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A reduction in food intake is commonly observed after bacterial infection, a phenomenon that can be reproduced by peripheral administration of Gram-negative bacterial lipopolysaccharide (LPS) or interleukin-1beta (IL-1β), a proinflammatory cytokine released by LPS-activated macrophages. The arcuate nucleus of the hypothalamus (ARH) plays a major role in food intake regulation and expresses IL-1 type 1 receptor (IL-1R1) mRNA. In the present work, we tested the hypothesis that IL-1R1 expressing cells in the ARH mediate IL-1β and/or LPS-induced hypophagia in the rat. To do so, we developed an IL-1β-saporin conjugate, which eliminated IL-R1-expressing neurons in the hippocampus, and micro-injected it into the ARH prior to systemic IL-1β and LPS administration. ARH IL-1β-saporin injection resulted in loss of neuropeptide Y-containing cells and attenuated hypophagia and weight loss after intraperitoneal IL-1β, but not LPS, administration. In conclusion, the present study shows that ARH NPY-containing neurons express functional IL-1R1s that mediate peripheral IL-1β-, but not LPS-, induced hypophagia. Our present and previous findings indicate that the reduction of food intake after IL-1β and LPS are mediated by different neural pathways.
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Comments from the editors and reviewers:

-Editor -The reviewers have provided excellent feedback on the work and have identified some areas of further improvements that can be made. Please take care to ensure a clear narrative of the motivation (hence hypothesis testing) for part of the work logically connects and that this narrative is connected to the overarching goal of the work.

We have addressed the reviewers' comments in point by point way below and have included additional panels to figures 1 and 3 and a supplementary figure 3. We have also made the rationale for some of the experiments involving hippocampal interleukin-1saporin injection more explicit as well as removed the findings obtained in two stress paradigms that did not seem to make much sense in light of the narrative of the manuscript.

Reviewer 1

The authors have appropriately addressed the comments.

.

Reviewer 2

The revised manuscript by Chaskielatal et al. "Interleukin-1 reduces food intake and body weight in rat by acting in the arcuate hypothalamus" is much improved; and I thank the authors for their patient and clear rebuttal to my comments.

Briefly, using an IL1a-saporin conjugate, they show that partial elimination of IL1R-expressing cells in the ARH was able to protect animals from subsequent IL1-injection-induced hypophagia, but that this pretreatment was not able to protect animals from hypophagia induced by LPS injection.

There remain, however, a few additional queries, whose answers I feel are need for a publishable manuscript.

Major Comments

1) The description of the preliminary analysis discussed in the first paragraph of the Results is valuable to show that the model is working, and thus would be very useful to have in a graph added to fig 1 to depict what the authors are describing in the text.

We have now added panels to illustrate the effects of icv IL1-SAP pretreatment on body weight changes during the first days after injection (Fig. 1A) and on the effects of icv IL-1β administered thirteen days later on food intake (Fig. 1B) and social exploration (Fig. 1C).

2) In regard to the reduction in NeuN staining in the hippocampus shown in Fig 1, I find it curious that there is no cell loss in the dentate, as IL1R1 has been reported to be in this region (French 1999). Also, and accepting that rats and mice may be different in this regard, there is an amazing amount of IL1R expression in the dentate as seen in the Allen Brain Atlas.

We agree with the reviewer that there may be differences between rats and mice in terms of IL-1R1 expression in the hippocampus. One important difference may be the level of IL-1R1 expression. Indeed, the Allen Brain Atlas shows important IL-1R1 mRNA expression in the hippocampus including the dentate gyrus. Moreover, while IL-1R1-immunoreactivity and IL-1 binding have convincingly shown in the DG and CA fields of the mouse, this is not the case for the rat. Friedman, (Exp. Neurol., 2001) reported IL-1R1-like immunoreactivity in the CA3-4 areas, of the rat hippocampus, but using an antiserum that previously had been shown to result in staining of magnocellular cells of the rat paraventricular and supraoptic hypothalamic nuclei (Diana et al., Neuroscience, 1999), where no in situ hybridization study has found mRNA. The specificity of that antiserum can therefore be questioned. In our own previous studies, we used another antiserum to IL-1R1 and showed IL-1R1-like immunoreactivity associated with rat brain blood vessels, which co-localized with IL-1R1 mRNA, but no staining in the hippocampus (Konsman et al., J. Comp. Neurol., 2004). We therefore suggest that at the protein level, IL-1R1 expression in the rat hippocampus is much lower than in endothelial cells, which is precisely why we opted for the IL1-SAP construct.

In addition, we feel it is important to bear in mind that Figure 1 illustrates findings that were obtained after IL1-SAP was administered into the lateral ventricle rostrally to the hippocampus. Given that the concentration of IL1-SAP rapidly declines with diffusion distance in the CSF, this may explain why only the most rostral parts of the hippocampus showed neuronal cell loss. As the DG is virtually absent at these very rostral levels and just begins to appear at the levels shown in Figure 1, this may explain why there was no effect of icv IL1-SAP on the dentate gyrus.

3) In relation to this further, the intrahippocampal injections appear to have produced some modest cell loss in the dentate, but these data are not shown.

In the new figure 3 we show the extent of the lesions produced by IL1-SAP after its injection into the hippocampus for each animal. This figure indicates indeed modest cell loss in the dentate gyrus in some, but not all animals, a variation that may be explained by slight differences in the injection site between animals. We chose to illustrate with photomicrographs the most commonly observed IL1-SAP-induced neuronal lesion in the CA as well as its absence of effect on endothelial cells.

4) There seems to be a switch from icv to ip injection in the second section of the Results section, with no explanation. Could some rationale for this please be provided ? Particularly since the control experiments quantifying the loss of neural and non-neural cells in the hippocampus that are presented initially were performed with icv injections. In fact, in light of the further experiments with ip injections it is a bit difficult to see why these data are included.

Based on what the reviewer wrote, we believe we have not been clear enough in the presentation of our approach. This is now made clearer below:

For IL1-SAP administration, we first used icv, then intrahippocampal and finally intraarcuate injections. The rationale for this was to first validate the IL1-SAP construct, before using it to address the role of IL-R1s in the rat arcuate nucleus of the hypothalamus. Similar controls were included in all cases.

IL1-SAP was, however, never employed ip whereas IL-1β was. Indeed, for IL-1β, we first employed icv and then ip injections. Icv administration of IL-1β was initially chosen to test whether icv IL1-SAP pre-treatment mitigates the effect of this treatment on sickness behavior (which, as it turned out, it did not). But from the intrahippocampal IL1-SAP experiments onwards, we used the more physiologically relevant ip route of administration for IL-1β.

An additional concern with icv injections of IL-1 when it comes to the arcuate nucleus is that it accumulates at the level of tanycyte processes running between the border of the third ventricle and the meninges resulting in a high concentration (based on staining of the IL-1 receptor antagonist) in the dorsolateral part of the ARH and a very low concentration in the ventromedial part (closest to the median eminence; Fig 1I in Konsman et al., Neuroscience, 2000). Since this constitutes a potential bias in addressing the role of the arcuate nucleus and because ip administration is a more physiologically relevant route of administration, we used ip injection of IL-1 beta for experiments addressing the role of IL-1R1s in the arcuate nucleus.

5) Along the lines of controls for ip injections, it would probably be useful for the same data as shown in Fig 1 for the icv injections were presented, particularly as these are the type of injections used from here on and also in the ARH.

We are not quite sure what point of criticism the reviewer is trying to make here, so we have provided responses to two possible interpretations.

One of the possibilities is that, as developed in the response to the previous point, a misunderstanding may have occurred here, as we never used the IL1-SAP for ip injections.

However, if the reviewer wonders why, we first employed icv and then ip injections for IL-1β, we refer back to our response made to the previous comment. Icv administration of IL-1β was initially chosen to test whether icv IL1-SAP pre-treatment mitigates the effect of this treatment on sickness behavior (which, as it turned out, it did not). But from the intrahippocampal IL1-SAP experiments onwards, we used the more physiologically relevant ip route of administration for IL-1β.

6)

In relation to the trend for increased GFAP in response to the IL1R-saporin conjugate, it seems that there could be an astrocyte response to the neuronal loss; and if this were the case, it would be important to rule out astrocyte effects on neural function in the lesioned area. Also, does this occur in the hypothalamus? Tanycytes are shown, but it might be more likely for inflammation to be altering astrocytes or indeed microglia in these locations. Could the authors comment on this please.

We agree with the reviewer that the trend for increased GFAP labeling after to IL1-SAP microinjection into the hippocampus could reflect an astrocyte response to neuronal loss.

However, we do not see how "astrocyte effects on neural function in the lesioned area" of the hippocampus can occur as neurons were killed there.

As for the possibility that inflammatory response to neuronal loss occurred in the arcuate hypothalamus, we would like to point out that 1) the extent of IL1-SAP-induced neuronal lesions was much lower in the ARH than in CA regions of the hippocampus and that 2) vimentin is a good marker for cellular responses to neuronal cell loss in the hypothalamus (Alonso & Privat, J. Neurosci. Res., 1993;Yuan et al., Brain Res., 2007). These references have now been added to the manuscript when vimentin is introduced.

Finally, and as shown in a new supplementary figure 3, there is no sign of overt gliosis after IL1-SAP in the arcuate nucleus of the hypothalamus.

7) It would be useful for a graph to accompany the vWF data in Fig 1 as has been provided for the NeuN and GFAP. A clearer image would also be useful, as the one provided is dark and somewhat lacking in focus.

We have now provided a figure with clearer images of the vWF staining in Fig. 1J and1K. As vWF stains endothelial cells and labels blood vessels that run throughout the thickness of the brain section, it is impossible to have all labeling in focus. The only way to get all labeling in focus is too artificially stitch and project into one plane a reconstruction of "best focus images" obtained as a stack on a confocal microscope.

As already indicated in our response to the reviewer's initial comment 3) "the resulting labeling is very hard to quantify because it depends very much on the individual course of vessels in a brain section".

Although we agree with the reviewer that it is important to quantify whenever it is possible to do it reliably, it also important to refrain from it when the conditions are not met. Unlike NeuN and GFAP labeling that result in thousands of stained cellular elements of which the distribution does not change that much between sections separated by 180µm (one out six 30µm-thick sections were taken for each stain), the pattern and orientation of vWF-positive vessels can vary quite a bit over that distance.

We therefore considered that the source of variation due to that would be important compared to possible effects of IL1-SAP on vWF staining. The vWF did nevertheless allow us to show the IL1-SAP did not result in widespread killing of endothelial cells. We could have reliably quantified vWF staining if we had stained all sections for this label, but this would have prevented us from assessing the effects of IL1-SAP on neurons or astrocytes. As often science is about making compromises, but based on well-informed choices.

8) The purpose of the stress response work is unclear. The rationale for looking at restraint and noise stress needs to be clear, otherwise it seems completely irrelevant to the study. As it is, there is a lot of time and space devoted to the areas outside the ARH, which detracts substantially from the impact of the ARH findings, which are really the thrust of this report.

The rationale for these experiments was initially provided in the Materials and Methods session: "Rats with lesions of the dorsal hippocampus have been shown to behave differently in the open field and after loud noise stress (Pletnikov et al., 1999). Interestingly, IL-R1 knock-out mice display more rearing in an open field test (Murray et al., 2013) and have a deficient neuroendocrine responses to loud noise and restraint stress (Goshen et al., 2003). Moreover, IL-1ß is synthesized and released in the hippocampus in response to restraint stress (Kanemitsu, 2000;Iwata et al., 2016)."

We have now made this more explicit by specifying the behavioral changes produced by hippocampal lesions in the open field: "Rats with lesions of the dorsal hippocampus rear and defecate more in the open field (Pletnikov et al., 1999)." We also added the following sentence: "These findings indicate that these stressful conditions and behavioral tests may be useful to behaviorally validate the effect of [C71,C152]IL-1β-saporin administration into the hippocampus."

We would also like to refer to our response to the reviewer's comment 5 to our initial submission: "Regarding behavioral tests, we would like to point out that there is an important difference between looking at an effect in a certain brain structure to validate a tool and trying to address the function of a brain structure. As stated in the introduction, the aim of this work was not to address the role or function of neuronal IL-1 signaling in the hippocampus. We rather chose the hippocampus as the site in the rodent brain, where the evidence for the presence of functional IL-R1s on neurons is the most conclusive, to test the tool IL1-SAP we developed for its capacity to eliminate these In addition, we would like to point out that to validate the IL1-SAP's capacity to eliminate hippocampal neurons, it is important, but also sufficient, to show its neuroanatomical effects.

The fact that we also included the behavioral effects of IL1-SAP after its local injection into the hippocampus and that these turn out to be in accordance with the known consequences of lesions of the dorsal hippocampus or IL-R1 deficiency is an additional interesting feature as pointed out in the discussion: "Moreover, the increased rearing in the open field observed in animals with IL-1ß-saporin-induced hippocampal lesions corresponds to the known behavioral effects of genetic deletion of IL-1R1 (Murray et al, 2013) as well as of (neuronal) lesions of the DG and CA3 regions in rodents (Pletnikov et al., 1999;Chen et al., 2002).

Finally, the increase in defecation in the open field after hippocampal administration IL-1ßsaporin is in accordance with the reported effects of dorsal hippocampus lesions in rodents (Rossi-Arnaud et al., 1992)."

Finally, data obtained by Murray et al., (2013 and cited in our manuscript), "suggest that, contrary to prior studies, IL-1RI(-/-) mice are not robustly impaired on hippocampaldependent memory and learning but do display open field hyperactivity."

9) As in my previous comments, it is difficult to see how number of rears and production of fecal boli is related to the hippocampus. The authors seem to indicate that they are not suggesting that there is a causal relationship, but if it is just coincidence, then I am not sure I understand its relevance. For example, is it possible that other areas outside the hippocampus might also be affected by the injections that could mechanistically account for these behaviours.

First of all, we fear that there might be a misunderstanding here as we never tried to suggest that there would be no causal relationship between the hippocampus and the number of rears or production of fecal boli.

Second, the reviewer seems to imply that it is difficult "to see how number of rears and production of fecal boli is related to the hippocampus" and raises the possibility that it may be "just coincidence" to suggest that the effects may be observed due to mechanisms in "areas outside the hippocampus". We feel that this kind of reasoning does not do justice to the findings available in the literature that we present as part of the rationale and in the discussion.

In the way we interpret the available literature, it makes much sense to talk of a causal relation between the hippocampus and the number of rears or production of fecal boli. Indeed, following the widely accepted interventionist or Woodwardian account of causation., we considered that: "X is causally relevant to Y if and only if there is a possible intervention on X such that if such an intervention were to occur, the value of Y or the probability distribution of Y would change-in other words, some interventions on X make a difference for Y" and that: "an intervention can be thought of as an unconfounded manipulation of the sort that might be realized in an "ideal" experiment" (Woodward, Synthese, 2011, p. 412). Accordingly, any adequately-controlled intervention (lesion, pharmacological or genetic manipulation) on the hippocampus that results in changes in behavior can be considered a cause of that change in behavior.

Thus, Plenikov's work to which we refer and which shows that "Neonatal Borna disease virus (BDV) brain infection results in selective developmental damage to the hippocampal dentate gyrus and the cerebellum" and that "Compared to normal subjects, BDV-infected rats exhibited locomotor hyperactivity and elevated defecation in a highly aversive, brightly lit open field" allows to establish a causal relationship between the hippocampus and cerebellum and increased defecation (Pletnikov et al., Physiol. Behav., 1999) These findings have recently been confirmed and expanded by Kozareva and collegues, who "investigated whether lentiviral silencing of TLX [orphan nuclear receptor predominantly expressed in the central nervous system and an important factor regulating the maintenance and self-renewal of neural stem cells] expression (TLX knockdown) in the dorsal dentate gyrus of juvenile rats incurred differential impairments in behaviour during late adolescence and adulthood." Interestingly, they found "an increased defecation frequency in the open field during adulthood but not adolescence" (Kozareva et al., Behav. Brain Res., 2019) Taken together, the findings indicate a causal relationship between the hippocampus and the number of rears or production of fecal boli for which the underlying mechanism is at present unknown. Mechanisms should also be distinguished from causation as causation can occur without knowing the mechanisms mediating it. For example "… the role of SSRIs in causing alleviation of depression in at least some subjects is generally accepted, but the mechanism by which the drug produces this effect remains controversial" (Woodward, Synthese, 2011, p. 417).

10) The statement: "However, rearing and immobility after exposure to an 82 dB noise for 20 s were not affected by intrahippocampal microinjection" does not seem to be substantiated by any data. Could either data be added or this statement removed? If the authors elect to retain the statement supported by data, then I think some description of the rationale behind why this experiment was done in relation to the larger study is warranted.

We have now removed this statement.

11) The statement: "Food intake was significantly reduced after 2 h restraint ((F(1,29)=13.0, p<0.01), but intrahippocampal microinjection had no effect, either by itself or in interaction with stress" also does not seem to be substantiated with any data. Could either data be added or this statement removed? If the authors elect to retain the statement supported by data, then I think some description of the rationale behind why this experiment was done in relation to the larger study is warranted. Also, testing the interaction with stress seems a bit of a surprise, and doesn't obviously fit with the rationale provided at the start. Some rationale for why this is a test that is relevant to the point of the study is warranted.

The statement in question has been removed.

12) The section beginning: "Intrahippocampal injection of IL-1β-saporin resulted in loss of pyramidal cells in CA1-3…" It is difficult to get an idea of how much cellular loss was generated in these injections. The photos are only qualitative, and difficult to see. Some quantification of loss (as provided in Fig1) is warranted, particularly since these were the injections performed for the behavioural studies.

Unlike the icv IL-1-SAP injection experiment in which lesions were expected to affect the hippocampus to some extent along its rostrocaudal axis due to the free diffusion of IL1-SAP in the CSF, IL1-SAP microinjection-induced lesions were expected to be more rostrocaudally restricted around the injection site. We anticipated therefore that there would be a high chance of missing lesions of neurons (which were the cells affected by icv IL1-SAP) if we only stained 1 out of 6 sections. Hence, we stained all sections containing the hippocampus for NeuN. But at the same, we did want to have idea of the potential effect of intrahippocampal microinjection of IL1-SAP on other cell types and, hence, counterstained with Cresylviolet.

We agree that the NeuN labeling counterstained with Cresyl violet after intrahippocampal IL1-SAP administration may not be the easiest to interpret. To help the reader in this and following the reviewer's request, we have now added a panel to figure 3 (Fig. 3F) comparing the relative surface of labeling between treatments similar to what is show in figure 1.

13) The authors say: "IL-1R1 mRNA was never observed in neurons expressing β-END or POMC mRNA", but there is no figure that I can see that shows bEND mRNA. Please rephrase so it is clear that mRNA applies to POMC and bEND is immuno.

The mRNA in question was supposed to only refer to POMC as ß-END mRNA does not exist. Moreover, in figure 4 itself one can read ß-END-ir, which was explained in the figure legend to refer to ß-END immunoreactivity. But to avoid any possible confusion we have now specified in the text that it is ß-END immunoreactivity.

14)

In order to make a claim regarding the importance of IL1R expression in NPY neurons, the authors should provide a count of single and dual labeled NPY neurons, so we have some idea of what proportion of the population is potentially involved in IL1-mediated effects. This is absolutely critical since the authors also show later that the IL1R-sap conjugate, which presumably kills the IL1Rexpressing ARH cells, does not have any long term effects on body weight. Killing ARH NPY neurons should have a long-term effect on body weight, so there needs to be some explanation provided as to why it doesn't.

We pointed out in our first round of revisions, and in particular to the reviewer's point 6 that: "Neuronal expression of IL-1R1 was suggested by Anders Ericsson's 1995 paper and shown by Scarlett et al. in 2008 to occur in Agouti-related peptide(AgRP)-containing neurons." Indeed, in the discussion we state that referring to that latter paper: "Subsequent experiments employing double in situ hybridization indicate the colocalization of IL-1R1 and AgRP mRNA in a quarter of the AgRP expressing cells in the rat ARH (Scarlett et al, 2008)." Here is what Scarlett and co-authors wrote on pages 4841-4842 of their 2008 paper: "Semi-quantitative image analysis revealed that with a SBR of 2.5 set as the threshold for that neurons to be considered double labeled, 25.0 ± 2.4% of the digoxigenin-labeled AgRP neurons in salinetreated rats coexpressed IL-1RI mRNA". This is why we referred to "colocalization of IL-1R1 and AgRP mRNA in a quarter of the AgRP expressing cells in the rat ARH".

As Neuropeptide Y (NPY) is co-expressed with AgRP (Broberger et al., PNAS, 1998;Hahn et al. Nat. Neurosci., 1998;Chen et al., Endocrinology, 1999), the extent of co-localization of NPY mRNA-expressing neurons and IL-R1 mRNA-containing cells in the ARH is therefore also known, namely around 25%. We realize that although we wrote in the introduction that; "The ARH contains neurons expressing neuropeptide Y (NPY) (Chronwall, 1985;Gray & Morley, 1986) and Agouti-gene Related Peptide (AgRP) (Broberger et al., 1998)", we simply write in the discussion that "NPY, which is present in those neurons containing AgRP" without providing any reference. We have now remedied this to make this point clearer in the discussion and we conclude that: "Our present results confirm and extend these findings by showing co-localization of IL-1R1 mRNA and NPY, which is present in those neurons containing AgRP (Broberger et al., 1998), but not of IL-1R1 and β-END-immunoreactivity or POMC mRNA."

To come back to the reviewer's request for quantification, he or she must be aware that quantification of double-labeling involving silver grain-based detection of radioactivelabeled mRNA probes and colorimetric techniques such as fluorescence (as in Scarlett et al., 2008) Indeed, it cannot be taken for granted (and in particular for cytokine and cytokine receptors) that all cells containing mRNA also express the corresponding protein, We therefore felt that the most critical quantification would be one related to the number of cells bearing functional IL-1 receptors. We also made that point in the discussion when we wrote that: "since autoradiography and immunohistochemical approaches have not been able to provide evidence in favor of the presence of IL-1R1 protein in the rat ARH (Marquette et al., 1995), it

was not yet known whether IL-1R1 receptors on ARH neurons are functional."

The IL1-SAP construct offers exactly the possibility to quantify the number of cells bearing functional IL-1R1 because saporin does not passively enter cells and can only exert its toxic effects on ribosomes when it is conjugated to a ligand (here IL-1beta) that is internalized after binding to its signaling receptors. Hence, we chose to quantify the cell loss of the major neuropeptide-(NPY and POMC)-containing neuronal populations as well as tanycytes. We described how we quantified cell loss after IL1-SAP injection under the subheading "microscopy" of the materials and methods section:

"In order to quantify NPY and POMC mRNA-containing and NeuN, GFAP and Vimentinimmunoreactive cells, image processing was performed using NIH Scion Image on gray images by defining brightness and surface area above which labeling was to be taken into account. Once established, these parameters remained unchanged. The image was then converted to a binary image and the numbers of POMC or NPY mRNA positive cells were measured in at least fourteen sections covering the entire rostrocaudal span of the ARH".

In addition, we are afraid that we cannot completely follow the reviewer's reasoning here when or she writes that: "Killing ARH NPY neurons should have a long-term effect on body weight". As mentioned in our previous response to the reviewer (point 15 of reviewer 2's comments to the initial submission), we pointed out "that there are very little linear relationships in biology" and that "as a consequence, it does not at all follow from the finding that a 25% reduction in NPY neurons is associated with a 50% reduction in the hypophagic response to ip IL-1β, that other cells have been eliminated".

We would like to add to that general thought more specific elements concerning lesions of NPY neurons or genetic deficiency of NPY to make the case that it is not surprising that eliminating a quarter of NPY neurons (as is the case in the present work) does not have longterm effects on body weight.

First of all, we would like to point out that eliminating all NPY neurons in the ARH by microinjection of a monoclonal antibody directed to a NPY precursor epitope and coupled to the intracellular toxin ricin reduced body weight significantly, but by just 5% (from about 113% initial body weight in animals administered non-specific immunoglobulins conjugated to ricin to 108% of initial body weight in rats that were given the PNY-recognizing antibody-coupled to ricin into the ARH) one week later (Burlet et al., Neuroscience, 1995).

It is important to keep in mind that a second approach consisting of basomedial hypothalamic administration (BMH) of NPY conjugated to saporin "profoundly reduced NPY Y1 receptor and alpha MSH immunoreactivity, as well as NPY, Agouti gene-related protein (AGRP), and cocaine and amphetamine-related transcript mRNA expression in the BMH" (Bugarith et al., Endocrinology, 2005) and thus virtually eliminated the two major neuronal populations of the ARH. Not surprisingly, NPY-SAP administration into the BMH dose-dependently increased body weight (maximum of 20% increase) (Bugarith et al., Endocrinology, 2005).

In addition to selective lesion approaches, it is interesting to consider studies done on genetically-deficient mice. Importantly, "mice lacking NPY due to targeted genetic deletion do not display abnormalities in …. body weight with ad libitum access to food or in response to fasting" (Holopeter et al., Regul. Pept., 1998).

To summarize the relevant findings obtained in mice genetically deficient for NPY or with selective NPY-related lesioning approaches in the basomedial hypothalamus, 'knocking-out' NPY does not affect body weight, while selective lesioning of virtually all NPY-containing neurons in the ARH results in a small decrease in body weight (5%). In fact, only killing of almost all NPY receptor-bearing ARH neurons expressing neuropeptides involved in the regulation of food intake increases spontaneous food intake and body weight in a more spectacular manner.

So in response to the reviewer's demand that "there needs to be some explanation provided as to why it [killing of NPY neurons] doesn't [have long-term effects on body weight]", we would simply like to point out that given that selective lesioning of virtually all NPYcontaining neurons in the ARH only results in a small decease in body weight (5%) (Burlet et al., Neuroscience, 1995), it is not surprising that eliminating of about 25% of NPY ARH neurons, as is the case in the present work, does not affect body weight.

To also make this point to future readers we have now added the following when we discuss the transient modest effects of IL1-SAP administration in the ARH: "This may be explained by the fact that only about a quarter of NPY neurons were killed in the present work and that food intake and body weight are only reduced by about 15 and 5%, respectively, after elimination of all ARH NPY neurons (Burlet et al., 1995)."

15) More information about exactly where the ARH injections were made is important. If it wasn't icv, then there should be a representative image showing the site of injection in order to convince the readers that there are not extra-ARH effects of the injection.

The coordinates of the ARH injections can be found in the materials and methods section. We have now also included a supplementary figure 3 that shows Cresyl Violet staining of the site of injection.

16) Typos and such like.

There is a sentence at the start of the Results section that I think should be perhaps in the Methods?

Thank you for this comment. The sentence in question has now been moved to the Materials and Methods section.

Introduction

A reduction in food intake or hypophagia is commonly associated with illness in response to bacterial infection and is part of the host defense response (Hart, 1988;Konsman and Dantzer, 2001;Murray and Murray, 1979). Peripheral injection of bacterial lipopolysaccharides (LPS)

has proven a useful model to study the mechanisms mediating fever and sickness behavior, including hypophagia. Since pro-inflammatory cytokines, such as interleukin-1ß (IL-1ß), produced by activated immune cells in response to LPS (Dinarello, 2010;Pedra et al., 2009;Rietschel et al., 1998), are known to induce hypophagia, they were proposed to mediate reduced food intake after LPS (Hellerstein et al., 1989;McCarthy et al., 1985;Moldawer et al., 1988).

As food intake is regulated by the CNS, this indicates the existence of immune-to-brain signaling pathways that allow 'messages' to be transmitted across or circumvent the bloodbrain barrier (BBB). Over the past two decades, prostaglandin synthesis at the BBB, activation of the vagus nerve and central transport or synthesis of IL-1ß have been shown to take part in immune-to-brain signaling underlying LPS-induced inflammation-associated changes in behavior (Konsman and Dantzer, 2001;Konsman et al., 2002).

However, peripheral injection of the IL-1 receptor antagonist (IL-1ra) at a dose that abrogates the reduction of food-motivated behavior as well as of food intake induced by systemic IL-1ß administration, only attenuates those responses to LPS (Kent et al., 1996;Kent et al., 1992b;Swiergiel and Dunn, 1999;Swiergiel et al., 1997). In spite of this, prevention of IL-1β

production inhibits the reduction of food intake during Salmonella infection (Rao et al., 2017).

In addition, and although peripheral antagonism of IL-1 signaling does not attenuate hypophagia in models of viral infection (Fortier et al., 2004;Swiergiel and Dunn, 1999), it does attenuate the reduction in food intake observed after sterile or antigen-induced inflammation (Cohen et al., 2003;McHugh et al., 1994;Oldenburg et al., 1995). Finally, the results of studies targeting prostaglandin synthesis at the blood-brain interface, neurotransmission via subdiaphragmatic vagal fibers and brainstem glutamate receptor activation indicate that different immune-to-brain signaling mechanisms are involved in LPS-and IL-1ß-induced hypophagia (Chaskiel et al., 2016;Elander et al., 2007;Langhans et al., 1993;Matsuwaki et al., 2017;Nilsson et al., 2017;Wieczorek et al., 2005).

Although different neural and humoral immune-to-brain signaling pathways mediate IL-1ßand LPS-associated hypophagia, it is possible that they converge to some extent in the arcuate nucleus of the hypothalamus (ARH). Indeed, the ARH receives projections from the brainstem parabrachial nucleus (Zseli et al., 2016), which, in turn, is the recipient of input from the nucleus of the solitary tract where vagal afferents terminate (Norgren, 1978;Tokita et al., 2009).

Moreover, the ARH is, along with the hippocampus, one of the few structures in the rat brain where the distribution of IL-1 type 1 receptor (IL-1R1) mRNA suggests expression by neurons (Ericsson et al., 1995;Wong and Licinio, 1994;Yabuuchi et al., 1994). Finally, and relative to other parts of the brain, considerable amounts of intravenously-injected high-molecular-weight tracer can be found in the arcuate nucleus (Morita and Miyata, 2012), suggesting that circulating IL-1β can reach ARH IL-1R1s. Hence, it is possible that vagal and humoral immune-to-brain signaling pathways converge, in part, in the ARH.

The ARH contains neurons expressing neuropeptide Y (NPY) (Chronwall, 1985;Gray and Morley, 1986) and Agouti-Related Peptide (AgRP) (Broberger et al., 1998), two neuropeptides that stimulate food intake (Broberger et al., 1998;Tatemoto et al., 1982), as well as neurons expressing the proopiomelanocortin (POMC)-derived peptide -melanocyte stimulating hormone (-MSH), which inhibits feeding (Mains et al., 1977;Roberts and Herbert, 1977).

Interestingly, rats with excitotoxic lesions of these two neuronal populations show a more pronounced reduction of food intake after systemic IL-1ß injection than subsequent to vehicle administration suggesting that the overall role of the ARH is to counter cytokine-induced hypophagia (Reyes and Sawchenko, 2002). It is important to realize however that, although both NPY/AgRP and POMC neurons express receptors for hormones involved in the regulation of food intake (Baskin et al., 1999;Cowley et al., 2003), only about a quarter of NPY neurons express IL-1R1 mRNA (Scarlett et al., 2008).

The present experiments were designed to test the hypothesis that IL-1R1-expressing cells in the ARH mediate IL-1ß-and/or LPS-induced hypophagia in the rat. To do so, we developed an IL-1ß-saporin conjugate to specifically lesion IL-1 receptor-expressing cells. Saporin is a ribosomal-inactivating protein (Ferreras et al., 1993), which is non-toxic outside the cells but can enter the cell if coupled to a ligand that is internalized once bound to its receptor (Santanche et al., 1997;Wiley, 2001). The effects of the IL-1ß-saporin construct were first tested in the hippocampus, as neurons in this structure are known to express functional IL-1 receptors (Cunningham et al., 1996;Luk et al., 1999;Murray and Lynch, 1998;Schneider et al., 1998;Zeise et al., 1997;Zeise et al., 1992). Once validated, this tool enabled us to determine the functionality of ARH IL-1R1 and to study its role in LPS-and IL-1ß-induced hypophagia.

Materials and methods

Animals

Nineteen male young adult (6 weeks old) Sprague-Dawley rats weighing 150-200 g upon arrival, purchased from B&K Universal (Stockholm, Sweden) were used for immunohistochemistry followed by in situ hybridization and for double-labeling in situ hybridization. Since Sprague-Dawley rats have been widely employed in neuroanatomy, including for that of the IL-1R1 mRNA expression (Ericsson et al., 1995;Scarlett et al., 2008), this strain was used in our neuroanatomical studies. However, the majority of studies on sickness behavior, including those on reduced food intake, have, following Kent et al. (1992a), used Wistar rats. Hence, a total of 101 (Thirty-three for assessment of sickness behavior after intracerebroventricular saporin and interleukin-1 administration, 30 for in vivo stress studies after intra-hippocampal injections and 48 for in vivo food intake and body weight studies after intra-ARH injections) young adult (7 weeks old) Wistar Han rats (Charles River, France), weighing between 175 and 275 g upon arrival were used for behavioral studies. Prior to surgery, animals were housed individually in transparent cages in a light (12 h on/12 h off)-, temperature 

Biologically active molecules

Purified rat recombinant interleukin-1 (rrIL-1ß; Biological activity: 317 IU/mg, NIBSC, Potters Bar, UK) dissolved in sterile phosphate-buffered saline (PBS), as previously described (Anforth et al., 1998), was used for intracerebroventricular and intraperitoneal injections. Nontargeted saporin, a ribosome-inactivating protein from Saponaria officinalis (Advanced Targeting Systems, San Diego, CA, USA), dissolved in sterile PBS was used as starting material for the conjugation of saporin to IL-1ß and as a control for treatment with this conjugate (see below).

Saporin lysine residues and interleukin-1 cysteine residues were chemically conjugated using the crosslinker N-succinimidyl-3-(2-pyridyl) dithiopropionate (SPDP; Pierce, Perbio Science, Brebières France). Rat IL-1ß contains four cysteine residues and coupling of this molecule to saporin would therefore probably result in a heterogenous molecule with variable toxicity.

Since mouse, as well as human, IL-1ß only contains one cysteine residue near the middle of the sequence, this molecule was considered more appropriate as starting material for the synthesis of an interleukin-1-saporin conjugate. Given that this cysteine residue does not alter biological activity (Boraschi et al., 1996), and that mouse IL-1ß is bioactive in rats {Terao, 1998 #891;

Inoue, 1999 #6669; Serou, 1999 #6668} just as rat IL-1ß is bioactive in mice (Cremona et al., 1998;Nadjar et al., 2003), it was changed to serine by site-directed mutagenesis of mouse Since intracerebroventricular (icv) administration of IL-1β reproduces sickness physiology and behavior, including reduced food intake (Kent et al., 1992a), initial experiments consisted of injecting IL-1-saporin into the lateral brain ventricle of rats. Rats were anesthetized with a mixture of ketamine (61 mg/kg) and xylazine (9 mg/kg) injected intraperitoneally (1 ml/kg) and placed in a stereotaxic apparatus. A midline incision was made into the skin covering the skull and skin flaps were pulled aside. A stainless-steel 7 mm long guide cannula (23 Gauge) was lowered unilaterally 3.2 mm below the skull surface (2.2 mm below the dura mater) through a hole drilled in the skull 0.6 mm posterior to bregma and 1.5 mm lateral to the midline and permanently fixed to the skull with dental cement and watchmakers' screws. These coordinates were chosen to position the tip of this guide cannula 1 mm above the roof of the lateral ventricle.

The head wound was closed by suturing skin flaps and rats were allowed a two-week recovery period before icv injections of chemicals or vehicle and behavioral testing. For icv injections, a 30-gauge 8 mm long injection cannula was lowered through the guide cannula into the lateral ventricle and connected to a 10 µl Hamilton syringe with plastic tubing.

Ten µl of one of the following solutions were infused: 1) 1.75 μg conjugated [S71,C152]IL-1β-

saporin dissolved in phosphate-buffered saline (PBS; [S71,C152]IL-1ß-saporin; n=12), 2)
equivalent amounts of unconjugated saporin and [S71,C152]IL-1ß dissolved in PBS ([S71,C152]IL-1ß + saporin; n=9), or 3) PBS (PBS; n=12) were infused to hand-held animals.

These rats were subsequently used for to study IL-1ß-induced sickness behavior (see below).

An additional set of 10 and 11 animals were administered icv with [S71,C152]IL-1ß-saporin and PBS, respectively, for assessment of cell lesions. The injection device was left in place for another thirty seconds to allow diffusion of chemicals or vehicle and then retracted. The doses of [S71,C152]IL-1β-saporin were based on the fact that 6-600 ng of mouse IL-1β administered icv reduces food intake in the rat (Terao et al., 1998), bearing in mind that only 40% (17 kDa / 42 kDa), that is about 700 ng, of the weight of the IL-1β-saporin construct corresponds to IL-1β. In the present work, a 10-fold excess of the IL-1β-saporin construct was administered icv compared to the amount of rrIL-1β given two weeks later via the same route (see below).

Sickness behavior testing after intracerebroventricular injection

Thirteen days after icv IL-1ß-saporin, IL-1ß + saporin or PBS and during the early dark phase, rats were injected icv with either 70 ng of rrIL-1ß dissolved in 2 µl of saline or vehicle. Social interaction with a juvenile rat of the same strain as another measure of sickness behavior and food intake were measured (see below) 1.5, 3 and 6 h later. Social behavioral testing took place in the home cage of the test animal as previously described (Bluthé et al., 1991;Konsman et al., 2000a). A trained observer unaware of the treatment given scored the duration of social exploration of the test rat directed toward the juvenile from a video screen fed by a camera placed over the home cage using pre-set keys on the keyboard of a microcomputer. Social exploration consisted mainly of ano-genital sniffing, but also included nosing, sniffing of other body parts, and grooming behaviors.

Hippocampal microinjection

As all previous work on IL-1R1 mRNA distribution in the rat brain indicated the hippocampus as a potential site of neuronal expression (Ericsson et al., 1995;Wong and Licinio, 1994;Yabuuchi et al., 1994) and several electrophysiological studies show effects of IL-1ß on DG granule and CA1 pyramidal neurons (Cunningham et al., 1996;Luk et al., 1999;Murray and Lynch, 1998;Schneider et al., 1998;Zeise et al., 1997;Zeise et al., 1992), the hippocampus was chosen to test the capacity of the IL-1-saporin construct to kill neurons.

Animals were prepared as described above. The coordinates of hippocampal injection sites were: anteroposterior: -4.50 mm from bregma; lateral: 3.00 mm from midline; dorsoventral: 

Behavioral testing after intrahippocampal microinjection

To determine if hippocampal IL-1β neurons mediate the IL-1β-induced reduction in exploratory behavior, rats were injected intraperitoneally with rrIL-1ß (7.5 µg/kg) or saline during the early light phase (7 AM-7 PM) of the cycle two weeks after intrahippocampal microinjection and after one week of daily handling. Four hours later animals were introduced into an arm (50 cm

x 16 cm x 32 cm) of a dimly-lit Y-maze and allowed to explore two of its arms freely to assess locomotor activity. Rats then had a three week-recovery period during which the animals had to adapt to a 6 h shift in the light cycle (lights on 1 AM-1 PM) to allow some subsequent behavioral tests to be performed during the dark phase.

Rats with lesions of the dorsal hippocampus rear and defecate more in the open field (Pletnikov et al., 1999). Interestingly, IL-R1 knock-out mice also display more rearing in the open field (Murray et al., 2013). In addition, IL-1R1 knock-out animals have a deficient neuroendocrine responses to restraint stress (Goshen et al., 2003). Moreover, IL-1ß is synthesized and released in the hippocampus in response to restraint stress (Iwata et al., 2016;Kanemitsu, 2000). These The open field test was performed during the light phase of the cycle. Animals were placed in the center of a square box (100 cm x 100 cm x 30 cm, in white plastic, divided in 25 squares and composed of a central area and a 10 cm-wide peripheral corridor) and were allowed to explore it freely during 10 min. A camera placed above the open field recorded behavior that was then scored by an observer blind to the experimental group as: number of rears, horizontal activity (the number of squares crossed), time spent in the center area and number of defecations.

Three and a half weeks later, half of the animals of each experimental group were then placed in a small cylindrical cage [8 x 19 cm (diameter x length)], preventing them from turning around and placed in a dark room for 2 h (restraint stressed group). Subsequently, these animals were put back in their home cage. The other half of the animals were let in their home cages and just moved to another room for 2 h (control group).

ARH microinjection

Animals were prepared as described above. The coordinates of ARH injection sites were: A fourteen day-recovery period allowed animals to recover from surgery and for saporin to produce its effects.

Fourteen days after ARH administration of [C71,C152]IL-1ß-saporin or control treatments, half the animals received an intraperitoneal (ip) injection (1 ml/kg) of sterile PBS and the other half received an ip injection of rrIL-1ß (30 µg/kg, (Anforth et al., 1998;Boraschi et al., 1996)) one hour before lights-off. Many studies have added albumin to IL-1ß solutions in order to reduce absorption to plastic tubing and increase stability (Manning et al., 1995;Tarelli et al., 1998;Visor et al., 1990). This was not done in the present experiments as albumin has not been shown

to increase the effects of peripherally administered IL-1ß on sickness responses like fever (Lesnikov et al., 1994) and can even promote pro-inflammatory cytokine secretion by microglia (Zhao et al., 2009). After a one-week washout period, during which food intake was back to pre-injection levels by day 2 post-injection, and according to a crossover design, animals were injected ip with either 0.9% NaCl (saline) or 200 µg/kg lipopolysaccharide (LPS, E. Coli, 0127B8, Sigma, St Louis, MO, USA) 2 h before the light-off. Food intake and body weight were measured 0, 1, 2, 4 and 6 h following ip injections. In this way, every animal received only one pro-inflammatory stimulus (either IL-1β or LPS) and the potential effects of LPS tolerance on signaling pathways could be avoided. Indeed, LPS, contrary to IL-1ß, can induce tolerance, defined as a reduced capacity of cells to respond to LPS, after a single injection (Alves-Rosa et al., 2002). IL-1ß and LPS are known to act through similar intracellular pathways (Martin and Wesche, 2002) and LPS tolerance is associated with lower mitogenactivated protein kinase (MAP kinase) activity, and less efficient nuclear factor kappa B (NFκB)

and activator protein-1 (AP-1) induced gene transactivation, but also decreased Gi protein content and activity as well as decreased protein kinase C (PKC) activity (Fan and Cook, 2004;O'Neill, 2000). Given that several of these signaling pathways are also involved in the regulation of food intake, LPS was administered only in second instance, thus avoiding any potential interference from LPS treatment with long-term food intake. The doses of IL-1ß and LPS administered have previously been shown to give rise to comparable reductions in food intake (Chaskiel et al., 2016).

Food intake and body weight measurements after ip injections

Since food restriction prior to administration of bacterial LPS has been shown to affect subsequent hypophagia and weight loss (MacDonald et al., 2014), the effects of IL-1β and LPS were studied in animals with ad libitum access to regular chow for the entire light-dark cycle.

As rats show a peak of spontaneous feeding during the first hours of the dark, injections were timed to produce their maximum effect during this period. Food intake and body weight changes were obtained by measuring weight of food pellets in ruffs and rats just before and 1, 2, 4 and 6 h after ip injection on a high-precision balance equipped with an integrator to correct for movement. While anorexia is present at least for 12 h after doses of IL-1β and LPS comparable to those given here, it is generally most pronounced during the first 6 h (Elander et al., 2007;Ruud et al., 2013). With hard food pellets, spillage compared to consumption is <15% in rats (Ford, 1977). Although this is not non-negligible, gnawing on or grinding of food can be considered a food-motivated behavior in rodents (Kerley and Erasmus, 1991). Animals were habituated to the weighing procedure for at least three days prior to the day of experiment. In spite of the fact that all rats show a peak of food intake during the first hours of the dark phase when provided ad libitum access to food, each individual still has its own meal pattern, which is mostly repeated from day to day (van Dijk and Strubbe, 2003). Cumulative food intake and changes in body weight over 6 h were therefore chosen for data presentation and analysis.

Brain tissue preparation.

Twenty-four hours after last icv or ip injections, animals were anesthetized with pentobarbital (150 mg/kg) and perfused transcardially with 0.9% NaCl followed by 4% paraformaldehyde (pH 7.4). Fixed brains were removed and placed for 4 h in the same fixative and then in 30%

sucrose and stored at 4°C for 48 h. Brains were frozen and stored at -80 °C. Thirty-µm brain sections were cut on a cryostat and stored in a RNase-free cryoprotective solution (20% glycerol, 30% ethylene glycol in PBS, 0.1 M, pH 7.4) at -20 °C.

Immunohistochemistry

To assess to what extent icv administration of IL-1β-saporin killed neurons, astrocytes or endothelial cells, immunohistochemistry was used to detect the neuron-specific marker NeuN, the astrocyte-specific marker glial fibrillary acidic protein (GFAP) and the endothelial-specific marker von Willebrand factor (vWF) respectively. To determine to what extent intrahippocampal injection of IL-1β-saporin killed neurons, immunohistochemical detection of NeuN was performed. These sections were counterstained with Cresyl Violet to assess potential elimination of other cell types. As previous experiments using an antiserum directed against the rat IL-1R1 (Konsman et al., 2004) resulted in labeling of ARH tanycytes and these cells express functional IL-6 receptor (Anesten et al., 2017), the tanycyte marker vimentin (Pixley et al., 1984) was detected by immunohistochemistry to assess whether these cells were lesioned after ARH injection of IL-1β-saporin. In addition, vimentin is a good marker for glial responses to neuronal cell loss in the hypothalamus (Alonso and Privat, 1993;Yuan et al., 2007).

Immunohistochemistry was performed as previously described (Konsman and Blomqvist, 2005;Konsman et al., 2008;Konsman et al., 2004). Briefly, free-floating sections were washed four times in 0.1 M PBS (pH 7.4). Non-specific binding sites were blocked by a 45-min incubation of sections in PBS containing 0.3% Triton X-100 and 1.0% bovine serum albumin (BSA). The first antibody was then diluted in the same buffer and added to the sections overnight at room temperature. Commercially available antisera raised against NeuN (mouse anti-NeuN, MAB377, Merck Millipore, Fontenay sous Bois, France) diluted 1:300, GFAP (mouse anti-GFAP, G3893, Sigma-Aldrich, St-Fallavier, France), vimentin (Mouse anti-Vimentin, V-6630, Sigma-Aldrich, St-Fallavier, France) diluted 1:2000 and vWF (rabbit anti-vWF, ab6994, Abcam, Paris, France) diluted 1:1000 were used. These antisera are part of the Journal of Comparative Neurology antibody database that contains collected information on the antibodies used for immunohistochemistry based on that journal's policy requiring rigorous characterization for antibodies and that is available at antibodyregistry.org (IDs for mouse anti-NeuN, GFAP, vimentin and anti-vWF antibodies were AB_2298772, AB_477010, AB_477627, and AB_305689 respectively).

After four rinses in PBS, sections were treated for 30 min with 0.3% (v/v) hydrogen peroxide to block endogenous peroxidases followed by rinses in PBS. Sections were then incubated for 2 h with biotinylated goat or horse antiserum raised against mouse or rabbit IgGs (Vector Laboratories, Burlingame, CA, USA) diluted 1:300 (NeuN), 1:500 (vWF) or 1:1000 (GFAP and Vimentin) in PBS containing 0.3% Triton X-100 and 1% BSA. After four washes in PBS, sections were incubated for 2 h with a complex of avidin and biotinylated peroxidase (Vector Laboratories, Burlingame, CA, USA) diluted 1:500 in PBS. Finally, sections were transferred to a sodium acetate buffer and stained using diaminobenzidine as a chromogen in the presence of Ni-ions, thus yielding a dark grey to black precipitate.

Immunohistochemistry followed by in situ hybridization histochemistry

Immunohistochemical detection was combined with in situ hybridization using previously established protocols with some modifications (Engstrom et al., 2001;Hermanson et al., 1994).

Immunohistochemistry was performed as described above, except that ribonuclease inhibitor (20 U/ml; Promega Biotech AB, Nacka, Sweden) was added during incubation with the first antibodies. Rabbit antisera raised against rat (1-27) beta-endorphin (β-END), one of the POMCderived peptides, or rat Neuropeptide Y (NPY) were kindly provided by Prof. G. Tramu (University of Bordeaux) and diluted 1:5000 and 1:500, respectively. These antisera have been previously characterized by Prof. Tramu's group (anti-β-END: (Jamali and Tramu, 1997;Jamali and Tramu, 1999) and anti-NPY: (Ciofi et al., 1987;Magoul et al., 1994)). After subsequent incubation with a biotinylated antiserum raised against rabbit IgGs (Jackson ImmunoResearch, Sollentuna, Sweden) and complex of avidin and biotinylated peroxidase (Vector Laboratories, Burlingame, CA, USA), sections were stained with Co-ions. In situ hybridization was next performed as described below.

In situ hybridization histochemistry

Sections were mounted on Super Frost Plus slides (Kindler GmbH, Freiburg, Germany) the day before the labeling experiment and dried overnight. They were then post fixed in 4% paraformaldehyde in phosphate buffer (pH 7.4) for 30 min after which they were rinsed (4x7 min) in sterile phosphate buffer and incubated in 0.001% proteinase K in 0.1 M Tris buffer with 0.05 M EDTA (pH 8.0) for 20 min in 37C. Subsequently, sections were rinsed, dehydrated through increasing alcohol concentrations and defatted for 5 min in 100% chloroform. Sections were then air-dried before application of the hybridization solution with digoxigenin-labeled probe (1:2000) and/or radiolabeled probe diluted at 10 7 cpm/ml and coverslipped.

Hybridization solution consisted of tRNA (1.0 mg/ml), dithiothreitol (0.1 M), formamide (50%), dextran sulphate (10%), Denhardt's solution (2%), NaCl (0.3 M) and EDTA (1 mM).

For probe generation in double in situ hybridization experiment, we used the following plasmids: Bluescript KS+ for rat IL-1R1, generously provided by Dr Hart (Newark, New Jersey, USA), pGEM2 for rat prepro-NPY, generously provided by Dr Larhammar (Uppsala, Sweden)

and pBKS II for mouse POMC, generously provided by Dr Uhler (Eugene, Oregon, USA).

For probe generation for the study of NPY and POMC mRNA-containing cells after [S71,C152]IL-1β-saporin administration, we used following plasmids: pBLNPY-1 for rat prepro-NPY, generously donated by Dr. Sabol (Bethesda, Maryland, USA) and pBKS II for mouse POMC. For POMC detection, pBKS II was linearized with Hind III (Promega, USA)

and digoxigenin-labeled antisense RNA probe was transcribed from a 925 bp cDNA by T7

RNA polymerase (Promega, USA). For NPY detection, pBLNPY-1 was linearized with FSP I (Ozyme, France) and digoxigenin-labeled probe was transcribed from a 511 bp cDNA by T3

(Promega, France) RNA polymerase.

Hybridization was performed at 55 or 70C for 20 or 40 h. After hybridization, slides were soaked in 4x standard citrate saline buffer (SSC) for 5 min after which coverslips were removed.

Subsequently, sections were rinsed in 4x SSC (4x5 min) and incubated in 0.002% RNase A in 0.5 M NaCl, 10 mM Tris and 1 mM EDTA. After rinses in decreasing concentrations of SSC and a stringency wash at 73C in 0.1x SSC for 30 min, sections were rinsed in 0.1x SSC and air-dried for 15 min.

For immunohistochemical detection of digoxigenin-labeled probes, sections were first immersed in blocking buffer consisting of 0.05% 

Data presentation and statistical analysis

All data are reported as means  standard error of the mean (SEM). For icv IL-1ß  saporin injection cumulated changes in body weight in the days post-injection and the effects on neuronal and astrocyte cell markers were compared using a one-way ANOVA followed by a Newman-Keuls post hoc tests in case of significant effect. A two-way ANOVA was used to determine the effects of icv IL-1ß  saporin pretreatment on subsequent icv rrIL-1ß-induced sickness responses. For intrahippocampal IL-1ß  saporin injections, the number of rears, immobility, locomotor activity and the number of defecations in the open field and after noise or restraint stress as well as the percentage of Cresyl Violet staining in the hippocamus were analyzed using a one-way ANOVA followed by a Newman-Keuls post hoc tests in case of significant effect. Food intake measured for 45 min after the restraint stress or control condition was compared using a two-way ANOVA. For intra-ARH IL-1ß  saporin injections, daily food intake and body weight changes expressed as percentage of initial intake and body weight (measured one day before surgery) were compared using a two-way repeated measures ANOVA to determine effect of ARH injections on daily food consumption and body weight recovery following surgery. A two-way ANOVA was used to determine the effects of intra-ARH treatment and ip injections of rrIL-1ß and LPS on cumulated food intake and body weight changes. Image analysis data obtained after single-labeled in situ hybridization or immunohistochemistry of ARH brain sections were analyzed by a one-way ANOVA with intra-ARH injection as a between factor. Significant effects were further analyzed by Newman-Keuls post hoc tests. When normality and equal variance criteria were not met, non-parametric Mann Whitney tests or ANOVA on ranks were performed. In the latter case, significant effects were further analyzed by Dunn's post hoc tests. In all cases, a level of p<0.05 was considered as statistically significant.

Results

Intracerebroventricular IL-1β-saporin killed CA3 neurons

To assess to what extent IL-1ß-saporin could kill cells at a distance, it was first administered icv two weeks prior to icv injection of rrIL-1ß. A one-way ANOVA revealed that icv pretreatment had a significant effect on cumulative body weight changes 1, 3 and 4 days later (F(2,38)=155, p<0.001; F(2,38)=50.9, p<0.001; F(2,38)=39.1, p<0.001, respectively). Post-hoc tests indicated that animals icv injected with PBS gained weight compared to IL-1ß ± saporin treatment (p<0.001). However, on day 3 animals that were administered icv IL-1ß  saporin had already gained weight again, which they continued to do until day 13 when rrIL-1ß or saline was administered icv. By day 4, cumulated changes in body weight compared to the day of injection were either not different from 0 or positive for all groups (Fig. 1A). as expected significantly reduced cumulated food intake 1.5, 3 and 6 h later as compared to saline (F(1,27)=23.5, p<0.001; F(1,27)=42.3, p<0.001 and F(1,27)=51.9, p<0.001, respectively), without this effect being affected by prior icv IL-1ß  saporin treatment (Fig. 1B). Similarly, icv rrIL-1β resulted in significantly lower social exploration than central saline injection 3 h later (F(1,27)=16.5, p<0.001), and in a way that did not depend on icv pretreatment with IL-1ß  saporin (Fig. 1C).

Injection

Image analysis of brain sections after immunohistochemistry revealed that icv administration of IL-1β-saporin significantly reduced staining for the neuron-specific marker NeuN in the CA3 of the rostral hippocampus (F(1,15)=14.8, p<0.01; Fig 1D-F), but not in the ventromedial hypothalamus and ARH (Supplementary fig. 2). Although, overall, NeuN-immunoractivity was quite strong, as illustrated, in the CA3 and ventromedial hypothalamus, labeling was much weaker in some parts of the hypothalamus, and in particular in the ARH and a lower threshold was required to quantify immunoreactivity. However, in neither of these hypothalamic structures did icv IL-1β-saporin alter NeuN staining.

Analysis of brain section after GFAP immunohistochemistry showed that icv administration of IL-1β-saporin did not reduce staining in the CA3 of the rostral hippocampus. Instead, there was even a tendency for IL-1β-saporin to increase GFAP labeling (F(1,7)=4.08, p=0.08; Fig 1G-I).

Although hard to quantify because of the high inter-individual variability of the course of blood vessels, no gross effect of icv IL-1β-saporin was observed on staining of the endothelial cellspecific marker von Willebrand Factor (vWF) in the CA3 (Fig. 1 J-K).

Hippocampal IL-1ß-saporin increased stress-induced behaviors and killed neurons

Given that icv IL-1ß-saporin killed neurons in the CA3 of the hippocampus, these cells were more specifically targeted by a bilateral microinjection of IL-1β-saporin into the hippocampus at a lower dose. Initial assessment of its effects on sickness behavior consisted of measuring locomotor activity in a dimly-lit Y maze device after peripheral IL-1β injection. Although, and as expected, ip rrIL-1β significant reduced the number of visits to the arms of a Y maze (F(1,29)=34.5, p<0.001), intrahippocampal microinjection of IL-1β-saporin, conjugated or not, had no effect on locomotor activity.

In the absence of ip rrIL-1β injection, intrahippocampal microinjection did also not affect locomotor activity in the open field (Fig. 2A), but did significant alter the number of rears against the wall during the initial five minutes (F(2,29)=3.60, p<0.05; Fig. 2B) and the number of defecations ((F(2,29)=4.05, p<0.05; Fig. 2C). Post hoc tests showed that the number of rears against the wall and the number of fecal boli were significantly higher in animals that had received an intrahippocampal injection of IL-1β-saporin as compared to controls (p<0.05).

The number of fecal boli during restraint was also significantly altered by intrahippocampal microinjection ((F(2,14)=6.43, p<0.05; Fig. 2D ). Post hoc tests showed that the number of fecal boli were significantly higher in animals that had received an intrahippocampal injection of IL-1β-saporin as compared to controls (p<0.05).

Intrahippocampal injection of IL-1β-saporin resulted in loss of pyramidal cells in CA1-3 areas and to a lesser extent of cellular elements in the molecular layer of the dentate gyrus, even though the extent of the lesions varied between animals, in comparison to the injection of PBS and non-conjugated IL-1ß and saporin (Fig. 3A,C,D). Cresyl Violet staining did not indicate elimination of endothelial cells in these areas after intrahippocampal injection of IL-1ß-saporin (Fig. 3B,E). The relative surface of Cresyl Violet staining in the hippocampus when compared at the levels of the brain atlas indicated in 3C was significantly lower after local IL-1β-saporin injection than subsequent to PBS administration (Mann Whitney U=0.000, p<0.001; Fig. 3F).

IL-R1 mRNA is expressed by ARH NPY neurons

Keeping in mind the much weaker NeuN-immunoreactivity in the ARH as compared to other brain structures (see above) and the fact that the effects of ARH neurons on food intake depends upon their neuropeptide contents, double labeling experiments were undertaken combining detection of neuropeptides and that of IL-R1 mRNA to assess elimination of neurons in the ARH. IL-1R1 mRNA labeling in the rat forebrain was detected mainly around the vessels and in meninges, being consistent with what has been reported previously throughout the brain (Ericsson et al., 1995). In accordance with previous reports (Ciofi et al., 1987;Gee et al., 1983;Jamali and Tramu, 1997;Morris, 1989), β-END-immunoreactive cell bodies and POMC mRNA were found in the lateral ARH (Fig. 4A,B), while NPY-immunoreactivity and NPY mRNA expression was mostly observed in the medial ARH close to the third ventricle (Fig. 4C,D). In ARH sections hybridized with the radioactive IL-1R1 probe and a digoxigeninlabeled probe recognizing one of the neuropeptides, the silver grains indicating radioactivity could easily be distinguished from the purple precipitate used to reveal digoxigenin. IL-1R1 mRNA was never observed in neurons expressing β-END or POMC mRNA (Fig. 4A,B).

However, in the ventromedial part of the arcuate nucleus several NPY-immunoreactive or NPY mRNA expressing neurons were found to be covered by silver grains, indicating the presence of IL-1R1 mRNA (Fig. 4C,D).

ARH IL-1ß-saporin injection reduced the number of NPY mRNA-expressing neurons

No overt sign indicating the injection site was evident in Cresyl violet-stained sections containing the ARH (Supplementary fig. IL-1ß-saporin treatment had no effect on the relative surface occupied by vimentinimmunoreactivity indicating neither gliosis nor killing of tanycytes occurred (Fig. 5G-I, J).

Given that IL-1ß-saporin needs to bind to the IL-R1 receptor and to be internalized with the IL-1R1 to exert its effects, it is likely to be bioactive and to acutely reduce food intake. It was thus important to ascertain that food intake had durably recovered before any subsequent treatment was given to the animals. Two-way repeated measures ANOVA with ARH injection as between factor and time as within factor on daily food intake (Fig. 6A) and body weight (Fig. 6B) relative to pre-surgery levels indicated significant effects of time (F(13,533)=83.6, p<0.001 and F(13,533)=22.4 p<0.001, respectively) as well as a significant interaction between surgery and days post-surgery on food intake (F(26,533)=2.98, p<0.001). Post hoc tests showed that ARH IL-1ß + saporin and IL-1ß-saporin injection resulted in significantly lower food intake than ARH PBS administration during the first day (p<0.05), but that food intake was not significantly different between groups from day 3 post-injection onwards. 7B).

One week after PBS or rrIL-1β administration, rats were injected intraperitoneally with either LPS or saline. A Kruskal-Wallis ANOVAs on ranks of cumulated food intake indicated a significant treatment effect 4 and 6 h after ip injection (H=29.4, p<0.001 and H=28.2, p<0.001, respectively). Post-hoc tests showed that ip LPS injection reduced food intake regardless of prior ARH treatment at both time points (p<0.05; Fig. 7C).

Similarly, a two-way ANOVA on cumulated changes in body weight showed that ip LPS injection induced significant weight loss 4 h later (F(1,43)=27.7, p<0.001) in the absence of interactions with prior ARH treatment (Fig. 7D). A Kruskal-Wallis ANOVA on ranks on cumulated changes in body weight over 6 h revealed a significant treatment effect (H=26.0, p<0.001). Post-hoc tests indicated that ip LPS injection reduced body weight regardless of prior ARH treatment at this time point (p<0.05; Fig. 7D).

Discussion

The aims of the present study were to determine the role of ARH IL-1R1-expressing cells in the reduction of food intake and body weight after peripheral administration of IL-1ß and LPS in rats. Its main findings are that IL-1β-saporin injected into the ARH, where NPY neurons express IL-1R1 mRNA, reduced the number of neurons containing this neuropeptide and attenuated ip IL-1ß-, but not LPS-, induced hypophagia and body weight loss without altering baseline food intake. These data are important, since they allow for the first time specification of the cellular substrates underlying systemic IL-1ß-induced hypophagia.

Initial experiments using in situ hybridization have shown the presence of IL-1R1 mRNA in the rat hippocampus, basolateral amygdala and ARH (Ericsson et al., 1995;Yabuuchi et al., 1994). Subsequent experiments employing double in situ hybridization indicate the colocalization of IL-1R1 and AgRP mRNA in a quarter of the AgRP expressing cells in the rat ARH (Scarlett et al., 2008). Our present results confirm and extend these findings by showing co-localization of IL-1R1 mRNA and NPY, which is present in those neurons containing AgRP (Broberger et al., 1998), but not of IL-1R1 and β-END-immunoreactivity or POMC mRNA.

However, since autoradiography and immunohistochemical approaches have not been able to provide evidence in favor of the presence of IL-1R1 protein in the rat ARH (Marquette et al., 1995), it was not yet known whether IL-R1 receptors on ARH neurons are functional.

To address the functionality and role of IL-1R1s in neurons that express its mRNA, we developed an IL-1ß-saporin conjugate molecule that after binding to the IL-R1 would get internalized and specifically kill IL-1R1-bearing cells via apoptosis. IL-1ß has been shown to alter electrophysiological properties of neurons in the dentate gyrus and CA1-3 via IL-R1s (Cunningham et al., 1996;Luk et al., 1999;Murray and Lynch, 1998;Schneider et al., 1998;Zeise et al., 1997;Zeise et al., 1992). Both icv and intrahippocampal injection of IL-1β-saporin resulted in loss of pyramidal cells in CA1-3 areas and to a lesser extent of cellular elements in the molecular layer of the dentate gyrus, but did not reduce GFAP-immunoreactivity indicating that the conjugate molecule did not kill astrocytes. Our observations indicate IL-1-dependent elimination of neurons and are in agreement with previous findings showing IL-1-dependent neuronal loss in the dentate gyrus in rat viral meningitis model (Orr et al., 2010). Brain venules show IL-R1-immunoreactivity (Konsman et al., 2004) and may therefore have been a target of intrahippocampally-injected IL-1β-saporin. However, no loss of Cresyl Violet-stained cell nuclei was found around blood vessels close to the injection side, and there was neither any obvious reduction of immunoreactivity for the vWF, a cell specific marker for endothelial cells, indicating that endothelial cells were not affected by IL-1β-saporin. This finding may be explained by IL-R1s being expressed mainly on the luminal side of the endothelial cells and hence not exposed to the toxin. The present findings thus corroborate our previous observations that icv administration of IL-1β results in nuclear translocation of NFκB in neuronal layers of the hippocampus (Konsman et al., 2000b) and that intravenously-injected IL-1β gives rise to widespread Jun phosphorylation in brain endothelial cells (Konsman et al., 2004). Moreover, the increased rearing in the open field observed in animals with IL-1ß-saporin-induced hippocampal lesions corresponds to the known behavioral effects of genetic deletion of IL-1R1 (Murray et al., 2013) as well as of (neuronal) lesions of the DG and CA3 regions in rodents (Chen et al., 2002;Pletnikov et al., 1999). Finally, the increase in defecation in the open field after hippocampal administration IL-1ß-saporin is in accordance with the reported effects of dorsal hippocampus lesions and of inhibition of dentate gyrus cell proliferation in rodents (Kozareva et al., 2019;Pletnikov et al., 1999). Taken together, our findings indicate that IL-1ßsaporin is a valid tool to eliminate IL-1R1-expressing cells in the brain parenchyma.

Interestingly, and in contrast to its effects on the hippocampus, icv IL-1β-saporin did not alter NeuN-immunoreactivity in the ARH. This may be due the fact that, as compared to the hippocampus, the construct was diluted more before reaching the hypothalamus or due to the existence of diffusion barriers in the hypothalamus. In accordance with the latter possibility, after its icv administration IL-1 has been observed to accumulate at the interface between the ventromedial hypothalamus and the ARH at the level where tanycytic processes run between the third ventricle and the base of the hypothalamus (Konsman et al., 2000b). After its validation in the hippocampus, the IL-1β-saporin conjugate was therefore directly injected into the ARH to determine if it contains functional IL-R1s and to test their role in sickness-associated hypophagia. The reduction in the number of NPY-expressing neurons three weeks after IL-1ßsaporin ARH microinjection indicated that these cells bound and internalized IL-1ß and, therefore, expressed functional IL-1R1s. While the number of POMC mRNA-expressing cells was not altered, a reduction of about 25% in the number of NPY mRNA containing neurons was found after ARH IL-1-saporin injection. This proportion corresponds to that of NPY/AgRP neurons containing IL-R1 mRNA (Scarlett et al., 2008), suggesting that most if not all IL-R1 mRNA-expressing neurons translate it to functional IL-R1s.

All treatment groups showed decreased food intake and body weight on the first days following surgery for intra-ARH injection with the most marked effects for those groups that received IL-1β + saporin or IL-1β-saporin. Food intake fully recovered four days after intra-ARH injection and body weight returned to pre-surgery levels four days later. Importantly, no other effects of intra-ARH administration of local IL-1-saporin administration on food intake and body weight were observed. This may be explained by the fact that only about a quarter of NPY neurons were killed in the present work and that food intake and body weight are only reduced by about 15 and 5%, respectively, after elimination of all ARH NPY neurons (Burlet et al., 1995). It therefore allowed us to subsequently study the role of IL-1R1-expressing cells in peripheral IL-1β-and LPS-induced hypophagia. Our results showed that elimination of ARH IL-1R1-bearing cells attenuated peripheral IL-1β-, but not LPS-induced hypophagia and body weight loss and indicate that IL-1β action on NPY-containing ARH neurons is involved in IL-1β-induced 29 hypophagia. The present findings obtained with IL-1ß-saporin-induced ARH lesions may seem at variance with those observed after excitotoxic lesions of the ARH (Reyes and Sawchenko, 2002). It is, however, important to keep in mind that the latter approach virtually eliminates all NPY-and POMC-expressing neurons whereas the saporin construct resulted in a 25% reduction of NPY-positive neurons only. This difference may explain why a complete lesion of both populations of ARH neurons may result in an exacerbation of IL-1β-induced hypophagia while a more circumscribed elimination of some NPY neurons attenuates the same response. Whether

or not this subset corresponds to those NPY/AgRP neurons that are derived from POMCexpressing progenitors and are particularly powerful in promoting food intake and can activate a wide variety of forebrain structures (Wei et al., 2018) is at present unknown, but will be interesting to explore in the future.

Our findings that IL-1R1s are present on a subset of ARH NPY-containing neurons and mediate peripheral IL-1β-induced reduced food intake and body weight are interesting to relate to other published observations as well. For example, ip IL-1ß administration increases NPY levels in the PVH, but not in the ARH, which can reflect inhibition of NPY release (McCarthy et al., 1995). Moreover, intracerebroventricularly infused NPY can counter the reduction of food intake after IL-1β administration (Sonti et al., 1996). Collectively, these findings indicate that IL-1β acts on NPY-containing neurons to inhibit its release and thus favor hypophagia.

The orexigenic and anabolic effects of NPY/AgRP are thought to rely mainly on their inhibitory action on POMC neurons and their projection sites, even though melanocortin-independent orexigenic effects of GABA, the main neurotransmitter contained in NPY/AgRP ARH neurons, have also been described (Wu and Palmiter, 2011). Indeed, NPY negatively regulates the expression of POMC in ARH neurons (Blasquez et al., 1992) as well as their electrophysiological activity (Roseberry et al., 2004). This is important to bear in mind when considering that central administration of either MC3 or MC4 receptor antagonists attenuates the reduction in food intake observed after IL-1β administration (Joppa et al., 2005;Lawrence and Rothwell, 2001). However, the present results, along with previously published observations (Scarlett et al., 2008), clearly indicate that IL-R1 is expressed by NPY/AgRPpositive neurons, but not by POMC neurons. Hence, one way to integrate all these findings is to propose that the attenuating effects of central administration of MC3/4 receptor antagonists on IL-1ß-induced hypophagia occur downstream of IL-1ß inhibitory action on NPY/AgRPcontaining neurons. Furthermore, it is reasonable to assume that if IL-1ß inhibits NPY release, it has a similar effect on AgRP, present in the same terminals. Since AgRP is a naturally occurring MC3/4 receptor antagonist, such a mechanism can explain the reduction in food intake after peripheral IL-1ß injection as well as the attenuation of IL-1ß-induced hypophagia by central administration of MC3/4 antagonists.

Our finding that prior administration of IL-1β-saporin into the ARH attenuated IL-1β-, but not LPS-induced, hypophagia and body weight loss corroborates previous studies showing the involvement of different immune-to-brain signaling pathways and brain circuits mediating the behavioral effects of LPS and IL-1β. Indeed, mice genetically-deficient for IL-1R1 do no longer show sickness behavior, including hypophagia, after a peripheral injection of IL-1β, but still reduce their food intake upon intraperitoneal LPS administration (Bluthe et al., 2000).

Moreover, mice deficient in the terminal enzyme microsomal prostaglandin E synthase-1 do not display reduced food intake in response to systemic administration of IL-1β, but do show typical hypophagia after LPS injection (Elander et al., 2007). Our previous findings also show that brainstem glutamate receptors mediate c-Fos induction in the nucleus of the solitary tract and reduced food intake after LPS, but not after IL-1β, administration (Chaskiel et al., 2016).

Additional recent work indicates that peripheral LPS, rather than inhibiting AgRP ARH neurons, activates their projection areas, for example the lateral parabrachial nucleus (Liu et al., 2016), which is also innervated by the brainstem nucleus of the solitary tract. Moreover, optogenetic stimulation of AgRP ARH neurons is not sufficient to increase food intake after LPS administration (Essner et al., 2017). Finally, within the ARH, the LPS-recognizing Tolllike receptor 4 is expressed by microglia rather than by neurons (Reis et al., 2015). Altogether, this suggests that peripheral IL-1β rapidly acts on ARH NPY/AgRP neurons while systemic LPS preferentially activates brainstem pathways to reduce food intake.

An additional feature may also explain why specific lesioning of IL-R1-positive ARH neurons reduces IL-1β-induced, but not LPS-induced, hypophagia. First of all, the ARH and the median eminence that lacks functional blood-brain barrier are connected by capillaries with large perivascular spaces. In this way, molecules entering the median eminence can diffuse along these perivascular spaces until they reach the ARH (Shaver et al., 1992). As higher IL-1β

circulating concentrations are likely to occur after the intraperitoneal injection of this cytokine than after LPS injection, the reduction of food intake after IL-1ß can be expected to depend more on this humoral pathway to the ARH. But since bio-active IL-1ß may be present for longer in the systemic circulating after LPS administration as compared to IL-1ß, this suggest that the effect of IL-1ß on the ARH is not limited to its immediate action.

In evaluating the present findings, one needs to consider whether other cells than NPYexpression neurons could have been deleted by ARH injection of the IL-1ß-saporin conjugate and have influenced the anorexic response to IL-1ß. Several pieces of evidence suggest that this was not the case. As has been shown by in situ hybridization histochemistry, the neuronal distribution of IL-1R1 is very limited in the rat forebrain and concerns only the hippocampus, basolateral amygdala and ARH (Ericsson et al., 1995;Scarlett et al., 2008). Hence, no other neurons in the vicinity of the ARH could have taken up the toxin. Distant effects are also unlikely, as icv injection of the IL-1ß-saporin conjugate did not affect feeding responses, despite the fact that a more than tenfold higher dose was given. The possibility that then remains is that other cell types in the injected area could have been affected. Notably, ARH tanycytes, known to be involved in the regulation of food intake and energy metabolism (Bolborea and Dale, 2013;Garcia-Caceres et al., 2019;Prevot et al., 2018), were unaffected. In addition, when eliminating neurons, for example in the rostral hippocampus, IL-1ß-saporin did not appear to kill endothelial cells or astrocytes, which are the main non-neuronal cell types that express IL-1R1 (Liu et al., 2019).

Although leptin is known to play a role in the reduction in food intake between 4 and 24 h after peripheral LPS injection (Sachot et al., 2004), its role in IL-1ß-induced hypophagia has not been tested. However, given that leptin receptors are more widely expressed on neurons of the ARH, other hypothalamic structures and the brainstem than IL-1R1s, only a small part of the leptin-mediated reduction in food intake would be expected to be blocked after IL-1β-saporin microinjection into the ARH.

It is, however, important to point out that our present and previous findings (Chaskiel et al., 2016) indicating that different pathways underlie IL-1ß-and LPS-induced hypophagia were obtained with single doses of these molecules selected to exert similar effects on food intake during the first hours after their systemic administration. Given that different immune-to-brain signaling pathways have been reported to bring about fever after different doses of IL-1ß and LPS (Hansen et al., 2000;Luheshi et al., 2000;Szekely et al., 2000), it may well be possible that for doses of pro-inflammatory molecules other than the ones used and beyond the time frame considered here, alternative pathways turn out to reduce food intake.

In conclusion, the present study shows that ARH NPY-containing neurons express functional IL-1R1s and these cells mediate peripheral IL-1β-, but not LPS-, induced hypophagia. Our present and previous findings indicate that the reduction of food intake after IL-1β and LPS are mediated by different neural pathways. 

Figure legends

Introduction

A reduction in food intake or hypophagia is commonly associated with illness in response to bacterial infection and is part of the host defense response (Hart, 1988;Konsman and Dantzer, 2001;Murray and Murray, 1979). Peripheral injection of bacterial lipopolysaccharides (LPS)

has proven a useful model to study the mechanisms mediating fever and sickness behavior, including hypophagia. Since pro-inflammatory cytokines, such as interleukin-1ß (IL-1ß), produced by activated immune cells in response to LPS (Dinarello, 2010;Pedra et al., 2009;Rietschel et al., 1998), are known to induce hypophagia, they were proposed to mediate reduced food intake after LPS (Hellerstein et al., 1989;McCarthy et al., 1985;Moldawer et al., 1988).

As food intake is regulated by the CNS, this indicates the existence of immune-to-brain signaling pathways that allow 'messages' to be transmitted across or circumvent the bloodbrain barrier (BBB). Over the past two decades, prostaglandin synthesis at the BBB, activation of the vagus nerve and central transport or synthesis of IL-1ß have been shown to take part in immune-to-brain signaling underlying LPS-induced inflammation-associated changes in behavior (Konsman and Dantzer, 2001;Konsman et al., 2002).

However, peripheral injection of the IL-1 receptor antagonist (IL-1ra) at a dose that abrogates the reduction of food-motivated behavior as well as of food intake induced by systemic IL-1ß administration, only attenuates those responses to LPS (Kent et al., 1996;Kent et al., 1992b;Swiergiel and Dunn, 1999;Swiergiel et al., 1997). In spite of this, prevention of IL-1β

production inhibits the reduction of food intake during Salmonella infection (Rao et al., 2017).

In addition, and although peripheral antagonism of IL-1 signaling does not attenuate hypophagia in models of viral infection (Fortier et al., 2004;Swiergiel and Dunn, 1999), it does attenuate the reduction in food intake observed after sterile or antigen-induced inflammation (Cohen et al., 2003;McHugh et al., 1994;Oldenburg et al., 1995). Finally, the results of studies targeting prostaglandin synthesis at the blood-brain interface, neurotransmission via subdiaphragmatic vagal fibers and brainstem glutamate receptor activation indicate that different immune-to-brain signaling mechanisms are involved in LPS-and IL-1ß-induced hypophagia (Chaskiel et al., 2016;Elander et al., 2007;Langhans et al., 1993;Matsuwaki et al., 2017;Nilsson et al., 2017;Wieczorek et al., 2005).

Although different neural and humoral immune-to-brain signaling pathways mediate IL-1ßand LPS-associated hypophagia, it is possible that they converge to some extent in the arcuate nucleus of the hypothalamus (ARH). Indeed, the ARH receives projections from the brainstem parabrachial nucleus (Zseli et al., 2016), which, in turn, is the recipient of input from the nucleus of the solitary tract where vagal afferents terminate (Norgren, 1978;Tokita et al., 2009).

Moreover, the ARH is, along with the hippocampus, one of the few structures in the rat brain where the distribution of IL-1 type 1 receptor (IL-1R1) mRNA suggests expression by neurons (Ericsson et al., 1995;Wong and Licinio, 1994;Yabuuchi et al., 1994). Finally, and relative to other parts of the brain, considerable amounts of intravenously-injected high-molecular-weight tracer can be found in the arcuate nucleus (Morita and Miyata, 2012), suggesting that circulating IL-1β can reach ARH IL-1R1s. Hence, it is possible that vagal and humoral immune-to-brain signaling pathways converge, in part, in the ARH.

The ARH contains neurons expressing neuropeptide Y (NPY) (Chronwall, 1985;Gray and Morley, 1986) and Agouti-Related Peptide (AgRP) (Broberger et al., 1998), two neuropeptides that stimulate food intake (Broberger et al., 1998;Tatemoto et al., 1982), as well as neurons expressing the proopiomelanocortin (POMC)-derived peptide -melanocyte stimulating hormone (-MSH), which inhibits feeding (Mains et al., 1977;Roberts and Herbert, 1977).

Interestingly, rats with excitotoxic lesions of these two neuronal populations show a more pronounced reduction of food intake after systemic IL-1ß injection than subsequent to vehicle administration suggesting that the overall role of the ARH is to counter cytokine-induced hypophagia (Reyes and Sawchenko, 2002). It is important to realize however that, although both NPY/AgRP and POMC neurons express receptors for hormones involved in the regulation of food intake (Baskin et al., 1999;Cowley et al., 2003), only about a quarter of NPY neurons express IL-1R1 mRNA (Scarlett et al., 2008).

The present experiments were designed to test the hypothesis that IL-1R1-expressing cells in the ARH mediate IL-1ß-and/or LPS-induced hypophagia in the rat. To do so, we developed an IL-1ß-saporin conjugate to specifically lesion IL-1 receptor-expressing cells. Saporin is a ribosomal-inactivating protein (Ferreras et al., 1993), which is non-toxic outside the cells but can enter the cell if coupled to a ligand that is internalized once bound to its receptor (Santanche et al., 1997;Wiley, 2001). The effects of the IL-1ß-saporin construct were first tested in the hippocampus, as neurons in this structure are known to express functional IL-1 receptors (Cunningham et al., 1996;Luk et al., 1999;Murray and Lynch, 1998;Schneider et al., 1998;Zeise et al., 1997;Zeise et al., 1992). Once validated, this tool enabled us to determine the functionality of ARH IL-1R1 and to study its role in LPS-and IL-1ß-induced hypophagia.

Materials and methods

Animals

Nineteen male young adult (6 weeks old) Sprague-Dawley rats weighing 150-200 g upon arrival, purchased from B&K Universal (Stockholm, Sweden) were used for immunohistochemistry followed by in situ hybridization and for double-labeling in situ hybridization. Since Sprague-Dawley rats have been widely employed in neuroanatomy, including for that of the IL-1R1 mRNA expression (Ericsson et al., 1995;Scarlett et al., 2008), this strain was used in our neuroanatomical studies. However, the majority of studies on sickness behavior, including those on reduced food intake, have, following Kent et al. (1992a), used Wistar rats. Hence, a total of 101 (Thirty-three for assessment of sickness behavior after intracerebroventricular saporin and interleukin-1 administration, 30 for in vivo stress studies after intra-hippocampal injections and 48 for in vivo food intake and body weight studies after intra-ARH injections) young adult (7 weeks old) Wistar Han rats (Charles River, France), weighing between 175 and 275 g upon arrival were used for behavioral studies. Prior to surgery, animals were housed individually in transparent cages in a light (12 h on/12 h off)-, temperature 

Biologically active molecules

Purified rat recombinant interleukin-1 (rrIL-1ß; Biological activity: 317 IU/mg, NIBSC, Potters Bar, UK) dissolved in sterile phosphate-buffered saline (PBS), as previously described (Anforth et al., 1998), was used for intracerebroventricular and intraperitoneal injections. Nontargeted saporin, a ribosome-inactivating protein from Saponaria officinalis (Advanced Targeting Systems, San Diego, CA, USA), dissolved in sterile PBS was used as starting material for the conjugation of saporin to IL-1ß and as a control for treatment with this conjugate (see below).

Saporin lysine residues and interleukin-1 cysteine residues were chemically conjugated using the crosslinker N-succinimidyl-3-(2-pyridyl) dithiopropionate (SPDP; Pierce, Perbio Science, Brebières France). Rat IL-1ß contains four cysteine residues and coupling of this molecule to saporin would therefore probably result in a heterogenous molecule with variable toxicity.

Since mouse, as well as human, IL-1ß only contains one cysteine residue near the middle of the sequence, this molecule was considered more appropriate as starting material for the synthesis of an interleukin-1-saporin conjugate. Given that this cysteine residue does not alter biological activity (Boraschi et al., 1996), and that mouse IL-1ß is bioactive in rats {Terao, 1998 #891;

Inoue, 1999 #6669; Serou, 1999 #6668} just as rat IL-1ß is bioactive in mice (Cremona et al., 1998;Nadjar et al., 2003), it was changed to serine by site-directed mutagenesis of mouse interleukin-1 to yield [S71]IL-1ß. A new cysteine residue was then introduced by changing the C-terminal serine to cysteine resulting in mouse [S71,C152]IL-1ß, which was used as starting material for the conjugation of saporin to interleukin-1 and as a supplementary control for treatment with the conjugate. Lysine residues in saporin were first derivatized by SPDP during 24 h at room temperature and then coupled to the cysteine residue of mouse [S71,C152]IL-1ß for another 24 h again at room temperature. The molar ratio of saporin to mouse [S71,C152]IL-1ß was 1:1. This coupling reaction between [C71,C152]IL-1ß and saporin resulted in a conjugate molecule migrating at the expected size on an electrophoresis gel (Supplementary fig. 1).

Since intracerebroventricular (icv) administration of IL-1β reproduces sickness physiology and behavior, including reduced food intake (Kent et al., 1992a), initial experiments consisted of injecting IL-1-saporin into the lateral brain ventricle of rats. Rats were anesthetized with a mixture of ketamine (61 mg/kg) and xylazine (9 mg/kg) injected intraperitoneally (1 ml/kg) and placed in a stereotaxic apparatus. A midline incision was made into the skin covering the skull and skin flaps were pulled aside. A stainless-steel 7 mm long guide cannula (23 Gauge) was lowered unilaterally 3.2 mm below the skull surface (2.2 mm below the dura mater) through a hole drilled in the skull 0.6 mm posterior to bregma and 1.5 mm lateral to the midline and permanently fixed to the skull with dental cement and watchmakers' screws. These coordinates were chosen to position the tip of this guide cannula 1 mm above the roof of the lateral ventricle.

The head wound was closed by suturing skin flaps and rats were allowed a two-week recovery period before icv injections of chemicals or vehicle and behavioral testing. For icv injections, a 30-gauge 8 mm long injection cannula was lowered through the guide cannula into the lateral ventricle and connected to a 10 µl Hamilton syringe with plastic tubing.

Ten µl of one of the following solutions were infused: 1) 1.75 μg conjugated [S71,C152]IL-1βsaporin dissolved in phosphate-buffered saline (PBS; [S71,C152]IL-1ß-saporin; n=12), 2) equivalent amounts of unconjugated saporin and [S71,C152]IL-1ß dissolved in PBS ([S71,C152]IL-1ß + saporin; n=9), or 3) PBS (PBS; n=12) were infused to hand-held animals.

These rats were subsequently used for to study IL-1ß-induced sickness behavior (see below).

An additional set of 10 and 11 animals were administered icv with [S71,C152]IL-1ß-saporin and PBS, respectively, for assessment of cell lesions. The injection device was left in place for another thirty seconds to allow diffusion of chemicals or vehicle and then retracted. The doses of [S71,C152]IL-1β-saporin were based on the fact that 6-600 ng of mouse IL-1β administered icv reduces food intake in the rat (Terao et al., 1998), bearing in mind that only 40% (17 kDa / 42 kDa), that is about 700 ng, of the weight of the IL-1β-saporin construct corresponds to IL-1β. In the present work, a 10-fold excess of the IL-1β-saporin construct was administered icv compared to the amount of rrIL-1β given two weeks later via the same route (see below).

Sickness behavior testing after intracerebroventricular injection

Thirteen days after icv IL-1ß-saporin, IL-1ß + saporin or PBS and during the early dark phase, rats were injected icv with either 70 ng of rrIL-1ß dissolved in 2 µl of saline or vehicle. Social interaction with a juvenile rat of the same strain as another measure of sickness behavior and food intake were measured (see below) 1.5, 3 and 6 h later. Social behavioral testing took place in the home cage of the test animal as previously described (Bluthé et al., 1991;Konsman et al., 2000a). A trained observer unaware of the treatment given scored the duration of social exploration of the test rat directed toward the juvenile from a video screen fed by a camera placed over the home cage using pre-set keys on the keyboard of a microcomputer. Social exploration consisted mainly of ano-genital sniffing, but also included nosing, sniffing of other body parts, and grooming behaviors.

Hippocampal microinjection

As all previous work on IL-1R1 mRNA distribution in the rat brain indicated the hippocampus as a potential site of neuronal expression (Ericsson et al., 1995;Wong and Licinio, 1994;Yabuuchi et al., 1994) and several electrophysiological studies show effects of IL-1ß on DG granule and CA1 pyramidal neurons (Cunningham et al., 1996;Luk et al., 1999;Murray and Lynch, 1998;Schneider et al., 1998;Zeise et al., 1997;Zeise et al., 1992), the hippocampus was chosen to test the capacity of the IL-1-saporin construct to kill neurons.

Animals were prepared as described above. The coordinates of hippocampal injection sites were: anteroposterior: -4.50 mm from bregma; lateral: 3.00 mm from midline; dorsoventral: 

Behavioral testing after intrahippocampal microinjection

To determine if hippocampal IL-1β neurons mediate the IL-1β-induced reduction in exploratory behavior, rats were injected intraperitoneally with rrIL-1ß (7.5 µg/kg) or saline during the early light phase (7 AM-7 PM) of the cycle two weeks after intrahippocampal microinjection and after one week of daily handling. Four hours later animals were introduced into an arm (50 cm

x 16 cm x 32 cm) of a dimly-lit Y-maze and allowed to explore two of its arms freely to assess locomotor activity. Rats then had a three week-recovery period during which the animals had to adapt to a 6 h shift in the light cycle (lights on 1 AM-1 PM) to allow some subsequent behavioral tests to be performed during the dark phase.

Rats with lesions of the dorsal hippocampus rear and defecate more in the open field (Pletnikov et al., 1999). Interestingly, IL-R1 knock-out mice also display more rearing in the open field (Murray et al., 2013). In addition, IL-1R1 knock-out animals have a deficient neuroendocrine responses to restraint stress (Goshen et al., 2003). Moreover, IL-1ß is synthesized and released in the hippocampus in response to restraint stress (Iwata et al., 2016;Kanemitsu, 2000). These findings indicate that these stressful conditions and behavioral tests may be useful to The open field test was performed during the light phase of the cycle. Animals were placed in the center of a square box (100 cm x 100 cm x 30 cm, in white plastic, divided in 25 squares and composed of a central area and a 10 cm-wide peripheral corridor) and were allowed to explore it freely during 10 min. A camera placed above the open field recorded behavior that was then scored by an observer blind to the experimental group as: number of rears, horizontal activity (the number of squares crossed), time spent in the center area and number of defecations.

Three and a half weeks later, half of the animals of each experimental group were then placed in a small cylindrical cage [8 x 19 cm (diameter x length)], preventing them from turning around and placed in a dark room for 2 h (restraint stressed group). Subsequently, these animals were put back in their home cage. The other half of the animals were let in their home cages and just moved to another room for 2 h (control group).

ARH microinjection

Animals were prepared as described above. The coordinates of ARH injection sites were: A fourteen day-recovery period allowed animals to recover from surgery and for saporin to produce its effects.

LPS administered have previously been shown to give rise to comparable reductions in food intake (Chaskiel et al., 2016).

Food intake and body weight measurements after ip injections

Since food restriction prior to administration of bacterial LPS has been shown to affect subsequent hypophagia and weight loss (MacDonald et al., 2014), the effects of IL-1β and LPS were studied in animals with ad libitum access to regular chow for the entire light-dark cycle.

As rats show a peak of spontaneous feeding during the first hours of the dark, injections were timed to produce their maximum effect during this period. Food intake and body weight changes were obtained by measuring weight of food pellets in ruffs and rats just before and 1, 2, 4 and 6 h after ip injection on a high-precision balance equipped with an integrator to correct for movement. While anorexia is present at least for 12 h after doses of IL-1β and LPS comparable to those given here, it is generally most pronounced during the first 6 h (Elander et al., 2007;Ruud et al., 2013). With hard food pellets, spillage compared to consumption is <15% in rats (Ford, 1977). Although this is not non-negligible, gnawing on or grinding of food can be considered a food-motivated behavior in rodents (Kerley and Erasmus, 1991). Animals were habituated to the weighing procedure for at least three days prior to the day of experiment. In spite of the fact that all rats show a peak of food intake during the first hours of the dark phase when provided ad libitum access to food, each individual still has its own meal pattern, which is mostly repeated from day to day (van Dijk and Strubbe, 2003). Cumulative food intake and changes in body weight over 6 h were therefore chosen for data presentation and analysis.

Brain tissue preparation.

Twenty-four hours after last icv or ip injections, animals were anesthetized with pentobarbital (150 mg/kg) and perfused transcardially with 0.9% NaCl followed by 4% paraformaldehyde (pH 7.4). Fixed brains were removed and placed for 4 h in the same fixative and then in 30%

sucrose and stored at 4°C for 48 h. Brains were frozen and stored at -80 °C. Thirty-µm brain sections were cut on a cryostat and stored in a RNase-free cryoprotective solution (20% glycerol, 30% ethylene glycol in PBS, 0.1 M, pH 7.4) at -20 °C.

Immunohistochemistry

To assess to what extent icv administration of IL-1β-saporin killed neurons, astrocytes or endothelial cells, immunohistochemistry was used to detect the neuron-specific marker NeuN, the astrocyte-specific marker glial fibrillary acidic protein (GFAP) and the endothelial-specific marker von Willebrand factor (vWF) respectively. To determine to what extent intrahippocampal injection of IL-1β-saporin killed neurons, immunohistochemical detection of NeuN was performed. These sections were counterstained with Cresyl Violet to assess potential elimination of other cell types. As previous experiments using an antiserum directed against the rat IL-1R1 (Konsman et al., 2004) resulted in labeling of ARH tanycytes and these cells express functional IL-6 receptor (Anesten et al., 2017), the tanycyte marker vimentin (Pixley et al., 1984) was detected by immunohistochemistry to assess whether these cells were lesioned after ARH injection of IL-1β-saporin. In addition, vimentin is a good marker for glial responses to neuronal cell loss in the hypothalamus (Alonso and Privat, 1993;Yuan et al., 2007).

Immunohistochemistry was performed as previously described (Konsman and Blomqvist, 2005;Konsman et al., 2008;Konsman et al., 2004). Briefly, free-floating sections were washed four times in 0.1 M PBS (pH 7.4). Non-specific binding sites were blocked by a 45-min incubation of sections in PBS containing 0.3% Triton X-100 and 1.0% bovine serum albumin After four rinses in PBS, sections were treated for 30 min with 0.3% (v/v) hydrogen peroxide to block endogenous peroxidases followed by rinses in PBS. Sections were then incubated for 2 h with biotinylated goat or horse antiserum raised against mouse or rabbit IgGs (Vector Laboratories, Burlingame, CA, USA) diluted 1:300 (NeuN), 1:500 (vWF) or 1:1000 (GFAP and Vimentin) in PBS containing 0.3% Triton X-100 and 1% BSA. After four washes in PBS, sections were incubated for 2 h with a complex of avidin and biotinylated peroxidase (Vector Laboratories, Burlingame, CA, USA) diluted 1:500 in PBS. Finally, sections were transferred to a sodium acetate buffer and stained using diaminobenzidine as a chromogen in the presence of Ni-ions, thus yielding a dark grey to black precipitate.

Immunohistochemistry followed by in situ hybridization histochemistry

Immunohistochemical detection was combined with in situ hybridization using previously established protocols with some modifications (Engstrom et al., 2001;Hermanson et al., 1994).

Immunohistochemistry was performed as described above, except that ribonuclease inhibitor (20 U/ml; Promega Biotech AB, Nacka, Sweden) was added during incubation with the first antibodies. Rabbit antisera raised against rat (1-27) beta-endorphin (β-END), one of the POMCderived peptides, or rat Neuropeptide Y (NPY) were kindly provided by Prof. G. Tramu (University of Bordeaux) and diluted 1:5000 and 1:500, respectively. These antisera have been previously characterized by Prof. Tramu's group (anti-β-END: (Jamali and Tramu, 1997;Jamali and Tramu, 1999) and anti-NPY: (Ciofi et al., 1987;Magoul et al., 1994)). After subsequent incubation with a biotinylated antiserum raised against rabbit IgGs (Jackson ImmunoResearch, Sollentuna, Sweden) and complex of avidin and biotinylated peroxidase (Vector Laboratories, Burlingame, CA, USA), sections were stained with Co-ions. In situ hybridization was next performed as described below.

In situ hybridization histochemistry

Sections were mounted on Super Frost Plus slides (Kindler GmbH, Freiburg, Germany) the day before the labeling experiment and dried overnight. They were then post fixed in 4% paraformaldehyde in phosphate buffer (pH 7.4) for 30 min after which they were rinsed (4x7 min) in sterile phosphate buffer and incubated in 0.001% proteinase K in 0.1 M Tris buffer with 0.05 M EDTA (pH 8.0) for 20 min in 37C. Subsequently, sections were rinsed, dehydrated through increasing alcohol concentrations and defatted for 5 min in 100% chloroform. Sections were then air-dried before application of the hybridization solution with digoxigenin-labeled probe (1:2000) and/or radiolabeled probe diluted at 10 7 cpm/ml and coverslipped.

Hybridization solution consisted of tRNA (1.0 mg/ml), dithiothreitol (0.1 M), formamide (50%), dextran sulphate (10%), Denhardt's solution (2%), NaCl (0.3 M) and EDTA (1 mM).

For probe generation in double in situ hybridization experiment, we used the following plasmids: Bluescript KS+ for rat IL-1R1, generously provided by Dr Hart (Newark, New Jersey, USA), pGEM2 for rat prepro-NPY, generously provided by Dr Larhammar (Uppsala, Sweden)

and pBKS II for mouse POMC, generously provided by Dr Uhler (Eugene, Oregon, USA).

For probe generation for the study of NPY and POMC mRNA-containing cells after [S71,C152]IL-1β-saporin administration, we used following plasmids: pBLNPY-1 for rat prepro-NPY, generously donated by Dr. Sabol (Bethesda, Maryland, USA) and pBKS II for mouse POMC. For POMC detection, pBKS II was linearized with Hind III (Promega, USA)

and digoxigenin-labeled antisense RNA probe was transcribed from a 925 bp cDNA by T7

RNA polymerase (Promega, USA). For NPY detection, pBLNPY-1 was linearized with FSP I (Ozyme, France) and digoxigenin-labeled probe was transcribed from a 511 bp cDNA by T3

(Promega, France) RNA polymerase.

Hybridization was performed at 55 or 70C for 20 or 40 h. After hybridization, slides were soaked in 4x standard citrate saline buffer (SSC) for 5 min after which coverslips were removed.

Subsequently, sections were rinsed in 4x SSC (4x5 min) and incubated in 0.002% RNase A in 0.5 M NaCl, 10 mM Tris and 1 mM EDTA. After rinses in decreasing concentrations of SSC and a stringency wash at 73C in 0.1x SSC for 30 min, sections were rinsed in 0.1x SSC and air-dried for 15 min.

For immunohistochemical detection of digoxigenin-labeled probes, sections were first immersed in blocking buffer consisting of 0.05% Triton x-100, and 2% normal sheep serum (Dako A/S, Glostrup, Denmark) in 2x SSC for 2 h. After several rinses, sections were incubated with the primary antibody directed against digoxigenin (Roche Molecular Biochemicals, Mannheim, Germany) diluted 1:2000 or 1:5000 in 0.3% Triton X-100 and 2% normal sheep serum containing Tris buffered saline (0.1 M, pH 7.5). After pre-incubation in several baths of Tris buffered saline containing 0.05 M MgCl 2 (pH 9.5), sections were stained by incubating them in the same buffer containing nitro-blue tetrazolium and X-phosphate (Roche Molecular Biochemicals, Mannheim, Germany). The slides were subsequently rinsed, dipped quickly in 70% ethanol and air-dried for 20-30 min. To avoid interaction between the nitro-blue tetrazolium/X-phosphate precipitate and subsequent developing of the radioactive signal, sections were dipped twice in 2% collodion/isoamyl acetate solution (Electron Microscopy Sciences, Fort Washington, PA, USA). After 48 h sections were dipped in NBT-2 emulsion (Kodak, Rochester, NY, USA) and developed 4 weeks later in D19 (Kodak, Rochester, NY, USA). Sections were rinsed and coverslipped with a glycerol/gelatin mounting medium.

Microscopy

Stained sections were examined with a microscope (Nikon Eclipse, Nikon France or Leica DM5500B, Leica Microsystems, Nanterre, France) and images were captured using a highresolution CCD video camera and fed into a computer. In order to quantify NPY and POMC mRNA-containing, NeuN, GFAP and Vimentin-immunoreactive cells, as well as Cresyl Violet staining, image processing was performed using NIH Scion Image on gray images by defining brightness and surface area above which labeling was to be taken into account. Once established, these parameters remained unchanged. The image was then converted to a binary image and the numbers of POMC or NPY mRNA positive cells were measured in at least fourteen sections covering the entire rostrocaudal span of the ARH. The mean number of neuropeptide mRNA-containing cells per section was calculated for each animal. For NeuN, GFAP and Vimentin-immunoreactivity, labeling was expressed as relative surface area.

Data presentation and statistical analysis

All data are reported as means  standard error of the mean (SEM). For icv IL-1ß  saporin injection cumulated changes in body weight in the days post-injection and the effects on neuronal and astrocyte cell markers were compared using a one-way ANOVA followed by a Newman-Keuls post hoc tests in case of significant effect. A two-way ANOVA was used to determine the effects of icv IL-1ß  saporin pretreatment on subsequent icv rrIL-1ß-induced sickness responses. For intrahippocampal IL-1ß  saporin injections, the number of rears, immobility, locomotor activity and the number of defecations in the open field and after noise or restraint stress as well as the percentage of Cresyl Violet staining in the hippocamus were analyzed using a one-way ANOVA followed by a Newman-Keuls post hoc tests in case of significant effect. Food intake measured for 45 min after the restraint stress or control condition was compared using a two-way ANOVA. For intra-ARH IL-1ß  saporin injections, daily food intake and body weight changes expressed as percentage of initial intake and body weight (measured one day before surgery) were compared using a two-way repeated measures ANOVA to determine effect of ARH injections on daily food consumption and body weight recovery following surgery. A two-way ANOVA was used to determine the effects of intra-ARH treatment and ip injections of rrIL-1ß and LPS on cumulated food intake and body weight changes. Image analysis data obtained after single-labeled in situ hybridization or immunohistochemistry of ARH brain sections were analyzed by a one-way ANOVA with intra-ARH injection as a between factor. Significant effects were further analyzed by Newman-Keuls post hoc tests. When normality and equal variance criteria were not met, non-parametric Mann Whitney tests or ANOVA on ranks were performed. In the latter case, significant effects were further analyzed by Dunn's post hoc tests. In all cases, a level of p<0.05 was considered as statistically significant.

Results

Intracerebroventricular IL-1β-saporin killed CA3 neurons

To assess to what extent IL-1ß-saporin could kill cells at a distance, it was first administered icv two weeks prior to icv injection of rrIL-1ß. A one-way ANOVA revealed that icv pretreatment had a significant effect on cumulative body weight changes 1, 3 and 4 days later (F(2,38)=155, p<0.001; F(2,38)=50.9, p<0.001; F(2,38)=39.1, p<0.001, respectively). Post-hoc tests indicated that animals icv injected with PBS gained weight compared to IL-1ß ± saporin treatment (p<0.001). However, on day 3 animals that were administered icv IL-1ß  saporin had already gained weight again, which they continued to do until day 13 when rrIL-1ß or saline was administered icv. By day 4, cumulated changes in body weight compared to the day of injection were either not different from 0 or positive for all groups (Fig. 1A).

Injection of rrIL-1β into the lateral brain ventricle thirteen days after IL-1ß  saporin or PBS resulted in the well-known body weight loss 1.5, 3 and 6 h later as compared to saline administration (F(1,27)=14.1, p<0.001; F(1,27)=48.4, p<0.0001 and F(1,27)=71.2, p<0.0001, respectively), independently from IL-1ß  saporin pre-treatment (Data not shown). Icv rrIL-1β, as expected significantly reduced cumulated food intake 1.5, 3 and 6 h later as compared to saline (F(1,27)=23.5, p<0.001; F(1,27)=42.3, p<0.001 and F(1,27)=51.9, p<0.001, respectively), without this effect being affected by prior icv IL-1ß  saporin treatment (Fig. 1B). Similarly, icv rrIL-1β resulted in significantly lower social exploration than central saline injection 3 h later (F(1,27)=16.5, p<0.001), and in a way that did not depend on icv pretreatment with IL-1ß  saporin (Fig. 1C).

Image analysis of brain sections after immunohistochemistry revealed that icv administration of IL-1β-saporin significantly reduced staining for the neuron-specific marker NeuN in the CA3 of the rostral hippocampus (F(1,15)=14.8, p<0.01; Fig 1D -F), but not in the ventromedial quite strong, as illustrated, in the CA3 and ventromedial hypothalamus, labeling was much weaker in some parts of the hypothalamus, and in particular in the ARH and a lower threshold was required to quantify immunoreactivity. However, in neither of these hypothalamic structures did icv IL-1β-saporin alter NeuN staining.

Analysis of brain section after GFAP immunohistochemistry showed that icv administration of IL-1β-saporin did not reduce staining in the CA3 of the rostral hippocampus. Instead, there was even a tendency for IL-1β-saporin to increase GFAP labeling (F(1,7)=4.08, p=0.08; Fig 1G-I).

Although hard to quantify because of the high inter-individual variability of the course of blood vessels, no gross effect of icv IL-1β-saporin was observed on staining of the endothelial cellspecific marker von Willebrand Factor (vWF) in the CA3 (Fig. 1 J-K).

Hippocampal IL-1ß-saporin increased stress-induced behaviors and killed neurons

Given that icv IL-1ß-saporin killed neurons in the CA3 of the hippocampus, these cells were more specifically targeted by a bilateral microinjection of IL-1β-saporin into the hippocampus at a lower dose. Initial assessment of its effects on sickness behavior consisted of measuring locomotor activity in a dimly-lit Y maze device after peripheral IL-1β injection. Although, and as expected, ip rrIL-1β significant reduced the number of visits to the arms of a Y maze (F(1,29)=34.5, p<0.001), intrahippocampal microinjection of IL-1β-saporin, conjugated or not, had no effect on locomotor activity.

In the absence of ip rrIL-1β injection, intrahippocampal microinjection did also not affect locomotor activity in the open field (Fig. 2A), but did significant alter the number of rears against the wall during the initial five minutes (F(2,29)=3.60, p<0.05; Fig. 2B) and the number of defecations ((F(2,29)=4.05, p<0.05; Fig. 2C). Post hoc tests showed that the number of rears against the wall and the number of fecal boli were significantly higher in animals that had received an intrahippocampal injection of IL-1β-saporin as compared to controls (p<0.05).

The number of fecal boli during restraint was also significantly altered by intrahippocampal microinjection ((F(2,14)=6.43, p<0.05; Fig. 2D ). Post hoc tests showed that the number of fecal boli were significantly higher in animals that had received an intrahippocampal injection of IL-1β-saporin as compared to controls (p<0.05).

Intrahippocampal injection of IL-1β-saporin resulted in loss of pyramidal cells in CA1-3 areas and to a lesser extent of cellular elements in the molecular layer of the dentate gyrus, even though the extent of the lesions varied between animals, in comparison to the injection of PBS and non-conjugated IL-1ß and saporin (Fig. 3A,C,D). Cresyl Violet staining did not indicate elimination of endothelial cells in these areas after intrahippocampal injection of IL-1ß-saporin (Fig. 3B,E). The relative surface of Cresyl Violet staining in the hippocampus when compared at the levels of the brain atlas indicated in 3C was significantly lower after local IL-1β-saporin injection than subsequent to PBS administration (Mann Whitney U=0.000, p<0.001; Fig. 3F).

IL-R1 mRNA is expressed by ARH NPY neurons

Keeping in mind the much weaker NeuN-immunoreactivity in the ARH as compared to other brain structures (see above) and the fact that the effects of ARH neurons on food intake depends upon their neuropeptide contents, double labeling experiments were undertaken combining detection of neuropeptides and that of IL-R1 mRNA to assess elimination of neurons in the ARH. IL-1R1 mRNA labeling in the rat forebrain was detected mainly around the vessels and in meninges, being consistent with what has been reported previously throughout the brain (Ericsson et al., 1995). In accordance with previous reports (Ciofi et al., 1987;Gee et al., 1983;Jamali and Tramu, 1997;Morris, 1989), β-END-immunoreactive cell bodies and POMC mRNA were found in the lateral ARH (Fig. 4A,B), while NPY-immunoreactivity and NPY mRNA expression was mostly observed in the medial ARH close to the third ventricle (Fig. 4C,D). In ARH sections hybridized with the radioactive IL-1R1 probe and a digoxigeninlabeled probe recognizing one of the neuropeptides, the silver grains indicating radioactivity could easily be distinguished from the purple precipitate used to reveal digoxigenin. IL-1R1 mRNA was never observed in neurons expressing β-END or POMC mRNA (Fig. 4A,B).

However, in the ventromedial part of the arcuate nucleus several NPY-immunoreactive or NPY mRNA expressing neurons were found to be covered by silver grains, indicating the presence of IL-1R1 mRNA (Fig. 4C,D).

ARH IL-1ß-saporin injection reduced the number of NPY mRNA-expressing neurons

No overt sign indicating the injection site was evident in Cresyl violet-stained sections containing the ARH (Supplementary fig. Given that IL-1ß-saporin needs to bind to the IL-R1 receptor and to be internalized with the IL-1R1 to exert its effects, it is likely to be bioactive and to acutely reduce food intake. It was thus important to ascertain that food intake had durably recovered before any subsequent treatment was given to the animals. Two-way repeated measures ANOVA with ARH injection as between factor and time as within factor on daily food intake (Fig. 6A) and body weight (Fig. 6B) relative to pre-surgery levels indicated significant effects of time (F(13,533)=83.6, p<0.001 and F(13,533)=22.4 p<0.001, respectively) as well as a significant interaction between surgery and days post-surgery on food intake (F(26,533)=2.98, p<0.001). Post hoc tests showed that ARH IL-1ß + saporin and IL-1ß-saporin injection resulted in significantly lower food intake than ARH PBS administration during the first day (p<0.05), but that food intake was not significantly different between groups from day 3 post-injection onwards. 7B).

One week after PBS or rrIL-1β administration, rats were injected intraperitoneally with either LPS or saline. A Kruskal-Wallis ANOVAs on ranks of cumulated food intake indicated a significant treatment effect 4 and 6 h after ip injection (H=29.4, p<0.001 and H=28.2, p<0.001, respectively). Post-hoc tests showed that ip LPS injection reduced food intake regardless of prior ARH treatment at both time points (p<0.05; Fig. 7C).

Similarly, a two-way ANOVA on cumulated changes in body weight showed that ip LPS injection induced significant weight loss 4 h later (F(1,43)=27.7, p<0.001) in the absence of interactions with prior ARH treatment (Fig. 7D). A Kruskal-Wallis ANOVA on ranks on cumulated changes in body weight over 6 h revealed a significant treatment effect (H=26.0, p<0.001). Post-hoc tests indicated that ip LPS injection reduced body weight regardless of prior ARH treatment at this time point (p<0.05; Fig. 7D).

Discussion

The aims of the present study were to determine the role of ARH IL-1R1-expressing cells in the reduction of food intake and body weight after peripheral administration of IL-1ß and LPS in rats. Its main findings are that IL-1β-saporin injected into the ARH, where NPY neurons express IL-1R1 mRNA, reduced the number of neurons containing this neuropeptide and attenuated ip IL-1ß-, but not LPS-, induced hypophagia and body weight loss without altering baseline food intake. These data are important, since they allow for the first time specification of the cellular substrates underlying systemic IL-1ß-induced hypophagia.

Initial experiments using in situ hybridization have shown the presence of IL-1R1 mRNA in the rat hippocampus, basolateral amygdala and ARH (Ericsson et al., 1995;Yabuuchi et al., 1994). Subsequent experiments employing double in situ hybridization indicate the colocalization of IL-1R1 and AgRP mRNA in a quarter of the AgRP expressing cells in the rat ARH (Scarlett et al., 2008). Our present results confirm and extend these findings by showing co-localization of IL-1R1 mRNA and NPY, which is present in those neurons containing AgRP (Broberger et al., 1998), but not of IL-1R1 and β-END-immunoreactivity or POMC mRNA.

However, since autoradiography and immunohistochemical approaches have not been able to provide evidence in favor of the presence of IL-1R1 protein in the rat ARH (Marquette et al., 1995), it was not yet known whether IL-R1 receptors on ARH neurons are functional.

To address the functionality and role of IL-1R1s in neurons that express its mRNA, we developed an IL-1ß-saporin conjugate molecule that after binding to the IL-R1 would get internalized and specifically kill IL-1R1-bearing cells via apoptosis. IL-1ß has been shown to alter electrophysiological properties of neurons in the dentate gyrus and CA1-3 via IL-R1s (Cunningham et al., 1996;Luk et al., 1999;Murray and Lynch, 1998;Schneider et al., 1998;Zeise et al., 1997;Zeise et al., 1992). Both icv and intrahippocampal injection of IL-1β-saporin resulted in loss of pyramidal cells in CA1-3 areas and to a lesser extent of cellular elements in the molecular layer of the dentate gyrus, but did not reduce GFAP-immunoreactivity indicating that the conjugate molecule did not kill astrocytes. Our observations indicate IL-1-dependent elimination of neurons and are in agreement with previous findings showing IL-1-dependent neuronal loss in the dentate gyrus in rat viral meningitis model (Orr et al., 2010). Brain venules show IL-R1-immunoreactivity (Konsman et al., 2004) and may therefore have been a target of intrahippocampally-injected IL-1β-saporin. However, no loss of Cresyl Violet-stained cell nuclei was found around blood vessels close to the injection side, and there was neither any obvious reduction of immunoreactivity for the vWF, a cell specific marker for endothelial cells, indicating that endothelial cells were not affected by IL-1β-saporin. This finding may be explained by IL-R1s being expressed mainly on the luminal side of the endothelial cells and hence not exposed to the toxin. The present findings thus corroborate our previous observations that icv administration of IL-1β results in nuclear translocation of NFκB in neuronal layers of the hippocampus (Konsman et al., 2000b) and that intravenously-injected IL-1β gives rise to widespread Jun phosphorylation in brain endothelial cells (Konsman et al., 2004). Moreover, the increased rearing in the open field observed in animals with IL-1ß-saporin-induced hippocampal lesions corresponds to the known behavioral effects of genetic deletion of IL-1R1 (Murray et al., 2013) as well as of (neuronal) lesions of the DG and CA3 regions in rodents (Chen et al., 2002;Pletnikov et al., 1999). Finally, the increase in defecation in the open field after hippocampal administration IL-1ß-saporin is in accordance with the reported effects of dorsal hippocampus lesions and of inhibition of dentate gyrus cell proliferation in rodents (Kozareva et al., 2019;Pletnikov et al., 1999). Taken together, our findings indicate that IL-1ßsaporin is a valid tool to eliminate IL-1R1-expressing cells in the brain parenchyma.

Interestingly, and in contrast to its effects on the hippocampus, icv IL-1β-saporin did not alter NeuN-immunoreactivity in the ARH. This may be due the fact that, as compared to the hippocampus, the construct was diluted more before reaching the hypothalamus or due to the existence of diffusion barriers in the hypothalamus. In accordance with the latter possibility, after its icv administration IL-1 has been observed to accumulate at the interface between the ventromedial hypothalamus and the ARH at the level where tanycytic processes run between the third ventricle and the base of the hypothalamus (Konsman et al., 2000b). After its validation in the hippocampus, the IL-1β-saporin conjugate was therefore directly injected into the ARH to determine if it contains functional IL-R1s and to test their role in sickness-associated hypophagia. The reduction in the number of NPY-expressing neurons three weeks after IL-1ßsaporin ARH microinjection indicated that these cells bound and internalized IL-1ß and, therefore, expressed functional IL-1R1s. While the number of POMC mRNA-expressing cells was not altered, a reduction of about 25% in the number of NPY mRNA containing neurons was found after ARH IL-1-saporin injection. This proportion corresponds to that of NPY/AgRP neurons containing IL-R1 mRNA (Scarlett et al., 2008), suggesting that most if not all IL-R1 mRNA-expressing neurons translate it to functional IL-R1s.

All treatment groups showed decreased food intake and body weight on the first days following surgery for intra-ARH injection with the most marked effects for those groups that received IL-1β + saporin or IL-1β-saporin. Food intake fully recovered four days after intra-ARH injection and body weight returned to pre-surgery levels four days later. Importantly, no other effects of intra-ARH administration of local IL-1-saporin administration on food intake and body weight were observed. This may be explained by the fact that only about a quarter of NPY neurons were killed in the present work and that food intake and body weight are only reduced by about 15 and 5%, respectively, after elimination of all ARH NPY neurons (Burlet et al., 1995). It therefore allowed us to subsequently study the role of IL-1R1-expressing cells in peripheral IL-1β-and LPS-induced hypophagia. Our results showed that elimination of ARH IL-1R1-bearing cells attenuated peripheral IL-1β-, but not LPS-induced hypophagia and body weight loss and indicate that IL-1β action on NPY-containing ARH neurons is involved in IL-1β-induced hypophagia. The present findings obtained with IL-1ß-saporin-induced ARH lesions may seem at variance with those observed after excitotoxic lesions of the ARH (Reyes and Sawchenko, 2002). It is, however, important to keep in mind that the latter approach virtually eliminates all NPY-and POMC-expressing neurons whereas the saporin construct resulted in a 25% reduction of NPY-positive neurons only. This difference may explain why a complete lesion of both populations of ARH neurons may in an exacerbation of IL-1β-induced hypophagia while a more circumscribed elimination of some NPY neurons attenuates the same response. Whether

or not this subset corresponds to those NPY/AgRP neurons that are derived from POMCexpressing progenitors and are particularly powerful in promoting food intake and can activate a wide variety of forebrain structures (Wei et al., 2018) is at present unknown, but will be interesting to explore in the future.

Our findings that IL-1R1s are present on a subset of ARH NPY-containing neurons and mediate peripheral IL-1β-induced reduced food intake and body weight are interesting to relate to other published observations as well. For example, ip IL-1ß administration increases NPY levels in the PVH, but not in the ARH, which can reflect inhibition of NPY release (McCarthy et al., 1995). Moreover, intracerebroventricularly infused NPY can counter the reduction of food intake after IL-1β administration (Sonti et al., 1996). Collectively, these findings indicate that IL-1β acts on NPY-containing neurons to inhibit its release and thus favor hypophagia.

The orexigenic and anabolic effects of NPY/AgRP are thought to rely mainly on their inhibitory action on POMC neurons and their projection sites, even though melanocortin-independent orexigenic effects of GABA, the main neurotransmitter contained in NPY/AgRP ARH neurons, have also been described (Wu and Palmiter, 2011). Indeed, NPY negatively regulates the expression of POMC in ARH neurons (Blasquez et al., 1992) as well as their electrophysiological activity (Roseberry et al., 2004). This is important to bear in mind when considering that central administration of either MC3 or MC4 receptor antagonists attenuates the reduction in food intake observed after IL-1β administration (Joppa et al., 2005;Lawrence and Rothwell, 2001). However, the present results, along with previously published observations (Scarlett et al., 2008), clearly indicate that IL-R1 is expressed by NPY/AgRPpositive neurons, but not by POMC neurons. Hence, one way to integrate all these findings is to propose that the attenuating effects of central administration of MC3/4 receptor antagonists on IL-1ß-induced hypophagia occur downstream of IL-1ß inhibitory action on NPY/AgRPcontaining neurons. Furthermore, it is reasonable to assume that if IL-1ß inhibits NPY release, it has a similar effect on AgRP, present in the same terminals. Since AgRP is a naturally occurring MC3/4 receptor antagonist, such a mechanism can explain the reduction in food intake after peripheral IL-1ß injection as well as the attenuation of IL-1ß-induced hypophagia by central administration of MC3/4 antagonists.

Our finding that prior administration of IL-1β-saporin into the ARH attenuated IL-1β-, but not LPS-induced, hypophagia and body weight loss corroborates previous studies showing the involvement of different immune-to-brain signaling pathways and brain circuits mediating the behavioral effects of LPS and IL-1β. Indeed, mice genetically-deficient for IL-1R1 do no longer show sickness behavior, including hypophagia, after a peripheral injection of IL-1β, but still reduce their food intake upon intraperitoneal LPS administration (Bluthe et al., 2000).

Moreover, mice deficient in the terminal enzyme microsomal prostaglandin E synthase-1 do not display reduced food intake in response to systemic administration of IL-1β, but do show typical hypophagia after LPS injection (Elander et al., 2007). Our previous findings also show that brainstem glutamate receptors mediate c-Fos induction in the nucleus of the solitary tract and reduced food intake after LPS, but not after IL-1β, administration (Chaskiel et al., 2016).

Additional recent work indicates that peripheral LPS, rather than inhibiting AgRP ARH neurons, activates their projection areas, for example the lateral parabrachial nucleus (Liu et al., 2016), which is also innervated by the brainstem nucleus of the solitary tract. Moreover, optogenetic stimulation of AgRP ARH neurons is not sufficient to increase food intake after LPS administration (Essner et al., 2017). Finally, within the ARH, the LPS-recognizing Tolllike receptor 4 is expressed by microglia rather than by neurons (Reis et al., 2015). Altogether, this suggests that peripheral IL-1β rapidly acts on ARH NPY/AgRP neurons while systemic LPS preferentially activates brainstem pathways to reduce food intake.

An additional feature may also explain why specific lesioning of IL-R1-positive ARH neurons reduces IL-1β-induced, but not LPS-induced, hypophagia. First of all, the ARH and the median eminence that lacks functional blood-brain barrier are connected by capillaries with large perivascular spaces. In this way, molecules entering the median eminence can diffuse along these perivascular spaces until they reach the ARH (Shaver et al., 1992). As higher IL-1β

circulating concentrations are likely to occur after the intraperitoneal injection of this cytokine than after LPS injection, the reduction of food intake after IL-1ß can be expected to depend more on this humoral pathway to the ARH. But since bio-active IL-1ß may be present for longer in the systemic circulating after LPS administration as compared to IL-1ß, this suggest that the effect of IL-1ß on the ARH is not limited to its immediate action.

In evaluating the present findings, one needs to consider whether other cells than NPYexpression neurons could have been deleted by ARH injection of the IL-1ß-saporin conjugate and have influenced the anorexic response to IL-1ß. Several pieces of evidence suggest that this was not the case. As has been shown by in situ hybridization histochemistry, the neuronal distribution of IL-1R1 is very limited in the rat forebrain and concerns only the hippocampus, basolateral amygdala and ARH (Ericsson et al., 1995;Scarlett et al., 2008). Hence, no other neurons in the vicinity of the ARH could have taken up the toxin. Distant effects are also unlikely, as icv injection of the IL-1ß-saporin conjugate did not affect feeding responses, despite the fact that a more than tenfold higher dose was given. The possibility that then remains is that other cell types in the injected area could have been affected. Notably, ARH tanycytes, known to be involved in the regulation of food intake and energy metabolism (Bolborea and Dale, 2013;Garcia-Caceres et al., 2019;Prevot et al., 2018), were unaffected. In addition, when eliminating neurons, for example in the rostral hippocampus, IL-1ß-saporin did not appear to kill endothelial cells or astrocytes, which are the main non-neuronal cell types that express IL-1R1 (Liu et al., 2019).

Although leptin is known to play a role in the reduction in food intake between 4 and 24 h after peripheral LPS injection (Sachot et al., 2004), its role in IL-1ß-induced hypophagia has not been tested. However, given that leptin receptors are more widely expressed on neurons of the ARH, other hypothalamic structures and the brainstem than IL-1R1s, only a small part of the leptin-mediated reduction in food intake would be expected to be blocked after IL-1β-saporin microinjection into the ARH.

It is, however, important to point out that our present and previous findings (Chaskiel et al., 2016) indicating that different pathways underlie IL-1ß-and LPS-induced hypophagia were obtained with single doses of these molecules selected to exert similar effects on food intake during the first hours after their systemic administration. Given that different immune-to-brain signaling pathways have been reported to bring about fever after different doses of IL-1ß and LPS (Hansen et al., 2000;Luheshi et al., 2000;Szekely et al., 2000), it may well be possible that for doses of pro-inflammatory molecules other than the ones used and beyond the time frame considered here, alternative pathways turn out to reduce food intake.

In conclusion, the present study shows that ARH NPY-containing neurons express functional IL-1R1s and these cells mediate peripheral IL-1β-, but not LPS-, induced hypophagia. Our (Swanson, 1998) representing the maximal extent of interleukin-1ß-saporin-induced hippocampal cell loss in each animal. Although the extent of lesions was variable between animals, pyramidal cells
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  3.00 mm below the dura mater. Using a glass-made 100-120 µm-diameter micropipette connected to a 10-µl Hamilton syringe, 1.4 µl of one of the following solutions were infused bilaterally: 1) 245 ng [C71,C152]IL-1β-saporin dissolved in PBS ([S71,C152]IL-1ß-saporin; n=10), 2) uncoupled [S71,C152]IL-1ß (84.3 ng) and saporin (161 ng) diluted in PBS ([S71,C152]IL-1ß + saporin; n=10), or 3) PBS (PBS; n=10). The injection device was left in place for another thirty seconds to allow diffusion of chemicals or vehicle and then retracted.

  findings indicate that these stressful conditions and behavioral tests may be useful to behaviorally validate the effect of [C71,C152]IL-1β-saporin administration into the hippocampus. The behavior of rats was therefore subsequently studied in the open field and after restraint stress.

  anteroposterior: -2.45 mm from bregma; lateral: 0.40 mm from midline; dorsoventral: -8.40 mm below the dura mater. Using a glass-made 100-120 µm-diameter micropipette connected to a 10-µl Hamilton syringe, 700 nl of one of the following solutions were infused bilaterally over two minutes: 1) 122.5 ng [C71,C152]IL-1ß-saporin dissolved in PBS ([S71,C152]IL-1ßsaporin; n=15), 2) uncoupled[S71,C152]IL-1ß (46 ng) and saporin (76 ng) diluted in PBS ([S71,C152]IL-1ß + saporin; n=14), or 3) PBS (PBS; n=15). The injection device was left in place for another thirty seconds to allow diffusion of chemicals or vehicle and then retracted.

  of rrIL-1β into the lateral brain ventricle thirteen days after IL-1ß  saporin or PBS resulted in the well-known body weight loss 1.5, 3 and 6 h later as compared to saline administration (F(1,27)=14.1, p<0.001; F(1,27)=48.4, p<0.0001 and F(1,27)=71.2, p<0.0001, respectively), independently from IL-1ß  saporin pre-treatment (Data not shown). Icv rrIL-1β,

  3). Based on the double labeling studies indicating that IL-R1 mRNA was present in NPY-positive ARH neurons, the effects of local IL-1ß-saporin injection were primarily assessed on neuropeptide-expressing neurons. Single labeling nonradioactive in situ hybridization for NPY mRNA revealed an expression pattern concentrated in the medial part of the ARH (Fig.5A), while staining for POMC mRNA resulted in a more lateral labeling pattern (Fig.5D). ARH microinjection had no effect on the number of POMC (Fig.5D-F, J) mRNA-containing cells, but significantly altered the number of NPY mRNAcontaining cells (F(2,17)=4.08, p<0.05; Fig.5A-C, J). Post-hoc tests indicated that IL-1ßsaporin administered into ARH induced a significant reduction in the number of NPY mRNAcontaining cells compared to PBS and IL-1ß + saporin treatments (p<0.05).

Figure 1

 1 Figure 1Effects of intracerebroventricular IL-1ß-saporin administration on cumulative changes in body weight over the first days after injection (Fig.1A), on intracerebroventricular IL-1ß-induced hypophagia (B) and on reduced social interactions (C) 13 days later as well as on different cell types in the hippocampal (D-K). (A) The day after injection, IL-1β + saporin resulted in significantly more important body weight loss compared to IL-1β-saporin treatment (p<0.05).But between day 1 and 3 rats injected icv with IL-1β + saporin gained significantly more weight than animals that had been administered IL-1β-saporin icv (p<0.001). All groups were either not different from their pre-surgery body weight or had gained weight compared to pre-surgery body weight from day 4 onwards. (B-C) Intracerebroventricular pre-treatment with IL-1βsaporin did not affect the reduction in food intake and social interaction after intracerebroventricular IL-1ß administration 13 days later. (D-E) Photomicrographs illustrating NeuN-immunoreactivity in the rostral hippocampus after icv (D) PBS and (E) IL-1ß-saporin administration. (F) Quantification of the relative surface of NeuN-immunoreactivity. (G-H) Photomicrographs illustrating GFAP-immunoreactivity in the rostral hippocampus after local (G) PBS and (H) IL-1ß-saporin administration. (I) Quantification of the relative surface of GFAP-immunoreactivity. (J-K) Photomicrographs illustrating vWF-immunoreactivity in the rostral hippocampus after local (J) PBS and (K) IL-1ß-saporin administration. Capital letters in G-H and J-K are placed on the white matter of the corpus callosum. * p<0.05 compared to PBStreated group. ** p<0.01 *** p<0.001 between groups. IL1: Interleukin-1ß; IL1-SAP: Interleukin-1ß conjugated to saporin; IL1+SAP: Interleukin-1ß not conjugated to saporin; PBS: phosphate-buffered saline; SAP: saporin. Scale bar represents 200 µm in D-E, 100 µm in G-H and 50 µm in J-K.

Figure 2

 2 Figure 2 Behavioral changes after IL-1ß-saporin injections into the hippocampus. (A) Locomotor activity in open field. (B) Rearing against the wall of open field. Rats that received IL-1ß coupled to saporin in their hippocampus displayed more rearings against the wall during the first five minutes in the open field than animals injected with non-conjugated IL-1ß and saporin or PBS. (C) Defecation in open field. Intrahippocampal injection of IL-1ß coupled to saporin increased the number of fecal boli after a 10 minutes exposure of animals to the open field compared to controls. (D) Defecation after 2 h restraint stress. The number of fecal boli was higher in animals that had received an intrahippocampal injection of IL-1ß-saporin conjugate as compared to controls. * p<0.05 compared to PBS-and IL-1ß + saporin-treated groups. IL1: Interleukin-1ß; IL1-SAP: Interleukin-1ß conjugated to saporin; IL1+SAP: Interleukin-1ß not conjugated to saporin; PBS: phosphate-buffered saline; Sal: saline; SAP: saporin. Open field: PBS: n=10; IL1+SAP: n=10; IL1-SAP: n=10. After restraint or new room: PBS: n=5; IL1+SAP: n=5; IL1-SAP: n=5.

Figure 3 IL

 3 Figure 3 IL-1ß-saporin-induced hippocampal lesions. (A) Photomicrograph showing a section of the hippocampus after local injection of phosphate-buffered saline and stained for the neuronspecific nuclear cell marker NeuN and counterstained with Cresyl Violet. (B) Photomicrograph showing blood vessels in the CA1-2 region of the hippocampus after local injection of phosphate-buffered saline and staining for the neuron-specific nuclear cell marker NeuN and counterstaining with Cresyl Violet. (C) Drawings based on Swanson's Brain Maps(Swanson, 1998) representing the maximal extent of interleukin-1ß-saporin-induced hippocampal cell loss in each animal. Although the extent of lesions was variable between animals, pyramidal cells

Figure 4

 4 Figure 4 Double labeling experiments to identify ARH IL-1R1 mRNA-expressing cells. (A) β-ENDimmunoreactivity (brown) and IL-1R1 mRNA (sliver grains) in the same area showing predominant perivascular IL-1R1 expression (arrow). (B) Double in situ hybridization for POMC mRNA (violet) and IL-1R1 mRNA (silver grains) showing predominant perivascular IL-1R1 expression (arrows). (C) NPY-immunoreactivity (brown) and IL-1R1 mRNA (silver grains) with some cells containing both labels (arrowheads in insert) despite predominant perivascular IL-1R1 expression. (D) Double in situ hybridization for NPY mRNA (violet) and IL-1R1 mRNA (silver grains) indicating cells containing both labels (arrowheads in insert). Inserts show higher magnifications of cells in A, B and D. 3v: third ventricle; mn: meninges. Scale bar represents 50 µm in A-D. Scale bar represents 10 µm in inserts in A and C. Scale bar represents 20 µm in insert in D.

Figure 5 IL

 5 Figure 5 IL-1ß-saporin-induced arcuate lesions. (A-C) Photomicrographs illustrating arcuate NPY mRNA in situ hybridization after local (A) PBS, (B) IL-1ß + saporin and (C) IL-1ß-saporin administration. (D-F) Photomicrographs showing arcuate POMC mRNA in situ hybridization, following local (D) PBS, (E) IL-1ß + saporin and (F) IL-1ß-saporin injection. (G-I) Photomicrographs displaying arcuate vimentin-immunoreactivity after local (G) PBS, (H) IL-1ß + saporin and (I) IL-1ß-saporin administration. (J) Quantification of the number of NPY or POMC mRNA-containing cells per section or of the relative surface of vimentinimmunoreactivity. * p<0.05 compared to PBS-and IL-1ß + saporin-treated groups. 3v: third ventricle; IL1: Interleukin-1ß; IL1-SAP: Interleukin-1ß conjugated to saporin; IL1+SAP: Interleukin-1ß not conjugated to saporin; PBS: phosphate-buffered saline; Sal: saline; SAP: saporin. Scale bar represents 100 µm.

Figure 6

 6 Figure 6Food intake and body weight after IL-1ß-saporin injections into the arcuate hypothalamus. A) Daily food intake expressed as percentage of baseline (food intake measured the day before arcuate micro-injection). B) Body weight is expressed as percentage of baseline (body weight measured before arcuate micro-injection). All groups showed decreased food intake and body weight on the first days following surgery with the most marked effects for groups that received unconjugated IL-1β. Recovery was complete in all experimental groups by day 4 for food intake and day 8 post-surgery for body weight. IL1: Interleukin-1ß; IL1-SAP: Interleukin-1ß conjugated to saporin; IL1+SAP: Interleukin-1ß not conjugated to saporin; PBS: phosphatebuffered saline; Sal: saline; SAP: saporin. ARH PBS: n=15; ARH IL1+SAP: n=14; ARH IL1-SAP: n=15.

  3.00 mm below the dura mater. Using a glass-made 100-120 µm-diameter micropipette connected to a 10-µl Hamilton syringe, 1.4 µl of one of the following solutions were infused bilaterally: 1) 245 ng [C71,C152]IL-1β-saporin dissolved in PBS ([S71,C152]IL-1ß-saporin; n=10), 2) uncoupled [S71,C152]IL-1ß (84.3 ng) and saporin (161 ng) diluted in PBS ([S71,C152]IL-1ß + saporin; n=10), or 3) PBS (PBS; n=10). The injection device was left in place for another thirty seconds to allow diffusion of chemicals or vehicle and then retracted.

  behaviorally validate the effect of [C71,C152]IL-1β-saporin administration into the hippocampus. The behavior of rats was therefore subsequently studied in the open field and after restraint stress.

  anteroposterior: -2.45 mm from bregma; lateral: 0.40 mm from midline; dorsoventral: -8.40 mm below the dura mater. Using a glass-made 100-120 µm-diameter micropipette connected to a 10-µl Hamilton syringe, 700 nl of one of the following solutions were infused bilaterally over two minutes: 1) 122.5 ng [C71,C152]IL-1ß-saporin dissolved in PBS ([S71,C152]IL-1ßsaporin; n=15), 2) uncoupled[S71,C152]IL-1ß (46 ng) and saporin (76 ng) diluted in PBS ([S71,C152]IL-1ß + saporin; n=14), or 3) PBS (PBS; n=15). The injection device was left in place for another thirty seconds to allow diffusion of chemicals or vehicle and then retracted.
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  BSA). The first antibody was then diluted in the same buffer and added to the sections overnight at room temperature. Commercially available antisera raised against NeuN (mouse anti-NeuN, MAB377, Merck Millipore, Fontenay sous Bois, France) diluted 1:300, GFAP (mouse anti-GFAP, G3893, Sigma-Aldrich, St-Fallavier, France), vimentin (Mouse anti-Vimentin, V-6630, Sigma-Aldrich, St-Fallavier, France) diluted 1:2000 and vWF (rabbit anti-vWF, ab6994, Abcam, Paris, France) diluted 1:1000 were used. These antisera are part of the Journal of Comparative Neurology antibody database that contains collected information on the antibodies used for immunohistochemistry based on that journal's policy requiring rigorous characterization for antibodies and that is available at antibodyregistry.org (IDs for mouse anti-NeuN, GFAP, vimentin and anti-vWF antibodies were AB_2298772, AB_477010, AB_477627, and AB_305689 respectively).

  3). Based on the double labeling studies indicating that IL-R1 mRNA was present in NPY-positive ARH neurons, the effects of local IL-1ß-saporin injection were primarily assessed on neuropeptide-expressing neurons. Single labeling nonradioactive in situ hybridization for NPY mRNA revealed an expression pattern concentrated in the medial part of the ARH (Fig.5A), while staining for POMC mRNA resulted in a more lateral labeling pattern (Fig.5D). ARH microinjection had no effect on the number of POMC (Fig.5D-F, J) mRNA-containing cells, but significantly altered the number of NPY mRNAcontaining cells (F(2,17)=4.08, p<0.05; Fig.5A-C, J). Post-hoc tests indicated that IL-1ßsaporin administered into ARH induced a significant reduction in the number of NPY mRNAcontaining cells compared to PBS and IL-1ß + saporin treatments (p<0.05).IL-1ß-saporin treatment had no effect on the relative surface occupied by vimentinimmunoreactivity indicating neither gliosis nor killing of tanycytes occurred (Fig.5G-I, J).

  present and previous findings indicate that the reduction of food intake after IL-1β and LPS are mediated by different neural pathways.

Figure 2

 2 Figure 2 Behavioral changes after IL-1ß-saporin injections into the hippocampus. (A) Locomotor activity in open field. (B) Rearing against the wall of open field. Rats that received IL-1ß coupled to saporin in their hippocampus displayed more rearings against the wall during the first five minutes in the open field than animals injected with non-conjugated IL-1ß and saporin or PBS. (C) Defecation in open field. Intrahippocampal injection of IL-1ß coupled to saporin increased the number of fecal boli after a 10 minutes exposure of animals to the open field compared to controls. (D) Defecation after 2 h restraint stress. The number of fecal boli was higher in animals that had received an intrahippocampal injection of IL-1ß-saporin conjugate as compared to controls. * p<0.05 compared to PBS-and IL-1ß + saporin-treated groups. IL1: Interleukin-1ß; IL1-SAP: Interleukin-1ß conjugated to saporin; IL1+SAP: Interleukin-1ß not conjugated to saporin; PBS: phosphate-buffered saline; Sal: saline; SAP: saporin. Open field: PBS: n=10; IL1+SAP: n=10; IL1-SAP: n=10. After restraint or new room: PBS: n=5; IL1+SAP: n=5; IL1-SAP: n=5.

Figure 3 IL

 3 Figure 3 IL-1ß-saporin-induced hippocampal lesions. (A) Photomicrograph showing a section of the hippocampus after local injection of phosphate-buffered saline and stained for the neuronspecific nuclear cell marker NeuN and counterstained with Cresyl Violet. (B) Photomicrograph showing blood vessels in the CA1-2 region of the hippocampus after local injection of phosphate-buffered saline and staining for the neuron-specific nuclear cell marker NeuN and counterstaining with Cresyl Violet. (C) Drawings based on Swanson's Brain Maps(Swanson, 

  Rochester, NY, USA) and developed 4 weeks later in D19 (Kodak, Rochester, NY, USA). Sections were rinsed and coverslipped with a glycerol/gelatin mounting medium.

	Microscopy
	Stained sections were examined with a microscope (Nikon Eclipse, Nikon France or Leica
	DM5500B, Leica Microsystems, Nanterre, France) and images were captured using a high-
	resolution CCD video camera and fed into a computer. In order to quantify NPY and POMC
	mRNA-containing, NeuN, GFAP and Vimentin-immunoreactive cells, as well as Cresyl Violet
	Tris buffered saline containing 0.05 M MgCl 2 (pH 9.5), sections were stained by incubating
	them in the same buffer containing nitro-blue tetrazolium and X-phosphate (Roche Molecular
	Biochemicals, Mannheim, Germany). The slides were subsequently rinsed, dipped quickly in
	70% ethanol and air-dried for 20-30 min. To avoid interaction between the nitro-blue
	tetrazolium/X-phosphate precipitate and subsequent developing of the radioactive signal,

Triton x-100, and 2% normal sheep serum (Dako A/S, Glostrup, Denmark) in 2x SSC for 2 h. After several rinses, sections were incubated with the primary antibody directed against digoxigenin (Roche Molecular Biochemicals, Mannheim, Germany) diluted 1:2000 or 1:5000 in 0.3% Triton X-100 and 2% normal sheep serum containing Tris buffered saline (0.1 M, pH 7.5). After pre-incubation in several baths of sections were dipped twice in 2% collodion/isoamyl acetate solution (Electron Microscopy Sciences, Fort Washington, PA, USA). After 48 h sections were dipped in NBT-2 emulsion (Kodak, staining, image processing was performed using NIH Scion Image on gray images by defining brightness and surface area above which labeling was to be taken into account. Once established, these parameters remained unchanged. The image was then converted to a binary image and the numbers of POMC or NPY mRNA positive cells were measured in at least fourteen sections covering the entire rostrocaudal span of the ARH. The mean number of neuropeptide mRNA-containing cells per section was calculated for each animal. For NeuN, GFAP and Vimentin-immunoreactivity, labeling was expressed as relative surface area.

Interleukin-1ß conjugated to saporin; Purif. conjug.: purified conjugate; SAP: saporin; Unfract. reaction: reaction products before fractionation.
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Supplementary figure 1

Preparation of a stoichiometric, 1:1 molar conjugate of IL-1 to saporin was achieved using the hetero-bifunctional coupling reagent SPDP (N-succinimidyl-3-(2-pyridyl dithio) propionate).  ARH IL1-SAP pretreatment attenuated subsequent systemic IL1-induced hypophagia.

 ARH IL1-SAP pretreatment did not affect later peripheral LPS-induced hypophagia.

Fourteen days after ARH administration of [C71,C152]IL-1ß-saporin or control treatments, half the animals received an intraperitoneal (ip) injection (1 ml/kg) of sterile PBS and the other half received an ip injection of rrIL-1ß (30 µg/kg, (Anforth et al., 1998;Boraschi et al., 1996)) one hour before lights-off. Many studies have added albumin to IL-1ß solutions in order to reduce absorption to plastic tubing and increase stability (Manning et al., 1995;Tarelli et al., 1998;Visor et al., 1990). This was not done in the present experiments as albumin has not been shown to increase the effects of peripherally administered IL-1ß on sickness responses like fever (Lesnikov et al., 1994) and can even promote pro-inflammatory cytokine secretion by microglia (Zhao et al., 2009). After a one-week washout period, during which food intake was back to pre-injection levels by day 2 post-injection, and according to a crossover design, animals were injected ip with either 0.9% NaCl (saline) or 200 µg/kg lipopolysaccharide (LPS, E. Coli, 0127B8, Sigma, St Louis, MO, USA) 2 h before the light-off. Food intake and body weight were measured 0, 1, 2, 4 and 6 h following ip injections. In this way, every animal received only one pro-inflammatory stimulus (either IL-1β or LPS) and the potential effects of LPS tolerance on signaling pathways could be avoided. Indeed, LPS, contrary to IL-1ß, can induce tolerance, defined as a reduced capacity of cells to respond to LPS, after a single injection (Alves-Rosa et al., 2002). IL-1ß and LPS are known to act through similar intracellular pathways (Martin and Wesche, 2002) and LPS tolerance is associated with lower mitogenactivated protein kinase (MAP kinase) activity, and less efficient nuclear factor kappa B (NFκB) and activator protein-1 (AP-1) induced gene transactivation, but also decreased Gi protein content and activity as well as decreased protein kinase C (PKC) activity (Fan and Cook, 2004;O'Neill, 2000). Given that several of these signaling pathways are also involved in the regulation of food intake, LPS was administered only in second instance, thus avoiding any potential interference from LPS treatment with long-term food intake. The doses of IL-1ß and synaptic inhibition in hippocampal CA3 pyramidal and dentate gyrus granule cells of the rat in vitro. Brain Res 768, 341-344.
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Preparation of a stoichiometric, 1:1 molar conjugate of IL-1 to saporin was achieved using the hetero-bifunctional coupling reagent SPDP (N-succinimidyl-3-(2-pyridyl dithio) propionate).