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Abstract

Background—Inflammation within the central nervous system (CNS) is frequently comorbid
with anxiety. Importantly, the pro-inflammatory cytokine most commonly associated with anxiety
is IL-1pB. The bioavailability and activity of IL-1p is regulated by caspase-1-dependent proteolysis
vis-a-vis the inflammasome. Thus, interventions regulating the activation or activity of caspase-1
should reduce anxiety especially in states that foster IL-1 maturation.

Methods—Male C57BL/6j, C57BL/6j mice treated with the capase-1 inhibitor biotin-YVAD-
cmk, caspase-1 knockout (KO) mice and IL-1R1 KO mice were fasted for 24 hours or allowed ad
libitum access to food. Immediately after fasting, caspase-1 activity was measured in brain region
homogenates while activated caspase-1 was localized in the brain by immunohistochemistry.
Mouse anxiety-like behavior and cognition were tested using the elevated zero maze and novel
object/object location tasks, respectively.

Results—A 24 h fast in mice reduced the activity of caspase-1 in whole brain and in the
prefrontal cortex, amygdala, hippocampus, and hypothalamus by 35%, 25%, 40%, 40%, and 40%
respectively. A 24 h fast also reduced anxiety-like behavior by 40% and increased novel object and
object location recognition by 21% and 31%, respectively. IL-1f protein, however, was not
reduced in the brain by fasting. ICV administration of YVAD decreased caspase-1 activity in the
prefrontal cortex and amygdala by 55%, respectively leading to a 64% reduction in anxiety like
behavior. Importantly, when caspase-1 KO or IL1-R1 KO mice are fasted, no fasting-dependent
reduction in anxiety-like behavior was observed.
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Conclusions—Results indicate that fasting decrease anxiety-like behavior and improves
memory by a mechanism tied to reducing caspase-1 activity throughout the brain.
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Introduction

In the cell, the cysteine-dependent protease caspase-1 is critical to the maturation of pro-
IL-1p to its secretable form [1, 2]. In order for caspase-1 to become active, it requires
scaffolding within the multi-protein containing inflammasome [3]. Canonically, activation/
danger signals are sensed by the Nod-like receptor (NLR) family or the absent in melanoma
2-like (AIM2) receptors. The most well studied of these caspase-1 activators being NLRP3
(NOD-, LRR, and pyrin domain-containing 3), which is normally in an auto-repressed state
[4]. Relief of LRR-mediated auto-repression exposes the central nucleotide-binding domain
(NBD) and the N-terminal pyrin domain (PYD). NLRP3 oligomerization via a homotypic
NBD interaction results in the recruitment of the PYD and caspase recruitment domain
(CARD) containing adapter protein (ASC) that then recruits pro-caspase-1 [5, 6]. Clustering
of pro-caspase-1 in the assembled inflammasome results in auto-processing-dependent
activation of caspase-1 and cleavage/maturation of pro-1L-1p [7, 8].

The pro-inflammatory cytokine IL-1p is a well-recognized anxiogenic [9-11]. Most work
examining the behavioral effects of IL-1 are developed from the sickness behavior paradigm
in which infection, often modelled by peripheral lipopolysaccharide (LPS) administration,
induces brain-based production of IL-1 [12]. While agreement exists as to the importance of
brain-generated IL-1 to certain types of behavioral dysfunction, the mechanisms producing
IL-1pB in the brain are not clearly understood. IL-1p is normally present in the brain, but the
appearance of IL-1p is generally tied to inflammation-inducing conditions [13]. In support,
pharmacological and genetic therapies targeting the IL-1 arm of the immune system are
proven effective at treating some neurodegenerative conditions. In contrast, adversely
impacting brain-based IL-1p concentration or signaling appears to disrupt memory in
animals without disease, implicating a role for IL-1 in the healthy state [14, 15].

As a group, anxiety disorders are among the most common mental illnesses suffered by the
general population [16]. The etiology of anxiety disorders is not known, but both genetic and
environmental stressors appear to contribute [17-19]. Increasingly, inflammatory conditions,
including childhood obesity, adult obesity, metabolic syndrome and type 2 diabetes (T2D)
are co-morbid with anxiety disorders [20-22]. Since low-grade systemic inflammation is a
key feature of the diabetes disease spectrum, it is hypothesized that inflammation is
important to the psychophysiology of anxiety disorders. In fact, various SNPs in genes
coding for both IL-1p and IL-1R2 have been linked to increases in both state and trait
anxiety [23]. IL-1B gene polymorphisms also affect an individual’s response to stress events
to predispose individuals to anxiety and depression disorders [24] underscoring the
importance of IL-1f to anxiety and mood disorders in humans. Given that fasting is known
to reduce some of the sickness symptoms associated with the peripheral administration of
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IL-1B [25], we sought to show, that in the healthy state, fasting has a beneficial impact on
anxiety, and this is mechanistically tied to inhibition of IL-1f priming and activation within
the brain. The translational rational for this idea is that calorie restriction in humans, whether
achieved through intermittent fasting (IF), alternate-day fasting or starvation, is associated
with self-perceived improvements in well-being.

1. Methods

2.1 Materials

2.2 Animals

All reagents were purchased from Sigma-Aldrich (St Louis, MO).

Animal use was performed according to protocols approved by the Institutional Animal Care
and Use Committee at the University of Illinois. Wild-type C57BL/6J (WT), interleukin
(IL)-1 Receptor 1 (IL1R1), and Caspase-1 (Casp-1) KO mice were originally purchased
from The Jackson Laboratory (Bar Harbor, ME) and bred in-house. Mice were provided
food and water ad libitum in standard shoebox cages unless otherwise stated. Animals were
group housed (up to 8 per cage), then moved to individual housing the day prior to testing
unless noted otherwise. Housing temperature (72 °F) and humidity (45-55%) were
controlled, and a 12/12h reversed dark-light cycle (2200-1000 h) was maintained. Animal
behavior was video recorded using a Sony HDR-XR500V Night Shot capable video camera
(Tokyo, Japan). All mice used were males, between 9 and 15 weeks of age. All behavior
testing was completed under red lights in the dark cycle unless otherwise indicated. 283
mice were used in total.

2.3 Fasting, refeeding, body weight, and food intake

As we have described [26], 2 days prior to fasting, mice were individually housed. Fasting
was initiated by placing mice in a new cage without food but with ad libitum water. Mice
were fasted for 24 h beginning within 1 hour of the beginning of the dark cycle. Fed mice
were treated identically to fasted mice but were provided ad libitum access to food (fed
mice). For refeeding, fasted mice were provided ad lib access to food immediately following
the 24 hour fasting period, and fed mice were continued on ad lib feeding. Mouse weight
was recorded at the time points indicated using an Ohaus Adventurer Pro digital scale
(Parsippany, NJ). Food weight was measured from petri dishes placed inside mouse cages.

2.4 Locomotion

Spontaneous locomotor activity was measured as we have previously described [26, 27].
Mice were video recorded in modified home cages for the entirety of the active cycle using a
Sony Night Shot capable video camera (Minato-ku, Tokyo) Distance moved was quantified
using Noldus Information Technology EthoVision XT 7 automated tracking software
(Leesburg, VA).
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2.5 Injectables

Biotin-YVAD-cmk (YVAD) was obtained from AnaSpec (Fremont, CA).
Intracerebroventricular (ICV) YVAD was administered at a dose of 150 ng/mouse.

2.6 Determination of caspase-1 activity

Caspase-1 activity was determined as we have previously described [28]. Briefly, mice we
euthanized with CO, then transcardially perfused with ice cold PBS. Brains were removed
and brain regions were excised using a Mouse Brain Slicer (Zivic Insttruments, Pittsburgh,
PA). Samples were immediately placed in liquid nitrogen and then freeze fractured using a
Qiagen Tissuelyser Il (Valencia, CA) in a buffer containing 50 mM CacCl, 10% glycerol, 1
mM DTT, 1 mM EDTA, 1 mM bestatin, 1 mM pepstatin, 1 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride and 50 mM HEPES, pH 7.4. Lysates were clarified
at 16,000g for 15min at 4°C and the supernatant protein concentrations determined using the
Bio-Rad DC Protein Assay (Hercules, CA) and a BioTek ELx800 Absorbance Microplate
Reader (Winooski, VT). Supernatant protein concentrations were normalized with reaction
buffer. Caspase-1 activity was determined colorimetrically in the clarified lysates using the
caspase-1 substrate Ac-YVAD-p-nitroaniline (p-NA) (Enzo Life Science, Farmingdale, NY)
at a final concentration of 4mM. Substrate incubation was at 37 °C for the times indicated.
Moles of p-NA liberated were determined by a standard curve ranging from 0.075 to 0.3
mM p-NA (Enzo Life Science, Farmingdale, NY). Caspase-1 activity was calculated as
(A[p-NA]/A time)/(total protein). Results are expressed as nM p-NA/min/ug of protein.

2.7 ICV Surgeries

As we have described [29, 28] mice were deeply anesthetized with an IP injection of sodium
ketamine hydrochloride (80mg/mL)/xylazine (12mg/mL) solution. The top of the skull was
shaved to remove fur and animals were then placed in a David Kopf Instruments stereotaxic
device (Tujunga, CA). Surgical site was swabbed three times with betadine solution and then
with 70% ethanol. A small hole was made at 0.6 mm posterior and 1.5 mm lateral to the
bregma. For behavioral experiments a Plastics One mouse-specific brain infusion cannula
was inserted and fixed to the skull with Plastics One cyanoacrylate gel adhesive and
protected by a Plastics One guard. Mice were allowed to recover a minimum of three days
before experimentation.

2.8 Activated caspase-1 labeling

Following fasting, mice were deeply anesthetized with ketamine/xylazine (80mg/kg/
12mg/kg) then were injected with 100 ng of biotin-YVAD-cmk ICV using a microinjection
unit attached to a Kopf stereotaxic. 2 Hours following biotin-YVAD-cmk injection mice
were euthanized using CO2 and perfused with ice cold PBS followed by 4%
paraformaldehyde. Brains were sectioned at 1.5 and 3.5 mm from the interaural coronally
using a Mouse Brain Slicer (Zivic Insttruments, Pittsburgh, PA). Slices were fixed in 4%
paraformaldehyde for 24 hours then paraffin embedded. 5um slices from the two sections
were blocked with hydrogen peroxide (Peroxidazed (PX968)) and labeled with SS HRP
Label (4+ Strep HRP Label (HP604)), stained with liquid 3.3"-diaminobenzidine (DAB)
chromogen (IP FLX DAB (IPK5010)), counterstained with hematoxylin (Cat Hematoxylin
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(CATHE)) and mounted and cover-slipped with the BioCare IntelliPATH. The entire slide
was imaged at 40x with a NanoZoomer 2.0-HT (Hamamatsu, Bridgewater, NJ). Area of
staining was measured by color thresholding in ImageJ (National Institute of Health) using a
macro (sup figure. 1.) by a blinded observer.

2.9 Quantitative PCR (gPCR)

As we have described [27], animals were transcardially perfused with 30 mL of ice cold
PBS and RNA isolated from homogenized tissues using Qiagen RNeasy Lipid Tissue Mini
Kits (Valencia, CA). RNA was reverse transcribed using the Applied Biosystems High-
Capacity cDNA Reverse Transcription Kit. The TagMan Gene Expression primers used were
[IL-1B: mmO00434228_m1, caspase-1: mm00438023_m1, nlrp3: mm00840904_m1, pycard:
mmO00445747_g1]. qPCR was performed on a Applied Biosystems 7900 HT Fast Real-Time
PCR System using Applied Biosystems TagMan Universal PCR Master Mix. To compare
gene expression, a parallel amplification of endogenous RPS3 (Mm00656272_m1) was
performed. Relative quantitative evaluation of target gene to RPS3 was performed by
comparing ACts, where Ct is the threshold concentration.

2.10 Quantification of IL-1p protein

Regional IL-1p was determined colorimetrically using a Quantikine ELISA kit from R&D
Systems. The minimum detectable level was measured to be 0.46—4.8 pg/mL. Brain regions
from 3 mice were pooled and frozen in liquid nitrogen, then freeze fractured in a buffer
containing 50 mM CaCl, 10% glycerol, 1 mM DTT, 1 mM EDTA, 1 mM bestatin, 1 mM
pepstatin, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride and 50 mM
HEPES, pH 7.4. Lysates were clarified at 16,000xg for 15 min. Supernatant protein
concentrations were determined using the Bio-Rad DC Protein Assay (Hercules, CA). IL-1p
was determined in 50 uL of supernatant. Data is expressed as pg/mg total protein.

2.11 Elevated Zero Maze

As previously described [30], a zero maze consisting of two walled arms (14 cm) and 2 open
arms was under white light illumination. Mice were placed in one of the high walled arms to
begin testing and video recorded for 5 min. Time spent in the non-high wall area (open arm)
was quantified using Noldus Information Technology EthoVision XT 7 automated tracking
software (Leesburg, Va). Data is expressed as % time in the open arms.

2.12 Novel Object Recognition

Novel object recognition was examined as previously described [28, 31]. Mice were placed
in a rat cage-sized arena (26 cm x 48 cm x 21 ¢cm) containing two identical objects on
opposite ends of the arena (training). After 30 minutes, objects were removed and cleaned
and sanitized with ethanol. Testing was initiated 2, 24, and 48 hours following the end of
training. During testing, two objects were replaced in the cage, one seen during training
(familiar object) and one unfamiliar object (novel object). A new novel object was
introduced during each testing period. Object investigation was video recorded for 5 min and
evaluated by a blinded observer. Novel and familiar object % investigation was calculated by
dividing the time spent examining each object by the total object investigation time.
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2.13 Object Location Recognition

Novel object location recognition was assessed in a method adapted from previously
described novel object recognition test [28, 31]. Briefly, mice were placed in a large rat-
sized cage (26 cm x 48 cm x 21 cm) arena with spatial cues marked on three sides. During
the training phase, two identical objects were presented to the animal on one side of the
arena. After 30 minutes of training, the objects were removed from the testing arena and
sanitized with ethanol. Testing was initiated 2, 24, and 48 hours following the end of the
training phase. During testing, one of the objects was placed in the same location as during
training (familiar location), and the other object was placed on the opposite end of the arena
(novel location). A new novel location was chosen for each testing period. Investigation was
video recorded for 5 min and evaluated by a blinded observer. Novel and familiar location %
investigation was calculated by dividing the time spent examining each location by the total
investigation time to determine the degree to which the mouse investigated the novel
location.

2.14 Statistics

Data are expressed as mean £ SEM. Analysis was conducted using Sigma Plot 11.2 (Systat
Software, Chicago, IL). To test for statistical differences, one-way and two-way ANOVAS
were used as indicated. Novel object recognition and object location recognition were
analyzed using one-sample t-test comparing novel object preference to a chance level of
0.50. Data were transformed where necessary to attain normality or equal variance. Post-hoc
comparison used Tukey’s test. Statistical significance was determined as p<0.05.

2. Results

3.1 Fasted mice weigh less, eat more, but move the same distance as fed mice

Mice were examined after a 24 h fast and then 24 h after being refed. Table 1 shows that
when mice are fasted (0-24 h) they are 19% lighter than mice allowed ad libitum access to
food. During the period of no food (0-24 h), fasted mice moved a similar distance when
compared to fed mice. During the refeeding period (24-48 h), fasted mice ingested 19%
more food and gained 17% more weight. Locomotor activity was similar in fasted and fed
mice during the refeeding period (24-48 h).

2.2 Fasting reduces caspase-1 activity in the brain

With respect to neuroimmunity, calorie restriction appears to be anti-inflammatory [25, 26]
providing resistance to sickness symptoms generated by exposure to LPS [32]. To determine
if fasting impacted caspase-1, enzymatic activity was measured in mouse whole brain and
brain regions after a 24 h fast. Fig.1 A shows that fasting reduced caspase-1 activity by 35%
(nM/min/ug protein fed vs. fasted, 1.09 + 0.12 vs 0.71 £ 0.09, p<0.001) in whole brain and
by 25% (nM/min/ug protein fed vs. fasted, 0.733 + 0.06 vs. 0.49 + 0.07, p=0.016), 40%
(nM/min/ug protein fed vs. fasted, 0.65 + 0.14 vs. 0.33 + 0.06), 42% (nM/min/ug protein fed
vs. fasted, 0.44 + 0.09 vs. 0.23 = 0.04, p=0.49) and 38% (nM/min/ug protein fed vs. fasted,
1.32 £0.14 vs. 0.75 £ 0.14, p=0.007) in prefrontal cortex, amygdala, hippocampus and
hypothalamus, respectively. To better understand the morphological location of caspase-1
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activity in the brain, activated caspase-1 was labeled in fed and fasted mice. Fig.1 B
demonstrates, in a representative fashion, where caspase-1 activity is localized regionally.
Fig.1C shows that fasting reduced active caspase-1 labeling by 71% (% area stained/100
cells fed vs. fasted, 3.48 £ 0.71 vs. 0.96 + 0.44), 88% (% area stained/100 cells fed vs.
fasted, 2.68 + 0.13 vs. 0.38 = 0.06), 66% (% Area stained/100 cells fed vs. fasted 1.61
+0.48 vs. 0.38 + 0.13) and 55% (% Area stained/100 cells fed vs. fasted, 2.22 + 0.22 vs.
1.08 £ 0.33) in prefrontal cortex, amygdala, hippocampus and hypothalamus, respectively.
Table 2 shows that fasting significantly reduced IL-1f gene expression in whole brain and in
prefrontal cortex, amygdala and hypothalamus (Table 2). No change was seen in gene
expression for caspase-1 or NLRP3. A decrease in pycard expression was observed in the
prefrontal cortex and in the hypothalamus of fasted mice. Fig. 1D shows no differences in
IL-1pB protein levels between fed and fasted mice.

3.3 Fasting lessens anxiety-like behaviors and improves memory

Fasted mice and fed mice were examined for changes in prefrontal cortex, amygdala and
hippocampus sensitive behaviors. In the elevated zero maze, fasted mice spent 70% (fed vs.
fasted, 24.41% + 2.53 vs. 35.07% + 1.596, p=0.002; Figure 2A) more time in the open than
unfasted mice. Locomotor activity during elevated zero maze testing was comparable
between fasted and fed mice (fed vs. fasted, 2234.67 cm + 254.45 vs. 2435.62 cm £ 220.71,
p=0.557; Figure 2B). In the novel object recognition (NOR) task fed and fasted mice
investigated the novel object similarly at 2 h post-training, which immediately followed
fasting (fed vs. fasted, 62.8% = 2.23 vs. 68.06% + 1.82, p=0.089; one-sample t-test: fed-
p<0.001, fasted- p<0.001; Figure 2C). At 24 h post-training, fasted mice investigated the
novel object 21% (fed vs. fasted, 52.98% + 2.28 vs. 64.34% + 3.78, p=0.028; one-sample t-
test: fed- p=0.211, fasted- p=0.007; Figure 2C) more than fed mice. Fed and fasted mice
investigated the novel object comparably after 48 h post-training (fed vs. fasted, 55.88%
+4.89 vs. 47.62% + 5.58, p=0.284; one-sample t-test: fed- p=0.268, fasted- p=0.683; Figure
2C). In the object location recognition (OLR) task, fed and fasted mice investigated the
object in the novel position similarly at 2 h post-training (fed vs. fasted, 60.33% + 3.93 vs.
69.09% + 1.96, p=0.066; one-sample t-test: fed- p=0.034, fasted- p<0.001; Figure 2D). At
24 h post-training, the fasted mice investigated the object in the novel position 32% (fed vs.
fasted, 49.21% + 1.43 vs. 64.93% + 2.81, p<0.001; one-sample t-test: fed- p=0.598, fasted-
p=0.001; Figure 2D) more than fed mice. As with NOR, fed and fasted mice investigated
both novel and familiar similarly after 48 h after training (fed vs. fasted, 46.08% =+ 3.51 vs.
48.94% + 2.69, p=0.529; one-sample t-test: fed- p=0.801, fasted- p=0.954; Figure 2D).

3.4 The caspase-1 inhibitor, YVAD, reduces caspase-1 activity in the brain and anxiety-like

behavior

To determine if pharmacologic inhibition of caspase-1 activity mimics fasting, mice were
ICV injected with the caspase-1 inhibitor YVAD. Table 3 shows that mice administered
YVAD have no difference in weight, food intake or locomotor activity when compared to
saline injected control mice. Caspase-1 activity was measured 24 hours after YVAD
injection. Figure 3A shows that YVAD reduced caspase-1 activity by 55% (nM/min/ug
protein saline vs. YVAD, 1.69 = 0.21 vs. 0.76 £ 0.21, p=0.014) and 54% (nM/min/ug protein
saline vs. YVAD, 1.16 + 0.27 vs. 0.54 + 0.06, p=0.012) in the prefrontal cortex and
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amygdala, respectively. No significant reduction in caspase-1 activity was seen in the
hippocampus (nM/min/ug saline vs. YVAD, 0.96 + 0.15 vs. 0.71 + 0.07) and hypothalamus
(nM/min/ug protein saline vs. YVAD, 2.11 £ 0.58 vs. 2.02 £ 0.66). YVAD, in comparison to
saline, increased time spent in the open arms of the elevated zero maze by 65% (% time in
open arms saline vs. YVAD, 9.14 + 1.68 vs. 14.99 + 1.71, p=0.023; Figure 3B). This
increase was not associated with an increase in locomotion in the maze (cm moved saline vs.
YVAD, 2017.46 + 204.21 vs. 2022.35 + 147.71, p=0.98).

3.5 Caspase-1 and IL1-R1 knockout (KO) mice are resistant to fasting-induced
improvements in anxiety-like behavior

To further determine if anxiety-like behavior is dependent on the IL-1p system caspase-1
and IL1-R1 KO mice were examined with or without fasting. Figure 4A shows that in the
elevated zero maze caspase-1 KO mice have no fasting-induced change in anxiety-like
behavior, while wild-type mice have a 60% increase in time spent in the open arms (% time
in open arms fed wildtype 12.63 + 1.64 vs. fasted wildtype 20.44 + 3.18 vs. fed caspase-1
KO 18.72 £ 2.43 vs. fasted caspase-1 KO 14.57 + 1.23); with a significant treatment-
genotype interaction (p=0.019)). Figure 4B shows that caspase-1 KO mice move less during
the task than wildtype mice (cm moved fed wildtype 1811.95 + 180.07 vs. fasted wildtype
175.93 £ 190.06, vs. fed caspase-1 KO 1353.65 + 115.96 vs. fasted caspase-1 KO 1470.53
+ 74.79); significant effect of genotype (p=0.001)). Figure 4C demonstrates that IL-1R1 KO
mice are resistant to fasting induced changes in anxiety-like behavior (% time in open arms
fed wildtype 20.93 + 2.35 vs. fasted wildtype 33.50 £ 5.07 vs. fed IL-1R1 KO 28.54 + 4.04
vs. fasted IL-1R1 34.30 £ 3.64); significant main effect of treatment (p=0.032)). Changes in
time spent in the open arms of the zero maze were independent of changes in locomotor
activity within the task (cm moved fed wildtype 2866.97 + 263.28 vs. fasted wildtype
2721.55 + 209.89 vs. fed IL-1R1 KO 2514.25 + 379.15 vs. fasted IL-1R1 KO 2466.17

+ 284.49)).

4. Discussion

The starvation response in animals is critical to maintain homeostasis in the event of nutrient
deprivation. This reaction integrates several metabolic and hormonal signals that regulate
energy levels [33]. Maintenance of locomotor activity and a reduction in anxiety-like
behavior would appear advantageous to exploratory behavior required for nutrient
acquisition. Likewise, improved memory could facilitate both exploration and revisitation.
The pro-inflammatory cytokine IL-1p directly impacts movement, anxiety and memory [34],
and, in the sickness paradigm, decreases locomotion while promoting anxiety-like behavior
and memory impairment in aged animals [35-37]. We previously found that a high-fat diet
causes behavioral changes similar to those triggered by IL-1 administration including
anxiety and cognitive impairment [30, 38]. Importantly, administration of the ATP-sensitive
K* (Katp) channel blocker glyburide rapidly ameliorates the anxiety-like and cognitive
consequences of a high-fat diet [38]. Since inflammasome activation can be triggered by a
drop in the intracellular concentration of K* [39-41], our previous work suggests that
dietary restriction might reduce the activity of caspase-1 and that such changes would likely
be present in the brain.
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Overnutrition can increase caspase-1 activity in the periphery [42]. Such increases in
caspase-1 appear associated with high-fat diets and the inflammatory consequences of
obesity outside the CNS [43, 44]. While high-fat diets have been shown to increase NLRP3
expression in the hippocampus [45], caspase-1 regulation throughout the rest of the brain is
currently untied to diet. Figure 1 and Table 2 illustrate that undernutrition reduces caspase-1
activity in the brain in concert with a marked reduction in IL-1 gene expression in the
prefrontal cortex, amygdala and hypothalamus. Surprisingly, figure 1D shows that, despite
changes in IL-1p gene expression, there is no change in IL-1f protein concentration. This
lack of change in protein levels could be due to the sequestering of pro-1L-1p in vesicles
[46]. As IL-1pB secretion can be acutely increased in as little 10 to 20 minutes following
administration of a danger signal such as ATP [47], it is vital to the inflammatory response
of the cell to maintain stable levels of IL-1p protein. Several studies have shown this ability
to store IL-1p for future release, rather than degrading it [48, 49]. While a reduction in the
ability of the hypothalamus to generate IL-1p makes teleological sense when paired with
starvation and the anorexigenic properties of I1L-1, such outcomes were unexpected in other
brain areas. Canonically, inflammasome activation and IL-1p gene expression are regulated
by two independent signals. IL-1p is activated by caspase-1 cleavage of pro-IL-18, while
IL-1pB transcription is usually secondary to NFxb as part of TLR4 stimulation [50, 51].
Caspase-1 activation is generally driven by NLRs [52], following sensing of a danger
associated molecular pattern (DAMP) or pattern associated molecular pattern (PAMP). As a
responder to intracellular danger signals, caspase-1 is largely constitutively expressed, and is
further expressed after induction [53], which would explain why we saw little change in
expression of the genes comprising the inflammasome. However, this is in contrast to our
finding in Figure 1 A-C, where we saw decreased caspase-1 activity, which suggests that
suppression of caspase-1 activity may be due to factors affecting the assembly of the
inflammasome complex, such as the effects of fasting on oxidative state [54]. Likewise,
autophagy directly targets the inflammasome for destruction [55-57] and 24 hours of fasting
can trigger autophagy in mouse [58]. Similar to glyburide, the ketone body -
hydroxybutyrate inhibits the inflammasome by preventing potassium efflux [59] and ketone
bodies are elevated by fasting in mice [60]. Thus, the ability of fasting to both reduce IL-1p
gene expression and caspase-1 activity, while having no effect on IL-1p protein, could be a
sign of both short, and long-term inhibition of IL-1 signaling in the brain.

YVAD-biotin labeling in the brain demonstrated that active caspase-1 was primarily
localized to cells morphologically consistent with neurons in the prefrontal cortex, amygdala
and hippocampus. In the hypothalamus, cell type was less discernable. While resident
immune cells, such as microglia, are principally thought to produce and elaborate
inflammatory cytokines, several studies show that human neurons contain an inflammasome
[61, 62]. In cultured primary cortical neurons, ethanol can induce caspase-1 activation and
HMGB1 release [63]. Primary cortical neuron cultures demonstrate inflammasome
activation mediated by K+ efflux in response to acidosis [64]. In vivo, an ability of neurons
to possess and activate the inflammasome is seen in human patients with temporal lobe
epilepsy [65]. Outside the brain, NALP3-induced caspase-1 activation is observed in neurons
of the trigeminal ganglia [66]. What role brain-based caspsae-1 plays in health and disease is
still not clear and this is especially true for neuronal caspase-1, but endogenous IL-1 is
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important to certain aspects of anxiety-like behaviors, learning [14] and memory [15, 67] in
the healthy state [68]. As an example, changes in proteins responsible for IL-1 production
and/or its signaling influence brain function with the best evidence being gleaned from
studies using IL-1 antagonists [69, 70]. Pertinent to our findings, undernutrition has been
shown to positively impact behavior in that intermittent fasting has been shown to improve
Barnes maze performance and fear conditioning [71]. In contrast, some previous work
looking at calorie restriction or intermittent fasting on elevated plus maze performance does
not demonstrate an impact of these interventions [72]. This is likely related to the acuteness
of the fasting paradigm which here resulted in a near 23% drop in body weight. Such drastic
reductions in body weight may limit the translatability of this work. In one study of the
starvation response in humans, it was found that 24 hours of fasting only reduced body
weight by 1.9%, and only by 9.5% over ten days [73]. Reviews on the topic of calorie
restriction, however, (regardless of how it is implemented) appear to benefit certain cognitive
tasks [74]. Thus, the model of fasting used here, provides meaning mechanistic insights into
this phenomenon. In turn, recent work by Traba et al. [75] shows a decrease in NLRP3
inflammasome activation in primary leukocytes from a 24 hour fast in humans suggesting
the potential general applicability of dietary-regulation of caspase-1. Finally, weight
reductions in mice are tightly correlated to increases in IL-1R2 and IL-1RA in liver and fat,
but not in serum [25] insinuating that an acute fast impacts IL-1 signaling peripherally and
centrally.

As a potent inhibitor of caspase-1, YVAD affects a broad range of biobehaviors. YVAD
markedly decreases depressive like behaviors in LPS-induced treated mice [76]. We, and
others, find that YVAD can abrogate memory loss induced by hypoxia and aging [28, 77].
Interestingly, YVAD appears to be a potent anxiolytic reducing anxiety-like behaviors in the
basal state (Figure.3). In regards to body weight, food intake and locomotor activity,
centrally administered YVAD had little effect even though it inhibited caspase-1 activity in
the prefrontal cortex and amygdala. The inability of YVAD to modify food intake or
locomotor activity could be due to the absence of caspase-1 inhibition in the hypothalamus,
as this region is the main regulator of energy homeostasis in the brain [78]. Support for this
contention is observed in mouse models of obesity, where YVAD attenuates inflammation
while failing to impact body weight, fat mass and glucose levels [79].

Finally, in mice lacking caspase-1 or IL-1R1, a fasting-dependent reduction in anxiety-like
behaviors was not observed suggesting that caspase-1 and IL-1R1 are critical to anxiolytic
effect in fasted mice. Although caspase-1 and IL-1R1 mice were not statistically different
from WT mice in regards to anxiety-like behavior in the fed state using 2-way ANOVAs, t-
testing demonstrated significance for caspase-1 mice. The inability of IL-1R1 knockout to
improve anxiety-like behavior on its own could be due to several mechanisms. It is possible
that expression of other IL-1 receptors is altered in these animals, since we have previously
shown that fasting can increase IL-1R2 expression in the cortex [25]. The observation that
caspase-1 KO mice do not show reduced anxiety could be due to compensation in IL-1p
processing through caspase-1 independent production [80, 81], or a redundancy, aka IL-1a.
It has been shown that caspase-1 KO mice still secrete IL-1a [82]. This compensatory effect
of IL-1 can be seen in mouse models of ischemic brain damage, where animals lacking
IL-1B or IL-1a were susceptible to damage, but mice lacking both were protected [83].
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However, this finding that genetic deletion of core components of the IL-1 signaling
pathway does not improve behavior at basal conditions is similar to previous work in which
IL-1RA overexpressing mice demonstrated impaired spatial memory compared to WT
controls [14].

As noted above, IL-1p gene polymorphisms can predispose patients to anxiety and
depressive disorders [23, 24]. In addition, IL-1p and IL-1RA gene polymorphisms appear
tied to cognitive ability in Caucasians and African-Americans [84]. Likewise, susceptibility
to schizophrenia is coupled to perturbations within IL-1 gene family components [85].
Serum IL-1p levels are correlated with anxiety and mood disorders in those with rheumatoid
arthritis [86]. In sum, the IL-1 system, in humans, is linked to psychiatric disturbances at
both the gene and protein level. Given this comorbidity, nutritional and/or dietary strategies
that target IL-1p functionality could foster novel clinical intervention for a subset of
psychiatric illnesses that are notoriously hard to treat. Given the known limitations of
translating animal-based discovers on neurological diseases to humans [87], especial those
tied to the prefrontal cortex [88], further validation of this exciting preclinical work is
required. Nevertheless, our data build upon our previous research by showing that acute
fasting can induce IL-1 resistance by inhibiting caspase-1 activity in the brain and that this
effect is particularly concentrated in neurons of the prefrontal cortex, amygdala and
hippocampus. Reductions in brain caspase-1 activity reduce anxiety and improve memory.
Thus, fasting could prove to be a potent intervention to improve brain function.
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Highlights
Acute fasting inhibits caspase-1 activation in distinct brain regions
Acute fasting reduces anxiety-like behavior and improves memory

The mechanism of behavioral change is dependent on caspase-1 and IL-1R1
signaling
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Figure. 1. Fasting reduces caspase-1 activity in the brain
(A) Mice were given ad lib access to food (Fed) or fasted for 24 hours (Fasted). Caspase-1

activity was measured in whole brain and the brain regions indicated. Results are expressed
as means + SEM nM/min/ug total protein; n=7-10. (*p<0.05) (B) As in (A), mice were
given ad lib access to food (Fed) or fasted for 24 hours (Fasted). Activated caspase-1 was
examined in formalin-fixed paraffin embed sections by immunohistochemistry. Results are
representative, 40X. (C) As in (A), mice were given ad lib access to food (Fed) or fasted for
24 hours (Fasted). As in (B), activated caspase-1 was examined in formalin-fixed paraffin
embed sections by immunohistochemistry. Activated caspase-1 was quantified by image
analysis. Results are expressed as means + SEM % area stained/100 cells; n=4. (*p<0.05)
(D) As in (A), mice were given ad lib access to food (Fed) or fasted for 24 hours (Fasted).
IL-1p protein levels were measured by ELISA. Results are expressed as means + SEM
pg/mg Protein; n=7-10.
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Figure. 2. Fasting lessens anxiety-like behaviors and improves memory
(A) Mice were given ad lib access to food (Fed) or fasted for 24 hours (Fasted). Total time

spent in the open arms of the elevated zero maze was measured. Results are expressed as %
time in the open arms; n=12. (B) As in (A), mice were given ad lib access to food (Fed) or
fasted for 24 hours (Fasted). Total distance moved while in the elevated zero maze was
measured. Results are expressed as distance moved in cm; n=12. (C) As in (A), mice were
given ad lib access to food (Fed) or fasted for 24 hours (Fasted). Mice were then refed for an
additional 24 hours (48 hrs). Novel object recognition was performed at the time points
indicated. Results are expressed as % novel object recognition; n=7-8. (D) As in (C), mice
were given ad lib access to food (Fed) or fasted for 24 hours (Fasted). Mice were then refed
for an additional 24 hours (48 hrs). Novel location recognition was performed at the time
points indicated. Results are expressed as % novel location recognition; n=7-8. In (A-D), all
results are expressed as means + SEM; values with * are significant at p<0.05 using a one-
way ANOVA between fed vs. fast, values with # are significant at p<0.05 using one-sample
t-test with novel object preference compared with chance level of 0.5.
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Saline YVAD

Figure. 3. The caspase-1 inhibitor, YVAD, reduces caspase-1 activity in the brain and anxiety like

behavior

(A) Mice were administered ICV YVAD. 24 hours after YVAD administration caspase-1
activity was measured in the brain regions indicated. Results are expressed as means + SEM
nM/min/ug total protein; n=6-8 (*p<0.05). (B) Mice were treated as in (A). Total time spent
in the open arms of the elevated zero maze was measured 24 hours after YVAD
administration. Results are expressed as % time in the open arms of the maze; n=12-13
(*p<0.05). (C) Mice were treated as in (A). Total distance moved while in the elevated zero
maze was measured 24 hours after YVAD administration. Results are expressed as distance
moved in cm; n=12-13 (*p<0.05).
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Figure. 4. Caspase-1 and IL1-R1 knockout (KO) mice are resistant to fasting-induced
improvements in anxiety-like behavior

(A) Wild type (WT) or caspase-1 KO (Casp-1 KO) mice were given ad lib access to food
(Fed) or fasted for 24 hours (Fasted). Total time spent in the open arms of the elevated zero
maze was measured. Results are expressed as % time in the open arms of the maze; n=7-10.
(B) Asin (A), WT or Casp-1 KO mice were given ad lib access to food (Fed) or fasted for
24 hours (Fasted). Total distance moved while in the elevated zero maze was measured.
Results are expressed as distance moved in cm; n=7-10. (C) WT or IL-1R1 mice (R1) mice
were given ad lib access to food (Fed) or fasted for 24 hours (Fasted). Total time spent in the
open arms of the elevated zero maze was measured. Results are expressed as % time in the
open arms of the maze; n=8. (D) As in (C), WT or R1 mice were given ad lib access to food
(Fed) or fasted for 24 hours (Fasted). Total distance moved while in the elevated zero maze
was measured. Results are expressed as distance moved in cm; n=8. For (A-D) results are
expressed as means + SEM and values without a common superscript are significant at
p<0.05.
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TABLE 1

Body weight (g), Body weight change (% loss), Food intake (g), Locomotor activity (m)

0-24 Hours 24-48 Hours
Fed Fast Fed Fast
Body weight 2741+094 9930+057F 2699+094 25.65+0.77

Body Weight Change  0.75+ 1.0 16.93+0.77F 158%0.71
Food Intake 457+062 (400% 5.22+0.30

Locomotor Activity 5597 +£6.11 67.23+5.68 54.77 +6.20

-15.085+1.22"

6.23+0.35"
52.97 +3.53

Results are expressed as mean + SEM, n=7-8.

*
p<0.05 between fed and fast groups
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TABLE 3
Body weight (g), Body weight change (% loss), Food intake (g), Locomotor activity (m)

0-24 Hours
Saline YVAD
Body weight 25.14+0.98 24.79+0.52
Body Weight Change -0.54 £0.48 —0.39 + 0.67
Food Intake 3.70+0.27 3.92+0.12

Locomotor Activity 50.14 +5.12 50.35+4.43

Results are expressed as mean + SEM, n=7-8.

*
p<0.05 between Saline and YVAD groups
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