; Fig. 4b,d) produced no change in Tb compared with intact
WT-DTA mice (n � 7; DTA_Vgat, 36.71 � 0.03°C; DTA_WT,
36.52 � 0.04°C; p � 0.95, two-way ANOVA) or LMA (DTA_V-
gat, 2.62 � 0.12 cpm; DTA_WT, 1.41 � 0.08 cpm; p � 0.35,
two-way ANOVA) during 24 h of baseline recording (Fig. 4c).

In response to LPS injection (0.02 mg/kg), Vgat-cre-DTA

mice and WT mice injected with AAV-DTA showed similar fever
responses when compared with Vgat-cre-DTA mice treated with
saline [during the 2 h peak of Tb after initial hyperthermia in-
duced by handling stress (i.e., 1–3 h after injection); DTA_Vgat
LPS, 37.15 � 0.05°C; DTA_WT LPS, 37.11 � 0.07°C; DTA_Vgat
saline, 36.08 � 0.04°C; ***p � 0.001, ****p � 0.0001, F(2,435) �
147.8, two-way ANOVA, followed by Bonferroni’s post hoc test;
n � 7 DTA_Vgat LPS; N � 7 DTA_Vgat saline; and N � 7
DTA_WT LPS]. Additionally, ablation of MnPO Vgat neurons did
not prevent the reduction of locomotor activity induced by LPS
injection, a sign of sickness behavior, when compared with the
same mice treated with saline, and as expected both groups in-
jected with LPS show similar LMA responses (DTA_Vgat LPS,
0.24 � 0.03 cpm; DTA_WT LPS, 0.24 � 0.04 cpm; DTA_Vgat
saline, 0.88 � 0.12 cpm; ***p � 0.001, ****p � 0.0001, F(2,400) �
17.07, two-way ANOVA; N � 7 DTA_Vgat LPS; N � 7 DTA_
Vgat saline; and n � 7 DTA_WT LPS; Fig. 4e,g).

These same Vgat-cre (N � 7) and WT (N � 6) mice injected
with AAV-DTA were also subjected to cage exchange stress. The
Vgat-cre-DTA mice show a slight increase in stress hyperthermia
when compared with WT-DTA mice (DTA_Vgat STRESS,
37.47 � 0.12°C; DTA_WT STRESS, 36.92 � 0.11°C; ***p �
0.001, ****p � 0.0001, F(3,442) � 102.4, two-way ANOVA, fol-
lowed by Bonferroni’s post hoc test), and both groups had stress
hyperthermia compared with the Vgat-cre-DTA mice who were
handled but put back in their own cages (producing a small and
short-lived elevation of Tb). However, no difference was found
between the groups that were merely handled (DTA_Vgat
HANDLED, 36.22 � 0.11°C; DTA_WT HANDLED, 36.31 �
0.09°C; p � 0.99, two-way ANOVA, followed by Bonferroni’s
post hoc test; N � 5 Vgat-cre HANDLED; and N � 4 DTA_WT
HANDLED). Interestingly, during cage exchange stress, the ab-
lation of MnPO Vgat neurons induced an increase in LMA
throughout the first 2 h of the stress protocol compared with WT-
DTA mice (DTA_Vgat STRESS, 5.66 � 0.6 cpm; DTA_WT
STRESS, 4.05 � 0.57 cpm; ***p � 0.001, ****p � 0.0001, F(3,450) �
67.89, two-way ANOVA, followed by Bonferroni’s post hoc test).
However, no difference was found between the groups when the
animals were only handled (DTA_Vgat HANDLED, 1.0 � 0.3 cpm;
DTA_WT HANDLED, 1.36�0.3 cpm; p�0.99, two-way ANOVA,
followed by Bonferroni’s post hoc test; N � 5 Vgat-cre HANDLED;
and N � 4 DTA_WT HANDLED; Fig. 4f,h).

Both MnPO VGluT2 and MnPO Vgat neurons play a role in warm
and cold responses
We habituated the same VGluT2-cre-DTA mice, Vgat-cre-DTA
mice, and the DTA-injected WT littermates in an environmental
chamber at 22°C for at least 3 d then exposed them to cold or
warm conditions (4°C, cold; 37°C, warm) for 4 h (ZT4 to ZT9;
Fig. 5a). During baseline (ZT4 to ZT9 at 22°C), VGluT2-cre-DTA
mice (N � 6) had similar Tb compared with WT-DTA mice (n �
6; DTA_VGluT2, 35.72 � 0.02°C; DTA_WT, 35.8 � 0.02°C
35.72; p � 0.06 unpaired t test). However, during exposure to the
cold condition, VGluT2-cre-DTA mice (N � 6) show a small
decrease in Tb compared with WT-DTA mice (N � 5), reflected
in an increase of the area under the curve (AUC), which was
calculated relative to the baseline (before cold), of the Tb re-
sponses when compared with WT-DTA mice (34.17 � 4.1 AUC,
DTA_VGluT2; 17.68 � 2.7, AUC DTA_WT; unpaired t test, p �
0.0001; Fig. 5b). Although statistically significant, the difference
between the groups was small (	0.2°C), and no difference was
found between the LMA of the two groups. During the warm
condition, VGluT2-cre-DTA mice (n � 6) showed a greater in-
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(Figure legend continued.) LPS, 36.64 � 0.02°C; DTA_VGluT2 saline, 36.23 � 0.04°C;
DTA_WT LPS, 37.14 � 0.06°C; DTA_WT saline, 35.91 � 0.04°C; ***p � 0.001, ****p �
0.0001, F(3,355) � 102.2, two-way ANOVA, followed by Bonferroni’s post hoc test; n � 6
DTA_VGluT2 LPS; n � 6 DTA_VGluT2 saline; n � 6 DTA_WT LPS; n � 3 DTA_WT saline), but
no changes were found in LMA. h, During the first 2 h of the cage exchange protocol, VGluT2-
cre-DTA mice showed an increase in Tb compared with the same mice handled in the same way,
but placed in their own cages, and a higher increase in Tb when compared with WT-DTA mice
subjected to the same stress protocol. VGluT2-cre-DTA mice handled also show an increase in Tb
compared with WT-DTA mice handled in the same way (DTA_VGluT2 STRESS, 38.15 � 0.12°C;
DTA_WT STRESS, 37.47 � 0.12°C; DTA_VGluT2 Handled, 36.5 � 0.9°C; DTA_WT HANDLED,
35.98 � 0.08; ***p � 0.001, ****p � 0.00011, F(4,445) � 280.8, two-way ANOVA, followed
by Bonferroni’s post hoc test; n � 6 DTA_VGluT2 STRESS; n � 6 DTA_VGluT2 HANDLED; N � 6
DTA_WT STRESS; and N � 3 DTA_WT Handled). VGluT2-cre-DTA mice subjected to the cage
exchange protocol also show an increase in locomotion when compared with the same mice
when handled or WT-DTA mice during the first 2 h of stress (DTA_VGluT2 STRESS, 7.39 � 0.7
cpm; DTA_WT STRESS, 3.8 � 0.5 cpm; DTA_VGluT2 HANDLED, 1.3 � 0.2 cpm; DTA_WT
HANDLED, 0.8 � 0.2 cpm; ***p � 0.001, ****p � 0.0001, F(3,425) � 89.78 two-way ANOVA,
followed by Bonferroni’s post hoc test; n � 6 DTA_VGluT2 STRESS; n � 6 DTA_
VGluT2_HANDLED; n � 6 DTA_WT STRESS; n � 3 DTA_WT HANDLED). 3V, Third ventricle.
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Figure 4. Ablation of MnPO Vgat neurons does not prevent fever induced by LPS. a, Schematic figure of AAV-DTA injection in the MnPO of Vgat-IRES-cre-GFP, Vgat-IRES-cre, or WT mice. b, A
heatmap of the injection sites of all experimental mice. c, There was no difference in baseline Tb of Vgat-Cre mice injected with AAV-DTA (n � 7) or WT mice (n � 7) as controls (DTA_Vgat, 36.71 �
0.03°C; DTA_WT, 36.52 � 0.04°C; two-way ANOVA, p � 0.95) during 24 h and baseline locomotor activity of DTA_Vgat mice (DTA_Vgat, 2.62 � 0.12 cpm; DTA_WT, 1.41 � 0.08 cpm; p � 0.35,
two-way ANOVA). d, The top panels show the mCherry (red) expression in the non-Vgat neurons in the MnPO of a Vgat-IRES-cre-GFP reporter mouse injected with the AAV-DTA, the central panels
show the remained GABAergic (Vgat) neurons (green) in the POA region and the bottom panels show the efficiency of AAV-DTA to promote ablation of MnPO Vgat in two coronal sections from the
same Vgat-IRES-cre-GFP reporter mouse; no colocalization of Vgat neurons (green) and mCherry (red) was seen. e, In response to LPS injection (0.02 mg/kg), Vgat-Cre-DTA mice and WT mice showed
fever responses when compared with Vgat-cre-DTA mice treated with saline, but the two groups injected with LPS (Vgat-cre or WT) were not different from each other. Vgat-cre-DTA mice treated
with LPS show a reduction of LMA when compared with the same mice treated with saline, but no difference was found in LMA comparing the two groups treated with LPS. f, The Vgat-cre-DTA mice
show an increase in Tb and LMA during cage exchange stress when compared with WT mice subjected to the same protocol, but no difference was found between the (Figure legend continues.)
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crease in Tb of 	0.8°C when compared with WT-DTA mice
(N � 5; 103.4 � 3.3, AUC DTA_VGluT2; 92.89 � 3.5, AUC WT;
unpaired t test, p � 0.0006; Fig. 5c), but no changes were observed
in locomotion of these mice during heat stress. Consistent with
the cage exchange result, these results suggest that during warm-
ing, the MnPO Vglut2 neurons help engage heat loss mechanisms.

When Vgat-cre-DTA mice were subjected to thermal chal-
lenges (4°C, cold; 37°C, warm) or during baseline (ZT4 to ZT9 at
22°C) the ablation of MnPO Vgat neurons resulted in a slightly
higher Tb than in WT-DTA animals. During the baseline condi-
tion, Vgat-cre-DTA (N � 7) show an increase in Tb of 	0.3°C
when compared with WT-DTA (N � 7; DTA_Vgat, 36.15 �
0.02°C; DTA_WT, 35.81 � 0.02°C; p � 0.0001, unpaired t test).

During exposure to the cold condition, Vgat-cre-DTA mice
(N � 6) show an 	0.5°C higher Tb compared with WT mice (n �
8; DTA_Vgat, 14.87 � 3.2 AUC; DTA_WT, 19.43 � 2.6, AUC
DTA_WT; unpaired t test, p � 0.007; Fig. 5d), and during the
warm condition these same Vgat-cre-DTA mice show a similar
	0.5°C greater increase in Tb when compared with WT mice
(76.09 � 2.38, DTA_Vgat AUC; 51.76 � 2.4, WT AUC; unpaired
t test, p � 0.0001; Fig. 5e). While these differences during thermal
challenges were statistically significant, they are relatively small
(	0.5°C), suggesting that MnPO Vgat neurons also play a modest
role in heat loss. In addition, we did not observe changes in the
locomotion pattern of Vgat-cre-DTA mice compared with WT-
DTA mice during cold or heat stress.

EP3R-expressing MnPO neurons mediate fever responses
To confirm the earlier observation by Lazarus et al. (2007) that
the MnPO EP3R-expressing neurons are necessary for LPS fever,
10 mice in which loxP sites had been placed surrounding the first
exon of the EP3R (Ptger3Rlox/lox, which we will refer to as EP3R flox

mice here; Lazarus et al., 2007; Fig. 6a,b) received stereotaxic
microinjections of a viral vector in the MnPO carrying the gene
for Cre recombinase (AAV-iCre-2A-Venus, N � 5) or AAV-GFP,
as controls (N � 5; Fig. 6c,d). Our injection sites covered not only
the MnPO, but also the OVLT and the VLPO. All these regions
contain neurons that express EP3R, and these neurons in both the
OVLT and rostral VLPO are continuous with and appear to rep-

resent an extension of the MnPO EP3R population (Fig. 3, Oka et
al., 2000; Fig. 2a, Lazarus et al., 2007). All mice received intraperi-
toneal injections of two different doses of LPS (0.01 mg/kg, low
dose; and 1 mg/kg, high dose), and saline as a control in random
order at 1 week intervals, and were subjected to cage exchange
stress, which causes behavioral hyperthermia (Machado et al.,
2018).

Control mice, injected with AAV-GFP, showed a brief stress
hyperthermia due to the handling during the injection of saline
(Lazarus et al., 2007), followed by rapid return to baseline. After
intraperitoneal injection of a low dose of LPS, the brief hyper-
thermia induced by handling was followed by a prolonged eleva-
tion of Tb (maximum 
Tb of 1.5 � 0.3°C at 150 min after LPS).
The high dose of LPS initially shortened the handling hyperther-
mia response and was associated with a Tb below that of the
saline-injected animals until 	1.5 h, when it was followed by an
elevation of Tb (maximum 
 of �1.19 � 0.3°C 	30 min after
LPS; F(94,511) � 2.0, two-way ANOVA, followed by Bonferroni’s
post hoc test; *#p � 0.0001, N � 5; Fig. 6e). When EP3R flox mice
injected with AAV-iCre-2A-Venus-2A-Cre were injected with a
low dose of intraperitoneal LPS, the handling hyperthermia
was shorter than in the animals injected with saline, suggesting
an initial hypothermic phase (
Tb of �1.04 � 0.4°C 	30 min
after LPS), followed by complete lack of the fever response
between 1.5 and 3 h. After the high dose of LPS, the handling
hyperthermia was also shortened and was followed by a pro-
longed period of profound hypothermia (maximum 
Tb,
�3.7 � 0.4°C, 	150 min after LPS; F(94,538) � 6.64, two-way
ANOVA, followed by Bonferroni’s post hoc test; *#p � 0.0001;
N � 5; Fig. 6f ). These results confirm previous observations
from Lazarus et al. (2007).

The mean baseline Tb of mice injected with AAV-iCre-2A-
Venus was slightly higher than controls injected with GFP [dur-
ing both the light phase (Fig. 6g; EP3R flox_iCre-Venus, 36.39 �
0.02°C; EP3R flox_GFP, 36.05 � 0.03°C; p � 0.0001;,unpaired t
test; N � 5 each group) and the dark phase (EP3R flox_iCre-
Venus, 37.23 � 0.03°C; EP3R flox_GFP, 37.05 � 0.02°C; p �
0.0001, unpaired t test; N � 5 each group), but no changes on
baseline LMA were observed between these two groups. Simi-
larly, EP3R flox mice injected with AAV-iCre-2A-Venus show
higher Tb after treatment with saline when compared with con-
trol mice injected with AAV-GFP (EP3R flox_iCre-Venus SAL,
36.62 � 0.02°C; EP3R flox_GFP, 36.23 � 0.02°C; p � 0.0001,
unpaired t test; N � 5 each group; Fig. 7h). However, after two
different doses of LPS, during the 2 h peak of Tb after initial
hyperthermia induced by handling stress (i.e., 1–3 h after injec-
tion), EP3R flox mice injected with AAV-iCre-2A-Venus show
lower Tb than controls (EP3R flox_iCre-Venus LPS 0.01 mg/kg,
36.59 � 0.01°C; EP3R flox_GFP, 36.83 � 0.02°C; p � 0.0001,
unpaired t test; N � 5 each group; Fig. 6i) and (EP3R flox_iCre-
Venus LPS, 1 mg/kg 33.97 � 0.13°C; EP3R flox_GFP, 36.48 �
0.04°C; p � 0.0001, unpaired t test; N � 5 each group; Fig. 6j), but
both groups had similar Tb and related locomotor responses to
cage exchange stress (FLMA(47,288) � 0.43. two-way ANOVA, fol-
lowed by Bonferroni’s post hoc test; p � 0.99, two-way ANOVA;
N � 4 each group). This last result demonstrates that both groups
had similar abilities to produce an increase in Tb during stress
and provides evidence that the lack of a hyperthermic response
after LPS injection in mice injected with AAV-iCre-2A-Venus is
not due to a disruption in the mechanisms for heat production or
conservation.

4

(Figure legend continued.) groups with handling. g, During the peak of the fever response, no
difference was found between Vgat-cre-DTA or WT-DTA groups treated with LPS; however,
Vgat-cre-DTA mice show a greater increase in Tb (fever response) after LPS when compared
with same mice treated with saline (DTA_Vgat LPS, 37.15 � 0.05°C; DTA_WT LPS, 37.11 �
0.07°C; DTA_Vgat saline, 36.08 � 0.04°C; ***p � 0.001, ****p � 0.0001, F(2,435) � 147.8,
two-way ANOVA, followed by Bonferroni’s post hoc test; n � 7 DTA_Vgat LPS; n � 7 DTA_Vgat
saline; and n � 7 DTA_WT LPS). Vgat-cre-DTA mice and WT-DTA treated with LPS show similar
patterns of LMA during the peak of fever response; however, Vgat-cre-DTA mice show a reduc-
tion of LMA when compared with the same mice treated with saline (DTA_Vgat LPS, 0.24 �
0.03 cpm; DTA_WT LPS, 0.24 � 0.04 cpm; DTA_Vgat saline, 0.88 � 0.12 cpm; ***p � 0.001,
****p � 0.0001, F(2,400) � 17.07, two-way ANOVA; n � 7 DTA_Vgat LPS; n � 7 DTA_Vgat
saline; and n � 7 DTA_WT LPS). h, During the first 2 h of stress, the ablation of MnPO Vgat

neurons also induced an increase in Tb and in LMA during cage exchange when compared with
WT-DTA mice also subjected to the same stress protocol, but no difference was found between
the groups with handling (DTA_Vgat STRESS, 37.56 � 0.12°C; WT_STRESS, 37.0 � 0.1°C;
DTA_Vgat HANDLED, 36.19 � 0.1°C; DTA_WT HANDLED, 36.31 � 0.09°C; ***p � 0.001,
****p�0.0001, F(3,442) �102.4, two-way ANOVA, followed by Bonferroni’s post hoc test; n�
5 Vgat-cre; n � 6 DTA_WT STRESS; and n � 4 DTA_WT HANDLED; DTA_Vgat STRESS, 5.8 �
0.7 cpm; DTA_WT STRESS, 3.7 � 0.5 cpm; DTA_Vgat HANDLED, 1.0 � 0.3 cpm; DTA_WT
HANDLED, 1.36�0.3 cpm; ***p�0.001, ****p�0.0001, F(3,450) �67.89, two-way ANOVA,
followed by Bonferroni’s post hoc test; n � 5 Vgat-cre; n � 6 DTA_WT STRESS; and n � 4
DTA_WT HANDLED). 3V, third ventricle.
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EP3R-expressing glutamatergic neurons are required for
LPS fever
To determine whether the fever response might be driven by the
MnPO EP3R neurons that express VGluT2 (96% of the EP3R-
expressing MnPO neurons in our first experiment) or an EP3R-
expressing GABAergic (Vgat�) population, we then crossed
EP3R flox mice with VGluT2-IRES-cre mice to cause deletion of
EP3R from VGluT2 neurons (VGluT2-CrexEP3R flox mice); or
with Vgat-IRES-cre mice to delete EP3R from Vgat neurons
(Vgat-crexEP3R flox mice; Fig. 7a). We then compared Tb in
VGluT2-CrexEP3R flox mice, Vgat-CrexEP3R flox mice, and their

wild-type littermates (WTxEP3R flox), which do not express Cre
recombinase after LPS administration.

The WTxEP3R flox animals injected with low-dose LPS (0.01
mg/kg) showed a typical handling hyperthermia followed by an
elevation of Tb of 	0.5°C at 150 min. The VGluT2-CrexEP3R flox

mice showed typical handling hyperthermia after saline injection,
but after low-dose LPS, this was foreshortened so that the Tb was
1.44 � 0.4°C lower than the response to saline at 45 min after
injection (F(166,922) � 1.2, two-way ANOVA, followed by Bonfer-
roni’s post hoc test, *#p � 0.04; n � 5 VGluT2-crexEP3R flox LPS;
N � 6 VGluT2-CrexEP3R flox saline; N � 3 WTxEP3R flox LPS)

Figure 5. MnPO Vglut2 and MnPO Vgat neurons modulate cold and heat stress responses. a, Schematic figure of exposure to a cold (4°C) or warm (37°C) environment. b, During exposure to 4°C,
VGluT2-cre mice injected with DTA (n � 6) show an increase of the AUC of the Tb response compared with WT (n � 5; 34.17 � 4.1, DTA_VGluT2; 17.68 � 2.7, DTA_WT; unpaired t test of AUC, p �
0.0001), but little effect in Tb (	0.2°C). c, During exposure to 37°C, the same VGluT2-cre-DTA mice show a greater Tb than WT-DTA mice (103.4�3.3, AUC DTA_VGluT2; 92.89�3.5, AUC DTA_WT;
unpaired t test, p � 0.0006). The progressive increase in Tb suggests a failure of homeostatic cooling, rather than resetting the set point. d, The ablation of MnPO Vgat neurons (n � 6) resulted in
a higher Tb response in Vgat-cre-DTA mice than in WT-DTA (n � 8) mice during exposure to cold (4°C); a small overall increase of Tb was found in in Vgat-cre-DTA, while a reduction of Tb was
observed in WT-DTA (14.87 � 3.2, AUC DTA_Vgat; 19.43 � 2.6, AUC DTA_WT; unpaired t test, p � 0.007). e, During the warm condition (37°C), these same Vgat-cre-DTA mice show a greater
increase in Tb when compared with WT-DTA mice (76.09 � 2.38, DTA_Vgat AUC; 51.76 � 2.4, DTA_WT AUC; unpaired t test, p � 0.0001). However, Tb was relatively stable after the initial hour,
suggesting that homeostatic thermoregulation remained. AUC was calculated relative to the baseline condition and used peaks above and under the values of baseline Tb.
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Figure 6. EP3R-expressing MnPO neurons mediate fever responses. a, Schematic figure of the genetic construct in EP3R flox mice, where the loxP sites are flanked at exon 1 of the Ptger3
gene, and the recombination in response to Cre recombinase. b, Stereotaxic microinjections of a viral vector in the MnPO carrying the gene for Cre recombinase, AAV-iCre-2a-Venus, or
AAV-GFP AAV-iCre-2A-Venus, or AAV-GFP in male EP3R flox mice. c, d, Representative fluorescence image of AAV-iCre-Venus (c) or AAV-GFP expression in EP3R flox mice (d). e, Control
EP3R flox mice, injected with AAV-GFP, showed a brief hyperthermic response to handling during the injection of saline, followed by a rapid return to baseline (gray line). However, the
same mice injected with a low dose of LPS show a more prolonged elevation of Tb after the stress fever (black line; maximum 
Tb of 1.5 � 0.3°C at 	150 min after intraperitoneal
administration of LPS 0.01 mg/kg). The high dose of LPS (1 mg/kg) initially shortened the handling hyperthermia response and was associated with a Tb below that of the saline-injected
animals until at 	1.5 h (red line), when it was followed by an elevation of Tb (maximum 
 of �1.19 � 0.3°C at 	30 min after intraperitoneal administration of LPS 1 mg/kg; F(94,511)

� 2.0, two-way ANOVA, followed by Bonferroni’s post hoc test, *#p � 0.0001; n � 5). f, When EP3R flox mice injected with AAV-iCre-2A-Venus-2A-Cre were treated with a low dose of
intraperitoneally administered LPS (black line), the handling hyperthermia was shorter than in the animals injected with saline (gray line), suggesting an initial hypothermic phase (
Tb
of �1.04 � 0.4°C at 	30 min after intraperitoneal administration of LPS 0.01 mg/kg), followed by complete lack of the fever response between 1.5 and 3 h. After the high dose of LPS,
the handling hypothermia was also shortened and was followed by a prolonged period of more profound hypothermia (maximum 
Tb �3.7 � 0.4°C, 	150 min after intraperitoneal
administration of LPS 1 mg/kg; F(94,538) � 6.64, two-way ANOVA, followed by Bonferroni’s post hoc test, *#p � 0.0001; n � 5). g, The baseline Tb of mice injected with AAV-iCre-Venus
was higher than controls during the light phase (EP3R flox_iCre-Venus 36.39 � 0.02°C vs EP3R flox_GFP 36.05 � 0.03°C, p � 0.0001 unpaired t test, N � 5 each group) and during the
dark phase when analyzed separately (EP3R flox_iCre-Venus, 37.23 � 0.03°C; EP3R flox_GFP, 37.05 � 0.02°C; p � 0.0001, unpaired t test; N � 5 each group). h, EP3R flox mice injected
with AAV-iCre-2A-Venus show also higher Tb after treatment with saline when compared with control mice injected with AAV-GFP (EP3R flox_iCre-Venus SAL, 36.62 � 0.02°C;
EP3R flox_GFP, 36.23 � 0.02°C; *p � 0.0001, unpaired t test; N � 5 each group). i, After injection of LPS 0.01 mg/kg, EP3R flox mice injected with AAV-iCre-2A-Venus show lower Tb than
controls (EP3R flox_iCre-Venus LPS 0.01 mg/kg, 36.59 � 0.01°C; EP3R flox_GFP, 36.83 � 0.02°C; *p � 0.0001 unpaired t test; N � 5 each group). (Figure legend continues.)
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Figure 7b. A similar effect was found 	45 min after a dose of 0.1
mg/kg LPS in VGluT2-CrexEP3R flox mice, except that Tb at 45
min after LPS was as much as 2.27 � 0.4°C less than same animals
injected with saline. The higher dose of LPS (0.1 mg/kg), injected
in WTxEP3R flox littermates caused an increase in Tb (maximum

 of 1.24 � 0.45°C at 	150 min and 1.07 � 0.45°C 5 h after LPS
injection; Fig. 7c; F(166,840) � 1.37, two-way ANOVA, followed by
Bonferroni’s post hoc test, *#p � 0.003, N � 4 VGluT2-
CrexEP3R flox LPS; n � 6 VGluT2-CrexEP3R flox saline; and n � 3
WTxEP3R flox LPS).

By contrast, when LPS was injected in Vgat-CrexEP3R flox

mice at low dose (0.01 mg/kg) and high dose (0.1 mg/kg) the
responses were nearly indistinguishable from the WTxEP3R flox

littermates. In response to a low dose of LPS (0.01 mg/kg), we
observed a maximum increase in Tb of 0.87 � 0.2°C in Vgat-
CrexEP3R flox mice compared with saline and the WTxEP3R flox

littermates of Vgat-CrexEP3R flox mice showed a similar fever
response after LPS injection of 1.00 � 0.3°C 	120 –150 min after
intraperitoneal administration of LPS (Fig. 7d; F(164,1078) � 1.35,
two-way ANOVA, followed by Bonferroni’s post hoc test, *#p �
0.003; N � 6 Vgat-Cre EP3R flox; n � 4 WTxEP3R flox). Injection
of LPS 0.1 mg/kg in Vgat-CrexEP3R flox mice caused fever re-
sponse of 1.28 � 0.3°C when compared with saline injection, and
a similar response was found in WTxEP3R flox mice injected with
the same dose of LPS (1.13 � 0.3°C), both peaking 	5 h after LPS
injection (Fig. 5e; F(164,1079) � 1.49, two-way ANOVA, followed
by Bonferroni’s post hoc test, *#p � 0.0002; N � 6 Vgat-
CrexEP3R flox; N � 4 WTxEP3R flox; Fig. 7e).

We also evaluated whether there were differences in the base-
line Tb of the VGluT2-CrexEP3R flox mice or Vgat-CrexEP3R flox

compared with their WTxEP3R flox littermates, but no difference
was found between the groups (36.83 � 0.03°C, VGluT2-
crexEP3R flox; 36.67 � 0.04°C, WTxEP3R flox; N � 6, and N � 4
respectively; p � 0.75, two-way ANOVA).

As a control to make sure that the deletion of EP3R from all
glutamate or GABA neurons in the CNS did not alter the ability of
animals to produce an elevation of Tb, we tested the stress hyper-
thermia response of the VGluT2-CrexEP3R flox and Vgat-
CrexEP3R flox compared with WTxEP3R flox mice in the cage
exchange paradigm. Consistent with previous experiments using
EP3R knock-out mice (Oka et al., 2003), EP3R selective deletion
from glutamatergic or GABAergic cell types did not prevent or
change stress-induced hyperthermia (F(82,642) � 0.5, two-way
ANOVA, followed by Bonferroni’s post hoc test, p � 0.99; N � 6
VGluT2-CrexEP3 flox; N � 4 WTxEP3R flox; F(82,559) � 1.09, two-
way ANOVA, followed by Bonferroni’s post hoc test, p � 0.27;
N � 6 Vgat-CrexEP3R flox; N � 3 WTxEP3R flox).

Finally, to confirm that the EP3R deletion in these animals was
complete and confined to the VGluT2 or Vgat population, we use
in situ hybridization with a probe against exon 1 of the Ptger3
gene, which is surrounded by loxP sites. We observed that
EP3R flox mice (Fig. 7f,i; N � 3) or WT BL6/C57 mice (data not
shown), and mice expressing Cre recombinase in Vgat neurons
(Vgat-CrexEP3R flox) showed essentially identical patterns of
mRNA labeling for EP3R mRNA in the MnPO, OVLT, and VLPO
regions (Fig. 7h,k; N � 4). However, mice expressing Cre recom-
binase in glutamatergic neurons (VGluT2-CrexEP3R flox mice)

showed no expression of EP3R mRNA in the MnPO, OVLT, or
VLPO (Fig. 7g,j; N � 4). On the other hand, EP3R mRNA expres-
sion was observed in other hypothalamic regions, such as the
DMH, ventromedial hypothalamus, lateral hypothalamus, and
arcuate nucleus of three VGluT2-CrexEP3R flox mice.

Discussion
In this study, we investigated the genetic identity of the EP3R-
expressing MnPO neurons that cause fever during an inflamma-
tory response. We used in situ hybridization to demonstrate that
MnPO Vglut2 neurons express EP3R and a traditional retrograde
tracer to show that RPa-projecting MnPO neurons are mainly
glutamatergic. We then demonstrated that cell-specific ablation
of the MnPO Vglut2 neurons precluded the febrile responses in-
duced by LPS, and potentiated hyperthermia during behavioral
stress or heat exposure. While the ablation of MnPO Vgat neurons
also caused a slight hyperthermia during behavioral, warm, or
cold stress, it did not prevent LPS fever responses. Using condi-
tional deletion of the EP3 prostaglandin receptor (EP3R flox mice)
in VGluT2-IRES-Cre and Vgat-IRES-Cre mice, we found that
deleting EP3R from glutamatergic (VGluT2�) but not GABAergic
(Vgat�) neurons prevented fever responses induced by intraperito-
neal LPS. These results reveal that EP3R-expressing MnPOVglut2

neurons, but not MnPOVgat neurons, mediate fever responses. In
addition, our results suggest that EP3R-expressing MnPO Vglut2

neurons may modulate neurons in the RPa directly to produce
fever during infectious and inflammatory conditions. However,
because EP3 receptors are inhibitory and RPa neurons are ther-
mogenic, we hypothesize that the MnPO Vglut2 neurons that ex-
press EP3R are probably inhibited during a fever response, and
innervate inhibitory interneurons in the RPa, thus disinhibiting
the RPa thermogenic neurons (Fig. 8). As shown in Figure 8, this
is a fundamental shift in the standard model for thermoregula-
tion and fever response.

Our interpretation that the MnPO Vglut2 neurons that express
EP3R are glutamatergic and therefore excitatory is based on the
premise that the neurotransmitter released by a neuron is dic-
tated by its vesicular transporters. It is now clear that many of the
cell types that express GAD in the preoptic area do not express
Vgat, but instead express VGluT2 and presumably are excitatory
(Moffitt et al., 2018). Another example is the melanin-
concentrating hormone neurons in the lateral hypothalamus,
which express GAD but not Vgat, and which do express VGluT2.
Patch-clamp recordings from postsynaptic neurons indicate that
these cells release glutamate, but not GABA (Chee et al., 2015).
Similarly, tuberomammillary neurons that express histidine de-
carboxylase and GAD but not Vgat release histamine, but not
GABA (Williams et al., 2014; Venner et al., 2019). The role of
GAD in these neurons that lack Vgat is not clear, although GAD is
part of a GABA–shunt metabolic pathway that cycles between
glutamine and �-keto-glutarate (Patel et al., 2005), and GABA
may be playing a role in energy metabolism rather than
neurotransmission.

Similarly, we previously showed that MnPO Vglut2 neurons in-
nervate the DHA/DMH (Abbott et al., 2016), another key spot for
producing fever responses to immune stimulation (Nakamura et
al., 2005). The DHA/DMH also contains glutamatergic neurons
that innervate the RPa, and that play a key role in fever and
stress-induced hyperthermia as well (Madden and Morrison,
2004; Machado et al., 2018). Thus, because the MnPO Vglut2 neu-
rons promote hypothermia, we hypothesize that they contact
inhibitory interneurons in the DMH, which then innervate the
glutamatergic hyperthermic neurons in the DHA (Fig. 8).

4

(Figure legend continued.) j, EP3R flox_iCre-Venus mice showed hypothermia instead of fever
after LPS 1 mg/kg (EP3R flox_iCre-Venus, 33.97 � 0.13°C; EP3R flox_GFP, 36.48 � 0.04°C;
*p � 0.0001, unpaired t test; N � 5 each group). 3V, Third ventricle.
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Figure 7. EP3R-expressing glutamatergic neurons are required for LPS fever. a, Schematic figure of the genetic construct in EP3R flox mice, where the loxP sites are flanked at exon 1 of the Ptger3
gene, and the recombination in response to Cre. b, The WTxEP3R flox animals injected with low-dose LPS showed a typical stress fever from handling followed by an elevation of Tb of 	0.5°C at 150
min (black line). The VGluT2-CrexEP3R flox mice showed only a handling hyperthermia after saline injection (gray line), but after LPS this was foreshortened (red line) so that the Tb was 1.44 � 0.4°C
lower than the response to saline at 45 min (F(166,922) � 1.2, two-way ANOVA, followed by Bonferroni’s post hoc test, *#p � 0.04; n � 5 VGluT2-CrexEP3R flox LPS; n � 6 VGluT2-CrexEP3R flox saline;
n � 3 WTxEP3R flox LPS). At 1 h or later, the Tb was not different from saline injection (i.e., there was no fever response). c, VGluT2-CrexEP3R flox mice injected with LPS 0.1 mg/kg show a rapid
reduction of Tb at 45 min after LPS so that Tb was 2.27 � 0.4°C less than the same animals injected with saline, and failed to show a fever response to the LPS. The same dose of LPS 0.1 mg/kg,
injected into WTxEP3R flox littermates caused an increase in Tb (maximum 
 of 1.24 � 0.45°C at 	150 min and 1.07 � 0.45°C at 5 h after LPS injection; F(166,840) � 1.37, two-way ANOVA, followed
by Bonferroni’s post hoc test, *#p � 0.003, n � 4 VGluT2-CrexEP3R flox LPS; n � 6 VGluT2-CrexEP3R flox saline; and n � 3 WTxEP3R flox LPS). d, After injection of LPS at low dose (0.01 mg/kg),
Vgat-CrexEP3R flox mice (blue line) showed nearly a indistinguishable Tb fever response from the WTxEP3R flox littermates (black line), a maximum increase in Tb of 0.87�0.2°C in Vgat-CrexEP3R flox

mice compared with saline (gray line) and the WTxEP3R flox littermates mice show a similar fever response after LPS injection of 1.00 � 0.3°C; F(164,1078) � 1.35, two-way ANOVA, followed by
Bonferroni’s post hoc test, *p � 0.003; n � 6 Vgat-crexEP3R flox; and n � 4 WTxEP3R flox. e, Injection of LPS 0.1 mg/kg in Vgat-CrexEP3R flox mice caused a fever response of 1.28 � 0.3°C when
compared with saline injection, and a similar response was found in WTxEP3R flox mice injected with same dose of LPS (1.13 � 0.3°C), both peaking at 	5 h after LPS injection (F(164,1079) � 1.49,
two-way ANOVA, followed by Bonferroni’s post hoc test, *p � 0.0002; n � 6 Vgat-CreXEP3R flox; and n � 4 WTxEP3R flox). f, i, In situ hybridization reveals EP3R in the MnPO (f) and VLPO (i) of
EP3R flox mice. g, h, j, k, Mice expressing Cre recombinase in VGluT2 neurons (VGluT2-CrexEP3R flox mice) do not show EP3R in the MnPO (g) or VLPO (j), while mice expressing Cre recombinase in Vgat
neurons (Vgat-CrexEP3R flox) show normal mRNA labeling for EP3R mRNA in the MnPO (h) and VLPO (k). 3V, Third ventricle.
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The cell-specific ablation of glutamatergic neurons in the
MnPO region, which prevented LPS fever, did not change base-
line Tb but surprisingly potentiated hyperthermia and hyperac-
tivity caused by a stressful stimulus. This hyperthermic effect may
be due to loss of MnPO thermoregulatory neurons that engage
heat-loss mechanisms. Similarly, after ablation of MnPO Vglut2

neurons, we observed hyperthermia during heat exposure, pro-
viding additional evidence that a population of MnPO Vglut2 neu-
rons is active in a hot environment and cause compensatory heat
loss (Morrison, 2016; Abbott and Saper, 2017, 2018; Zhao et al.,
2017; Harding et al., 2018).

Although MnPO Vgat neurons do not express EP3R, these neu-
rons do appear to play a role in thermoregulation. The ablation of

MnPO Vgat neurons did not prevent fever induced by LPS, but
promoted a hyperthermic effect during cage exchange stress, and
cold or warm conditions. Thus, MnPO Vgat neurons, like Mn-
PO Vglut2 neurons, appear to promote heat loss. However, few if
any have EP3 receptors, and they do not appear to play a role in
fever production.

The relatively modest effects on thermoregulation of loss of
either the MnPO Vglut2 or MnPO Vgat neurons is in accord with
our earlier study in rats showing that nonspecific ablations of the
MnPO have little if any effect on baseline body temperature.
There is a second population of preoptic neurons, in the dorso-
lateral preoptic area in rats, that projects to the DHA/DMH and
to the RPa, and only lesions of both the MnPO and the dorsolat-

Figure 8. Schematic representation of the fever central pathways. a, The new model for fever pathways is represented by the schematic figure at the top panel. During infectious and
inflammatory conditions, PGE2 acts via EP3 inhibitory receptors (red) expressed in the MnPO Vglut2 and VLPO Vglut2 neurons that project directly to DMH and RPa (green lines) to produce fever. We
hypothesize that the MnPO Vglut2 neurons that express EP3R are probably inhibited during a fever response, and innervate inhibitory interneurons in the DMH and RPa (red), thus disinhibiting the
excitatory DHA and RPa thermogenic neurons. b, The widely influential Morrison and Nakamura (2019) model hypothesized EP3R expression by MnPO GABA neurons that directly disinhibit
thermogenic excitatory DHA and RPa neurons (green) during fever responses. CC, corpus callosum; ILC, infralimbic cortex; IML, intermediolateral cell column; OB, olfactory bulb; Och, Optic chiasm;
OVLT, organum vasculosum of the lamina terminalis; 4V, fourth ventricle.
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eral preoptic neurons, but not either alone, caused hyperthermia
(of 	1°C; Yoshida et al., 2009). The dorsolateral preoptic neu-
rons do not express EP3R, but their chemical phenotype and role
in thermoregulatory circuitry remains to be studied.

Previous experiments performed in our laboratory have dem-
onstrated that the selective loss of EP3Rs in the MnPO prevents
fever responses to PGE2 and LPS (Lazarus et al., 2007). Using the
same EP3R flox mice and injections of a viral vector carrying genes
for Cre (AAV-iCre-2A-Venus) to promote deletion of the EP3R
from MnPO neurons, we have confirmed that EP3R expression
in the MnPO is necessary for fever responses induced by low or
Tb responses induced by a high dose of LPS. However, as ex-
pected, EP3R-expressing MnPO neurons are not required for
stress-induced hyperthermia.

Similarly, the deletion of EP3R from glutamatergic neurons
(VGluT2�) also abolished fever responses for a range of doses of
LPS, but did not prevent stress-induced hyperthermia. We
showed here that 	77% of the MnPO EP3R neurons also express
PACAP, and some may contain other potential neurotransmit-
ters that may mediate a fever response to LPS. Thus, we do not
know whether the release of glutamate, PACAP, or some other
substance by the MnPO neurons expressing VGluT2 and EP3R is
necessary to cause an LPS fever. We are currently investigating
this question.

Although there are other CNS neurons that express EP3R, the
EP3 receptors in those other regions are not capable of sustaining
a LPS fever response in the absence of MnPO expression of EP3R
or the ablation of MnPO Vglut2 neurons in mice, at least at 22°C [it
is possible that other mechanisms (e.g., heat retention) may be
more important at high ambient temperatures]. Hence, the loss
of EP3R on the MnPO Vglut2 neurons is the most parsimonious
explanation for the lack of LPS fever in these animals. In accord
with these physiological results, our anatomical investigation re-
vealed that the EP3R is expressed exclusively in VGluT2� neu-
rons in the area at the anterior tip of the third ventricle, which is
the critical site for mediating PGE2 fever responses (Scammell et
al., 1996, 1998; Lazarus et al., 2007), including EP3R� neurons in
the MnPO, OVLT, and VLPO. Our data, however, stand in con-
trast to the earlier hypothesized model by Morrison and Naka-
mura (2019). They have emphasized that MnPO EP3R neurons
that innervate the DMH/DHA and RPa express GAD, which led
to the conclusion that MnPO EP3R neurons are GABAergic (Na-
kamura et al., 2004; Nakamura et al., 2009; Morrison and Naka-
mura, 2019). In that model, MnPO EP3R GABAergic neurons
would act by tonic inhibition of neurons in downstream thermo-
genic regions, and PGE2-mediated inhibition of these neurons
would release thermogenic responses (Fig. 8). In our study, we
found that MnPO EP3R neurons express VGluT2, but not Vgat,
and therefore it is unlikely that MnPO EP3R neurons have the
cellular mechanisms to enable the synaptic release of GABA. The
earlier results showing that POA neurons coexpress GAD and
EP3R, and our observations of MnPO EP3R neurons being excit-
atory cells are reconciled by the recent evidence showing that
several types of GAD� neurons in the POA coexpress VGluT2,
but not Vgat (Moffitt et al., 2018). Moreover, we found that
RPa-projecting MnPO neurons, a pathway thought to underlie
critical mechanisms for fever generation (Nakamura et al., 2002),
as well as RPa-projecting VLPO neurons are almost all glutama-
tergic, which suggests that EP3R-expressing MnPO Vglut2 neurons
may regulate the neural activity of RPa neurons during fever. This
result presents a conundrum, as the fever response is thought to
be due to the EP3R causing a reduction in cAMP levels and cal-
cium entry into neurons (Negishi et al., 1995), and should there-

fore be inhibitory. One possible explanation is that the EP3R may
have excitatory isoforms, and that the MnPO Vglut2 neurons may
be activated by PGE2 to increase firing of RPa neurons or RPa-
projecting DMH/DHA glutamatergic neurons during LPS fever
(Machado et al., 2018; Piñol et al., 2018). This seems unlikely
because direct activation of MnPO Vglut2 neurons causes hypo-
thermia (Abbott and Saper, 2017). Alternatively, the MnPO Vglut2

neurons may innervate inhibitory interneurons in the RPa and in
the DHA/DMH, thus inhibiting neurons at both sites that con-
tribute to the elevation of Tb. In this model, the action of the
EP3R would be to disinhibit the thermogenic and heat conserva-
tion mechanisms, thus producing a fever (Fig. 8).

Additionally, we found that VGluT2 mRNA expression in
MnPO and VLPO neurons that project directly to the RPa shows
a high degree of colocalization with PACAP. Tan et al. (2016)
demonstrated that MnPO PACAP neurons also express BDNF and
are warm-responsive neurons that when activated promote a de-
crease in Tb through vasodilation and inhibition of brown adi-
pose tissue thermogenesis (Tan et al., 2016). However, they
reported that 69% of these neurons express GAD2, and therefore
thought they were likely to be GABAergic. On the other hand,
Moffitt et al. (2018) showed that at least six types of preoptic
neurons that express BDNF and PACAP also express GAD2, and
two of these also express GAD1, but only one BDNF/PACAP
population expressed VGluT2. One of these populations, the e2
cell type, which expresses GAD2, was found in the ventral part of
the MnPO and adjacent parts of the VLPO (i.e., precisely in the
location of the population expressing the EP3R). Based on our
results, it is probably the BDNF/PACAP e2 neurons that express
VGluT2 and are glutamatergic that are part of the MnPO EP3R

glutamatergic population and participate in fever responses.
In conclusion, our findings represent the first step to redefine

the central circuity in regulating inflammatory fever. Here we
demonstrate that EP3R-expressing MnPO Vglut2 neurons, but not
MnPO Vgat neurons, are necessary to produce fever, and that they
probably do so by contacting inhibitory interneurons in the
DMH/DHA and RPa. Thus, PGE2 would disinhibit their input to
the thermogenic and heat conservation apparatus, and produce a
fever.
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