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A preoptic neuronal population controls 
fever and appetite during sickness

Jessica A. Osterhout1,2, Vikrant Kapoor1,2, Stephen W. Eichhorn2,3,4, Eric Vaughn1,2,  
Jeffrey D. Moore1,2, Ding Liu1,2, Dean Lee1,2, Laura A. DeNardo5,6, Liqun Luo5,  
Xiaowei Zhuang2,3,4 & Catherine Dulac1,2 ✉

During infection, animals exhibit adaptive changes in physiology and behaviour 
aimed at increasing survival. Although many causes of infection exist, they trigger 
similar stereotyped symptoms such as fever, warmth-seeking, loss of appetite and 
fatigue1,2. Yet exactly how the nervous system alters body temperature and triggers 
sickness behaviours to coordinate responses to infection remains unknown. Here we 
identify a previously uncharacterized population of neurons in the ventral medial 
preoptic area (VMPO) of the hypothalamus that are activated after sickness induced 
by lipopolysaccharide (LPS) or polyinosinic:polycytidylic acid. These neurons are 
crucial for generating a fever response and other sickness symptoms such as 
warmth-seeking and loss of appetite. Single-nucleus RNA-sequencing and 
multiplexed error-robust fluorescence in situ hybridization uncovered the identity 
and distribution of LPS-activated VMPO (VMPOLPS) neurons and non-neuronal cells. 
Gene expression and electrophysiological measurements implicate a paracrine 
mechanism in which the release of immune signals by non-neuronal cells during 
infection activates nearby VMPOLPS neurons. Finally, we show that VMPOLPS neurons 
exert a broad influence on the activity of brain areas associated with behavioural and 
homeostatic functions and are synaptically and functionally connected to circuit 
nodes controlling body temperature and appetite. Together, these results uncover 
VMPOLPS neurons as a control hub that integrates immune signals to orchestrate 
multiple sickness symptoms in response to infection.

During infection, the brain orchestrates evolutionarily conserved 
behavioural and physiological symptoms aimed at eliminating patho-
gens and increasing survival. Symptoms include fever, lethargy, appetite 
loss, warmth-seeking, social withdrawal and increased pain sensitivity1. 
Fever, a key symptom of infection, is elicited by pathogen-associated 
molecules that trigger the release of pro-inflammatory signals by 
immune cells2,3. These secreted signals interact with brain endothe-
lial cells in circumventricular organs, where the blood–brain barrier is 
permeable, which enables the further production and propagation of 
immune signals within the brain4. One such circumventricular organ, 
the vascular organ of lamina terminalis (OVLT), is located in the pre-
optic area of the hypothalamus, where major homeostatic functions 
such as body temperature, thirst and sleep are regulated5. Specifically, 
thermoregulatory neurons in the preoptic area regulate body tem-
perature by sensing ambient warmth and activating autonomic and 
behavioural circuits to decrease body temperature6–8. The preoptic area 
is also crucial for fever generation9,10, and loss of the pro-inflammatory 
prostaglandin E2 (PGE2) receptor EP3 in this region leads to a reduced 
febrile response11,12. However, which cell populations are responsible for 
generating fever, how they modulate circuits controlling body tempera-
ture and whether they affect other sickness symptoms are unknown. 

Here we sought to identify fever-generating neurons and determine 
their influence on sickness behaviours to provide new insights into the 
mechanisms by which the brain responds to infection.

Brain areas activated during fever
To generate fever, we injected the pro-inflammatory agents LPS or 
polyinosinic:polycytidylic acid (poly(I:C)), which mimic bacterial or 
viral infection, respectively, into mice. Body temperature peaked 2 h fol-
lowing LPS and poly(I:C) administration, with similar magnitudes and 
time scales (Fig. 1a, b and Extended Data Fig. 1a). LPS was therefore used 
in all subsequent experiments. Twelve brain areas showed a significant 
increase in Fos+ cells following LPS administration, including regions 
involved in appetite, metabolism, thermoregulation, sleep, stress and 
fear responses (Fig. 1a, c and Extended Data Fig. 1b,c). Notably, cells 
within the VMPO (Fig. 1d–f, arrowheads) and lining the adjacent ven-
tricle (Fig. 1d–f, arrow) were highly activated compared with controls. 
Activated VMPO neurons were inhibitory (mean ± s.e.m. was 88 ± 1% 
VGAT+ and 6.8 ± 1.4% VGLUT2+; Extended Data Fig. 1d, e) and distinct 
from previously described warm-sensitive neurons located more ante-
rior–dorsal in the anteroventral periventricular nucleus (AVPe) and the 
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median preoptic nucleus (MnPO)6 (Fig. 1g). On the basis of their proxim-
ity to the OVLT circumventricular organ9, we hypothesized that VMPOLPS 
cells may represent the long sought-after fever-generating neurons.

Characterization of VMPOLPS neurons
To characterize VMPOLPS cells, we used a combination of single nuclear 
RNA-sequencing (snRNA-seq) and multiplexed error-robust fluores-
cence in situ hybridization (MERFISH)13,14. snRNA-seq data from 16,430 
nuclei from VMPO cells from mice injected with saline or LPS, inte-
grating both conditions15, identified 32 neuronal and non-neuronal 
clusters (Fig. 1h). Fos expression was uniformly low in controls, which 
enabled us to examine LPS-treated samples for average Fos expres-
sion levels and the fraction of Fos+ cells within each cluster. Neuronal 
cluster 19 (characterized by Galanin, Calcr and Amigo2 expression) and 
non-neuronal cluster 5 exhibited significant Fos enrichment (Fig. 1h, i 
and Extended Data Fig. 1f, g). Similarly, MERFISH analysis of LPS-treated 
mice identified a VMPO neuronal cluster previously named I-7 (ref. 13) 
(here referred to as VMPOGal/Amigo2) that was characterized by the same 
genetic markers as snRNA-seq cluster 19 and displayed the highest 
fraction of Fos+ neurons13 (Fig. 1j and Extended Data Fig. 1h). By con-
trast, warm-sensitive neurons, identified as cluster E-3 or AVPeAdcyap1/Sncg  

were only weakly activated by LPS (Fig. 1j and Extended Data Fig. 1h). 
Accordingly, in situ expression of LPS-induced Fos displayed high over-
lap with Galanin, Calcr and Amigo2, but not with Adcyap1 (Extended 
Data Fig. 1i,j).

Endothelial and ependymal cells at circumventricular organs are 
involved in the signalling, production and translocation of pyrogenic 
cytokines and prostaglandins from the periphery to the brain4,16,17, with 
local astrocytes and microglia producing additional immune signals1,2. 
LPS-activated snRNA-seq cluster 5 expressed markers for ependymal 
cells (Lrp2 and Aqp4)13,18 and activated astrocytes (Gfap)19 (Fig. 1i and 
Extended Data Fig. 1g). Similarly, MERFISH identified astrocytes, 
endothelial cells, ependymal cells and mature oligodendrocytes as 
significantly enriched in Fos expression (Extended Data Fig. 2b). This 
activation appeared to be specific to LPS-induced responses, as there 
was no significant Fos enrichment in non-neuronal cells after aggres-
sion, mating or parenting episodes (Extended Data Fig. 2b).

We next investigated how VMPOLPS neurons are activated. Notably, 
within the VMPOGal/Amigo2 cluster, approximately 90% of Fos+ neurons 
were localized within 200 μm from the base of the brain, near the OVLT 
(Fig. 1j and Extended Data Fig. 2a). Moreover, strong Fos expression was 
seen in nearby non-neuronal cells, which raises the possibility of local 
activation of VMPOLPS neurons by secreted immune molecules from glial 
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bregma +0.2 mm, +0.0 mm and −0.2 mm. k, Representative spatial distribution of 
ependymal cells (top) and astrocytes (bottom) identified by MERFISH in the 
preoptic region. All error bars represent the s.e.m. Scale bar, 200 μm (e, j and k).
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and epithelial cells4,5. Indeed, MERFISH13,14 analysis indicated that about 
70% of activated ependymal cells were also located within 200 μm 
of the base of the brain, adjacent to VMPOGal/Amigo2 neurons (Fig. 1k  
and Extended Data Fig. 2c, d). Moreover, astrocytes were more likely 
to be Fos+ near the midline both within the VMPO and more dorsally 
(Fig. 1k and Extended Data Fig. 2c, d). The close proximity between 
activated VMPOLPS neurons and secretory ependymal and astrocytes 
therefore suggest that VMPOLPS neurons may be activated by signals 
secreted from local non-neuronal populations.

To identify the molecular mechanisms that underlie VMPOLPS neuronal 
activation, we examined the expression of immune molecules and recep-
tors previously implicated in fever and inflammation. Similar to previous 
studies5,20–22, we found that prostaglandin-endoperoxide synthase 2 
(PTGS2; also known as or COX-2), interleukin-1β (IL-1β) and chemokine 
ligand 2 (CCL2) were expressed near the VMPO (Extended Data Fig. 3a–c). 
Following LPS administration, Ptgs2 was identified in endothelial and 

pericyte cells of nearby vasculature after 60 min and in microglia after 
120 min (Extended Data Fig. 3j). By contrast, Il1b was found in ependy-
mal cells and meningeal cells at the base of the brain after 60 min and 
in microglia after 120 min (Extended Data Fig. 3k). Ccl2 was found in 
ependymal cells as well as in Gfap+ astrocytes near capillaries (Extended 
Data Fig. 3c, l). These data suggest that epithelial cells may stimulate an 
initial immune signal that is later amplified by local microglia.

snRNA-seq data showed that neurons from cluster 19 expressed IL-1 
receptor accessory protein (Il1rap) (Extended Data Fig. 1g), which is 
required for IL-1β signalling23–25, and we confirmed expression of Il1rap 
by VMPOLPS neurons in situ (Extended Data Fig. 3e). Although the PGE2 
receptor EP3 has been implicated in the generation of fever11, we did not 
detect Ep3 in cluster 19 (Extended Data Fig. 1g). However, snRNA-seq and 
in situ expression analyses identified expression of the PGE2 receptor 
Ep2 throughout the preoptic region, including by VMPOLPS neurons 
(Extended Data Figs. 1g and 3d, g–i). Finally, VMPOLPS neurons also 
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the Methods for precise n values. Scale bar, 200 μm (a and c).
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expressed the receptor for CCL2 (Ccr2) (Extended Data Fig. 3f). Thus, 
VMPOLPS neurons are probably sensitive to cytokines and prostaglandins 
released during infection and produced by nearby non-neuronal cells.

Immune activation of VMPOLPS neurons
We next sought to determine the effect of CCL2, PGE2 and IL-1β on 
VMPOLPS neuron activity using the TRAP2 transgenic line, in which 
an inducible Cre-recombinase (2A-iCreERT2) is inserted into the Fos 
locus26,27. To confirm that we could ‘TRAP’ (induce Cre expression 
in) LPS-activated neurons, TRAP2;Ai9 mice were injected with LPS 
and 4-hydroxytamoxifen (4-OHT), which induced significant expres-
sion of tdTomato in VMPO cells of LPS-treated TRAP (LPS-TRAP) mice 
compared with saline-treated TRAP (saline-TRAP) mice (Fig. 2a, b).  

We quantified the overlap of tdTomato+ LPS-TRAP cells with Fos expression 
following a second LPS injection 2 weeks after the TRAP procedure. Similar 
to previous reports of TRAP2 labelling26, 82% of Fos+ cells in the VMPO were 
tdTomato+, and 52% of tdTomato+ cells expressed Fos (Fig. 2c, d), which indi-
cated efficient and specific labelling of LPS-activated cells in TRAP2 mice.

Using tdTomato reporter expression in VMPOLPS neurons of LPS-TRAP 
mice, we performed whole-cell patch clamp in live brain slices (Fig. 2e–j 
and Extended Data Fig. 4a, b). Application of CCL2 resulted in signifi-
cant depolarization of VMPOLPS neurons (Fig. 2g) and reduced rheobase 
current, which indicates an increased propensity of VMPOLPS neurons to 
fire action potentials (Extended Data Fig. 4b and Extended Data Table 1), 
but had no impact on the peak firing rate (Fig. 2h). Application of PGE2 or 
IL-1β also increased the excitability of VMPOLPS neurons by depolarizing 
the membrane potential (Fig. 2g) and reducing the rheobase current 
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DTA. e, LPS-TRAP cells (green) in the VMPO after cell ablation (top) compared 
to control (bottom). f, Mean body temperature following saline or LPS injection 
in DTA-ablated mice and Cre– mice injected with AAV-DTA and Cre+ mice 
expressing GFP controls, Two-way ANOVA, ****P < 0.0001. g–i, Schematics of 
the procedures used to test sickness behaviours: temperature preference  
(g), change in appetite (h) and change in locomotion (i). j–l, Quantification of 

behavioural changes in wild-type mice following saline or LPS injection.  
j, Median preferred external temperature, **P = 0.0016. k, Mean appetite, 
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Wallis test with Dunn’s multiple comparison. See the ‘Statistics and 
reproducibility’ section of the Methods for precise n values. All error bars 
represent the s.e.m. Scale bar, 200 μm (b and e).
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(Extended Data Fig. 4b). Moreover, PGE2 or IL-1β application resulted 
in increased peak firing rates (Fig. 2h). PGE2 application in the pres-
ence of IL-1β additively increased the excitability of VMPOLPS neurons 

by further depolarizing the neurons (Fig. 2g), reducing the rheobase 
current (Extended Data Fig. 4b) and increasing the peak firing rate 
(Fig. 2h), which suggests that PGE2 and IL-1β cooperatively enhance 
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Fig. 4 | VMPOLPS neurons regulate body temperature and appetite through 
direct and indirect synaptic connections. a–d, Anterograde circuit tracing. 
a,b, Anterograde tracing from LPS-TRAP neurons in the VMPO. c,d, Expression 
of GFP-labelled VMPOLPS axonal fibres, n = 6 mice. e–i, Retrograde tracing from 
thermoregulatory neurons. e, Retrograde tracing from warm-sensitive 
neurons in AVPe/MnPO (warm-TRAP). f, Percent overlap of warm-TRAP neurons 
with Adcyap1 and Sncg, n = 3. g, Experimental timeline for retrograde tracing.  
h, Starter cells in the AVPe/MnPO, green, G-deleted rabies, magenta, AAV-TVA–
mCherry. i, Overlap of rabies-infected input cells (green) and LPS-induced Fos 
(magenta). Images on the right are magnifications of the boxed region.  
j–m, Optogenetic VMPO-MnPO terminal activation. j, Optogenetic activation 
of projections from VMPOLPS neurons to the AVPe/MnPO. k, Fibre placement.  
l, Body temperature, stimulation (green) or no stimulation (grey) of 
VMPOLPS-AVPe/MnPO projections. Light lines represent individual mice, dark 
lines represent the mean, n = 5, two-way ANOVA, *P < 0.05, **P < 0.01, 
***P < 0.001. m, Chow consumed; dotted lines represent individuals, n = 5,  
two–way Mann-Whitney test. n–s, Identification of indirect target neurons.  

n, Schematic illustrating identification of downstream targets. o, Mean Fos 
expression following CNO treatment, n = 3 per group, two-way ANOVA, 
P < 0.0001. p, Fos expression in LPS-TRAP neurons, control (top), 
VMPO-activated (bottom). q, Mean marker expression in DMH LPS-TRAP 
neurons, n = 3 mice. r, Fos expression following CNO treatment. s, Mean marker 
expression in LPS-TRAP neurons in the Arc, n = 3 mice. t–x, Retrograde tracing 
from appetite-controlling neurons. t, Retrograde tracing from 
appetite-controlling neurons in the Arc. u, Overlap of Agrp and Pomc 
expression in hunger-TRAP neurons, n = 3 per group. v, Timeline of retrograde 
tracing. w, Starter cells in the Arc. x, Overlap of rabies-infected input neurons 
(green) and LPS-induced Fos (magenta). Images on the right are high 
magnifications of the boxed region. y–bb, Optogenetic VMPO-Arc terminal 
activation. y, Activation of VMPOLPS projections to the Arc. z, Fibre placement. 
aa, Mean chow consumed following stimulation (on) or no stimulation (off) of 
VMPOLPS-Arc projections, n = 6, P = 0.0065, two-way Mann–Whitney test.  
bb, Body temperature after VMPOLPS-Arc stimulation (n = 6). All error bars 
represent the s.e.m. Scale bar, 200 μm (all images).
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the excitability of VMPOLPS neurons. The effects of PGE2 were blocked 
by the addition of an EP2 antagonist, thereby confirming a role for this 
receptor (Fig. 2g, h and Extended Data Fig. 4b).

IL-1β can enhance the biosynthesis of PGE2 by inducing COX-2 (ref. 28).  
Using a selective blocker of COX-2, IL-1β-mediated depolarization of 
VMPOLPS was partially blocked (Fig. 2i, j and Extended Data Fig. 4c). This 
partial block was alleviated by the application of PGE2, an effect that 
was abolished by an EP2 antagonist (Fig. 2i, j and Extended Data Fig. 4c). 
This result suggests that IL-1β regulates intrinsic properties of VMPOLPS 
neurons by directly increasing their excitability and indirectly by local 
PGE2 biosynthesis. Consistent with this hypothesis, IL-1β receptor 1 
(Il1r1) is expressed by endothelial cells, and COX-2 is induced in these 
cells after LPS administration (Extended Data Fig. 3j, m).

Next, we investigated the effect of CCL2, IL-1β and PGE2 on synaptic 
inputs to VMPOLPS neurons using voltage-clamp recordings to analyse 
miniature excitatory post-synaptic currents (mEPSCs) and miniature 
inhibitory post-synaptic currents (mIPSCs) (Fig. 2k and Extended 
Data Fig. 4d–k). Application of CCL2 increased the amplitude and 
frequency of mEPSCs (Extended Data Fig. 4d, e) and the frequency of 
mIPSCs (Extended Data Fig. 4f, g). By analysing the ratio of excitatory 
to inhibitory charge transfer (E/I ratio; Fig. 2l, Extended Data Fig. 4l, m  
and Extended Data Table 2), we found that CCL2 induces a net posi-
tive charge (Fig. 2l). Similarly, PGE2 and IL-1β applications resulted in 
increased frequencies of mEPSCs (Extended Data Fig. 4e), decreased 
frequencies of mIPSCs (Extended Data Fig. 4i) and increased amplitudes 
of mIPSCs (Extended Data Fig. 4h). The effect of PGE2 on mEPSCs was 
abolished by an EP2 antagonist (Extended Data Fig. 4e). The E/I ratio 
showed that both PGE2 and IL-1β resulted in a positive synaptic charge 
transfer to VMPOLPS neurons (Fig. 2l). However, a COX-2 inhibitor abol-
ished the effects of IL-1β (Extended Data Fig. 4f, g, j, k), which indicates 
that PGE2 is required for the IL-1β-mediated changes in synaptic activity 
(Extended Data Fig. 4f, g, j, k). Together, these results show that PGE2, 
IL-1β and CCL2 directly increase the excitability of VMPOLPS neurons 
and indirectly increase excitatory input to VMPOLPS neurons through 
changes in vesicle release and synaptic strengthening.

VMPOLPS neurons generate fever
To determine whether VMPOLPS neurons play a part in generating 
fever, we expressed the excitatory chemogenetic receptor hM3D in 
VMPOLPS neurons of TRAP2 mice. The specificity of viral injections was 
verified post-mortem (Extended Data Fig. 5a), and we confirmed that 
clozapine-N-oxide (CNO) strongly activated hM3D-expressing VMPOLPS 

neurons in slice preparations (Extended Data Fig. 6a–c). In vivo chemoge-
netic activation of TRAPed VMPOLPS neurons significantly increased body 
temperature compared with controls (Fig. 3a–c). Similarly, chemogenetic 
activation of the VMPO in Calcr-Cre and Gal-Cre mice increased body 
temperature (Extended Data Fig. 5b). Thus, activation of VMPOLPS neurons 
in the absence of inflammatory signals is sufficient to induce fever.

To test whether VMPOLPS neurons are required for fever generation, 
we selectively ablated these neurons through the viral-mediated expres-
sion of Cre-dependent diphtheria toxin subunit A (DTA)29 (Fig. 3d, e). 
Following VMPOLPS neuron ablation, mice did not exhibit an increase 
in body temperature in response to LPS (Fig. 3f). Importantly, VMPOLPS 
ablation did not affect the maintenance of normal body temperature, 
and VMPOLPS ablation following saline-TRAP did not affect fever or 
temperature preference (Fig. 3f and Extended Data Fig. 5e–g). Thus, 
VMPOLPS neurons are pivotal for fever generation.

The role of VMPOLPS neurons in sickness
To determine whether VMPOLPS neurons control other sickness behav-
iours, we quantified LPS-induced changes in preferred temperature, 
appetite and locomotion of the mice30–32. We found that 2.5 h after 
LPS injection, mice preferred an approximately 2 °C increase in exter-
nal temperature, which was indicative of increased warmth-seeking 
behaviours (Fig. 3g, j). In addition, LPS-injected mice consumed about 
60% less chow (Fig. 3h, k) and travelled about 40% less compared with 
controls, which indicated appetite suppression and increased lethargy, 
respectively (Fig. 3i, l).

To determine whether VMPOLPS neurons affect warmth-seeking, 
appetite or lethargy behaviours, we chemogenetically activated 
VMPOLPS neurons in TRAP2, Gal-Cre and Calcr-Cre mouse lines and 
then tested animals in each assay. VMPOLPS neuron activation in TRAP2 
mice resulted in increased preferred temperature and reduced appetite 
compared with controls, but no change in locomotion (Fig. 3m–o). 
Activating Gal+ neurons significantly increased preferred tempera-
ture but did not affect appetite, whereas activating Calcr+ neurons 
decreased appetite but did not affect preferred temperature (Extended 
Data Fig. 5c, d), which suggests that there is cell heterogeneity within the 
VMPOLPS population. Indeed, although most LPS-induced Fos+ neurons 
expressed either Gal or Calcr, a smaller subset was Gal+Calcr+ (Extended 
Data Fig. 1j), which highlights the advantage of the TRAP2 system to 
target all cell types activated by a given stimulus.

We next tested the requirement of VMPOLPS neurons to induce sick-
ness behaviours using DTA-mediated ablation. VMPOLPS-ablated mice 
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VMPOLPS neurons are activated by these signals through their expression of the 
corresponding receptors as well as through activation of local synaptic inputs. 
In response, VMPOLPS neurons induce fever, warmth-seeking and loss of 
appetite through direct and indirect connections to homeostatic brain 
circuits.
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no longer exhibited increased temperature preference after LPS admin-
istration, and there was no change in appetite or locomotion (Fig. 3p–r). 
The apparent lack of effect on appetite may be explained by a higher 
threshold of activated cells required to control appetite compared to 
warmth-seeking behaviour, or may result from additional circuits that 
control loss of appetite. Altogether, these results show that VMPOLPS 
neurons are necessary and sufficient for warmth-seeking behaviour 
during sickness and sufficient to induce loss of appetite.

LPS-induced changes in thermoregulation
To determine the mechanisms by which VMPOLPS neurons modulate 
homeostatic functions, we identified their downstream targets using 
a conditional virus expressing synaptophysin–mRuby and membrane 
bound-GFP that delineates synapses from fibres of passage (Fig. 4a–c). 
Projections to 12 brain areas were identified (Fig. 4d) that included areas 
related to stress and aversion as well as thermoregulation, appetite and 
sleep, thus representing possible nodes at which VMPOLPS neurons may 
exert their function during sickness.

Next, we examined how VMPOLPS neurons alter body tempera-
ture. Warm-sensitive neurons in the AVPe and MnPO decrease 
body temperature in response to warm external temperatures 
through connections with the dorsal medial hypothalamus 
(DMH), which leads to the inhibition of brown adipose tissue ther-
mogenesis and behavioural thermoregulation6. To test whether 
VMPOLPS neurons form direct connections with warm-sensitive 
neurons, we used Cre-dependent trans-synaptic retrograde rabies 
tracing from TRAPed warm-sensitive neurons (warm-TRAP) and 
measured retrograde rabies signals in VMPOLPS neurons (Fig. 4e). 
Warm-TRAP neurons expressed the markers Adcyap1 and Sncg 
for warm-sensitive neurons6,13 (Fig. 4f and Extended Data Fig. 
5h). We expressed the TVA receptor, optimized G protein and 
G-deleted rabies virus in AVPe/MnPO warm-TRAP cells (Fig. 4g, h)  
and found 38 ± 2.6% overlap between LPS-mediated Fos and retro-
grade rabies signal in the VMPO (Fig. 4i). This direct connectivity 
makes VMPOLPS neurons ideally positioned to inhibit the activity of 
warm-sensitive neurons and thereby increase body temperature.

To confirm the functional connectivity between VMPOLPS  
and warm-sensitive neurons, we optogenetically activated 
VMPOLPS→AVPe/MnPO projections (Fig. 4j) using a stabilized step 
function opsin (SSFO) to reduce heat generated by extended light 
pulses6,33. Current clamp recordings showed that SSFO activation trig-
gered long-lasting increases in firing frequency in VMPOLPS neurons 
(Extended Data Fig. 6d–f). To test the function of VMPOLPS→AVPe/
MnPO projections in vivo, we implanted optic fibre cannulas above the 
AVPe/MnPO area (Fig. 4k). Following a 2-s laser pulse, mice exhibited 
a significant increase in body temperature, which peaked at around 
10 min6, but did not alter chow consumption (Fig. 4l, m). Altogether, 
these results show that VMPOLPS neurons alter body temperature 
through inhibitory connections with warm-sensitive thermoregula-
tory neurons.

In addition to the VMPO, multiple brain areas were activated by LPS 
(Fig. 1c). To determine which of these brain areas are downstream of 
the VMPO circuit, we chemogenetically activated VMPOLPS neurons 
and quantified the number of Fos+ cells in LPS-activated brain regions 
(Fig. 4n, o). The thermoregulatory DMH6 and appetite-controlling arcu-
ate nucleus (Arc)34 were significantly activated, with an almost 100% 
overlap between CNO-induced Fos and LPS-TRAP reporter expression 
(Fig. 4o, p, r). Activation of neurons expressing bombesin receptor 3 
(BRS3) or leptin receptor (LEPR) in the DMH has been shown to increase 
body temperature, whereas silencing of DMHBrs3 neurons inhibits 
LPS-mediated fever7,35. Indeed, a substantial fraction of LPS-activated 
cells in the DMH expressed Brs3 (18 ± 3.3%) and Lepr (10 ± 0.95%), 
whereas a large population (34 ± 2.6%) of LPS-sensitive DMH neurons 
expressed Gal, a population of unknown function (Fig. 4q). These data 

suggest that stimulation of VMPOLPS neurons leads to the activation of 
DMH neurons involved in thermoregulation and metabolism.

LPS-induced changes in appetite
Next, we sought to determine whether VMPOLPS neurons are directly 
connected to hunger-generating neurons (Fig. 4t). Neurons were 
TRAPed following food deprivation (hunger-TRAP), with the majority 
of hunger-TRAP Arc neurons expressing Agrp, whereas few expressed 
Pomc34 (Fig. 4u and Extended Data Fig. 5i). Following rabies tracing from 
hunger-TRAP neurons, 22.5 ± 6% Fos+ VMPOLPS neurons were labelled by 
rabies virus, which indicated that VMPOLPS neurons form direct inhibi-
tory connections with ArcAgrp neurons and therefore may cause loss of 
appetite during sickness (Fig. 4v–x). Optogenetic activation of those 
projections led to a substantial decrease in chow consumption follow-
ing stimulation, whereas their body temperature remained unchanged 
(Fig. 4y–bb). Together, these data show that VMPOLPS neurons decrease 
appetite through inhibitory projections to ArcAgrp neurons.

Notably, the number of Fos+ cells in the Arc following VMPO acti-
vation appeared higher than in controls (Fig. 4o, r). Because the Arc 
contains neurons that both induce and suppress appetite34, we hypoth-
esized that sickness may increase activity in appetite-suppressing neu-
rons, which are characterized by Pomc and Cartpt expression36,37. Thus, 
we quantified the overlap between LPS-induced Fos expression and 
these markers in the Arc and found that Fos+ cells expressed Pomc and 
Cartpt (Fig. 4s), which indicates that appetite-suppressing neurons 
in the Arc are probably indirectly activated following stimulation of 
VMPOLPS neurons.

Summary
Altogether, our data showed that VMPOLPS neurons are necessary and 
sufficient to generate fever, directly sense immune signals and coordi-
nate sickness-induced increases in body temperature, warmth-seeking 
behaviour and appetite suppression. Owing to the location of activated 
non-neuronal cell populations and VMPOLPS neurons near the OVLT, we 
propose that the activity in VMPOLPS neurons is triggered by a paracrine 
mechanism generated by locally secreted immune signals (Fig. 5). Indeed, 
PGE2, IL-1β and CCL2 are locally produced by ependymal and endothelial 
cells, as well as microglia and astrocytes, and these molecules increase the 
excitability of VMPOLPS neurons through both direct changes of intrinsic 
properties and net increases in excitatory input. Circuit connectivity 
analysis and functional manipulations demonstrated how the activity 
of VMPOLPS neurons leads to an increase in body temperature by directly 
inhibiting warm-sensitive neurons and through indirect multisynap-
tic activation of DMHBrs3/Lepr neurons, which in turn may activate brown 
adipose tissue thermogenesis and other thermoregulatory behaviours 
(Fig. 5). Furthermore, VMPOLPS neurons formed direct inhibitory connec-
tions with appetite-increasing neurons to suppress feeding behaviour 
and showed indirect excitatory influence on appetite-suppressing neu-
rons, which suggests a circuitry by which VMPOLPS neurons may reduce 
appetite (Fig. 5). In addition, VMPOLPS neurons projected to 12 brain 
areas, some of which are known to control thirst, pain sensation or social 
interactions, which suggests that other sickness behaviours may also be 
affected by VMPOLPS neuron activity. On the basis of the data presented 
here, we propose that the function of VMPOLPS neurons is to translate 
the peripheral inflammatory state into changes in brain activity to elicit 
sickness symptoms. Our results indicate that immune signals have an 
immediate effect on the excitability of VMPOLPS neurons and plastic-
ity in both VMPOLPS neurons and their upstream synaptic partners in a 
locally coordinated fashion. Although there are probably other neuronal 
populations that control sickness symptoms, our study revealed that at 
least some of these behaviours are altered in a co-dependent manner, 
which reflects the need for coordinated changes in homeostatic systems 
to increase survival during infection.
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Methods

Animals
Mice were maintained on a 12 h:12 h dark–light cycle with access to food 
and water ad libitum. The temperature was maintained at 22 °C and the 
humidity was controlled at 30–70%. All experiments were performed in 
accordance with NIH guidelines and approved by the Harvard Univer-
sity Institutional Animal Care and Use Committee. Owing to the high 
degree of neural activity elicited in the hypothalamus during social 
interactions, all mice were individually housed for 1 week before the 
start of experiments. As female mice show large natural fluctuations 
in body temperature linked to oestrus, which suggests that there is an 
additional mechanism for body temperature regulation, only male 
mice were used for experiments. C57BL/6J mice were used for fever 
induction, Fos expression analysis and cell-type identification experi-
ments. TRAP2 transgenic mice (also called Fos2A-iCreER)26,27 are available 
from the Jackson Laboratory (stock number 030323). The Gal-Cre 
BAC transgenic line was imported from the Mutant Mouse Regional 
Resource Center (MMUCD 031060-UCD). Calcr-IRES-Cre mice were 
generated by the Gene Targeting and Transgenics Center at the Jane-
lia Research Campus using accession number NM_001042725.1. The 
following transgenic reporter lines were obtained from the Jackson 
Laboratory: Ai9(RCL-tdT) (stock number 007909) and R26R-EYFP 
(stock number 006148). For all experiments, only mice heterozygous 
for TRAP2 and reporter constructs were used. Sample sizes were chosen 
on the basis of similar experiments from relevant studies.

Fever induction and body temperature monitoring
For intermittent temperature recordings, implantable temperature 
transponders (IPTT-300, Bio Medic Data Systems) were inserted under 
the skin below the neckline in the upper abdominal region to the right 
of the midline. Mice were anaesthetized using 2–4% isoflurane. Hair 
was shaved and skin was disinfected before transponder insertion. 
Mice recovered for 1 week before experiments. Fever was induced 
by an intraperitoneal injection of either LPS (50 μg kg–1) or poly(I:C) 
(10 mg kg–1). Mice were habituated in the experimental room in their 
home cage for 1 h before injection. Body temperature was measured 
hourly or immediately before behaviour experiments using a handheld 
transponder reader (DAS-7007, Bio Medic Data Systems). Statistical 
significance was measured using Kruskal–Wallis test to compare saline, 
LPS and poly(I:C) treatments. For continuous temperature monitoring, 
we implanted telemetry probes (E-Mitter G2, Starr Life Sciences) into 
the intraperitoneal space of anaesthetized mice. Body temperature was 
measured every 5 min for up to 24 h. To compare body temperatures of 
saline-treated versus LPS-treated groups in chemogenetic and ablation 
experiments, two-way analysis of variance (ANOVA) was used.

Warm challenge
Individually housed mice in their home cages were placed into a vet-
erinary incubator set at 30 °C for 2 h with access to food and hydrogel, 
then euthanized for Fos expression analysis.

Single nuclear sequencing
The anterior ventral preoptic area was dissected from mice 2 h after 
administration of either saline or LPS. Dissected tissues from 5 mice 
were pooled for each sample, dounce homogenized on ice and centri-
fuged at 500g for 6 min at 4 °C. Supernatant was removed and passed 
through a 70-μm filter then through a 20-μm filter (MACS Smart-
strainer) to remove large debris. DAPI was added to the suspension and 
nuclei were separated by FACS. The resulting suspension was loaded 
into a 10x Genomics Chromium single-cell chip at a concentration of 
about 500 nuclei per μl with the aim of sequencing 7,000–8,000 nuclei 
per sample. Downstream preparation of sequencing libraries was car-
ried out using the 10x Genomics Single Cell Kit V2. The libraries were 
sequenced on an Illumina NextSeq500 instrument using instructions 

provided by 10x Genomics. Paired-end sequencing with read lengths 
of 150 nt was performed for all samples. Illumina sequencing reads 
were aligned to the mouse genome using the 10x Genomics CellRanger 
pipeline with the default parameters. Identification of cell-type clusters 
was performed as previously described13. In brief, we first filtered out 
non-nuclei such as mitochondria and red blood cells as well as obvi-
ous doublets. We selected variable genes using the Seurat command 
FindVariableGenes using y cut-off = 1, x low cut-off = 0.0125 and x high 
cut-off = 3. A total of 1,500 variable genes were collected from each 
sample, and the intersection of variable genes was used to perform 
canonical correlation analysis. Immediate early genes were removed 
from variable gene selection. Canonical correlation analysis was per-
formed using 50 components with the aim of clustering similar cell 
types across the saline and LPS conditions. To generate cell clusters, 
we utilized the Jaccard–Louvain community detection approach in the 
Seurat command FindClusters with k.param = 15 and resolution set to 2.  
We used the following markers to identify major cell type classes: 
microglia (SELPLG+), astrocytes (AQP4+), immature oligodendrocytes 
(PDGFRA+), mature oligodendrocytes (MAL+) and ependymal cells 
(LRP2+AQP4+)13,18.

MERFISH
The MERFISH preoptic area probe libraries were designed and gener-
ated as previously described13. Mice aged 8–12 weeks were individually 
housed for 1 week. After 1 h of habituation, mice were injected with LPS 
(50 μg kg–1); 2 h later, mice were euthanized and brains rapidly dissected 
and frozen in Tissue-Tek OCT (VWR) and stored at −80 °C before section-
ing. The preoptic area was sectioned at −18 °C on a cryostat (Microm, 
HM550), generating 10-μm-thick coronal sections. Coverslips were 
treated and prepared as previously described13. In brief, beginning at 
approximately +0.5 bregma, slices staggered approximately 50 μm 
apart along the anterior–posterior (AP) axis were placed onto silanized 
40 mm no. 1.5 coverslips pretreated with orange fiducial beads until 
slices spanning the extent of the VMPO had been collected. Sections 
were fixed in 4% paraformaldehyde (PFA), washed in PBS and dehy-
drated in 70% ethanol. Samples were stained with a hybridization mix-
ture containing encoding probes for MERFISH measurements and for 
the non-combinatorial, sequential FISH measurements, and a poly(A) 
anchor probe, after which samples were embedded in a polyacrylamide 
gel matrix and cleared using SDS–proteinase K treatment, as previously 
described13. Samples were extensively washed with 2× SSC following 
digestion and stored at 4 °C in 2× SSC with 1:100 murine RNAse inhibitor 
for up to 1 week before imaging.

Samples were imaged as previously described, imaging the preoptic 
region from slices that contain the VMPO in three LPS-treated animals13. 
In brief, samples were stained with a readout hybridization mixture 
containing the readout probes for the first round of MERFISH measure-
ments, along with a readout probe targeting the poly(A) anchor probe 
and DAPI to stain the cytoplasm and nucleus, respectively. Imaging was 
performed using a PlanApo ×60/1.3 NA silicon oil objective, taking a 
9 × 9 grid of fields of view (FOV) that covers a 1.8 ×1.8 mm region cen-
tred on the preoptic region present in each tissue slice. Such a grid of 
fields of view was taken for each slice present on a given coverslip. The 
first round of imaging was performed in the 750 nm, 650 nm, 560 nm, 
488 nm and 405 nm channels to image the Alexa-750 readout probe, the 
Cy5 readout probe, fiducial beads, the poly(A) probe and DAPI, respec-
tively. Subsequent rounds of imaging were performed in the 750 nm, 
650 nm and 560 nm channels only. After the first round of imaging, 
the sample was treated with TCEP to cleave the fluorescent dyes off 
the readout probes, hybridized with the readout probes for the second 
round of imaging, and then imaging was performed covering the same 
set of positions as the previous round. This process was repeated until 
rounds of imaging for both MERFISH and non-combinatorial, sequen-
tial FISH were completed. For all images of the fiducial beads, a single 
image at the surface of the coverslip was obtained. For the MERFISH 
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measurements of the 135 genes, poly(A) probe and DAPI imaging, seven 
1.5-μm-thick z-stacks were collected. For the non-combinatorial sequen-
tial FISH measurements of the 20 genes, a single image at 4.5 μm above 
the coverslip surface was taken.

MERFISH image analysis was performed using algorithms and 
approaches similar to those previously described13. The revised pipeline 
used to perform the analysis is freely available at https://github.com/
ZhuangLab/MERlin. The output of this pipeline is a cell by gene matrix 
of expression, wherein each gene targeted by MERFISH is represented 
as absolute RNA counts, and each gene targeted by non-combinatorial, 
sequential FISH is represented as the total fluorescence intensity of 
all pixels within the cell boundary. Counts were volume-normalized, 
and then data from each experiment were rescaled to reflect a typi-
cal counts density to minimize batch effects from different samples. 
Fluorescence intensities were normalized to the number of pixels 
contributing to each measurement, and then the background of each 
cell in the 650 nm and 750 nm channels were estimated as the median 
of all the non-combinatorial, sequential FISH measurements in that 
channel for a given cell (as no cell is expected to express more than a 
few of the 20 different genes analysed in this manner) and subtracted 
from the signal in each round of the corresponding colour. All data 
were then transformed as log10(x + 1). Cells without a segmentation 
boundary in the 4.5-μm z-plane were discarded owing to the absence 
of valid quantification for the non-combinatorial, sequential FISH 
genes. Additionally, cells were filtered on volume (discarding those 
with volumes less than 100 μm3 or greater than 3,000 μm3), MERFISH 
mRNA counts (discarding those with 20 or fewer total MERFISH counts) 
and high non-combinatorial, sequential FISH signals (discarding those 
yielding high signals in more than 5 genes; manual inspection suggested 
that these signals often arose from erroneous sources of signal).

Expression measurements from LPS-treated animals were normal-
ized by calculating the z-score for each gene across all cells, and the 
same was done for the expression measurements previously collected 
from naive animals13. A single layer, 100 node neural net classifier was 
trained on the z-scored expression measurements of the naive animals 
using the 135 MERFISH genes measured by MERFISH and 20 genes 
measured by non-combinatorial, sequential multicolour FISH (Fos is 
not contained within these measurements) to predict the cluster label 
of each cell. The classifier was used to predict the cluster label for each 
cell in the LPS-treated data. Cells assigned to the ‘ambiguous’ class were 
discarded, as well as those with a prediction probability < 0.9. This left 
92,990 of 204,319 cells with cluster assignments. A second round of 
classification was performed to recover unassigned LPS cells. In the 
second round, the assigned LPS cells were used to train a new single 
layer, 100 node neural net classifier to predict their assigned cluster 
labels. The classifier was then used to predict the unassigned cells in the 
LPS-treated data, again discarding predictions with probabilities < 0.9. 
A further 85,138 cells were assigned a cluster label, and the remaining 
26,191 were labelled as ambiguous.

To identify neurons and neuronal clusters activated by LPS injection, 
the Fos signal of all cells assigned an inhibitory or excitatory cluster 
label was normalized by calculating the z-score for cells from each 
replicate independently. All neurons with a Fos signal that was 2 or 
more standard deviations greater than the mean Fos signal of all the 
cells in the same animal (that is, z-score ≥ 2) were considered Fos+, and 
all other neurons were considered Fos–. For cases in which non-neuronal 
cells were also analysed, the same procedure was used except that the 
z-score was calculated using all non-ambiguous cells. Clusters were 
determined to have significant enrichment of Fos+ cells/neurons based 
on a binomial test and a false discovery rate of <5%. Measurements of 
distances of selected cell populations to the midline or base of the 
brain were calculated for the four slices with the most VMPOGal/Amigo2 
cells in a given replicate, and data from all replicates were combined in 
the cumulative distribution function. P values were determined using 
Mann–Whitney U-test.

TRAP induction
4-OHT was dissolved to a concentration of 20 mg ml–1 in ethanol by 
shaking at 37 °C for 15 min then mixed with corn oil (Sigma) at a con-
centration of 10 mg ml–1 by vortexing. Ethanol was evaporated in a 37 °C 
oven for 1 h. The final 10 mg ml–1 4-OHT solution was intraperitoneally 
injected into mice immediately after preparation at a dose of 50 mg kg–1.

LPS-TRAP and saline-TRAP. Mice were habituated to the procedure 
room in their home cages for 1 h. Saline or LPS (50 μg kg–1) was intra-
peritoneally administered, then 2 h later, prepared 4-OHT was admin-
istered. Mice were left in the same environment for an additional 4–6 h 
while 4-OHT is being metabolized and they recover from the fever. 
Although subsets of non-neuronal cells expressed Fos following LPS 
administration, we did not see any viral infection of non-neuronal 
cells following the TRAP procedure, presumably due to the use of 
neuronal-specific viral serotypes and promotors.

Warm-TRAP. Mice were placed in a 30 °C veterinary incubator for 2 h 
inside their home cages, then 4-OHT was administered. Mice remained 
in the incubator for an additional 4 h before returning to room tem-
perature.

Hunger-TRAP. Mice were deprived of food for 22 h before 4-OHT ad-
ministration. Regular chow was returned 6 h after 4-OHT injection.

Electrophysiology
Solutions. Modified artificial cerebrospinal fluid (ACSF), used as cut-
ting solution, contained the following components (in mM): 105 cho-
line chloride, 20 glucose, 24 NaHCO3, 2.5 KCl, 0.5 CaCl2, 8 MgSO4, 
5 sodium ascorbate, 3 sodium pyruvate, 1.25 NaH2PO4 (osmolarity of 
290, pH 7.35). All recordings were conducted in oxygenated ACSF with 
the following composition (in mM): 115 NaCl, 2.5 KCl, 25 NaHCO3, 1.25  
NaH2PO4, 1 MgSO4, 20 glucose, 2.0 CaCl2 (osmolarity of 290, pH 7.35). 
See Extended Data Table 4 for more details.

The current-clamp internal solution contained the following com-
ponents (in mM): 120 potassium gluconate, 2.0 sodium gluconate, 
10 HEPES, 4.0 Mg-ATP, 2.0 Na2-ATP, 0.3 Na3-GTP and 4.0 NaCl (osmo-
larity of 292, pH 7.34). The voltage-clamp internal solution contained 
the following components (in mM): 130 d-gluconic acid, 130 cesium 
hydroxide, 5.0 NaCl, 10 HEPES, 12 di-tris-phosphocreatine, 1 EGTA, 
3.0 Mg-ATP, 0.2 Na3-GTP and 5 mM QX-314 (osmolarity of 291, pH 7.35). 
To visualize the neurons during recording, internal solutions contained 
10 μM Alexa-488 or Alexa-594 as indicated. All chemicals were pur-
chased from Sigma-Aldrich unless stated otherwise.

Acute brain slices. In vitro slice physiology was performed in adult 
TRAP2;Ai9 mice (aged 8–24 weeks) mice 2–10 weeks after TRAP in-
duction. Slices were prepared using previously described methods38. 
Mice were lightly anaesthetized with isoflurane using a vaporizer 
(Datex-Ohmeda) connected to a clear acrylic chamber for 2 min, and 
then deeply anaesthetized with an intraperitoneal injection of a mixture 
of ketamine (100 mg kg–1) and xylazine (10 mg kg–1). Mice were tran-
scardially perfused with ice-cold modified ACSF cutting solution, and 
brains were dissected into the same solution. Coronal slices (300-μm 
thick) were obtained using a vibratome (VT1000S, Leica) and collected 
in ice-cold cutting solution. VMPO was identified on the basis of its 
proximity to anatomical landmarks, including the ventricle and the 
ventral surface. VMPOLPS neurons were identified by the expression of 
the tdTomato reporter. After cutting, slices were incubated in oxygen-
ated ACSF solution at 35 °C for 45 min and then at room temperature 
for the duration of the experiment.

In vitro recordings. Whole-cell current-clamp and voltage-clamp re-
cordings were made using borosilicate glass patch pipettes (6–10 MΩ) 
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filled with current-clamp internal and voltage-clamp internal solutions, 
respectively, and slices maintained at 35 °C in oxygenated ACSF. Slices 
were visualized under custom-built infrared optics on a BX51WI micro-
scope (Olympus Optical). Recordings were obtained with a Multiclamp 
700B amplifier (Molecular Devices), and physiological data were col-
lected using software written in LabView (National Instruments) and 
pClamp 10.3 (Molecular Devices). Current-clamp and voltage-clamp 
recordings were low-pass filtered at 1–2 kHz and digitized at 10–20 kHz. 
Membrane resting potentials were recorded 5 min after breaking into 
the cells. For rheobase current calculations, neurons were injected with 
increasing steps 1 pA (2 s of duration) until a single action potential was 
evoked in the recorded neuron. The same protocol with 1 pA steps (2 s 
of duration) was used to measure the peak firing rates of the neuron. 
For measurements of synaptic currents, voltage-clamp recordings were 
performed using a holding potential (−70 mV) that was near the reversal 
potential for chloride to record the excitatory currents. Similarly, to 
record the inhibitory currents, voltage-clamp recordings were perform 
using a holding potential (0 mV) that was near the reversal potential for 
AMPA and NMDA. Synaptic current measurements were performed in 
the presence of 1 μM TTX to block sodium currents.

Pharmacology. To synaptically isolate the neurons during 
current-clamp recordings, synaptic blockers (20 μM AP-5, 50 μM CNQX 
and 20 μM gabazine) were added to the bath solution. Similarly, to iso-
late miniature EPSCs and IPSCs, we used 1 μM TTX in the bath solution 
during voltage-clamp recordings.

Effects of PGE2 and CCL2. During the current-clamp and voltage-clamp 
recordings, bath application of 1 μM PGE2 and 2.5 nM CCL2 was used to 
determine the role of the abovementioned chemicals on the intrinsic 
properties and synaptic activities of VMPOLPS neurons. To analyse the 
contribution of EP2 receptors, we used a selective EP2 receptor antago-
nist (PF 04418948). Measurements were made 5–10 min after the start 
of perfusion of the drug.

Effects of IL-1β and NS-398. To analyse the role of IL-1 qualitatively 
and quantitatively, we incubated slices for 1 h in regular ACSF at 35 °C 
in the presence of 1 nM IL-1β. To selectively block the activity of COX-2, 
we incubated slices in the presence of 1 nM IL-1β and a selective COX-2 
inhibitor (20 μM NS-398) for 1 h. During our experiments involving 
whole-cell patch recording, the same concentrations of IL-1β and NS-398 
were continuously perfused through the recording chamber.

Optogenetic validation. TRAP2 mice (aged 8–16 weeks) were in-
jected with 80–100 nl of AAV5-EF1a-DIO-hChR2(C128S/D156A)-EYFP 
(UNC Vector Core). Two to 8 weeks after TRAP induction, mice were 
killed, and brain slices (300-μm thick) were made as described above.  
We used a custom-built set-up to deliver a single 20-ms pulse of blue 
light (460 ± 10 nm, CBT-90-B-L11, Luminus) to activate hChR2(C128S/
D156A) and used a single 50-ms green (525 ± 9 nm, CBT-90-B-L11, Lu-
minus) light pulse to inactivate it.

Chemogenetic validation. TRAP2 mice (aged 8–16 weeks) were 
injected with 100 nl of AAV8-hSyn-DIO-hM3D(Gq)-mCherry virus  
(Addgene). Two to 8 weeks after TRAP induction, mice were killed, and 
brain slices (300-μm thick) were made as previously described. CNO 
(1–10 μM) was applied to the bath solution during whole-cell current 
clamp recordings.

Analysis. We used custom-written software (Matlab R2017a) to measure 
the timing of action potentials and the firing rates of neurons. Template 
match algorithm in Axograph (1.7.6) was used to measure the amplitude, 
timing and inter-event intervals of synaptic events. We used variable 
amplitude templates with τrise = 0.5 ms and τdecay = 2 ms for the excita-
tory events and τrise = 2 ms and τdecay = 5 ms for the inhibitory events.

Statistical test. Two-sided Wilcoxon rank-sum test in Matlab (R2017a) 
was used to compare the distribution.

Behaviour assays
Mice were individually housed for at least 1 week before testing, unless 
otherwise noted. To avoid activity-related fluctuations in body tempera-
ture, experiments were conducted during the light phase when mice 
are less active (exceptions are stated below). For all behaviours, mice 
were tested with saline, LPS and CNO in a randomized order. No dif-
ference was found with respect to the order of the trials. Animals were 
tested for a single behaviour per session with at least 1 week between 
trials. To avoid adapted responses to LPS, mice were not subjected to 
more than three LPS trials. All mice were habituated for 1 h before tri-
als to minimize stress-induced temperature fluctuations. Statistical 
differences between groups were analysed using two-way ANOVA for 
body temperature tests or with non-parametric Kruskal–Wallis test 
with Dunn’s multiple comparison for behavioural tests. N = 8–13 per 
group depending on the assay (see the main text, figure legends and 
graphs, with individual dots representing each mouse). For chemo-
genetic experiments, mice were used for multiple behaviour experi-
ments, allowing 4–7 days between CNO injections to facilitate complete 
metabolism of CNO. Repeated CNO injections resulted in similar body 
temperatures for an individual mouse for each trial. For ablation experi-
ments, mice were used for only one behavioural trial to circumvent 
adaptation to LPS administration.

Temperature preference. Mice were placed in a thermal gradient test 
box (Bio-TGT2, Bioseb) with one side set to 4 °C and the other side set 
to 55 °C either 1 h or 2.5 h after injection (CNO and LPS, respectively), 
depending on the experiment. Mice were given 30 min to habituate 
then recorded for 30 min. The time spent in temperature zones be-
tween 18 and 37 °C was recorded and analysed using Thermal Gradient 
Test software (Bioseb). The median temperature zone was used as the 
preferred temperature.

Feeding behaviour. Mice were deprived of food for 22 h before the 
experiment. After 1 h of habituation, mice were injected with saline, LPS 
or CNO, then a pre-weighed amount of regular chow was returned to 
the cage at the time of fever induction. The weight of remaining chow 
was measured 4 h later.

Locomotion. After 1 h of habituation and fever induction, mice were 
placed in a new cage and recorded for 10 min. Tests were recorded 
using a Geovision surveillance system, and the distance trav-
elled was measured using Ethovision XT 8.0 (Noldus Information 
Technology).

Inter-male aggression. One hour after the onset of the dark cycle, 
under dim red lighting, castrated C57Bl6/J males (aged 6–8 weeks) 
swabbed with intact adult male urine (100 μl) were introduced into 
the home cage of an adult virgin male mouse (age of about 8 weeks). 
Mice were euthanized for tissue collection 30 min following aggres-
sive attacking of the intruder, which was characterized by rapid bouts 
of biting leading to defensive reactions by the intruder (rearing and 
escaping). Intruder males were removed from the cage 10 min after 
the commencement of the first attack.

Male mating. Ovariectomized female mice (aged 6–8 weeks) were 
hormonally primed to be in oestrous as previously described13. On the 
test day, females were introduced into the home cage of an adult virgin 
male mouse (age of about 8 weeks) 1 h after the onset of the dark cycle, 
under dim red lighting. Male mice were euthanized for tissue collection 
30 min following intromission of the female. Female mice were removed 
from the cage 10 min after the first intromission.
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Male parenting. Virgin male mice were paired with females (age of 
about 7 weeks) and co-housed until the birth of pups (about 21 days). 
Fathers were allowed to remain with pups for 3 days before removal. 
Two days later, parental behaviour was tested. After 1 h of habituation, 
1 h after the onset of the dark cycle, under dim red lighting, a single 
mouse pup (age 2–3 days) was introduced into one corner of the home 
cage away from nesting material. A parental response was defined as 
retrieval of the pup to the nest combined with nesting, crouching, 
grooming and licking behaviours. Fathers were euthanized for tissue 
collection 30 min following the retrieval of the pup to the nest. Only 
mice displaying all of the above behavioural subroutines were selected 
for further processing.

Chemogenetics
TRAP2 mice (aged 8–16 weeks) were used for these experiments.  
We injected 100 nl of AAV8-hSyn-DIO-HA-hM3D(Gq)-IRES-mCitrine 
virus (Duke Viral Vector Core) bilaterally into the VMPO (A–P: +0.1; 
medial–lateral (ML): ±0.15; dorsal–ventral (DV): −5.2) using a Drummond 
Nanoject III. Mice recovered for 2 weeks before TRAP (CreER) induction 
or mock induction. Two weeks after Cre induction, mice were intraperi-
toneally injected with 0.5 mg kg–1 CNO dissolved in saline. Temperature 
was recorded or behaviour was measured 1 h following CNO injection. 
Two-way ANOVA was used to compare experimental and control groups. 
In the figures, individual dots in graphs represent a mouse. Mice were 
used for multiple behaviour experiments, allowing 4–7 days between 
CNO injections to facilitate complete metabolism of CNO. Repeated 
CNO injections resulted in similar body temperatures for an individual 
mouse for each trial, regardless of the experimental condition.

Optogenetics
TRAP2 mice (aged 8–16 weeks) were injected with 80–100 nl of 
AAV5-EF1a-DIO-hChR2(C128S/D156A)-EYFP (SSFO; UNC Vector Core) 
bilaterally into the VMPO (AP: +0.1; ML: ±0.15; DV: −5.2) using a Drum-
mond Nanoject III. Optic fibres (Doric Lenses) were then implanted 
above the AVPe/MnPO (AP: +0.5; ML: ±0.3; DV: −4.6) or the Arc (AP: 
−1.5; ML: ±0.4; DV: −5.5). Fibres were cemented to the skull. Mice recov-
ered for 2 weeks before LPS-TRAP (CreER) induction. Two weeks after 
Cre induction, mice underwent a habituation and testing protocol 
specific to the behavioural test (see below). Optogenetic stimulation 
was a single 2 s constant blue LED stimulation. The light intensity at 
the tip of the dual fibre was measured before each testing day and 
adjusted to about 10 mW. For the body temperature test, mice were 
habituated to the optogenetic set-up with the fibre connected for 1 h 
on three consecutive days. On the fourth day, mice were habituated 
for 30 min, then half of the mice underwent the ‘light off’ behavioural 
testing and half underwent the ‘light on’ testing. Body temperature was 
measured before stimulation and then every 5 min. On the fifth day, 
mice underwent the opposite (on versus off) trials (30 min habitua-
tion and 30 min body temperature measurements). No difference was 
found when comparing the order of the on or off trials, n = 5. For the 
appetite test, mice were habituated for 1 h for three consecutive days. 
Chow was removed from cages at 17:00 on the third day. On the fourth 
day, mice were habituated for 30 min, then half of mice underwent the 
light-on and half underwent the light-off trials. The weight of chow was 
measured before and after the 30 min trial. Mice were allowed 1 day to 
recover, and the following day (day 6) food was removed at 17:00. Day 7 
mice underwent the opposite (on versus off) trial. No difference was 
found when comparing the order of on or off trials, n = 6. The place-
ment of fibres was verified post-mortem, and those with incorrect fibre 
placements were removed from the study.

Cell ablation
AAV8-EF1a-mCherry-FLEX-dtA (UNC Vector Core) was stereotactically 
injected bilaterally into the VMPO of TRAP2 mice (100 μl) (AP: +0.1; 

ML: ±0.15; DV: −5.2) using a Drummond Nanoject III. Mice recovered 
for 2 weeks and then underwent LPS-TRAP induction. Body tempera-
ture response to LPS or saline treatment or behaviour analyses were 
conducted 4–5 weeks later. The accuracy of virus injection as com-
plete or near-complete loss of reporter-positive cells in the VMPO was 
used to determine the success of ablation and subsequent inclusion 
for analysis. Two-way ANOVA was used to compare experimental and 
control groups. Individual dots in graphs represent each mouse. Mice 
were used for only one behavioural trial to circumvent adaptation to 
LPS administration.

Anterograde tracing
AAVDJ-hSyn-FLEX-mGFP-2A-synaptophysin-mRuby (Stanford Vec-
tor Core) was stereotaxically injected bilaterally into the VMPO (AP: 
+0.1; ML: ±0.15; DV: −5.2) using a Drummond Nanoject III (100 nl) into 
adult TRAP2 mice. After 2 weeks, mice underwent TRAP/Cre induction, 
and after an additional 2 weeks for viral/fluorophore expression, mice 
were transcardially perfused with 4% PFA. Tissue was cryoprotected 
(30% sucrose) and serial sections prepared using a freezing microtome 
(50 μm). Sections were mounted onto Superfrost plus slides, cover-
slipped with Vectashield plus DAPI and imaged at ×10 magnification 
using AxioScan and Zen Blue 3.4 software (Zeiss).

Monosynaptic input tracing
A 1:1 ratio (100 nl) of AAV1-EF1a-FLEX-TVA-mCherry (avian TVA recep-
tor, UNC Viral Vector Core) and AAV1-CAG-FLEX-oG-WPRE-SV40-PA 
(optimized rabies glycoprotein, Salk Institute) was stereotaxically 
injected into either the AVPe/MnPO (bregma coordinates AP: +0.5; 
ML: ±0.2; DV: −5.0) or Arc (AP: −1.5; ML: ±0.2; DV: −5.8) of adult TRAP2 
mice. Two weeks later, TRAP/Cre was induced, and then 1 week later, 
G-deleted rabies virus (deltaG-RV-eGFP, Janelia Viral Tools Facility) 
(200 nl) was injected into the same coordinates. Seven days later, mice 
were transcardially perfused with 4% PFA. Tissue was post-fixed in PFA 
overnight and cryoprotected (30% sucrose), then serial sections were 
prepared using a freezing microtome (50 μm). Sections were imaged 
at ×10 using AxioScan (Zeiss).

In situ hybridization
Double-label and triple-label FISH was performed using a RNAscope 
assay V1 kit (Advanced Cell Diagnostics (ACD)) according to the manu-
facturer’s instructions with a few exceptions. Freshly frozen brains were 
sectioned using a cryostat at 16 μm and stored at −80 °C. Slides were 
thawed and fixed in 4% PFA for 15 min followed by dehydration in 50%, 
75% then 100% ethanol. Cells were permeabilized for 30 min at room 
temperature using Protease III provided by ACD. Sections were then 
processed as suggested by the ACD protocol. Slides were imaged at ×20 
on an Axioimager Z2 using Axiovision Release 4.8 (Zeiss). All probes 
were made by ACD. Quantification of marker expression was done using 
an adapted CellProfiler v.2.2 (Broad Institute) pipeline that identified 
cells using the DAPI signal and identified cells with fluorescent signals 
corresponding to Fos and specific marker genes.

Immunohistochemistry
To visualize Fos protein, perfused tissue was sliced using a freezing 
microtome at 50 μm. Sections were then incubated in blocking solution 
containing 5% goat serum, 3% FBS and 0.3% TritonX-100 diluted in PBS 
for 1 h at room temperature. Primary antibodies rabbit anti-Fos (9F6, 
Cell Signaling) and chicken anti-GFP (ab13970, Abcam) were diluted 
1:1,000 in blocking solution, and sections were incubated overnight 
at 4 °C. After rinsing with PBS, secondary antibodies were applied at 
1:1,000 dilution in PBS for 2 h at room temperature. Secondary antibod-
ies used included Alexa-488 anti-rabbit (A21206, Invitrogen), Alexa-568 
anti-rabbit (A11011, Invitrogen), Alexa-647 anti-rabbit (A21245) and 
Alexa-488 anti-chicken (A32921, Invitrogen). Sections were rinsed 
in PBS, mounted onto Superfrost plus slides, coverslipped with 



Vectashield containing DAPI and imaged on a Axioscan at ×10 (Zeiss)  
at 0.65 μm pixel–1. Fos+ cell nuclei were identified algorithmically in 
serial section images by spatial filtering, thresholding and finding 
connected components. Spots of connected pixels ranging from 
approximately 30 to 315 μm2 (6.5–20 μm diameter) were counted 
as Fos+ nuclei. Contours of brain areas were manually drawn, aided 
by local architecture and landmarks and an atlas of the mouse brain. 
Brain areas were measured in each section for three mice per group. 
Statistical significance between LPS-treated and saline-treated groups 
was determined using two-way ANOVA with Fisher’s test for multiple 
comparisons.

Statistics and reproducibility
Statistical differences between groups were analysed using two-way 
ANOVA for body temperature tests or with non-parametric Kruskal–
Wallis test with Dunn’s multiple comparison for behavioural tests. Use 
of other statistical tests are noted in the figure legends. All statistical 
tests are two-sided. See Extended Data Tables 5 and 6 for precise animal 
and cell numbers for Figs. 2 and 3 and Extended Data Fig. 4.

Antibody staining with Fos in the VMPO (Fig. 1e–g and Extended 
Data Fig. 1b, c) was repeated independently three times, with similar 
results obtained. Visualization of reporter expression in the VMPO 
of saline-TRAP and LPS-TRAP mice for the purpose of quantifica-
tion was repeated independently two times (one to two mice each) 
(Fig. 2a). Visualization of projection patterns from VMPO neurons 
was repeated independently four times, with similar results obtained 
(Fig. 4c, d). Retrograde rabies tracing from warm-sensitive neurons 
and appetite-controlling neurons was repeated independently two 
times, with similar results obtained (Fig. 4h, i, w, x). Identification of 
indirect target neurons was repeated independently two times, with 
similar results obtained (Fig. 4o–s). All RNAscope experiments were 
repeated independently three separate times, with similar results 
obtained (Extended Data Figs. 3 and 4h, i).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Raw and processed data have been deposited in the Gene Expression 
Omnibus and are available under accession number GSE197547.

Code availability
The pipeline used to perform MERFISH analyses is freely available at 
https://github.com/ZhuangLab/MERlin. Other custom code is avail-
able upon request.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Specificity and identity of VMPOLPS neurons during 
inflammation. (a) Mean body temperature 2 h following injection of saline 
(n = 13), LPS (n = 16) or Poly(I:C) (n = 10). (b-c) Representative images of Fos 
expression in brain areas displaying significant increases in number of Fos+ 
cells following LPS administration (b) or saline (c), scale bar for all 
panels = 200μm. (d) mRNA expression of inhibitory neuronal marker Vgat 
(green) and Fos (magenta) in the VMPO after LPS injection. (e) Fraction of Fos+ 
cells that express Vgat or Vglut2 (n = 4). (f) Quantification of the fraction of Fos+ 
cells within individual snRNA-seq clusters in LPS-injected sample. (g) Dotplot 
of average expression of marker genes and genes with immunological 

significance in each cluster: dot size indicates percent of cells in cluster with 
measurable expression and color indicates average expression levels; 
ependymal cluster cluster #5 and neuronal cluster #19, found significantly 
activated after LPS injection are highlighted in red. (h) Quantification of the 
fraction of Fos+ cells in individual MERFISH neuronal clusters, with statically 
significant enrichment for Fos+ cells indicated in red, n = 3. (i) mRNA 
expression of markers for VMPOLPS neurons (calcR, gal and amigo2) in LPS-
injected mice. ( j) Mean of overlap of markers for VMPOLPS neurons and for 
warm-sensitive neurons (adcyap1) with LPS-mediated Fos expression in the 
VMPO, n = 3 mice/experiment. All scale bars = 200μm. All error bars = SEM.
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Extended Data Fig. 2 | Spatial distribution of activated neuronal and 
non-neuronal cell type classes in the preoptic area during inflammation. 
(a) Cumulative distribution of Fos+ (purple) and Fos- (blue) VMPOGal/Amigo2 
neurons as a function of the distance to the bottom of the section (top) or the 
midline (bottom), n = 3 replicates. (b) MERFISH analysis indicating the fraction 
of Fos+ cells in major cell type classes in samples from mice injected with LPS 
versus mice displaying other behaviors: aggression, mating or parenting. 

Significantly activated populations are indicated in red. (c) Spatial distribution 
of major cell type classes in MERFISH analysis, cell type (green), Fos+ cell (red), 
Fos+ cells in the indicated cell type (purple). (d) Cumulative distribution of Fos+ 
(purple) and Fos- (green) cells in major cell type classes as a function of the 
distance to the bottom of the section (top) or the midline (bottom), n = 3 mice. 
All scale bars = 200μm. All error bars = SEM.



Extended Data Fig. 3 | Expression of key immune molecules and their 
receptors in the VMPO. (a-i) mRNA expression in the VMPO at 2hrs post LPS 
administration, genes of interest in green, LPS-induced Fos is in magenta. Scale 
bar for a-i = 200μm (a) Prostaglandin E synthase 2 (ptgs2) and its receptors ep2 
(d), ep1 (g), ep3 (h), ep4 (i). (b) interleukin-1β (il1β) and its receptor il1rap (e).  
(c) chemokine ligand 2 (ccl2) and it’s receptor chemkine receptor 2 (ccr2) (f).  
( j) Expression of ptgs2 in absence of LPS stimulation and at 60min and 120min 

post LPS. No or weak expression is found without LPS stimulation, and 
expression after LPS challenge shows overlap with markers for endothelial cells 
and microglia. (k) Expression of il1β with no stimulation and at 60min and 
120min post LPS, overlap with markers for ependymal cells and microglia. 
Scale bar for j-l = 50μm (l) Expression of ccl2 with no stimulation and 120 min 
post LPS inejction, overlap with g fap+ astrocytes. (m) Expression of il1r1 in the 
VMPO after LPS injection, Scale bar = 200μm.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Effects of PGE-2 and cytokines on the intrinsic 
properties and synaptic activity of VMPOLPS neurons. (a) Wide field 
microscope images depicting tdTomato expression in the VMPO of TRAP2;Ai9 
during whole cell patch clamp recording with pipette containing Alexa 488.  
(b) Changes in rheobase current for VMPOLPS neurons in presence of ACSF 
(black), CCL2 (pink), PGE2 (green), addition of EP2 antagonist in presence of 
PGE2 (blue), IL-1β (orange) and further addition of PGE2 (yellow), and (c) IL-1β 
(orange), addition of COX-2 inhibitor in the presence of IL-1β (light orange), 
further addition of PGE2 (light green) and further addition of EP2 antagonist 
(light blue). During whole cell voltage clamp recordings, changes in (d) 
amplitude of miniature EPSCs, (e) inter event interval for miniature EPSCs,  
(f) amplitude of miniature IPSCs and (g) inter event interval for miniature IPSCs 
for VMPOLPS neurons in presence of ACSF (black), CCL2 (pink), PGE2 (green), 
addition of EP2 antagonist in presence of PGE2 (blue), IL-1β (orange) and further 
addition of PGE2 (yellow). Changes in (h) amplitude of miniature EPSCs, (i) inter 

event interval for miniature EPSCs, ( j) amplitude of miniature IPSCs and (k) 
inter event interval for miniature IPSCs for VMPOLPS neurons in the presence of 
IL-1β and COX-2 inhibitor (light orange), further addition of PGE2 (light green) 
and further addition of EP2 antagonist (light blue). (l) Cumulative plots 
showing total charge transferred over 1s for inhibitory events and excitatory 
events for control (black) and CCL2 (pink). (m, top) Cumulative charge 
transferred by IPSCs for control (mean value of 24.81 ± 0.14 μC/s) and CCL2 
(mean value of 19.06 ± 0.09 μC/s p = 2.0 * 10−03 for). (m, bottom) Cumulative 
charge transferred by miniature EPSCs for control (mean value of 
18.81 ± 0.09 μC/s) and CCL2 (mean value of 23.37 ± 0.11 μC/s p = 9.0 * 10−03).  
All other values and statistical tests are catalogued in Extended Data Table 2. 
For violin plots, central white circle depicts the mean value and thick black line 
depicts the interquartile range. All p values shown are for two-sided Wilcoxon 
rank sum test with * = p< 0.05, ** = p< 0, *** = p< 0.005 and ns = p > 0.05. All error 
bars = SEM. See Statistics and Reproducibility section for exact n values.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Specificity of viral injections and cell type identity. 
(a) Example of viral injection specificity that qualified for inclusion in the study. 
Note viral expression in the VMPO and absence in surrounding brain areas. 
Injections found to be more broadly dispersed were not included in analysis. 
(b-d) Chemogenetic activation of Calcr+ and Gal+ neurons in the VMPO.  
(b) CNO injection elicited strong increase in body temperature in both genetic 
backgrounds (n = 6 mice/group). (c) Activation of Gal-Cre but not Calcr-Cre 
increased preferred temperature (n = 7mice/group). (d) Activation of Calcr-Cre 
(n = 6 mice) but not Gal-Cre (n = 8) decreased chow consumed (saline n = 6 mice).  
(e) DTA-mediated Ablation of VMPOLPS neurons had no effect on circadian 

temperatures, dark bar indicates dark phase, WT mice were used as controls.  
(f-g) Effect of DTA-mediated ablation of VMPO neurons in Saline-TRAP mice  
had no effect on body temperature or preferred temperature following LPS 
injection (n = 7 mice/group). (h) Overlap of warm-TRAP reporter expression 
with markers of warm-sensitive neurons adcyap1 and sncg. (i) Overlap of 
hunger-TRAP-mediated reporter expression (magenta) with markers of 
appetite-increasing neurons, agrp, or appetite-decreasing neurons, pomc, 
(green). Scale bars = 200μm. All error bars = SEM. For all graphs * = p< 0.05, 
** = p< 0.01, *** = p< 0.001.



Article

Extended Data Fig. 6 | Chemogenetic and optogenetic activation of 
VMPOLPS neurons. (a) Widefield microscope images of VMPOLPS neurons in the 
VMPO of TRAP2 injected with AAV8-hSyn-DIO-hM3D(Gq)-mCherry. (b) Whole 
cell current clamp recording of a VMPOLPS neuron showing the effects of bath 
application of 1mM CNO (baseline: black, CNO: pink and washout: green).  
(c) Effects of CNO application on the firing rate of VMPOLPS neurons; black (n = 5 
cells with mean values of 0.20 ± 0.05 Hz for baseline), pink (0.91 ± 0.06 Hz for 
CNO application and p = 7.0 * 10−03 compared to baseline), green (0.25 ± 0.06 Hz 
for washout and p = 6.9 * 10−03 compared to CNO application), boxes represent 
the 25th and 75th percentile, whiskers extend to the minimum and maximum 
data points (d) Widefield microscope images of VMPOLPS neurons in the VMPO 
of TRAP2 injected with AAV5-EF1a-DIO-hChR2(C128S/D156A)-EYFP. (e) Whole 

cell current clamp recording of a VMPOLPS neuron showing activation of 
hChR2(C128S/D156A) by 20 ms blue light (460 ± 10 nm) light pulse and 
inactivation by 50 ms green light (525 ± 9 nm) pulse. (f) Firing rate of VMPOLPS 
neurons (n = 4 cells) in response to activation of hChR2(C128S/D156A), baseline 
(black, mean firing frequency of 0.21 ± 0.08 Hz), following blue light activation 
(blue, mean firing frequency of 1.46 ± 0.72 Hz and p = 2.1 * 10−02) and following 
green light mediated inactivation of hChR2(C128S/D156A) (green, mean firing 
frequency of 0.12 ± 0.05 Hz and p = 2.0 * 10−02), boxes represent the 25th and 75th 
percentile, whiskers extend to the minimum and maximum data points. All p 
values shown are for two-sided Wilcoxon rank sum test with * = p< 0.05, 
** = p< 0, *** = p< 0.005 and ns = p > 0.05.



Extended Data Table 1 | Effects of prostaglandin E2 and cytokines (Il-1β and CCL2) on the intrinsic properties of VMPOLPS 
neurons
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Extended Data Table 2 | Effects of prostaglandin E2 and cytokines (Il-1β and CCL2) on the synaptic inputs to VMPOLPS neurons



Extended Data Table 3 | Abbreviations of brain areas

Abbreviations of brain areas
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Extended Data Table 4 | List of drugs



Extended Data Table 5 | Precise animal numbers for Fig. 3
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Extended Data Table 6 | Precise cell numbers for Fig. 2 and Extended Data Fig. 4
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